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PREFACE 

The study of characteristics of a three dimensional density 
current is part of the more general field of the theory of flow of 
density currents with small density difference. Extension of 
fundamental knowledge of fluid flow of this kind has formed an 
integral part of the Water Research Laboratory programme of 
unsponsored research during the last four years. 

R. T. Hattersley, 
Senior Lecturer in Civil Engineering, 
Off icer- in-Charge, 
Water Research Laboratory. 



(i) 
S u m m a r y . ' ^ 

This report d e s c r i b e s an e x p e r i m e n t a l invest igat ion of a three 
dimensional non-suspension type density c u r r e n t . The density c u r r e n t 
was modelled by r e l e a s i n g sa l twater , as the denser fluid, f rom an o r i f i c e 
at the top of a downward sloping plane boundary which was i m m e r s e d in a 
tank of f r e s h w a t e r . Th is f r e s h w a t e r s e r v e d as the l ighter m i s c i b l e fluid. 

The flow r e g i m e , l a t e r a l spread and n o r m a l spread has been e x -
amined for a range of c a s e s on boundary s lopes of 10® and 20 . When the 
flow is turbulent, and the di f ference in density between the in jec ted and 
the ambient fluid is s m a l l , it is shown that the R ichardson Number at the 
or i f ice is a suff ic ient c r i t e r i o n for predict ing the behaviour of the flow. 

The development of ins t ruments for measur ing the mean veloc i ty and 
density at a point in the density current has been d e s c r i b e d in detai l . 
These ins truments have been used to obtain m e a s u r e m e n t s at t h r e e c r o s s 
sect ions of a turbulent density current on a boundary slope of 20®, 

The usual se l f preserva t ion assumption for ax i syrnmetr i c or two 
dimensional f r e e turbulent flows has been extended to apply to the 
a s y m m e t r i c c r o s s sec t ion of a three dimensional density c u r r e n t . The 
velocity and density prof i les for the three c r o s s sec t ions invest igated 
have been presented on d imens ion less d iagrams on the b a s i s of this e x -
tension. It is found that the veloci ty prof i les are se l f preserv ing in the 
outer region of the flow while the density prof i les are approximate ly 
sel f preserv ing in this region. Nei ther the veloci ty nor the density pro-
f i les are se l f preserv ing in the inner region adjacent to the boundary plane. 

The var iat ion of c h a r a c t e r i s t i c veloci ty , density, width and height 
s c a l e s at a c r o s s sec t ion with distance f rom the or i f i ce has been examined. 
The result ing re la t ions have been compared with those predicted for a 
fully turbulent flow by dimensional analys is in conjunction with the se l f 
preservat ion assumption. It is suggested that the dispar i ty between the 
measured and predicted re la t ions may be due to the turbulence damping 
effect of the s teep density gradient occurr ing in the inner region of the 
flow adjacent to the boundary plane. 

The entrainment constant was found to d e c r e a s e and the L o c a l 
Richardson Number to i n c r e a s e in the direc t ion of flow. Th is c o n t r a s t s 
with the two dimensional c a s e where both p a r a m e t e r s r e m a i n constant 
throughout the flow. 
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1. 

Chapter I: Introduction and Theoret ical Analysis. 

1, 1 Introduction 

The term density current re fers to the gravity induced flow of a 

fluid which is of slightly different density to its surroundings. The 

slight density di f ference may be due to dissolved chemical substances 

or a temperature di f ference in which case the density current is a 

"non-suspension" type. Ell ison and Turner (RefcSl ) have reviewed 

some of the situations in nature where non-suspension density currents 

occur and these include the flow of katabatic winds in the atmosphere; 

the flow of cold water on the ocean f loor f r o m arctic to equatorial 

regions; and the flow of methane along the roof of a mine gallery. The 

spread of hot water on the surface of a power station cooling pond and 

the spread of f resh water over the ocean in the vicinity of the mouth of 

a flooded r iver represent a limiting case of a density current where 

the boundary plane is horizontal. 

A density di f ference may also be caused by particles in sus -

pension, giving r ise to a "suspension" type density current or 

"turbidity current^\ Turbidity currents are more complex than 

non-suspension density currents in that the density di f ference may 

be large and also the current may deposit particles or gain particles 

by erosion. Johnson (Ref. 54) has argued that, in certain cases , data 
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from non-suspension density currents may be used to predict the 

flow of turbidity currents« Turbidity currents are of engineering in-

terest in such problems as reservoir sedimentation and oceanic d is -

posal of inert industrial wastes, for example power station ash (Ref. 34). 

The present investigation is concerned with the three dimensional 

non-suspension density current formed by emission from a point 

source at the top of a downward sloping floor of a fluid which is 

slightly denser than its surrounding fluid. Alternatively a similar 

current is formed by release of a lighter fluid at the bottom of an up-

ward sloping roof. The corresponding two dimensional case has been 

investigated by Ellison and Turner (Ref. 31) but to date no experimental 

investigation of the three dimensional case has been attempted. 

The velocity and density are the physical quantities of most 

interest within the density current and the measurement of these quan-

tities (particularly the velocity) is difficult in small laboratory ex-

periments. Hence a considerable part of this investigation is con-

cerned with development of suitable instruments for measuring vel -

ocity and density at a point in a laboratory model of a three dimension-

al density current. The remainder of the report describes detailed 

measurements of a typical turbulent density current and some ex -

ploratory measurements of flow regime, lateral spread etc. of 

several density currents on a gently sloping floor. 
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1. 2 Review of Previous Related Work 

Investigation of the present case of a three dimensional density 

current has not been previously attempted but it is appropriate to r e -

view the r e s e a r c h on general ly s imi lar flows. 

Rouse, Yih and Humphreys investigated an axisymmetr ic turbulent 

plume rising from a point source of buoyancy and a two dimensional 

plume from a line source (Ref. 88). The plumes were "neutral ' ' in 

that the angle of spread was smal l so that the density gradient in the 

vert ical direction across the interface between the plume and the am-

bient fluid was negligible and did not inhibit turbulent mixing. The 

virtual origin was assumed to coincide with the source of buoyancy. By 

commencing with the differential equations of motion and continuity and 

assuming dynamic or s e l f - s i m i l a r i t y for distribution of velocity, unit 

weight difference and shear s t r e s s Rouse et al showed for an axi-

symmetric plume that: 

hoc X 

.-1/3 

b/3 

V o<f X X max 

iX X max 

where;: 

(i) b is a l inear charac ter i s t i c of the velocity profile v = v (r) , such X X 
Y 

as the radius r where ^ = 0. 5 say; 
"̂ x̂ max 
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(ii) X, r are cylindrical polar co-ordinates; 

(iii) V is the maximum velocity at a c ross section distance x f r o m 
X max 

the virtual origin; 

(iv) A K is the maximum unit weight difference at c ross section max 

distance x from the virtual origin. 

Measurements of velocity and temperature in several plumes 

verified the self similarity assumptions for the velocity and unit weight 

difference profiles. Rouse et al then fitted normal probability curves 

to the measured profiles and utilised the resulting expressions to plot 

dimensionless charts of y = constant and stream function ^ - constant 

curves. The latter streamlines within the plume proper are shown 

parallel to the x axis, that is the velocity has no radial component 

within the plume. 

Morton, Taylor and Turner have investigated turbulent axi-

symmetric and line source plumes from maintained and instantaneous 

sources of buoyancy in both stably stratified and uniform density am-

b ient fluid (Ref, 73), The axisymmetric plume in uniform ambient density 

fluid is of interest for the present project. 

By 

commencing with the differential equations expressing con-

servation of volume, momentum and density deficiency at a height x 

above the point source of buoyancy, Morton et al showed that: 



b = f^ (E) X 

v^ = f^ (E.G) (2) 

where (i) b, v^ and ^ are the width, velocity and density scales respect, 

ively at an X = constant cross section through the jet; 

(ii) f^, f^, f^ are known functions; 

(iii) E is the entrainment constant relating the velocity of inflow 

of entrained ambient fluid to the velocity scale, and defined by: 

(iv) G is the vertical flux of unit weight difference, defined by: 

^ ^^^ ̂  ^ ^ (3b) 

Although Morton et al showed that bo^'x (i. e« linear spread) etc. 

the angle of spread obtainable from b = f^(E)x, can only be found by 

using experimentally determined values of E. Determination of exact 

values of E is very difficult. 

On substituting the relations for b(x), v (x) etc. in the expression x 

for E it is seen that Ec^'x^, that is E is constant throughout the plume. 

From experimental plumes formed by releasing dyed methylated 

spirits in a tank of saltwater Morton et al estimated that E = 0. 085. 



Morton (Ref, 74) extended the work of Morton, Taylor and Turner 

(Ref. 73) to include ' ' forced plumes"o He differentiated between three 

fields of motion: the jet, which is a flow of zero density difference and 

resulting from introduction of a momentum flux only; the plume, which 

is a density difference flow resulting from introduction of a flux of 

density difference only; and the forced plume where momentum effects 

predominate near the source while buoyancy effects predominate away 

from the source. This forcing of a plume was treated by Morton in 

terms of a shift in the virtual origin. His theoretical analysis for an 

axisymmetric plume was similar to that of Morton et al (Réf. 73) except 

that account was taken of the greater lateral spread of density difference 

than the vertical momentum at a jet cross section. The horizontal 

length scale b at a cross section was multiplied by a constant for the 

terms involving density difference. The constant was found to be 

1. 15 by analysing Rouse et al's (Réf. 88) data. 

Probably the most pertinent work related to the present project 

is the investigation of a two dimensional turbulent wall plume by 

Ellison and Turner (Ref. 31). Using cartesian co-ordinates,with x 

in the direction of flow and y normal to the sloping f loor, the velocity, 

length and density scales at a cross section were defined by ; 



- / V V 

, where v(x), h(x) and are the velocity, length and density scales 

respectively,and G is the flux of unit weight difference, which is constant 

from continuity considerations. Other symbols are consistent with 

present notation. 

The entrainment constant E is then given by: 

V ^ 
and from dimensional analysis: 

(5) 

E = 0 (R. , , Reynolds Num-ber) 
1 — p j 

so that for ^ ^ small and a fully turbulent plume E = 0 ( R . ) only. 
P 1 -

R, is the Local Richardson number at a cross section defined by: 

(6) 

1 -

The expressions for E and R. were then substituted in the in-
1 -

tegrated equation of motion in the x direction and, after making the 

assumption of self similarity of velocity and density profiles, ex-
cJi dR • 

pressions for and were obtained. Using measured values dx dx 
of E(R^ ) obtained subsequently in the expression for ~ and ^ ^ 

Ellison and Turner then showed that within a short distance of the 

source becomes zero and thereafter R.-. = R- , the Normal dx ^^ 



Richardson Number, which is a function of the boundary slope and the 

boundary friction. Thus the zone of established flow of a two dimensional 

wall plume is analagous to gradually varied flow in a steep open channel 

in hydraulics: if the flow starts too fast it rapidly decelerates till the 

gravity component is exactly balanced by floor friction and the momentum 

spreading to the entrained ambient fluid. Similarly if the flow starts 

too slowly it rapidly accelerates till equilibrium is attained. 

Rapid attainment of R^^ has several implications:-

(i) From the definition of R^ it is seen that for a given slope S the 

velocity V is constant throughout the plume and depends on the flux of 

unit weight difference G only. Hence from the definition of the entrain-

ment constant E it follows E = ; dx 
(ii) For fully developed turbulence R. = R. (S) only and as E=E(R ) , m in ^ j m ^ 
it follows that E = E(S) only; 

(iii) Constancy of E for a given slope results i n - ^ = constant, ( from 
CIX 

E "that is the jet spreads linearly. 

Following some inconclusive experiments with a surface jet of 

fresh water passing over a body of salt water the main experimental 

work was carried out in a tilting closed channel. The channel was 

filled with fresh water and a two dimensional plume formed by releasing 

saltwater through a rectangular slot at the upper end. ' 'Make-up'' 

fresh water was supplied under head through a long canvas sock in the 



channel roof . 

Velocity and density prof i les were measured and these indicated 

that for low to moderate slopes an inner region of relatively undisturbed 

flow existed adjacent to the channel f loor , even though the outer region 

was fully turbulent. This inner region was composed of much denser 

fluid than the outer region and the zone of maximum density gradient 

across the sharply defined interface between the two regions coincided 

with the zone of maximum velocity. The interface between the inner 

and outer regions became less distinct as the slope increased but the 

inner region was apparent ly still present in the limiting case of 

slope as Ell ison and Turner claim, to have measured the velocity of d is -

turbances travelling along the interface in this case. 

Ellison and Turner tried several methods to determine E(R. ). in 

First ly they integrated the measured velocity and density prof i les and 

computed E and R^^ at several c r o s s sections for the small slopes of 

9°, 14° and 23°, There was no significant trend in E(R. ) and in fact ^ in 

widely different values of E and R.^ were obtained for each slope. 

This latter variation in E was attributed to variation in the thickness 

of the inner region of concentrated salt water. 

It was only when attention was confined to the outer turbulent 

region of the plume that a definite trend in E(R.^) was observed. The 

method finally adopted was to determine entrainment directly by 
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measuring the outflow of diluted salt water at the lower end of the channel 

and, on subtracting the input flow rate of salt water, the quantity of fresh 

water entrained over the length of the plume in unit time was known. 

Dividing this fresh water inflow rate by the length of entrainment gives 

. The "layer velocity V " was determined by timing the passage 

between marks of a disturbance on the interface between the inner and 

outer regions of the plume. The layer velocity V̂ ^ was converted to the 

velocity scale V at a particular cross section by using a relation between 

V and V^ obtained from velocity profiles at one slope. Knowing V the 

entrainment constant E = was found from d^-^l The Normal dx dx 
Richardson Number R. was equal to ^ ^^^ ^ where G is known from in yS 

salt water input measurements. 

The 
results obtained show a definite trend of decreasing E with in-

creasing R , E varying from about 0. 09 at R. = 0, to 0 at R = 0. 8. 
in in in 

There was still some scatter in results on the E (R-^) curve for each 

floor slope investigated but this scatter was less than that obtained by 

the profile integration method of analysis. This scatter is probably 

due to variations in thickness of the inner region of denser salt water 

of the plume. The effect of the inner region was effectively ignored 

in Ellison and Turner's method of analysis but as the layer forms 

appreciable part of the depth of flow at very low boundary slopes it 

probable that the results obtained are not very reliable for such slopes. 

an 

IS 
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J o h n s o n h a s a t t e m p t e d t o app ly E l l i s o n and T u r n e r ' s r e s u l t s to p r e -

d ic t ion of t h e f low of o c e a n i c t u r b i d i t y c u r r e n t s (Refc 54). He s h o w s t h a t , 
if s e t t l i n g of p a r t i c l e s and bed e r o s i o n i s n e g l i g i b l e , t h e n R^^ f o r a 
t u r b i d i t y c u r r e n t on an a b y s s a l o c e a n p la in i s l i ke ly to e x c e e d 0. 8 in 
which c a s e e n t r a i n m e n t w i l l be n e g l i g i b l e . 

J o h n s o n a l s o e x a m i n e s t h e l a t e r a l s p r e a d of a t h r e e d i m e n s i o n a l 
t u r b i d i t y c u r r e n t wi th t he a id of P e n n e y and T h o r n h i l l ' s w o r k on t h e 
c o l l a p s e of a r e c t a n g u l a r c o l u m n of h e a v i e r f lu id on a h o r i z o n t a l p l ane 
in a body of l i g h t e r f lu id . T h i s a n a l y s i s l e a d s to a p r e d i c t i o n of a 
l a t e r a l ang le of s p r e a d of g r e a t e r t h a n 90*^ f o r the G r a n d B a n k s t u r b i d i t y 
c u r r e n t of 1929 whi le t h e o b s e r v e d ang le of s p r e a d w a s c o n s i d e r a b l y 
l e s s t han t h i s . 

H a r r i s h a s a n a l y s e d the c a s e of a t u r b u l e n t two d i m e n s i o n a l w a l l 
p l u m e u s i n g B i r k h o f f s ' " m e t h o d of i n s p e c t i o n a l a n a l y s i s " (Ref . 47), 
He c o n s i d e r e d t h e e q u a t i o n s of m o t i o n and con t inu i ty at a point and 
t hen i n t e g r a t e d t h e s e o v e r a c r o s s s e c t i o n of the f low. T h e o r d e r s of 
m a g n i t u d e of the t e r m s in t h e e q u a t i o n of m o t i o n and in t he i n t e g r a t e d 
equa t ion of m o t i o n w e r e e x a m i n e d and one t e r m of s m a l l va lue in e a c h 
equa t ion n e g l e c t e d as a f i r s t a p p r o x i m a t i o n . T h e p r o f i l e s of v e l o c i t y 
and d e n s i t y w e r e a s s u m e d to be se l f p r e s e r v i n g and, on s u b s t i t u t i n g 
r e l a t i o n s f o r v e l o c i t y and d e n s i t y in the equa t i on of m o t i o n , t he 
i n t e g r a t e d e q u a t i o n of m o t i o n and the i n t e g r a t e d con t inu i ty e q u a t i o n , 
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it was shown that; 

X ^ constant 

X i. e. linear spread 

, where V, ^ and h are characteristic velocity, density and depth 

scales at a flow cross section^and X is the distance from the virtual 

origin. 

Harris also replotted the published velocity and density profiles 

measured by Ellison and Turner (Ref. 31). By selecting the character-

istic length scale as the height above the floor where yjT = 0. 5 
xjrtax 

Harris showed that the velocity and density profiles appeared to be 

self preserving in the outer turbulent region of the plume, but not in 

the inner high density region. 

1. 3 General Description of the Phenomenon 

The experimental density currents were produced by release of 

salt water at the top of a downward sloping floor which was submerged 

in a tank of fresh water, so the general description of a three 

dimensional density current will be in this context. 

The relevant factors used in the following general description of 

the behaviour of a three dimensional jet are shown schematically in 
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Fig. lA. The term "jet" has been loosely used throughout this report 

as synonymous with "three dimensional density current". 

The pertinent independent variables are those describing: 

(i) Boundary dimensions: Floor slope S, and roughness k 

Orifice hydraulic radius R̂ ^ 

(ii) Injected fluid: Density f ) Ap^ 

Flow rate Q o 

(iii) Ambient fluid: Density ^ 

Viscosity Id 

Within a short distance of the orif ice there is a zone of un-

established flow where the fluid rapidly adjusts itself to its new 

surroundings. The zone of unestablished flow represents the change 

in the flow from a momentum controlled phenomenon at the orif ice to 

a gravity controlled phenomenon in the zone of established flow. In the 

established flow zone there are several forces affecting the flow: the 

component of the submerged weight in the x direction tends to drive 

the jet down the plane while the unbalanced hydrostatic force due to the 

gradient of submerged weight in the y direction tends to cause the jet 

to spread laterally. The motion of the jet on the other hand is opposed 

by the friction of the boundary plane and, in the case of a turbulent jet, 

the spreading of momentum by the entrainment of ambient fluid. 
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The flow in the jet may be laminar or turbulent. Laminar or "slug" 

flows occur at low values of injection flow rate high density difference 

j^p^ , and low bed slope S. Slug flows are small depth flows with 

slight lateral spreading; the interface between the saltwater in the jet 

and the ambient freshwater is well defined as the steep density gradient 

at the interface effectively damps any turbulence. With increase of 

injection flowrate Q^ well defined waves, travelling in the direction of 

flow, appear on the interface and, eventually, at high flow rates, the 

jet becomes "turbulent", with the intermittency of the interface which 

is characteristic of such free turbulent flows. 

A turbulent jet is a relatively large depth flow with pronounced 

lateral spreading and considerable entrainment of ambient fresh 

water through the ill-defined interface. Turbulent jets are likely to 

occur with high injection flow rate Q^, low density difference , 

and a steeply sloping boundary. For the low slopes investigated, 

the flow in a turbulent jet appears to be composed of two parts; adjacent 

to the boundary plane is a boundary layer containing high density salt 

water, and which may be likened to the laminar sublayer of a constant 

pressure turbulent boundary layer on a flat plate. Above the boundary 

layer is a region of relatively dilute salt water which is fully turbulent 

and allows turbulent entramment of the ambient fresh water because of 

its low density difference. 



Ambient fluid 
cntroined by j«t v 
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LONGITUDINAL S E C T I O N 

FIGURE: I A : NOTATION FOR GENERAL DESCRIPTION FIGURE I B NOTATION FOR OVERALL CHARACTERISTh 

FIGURE l: SCHEMATIC DEFINITION OF NOTATION 
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Turbulent entrainment in the case of a three dimensional jet appears 

to be somewhat more complicated than that in the two dimensional case. 

Ellison and Turner (Ref. 31) refer to the commonly accepted view that 

where a density gradient occurs in the vertical direction, turbulence is 

suppressed and entrainment reduced. Where there is a density gradient 

in the horizontal direction, however, the turbulence damping effect is 

small and the entrainment relatively unaffected. For flat boundary 

slopes in the present case the entrainment of ambient fluid is substantially 

vertical for the central flat portion of the jet near the x axis, while in the 

outer regions the entrainment tends to be in the horizontal direction. 

Hence at any cross section through the jet the central flat portion near 

the X axis may behave as a two dimensional density current while the 

outer portion may behave similarly to a plume formed by release of a 

buoyancy from a point source in an unbounded medium. 

Between the well defined slug and turbulent cases of flow is an il l -

defined intermediate region of flows which have been termed "indeterm-

inate" in this report. 

Another independent variable influencing the onset of turbulence in 

a three dimensional jet is the turbulence level of the ambient fluid. If 

the turbulence level is high then the jet is likely to become turbulent 

at a lower injection flow rate than if the level is low, other factors 

being constant. This is an important factor to be kept in mind when 
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a t t empt ing to u s e mode l r e s u l t s to p r e d i c t b e h a v i o u r of p r o t o t y p e s y s t e m s , 
such as j e t s in the a t m o s p h e r e or the ocean . 

F o r an e x p l o r a t o r y inves t iga t ion , it was dec ided to i g n o r e the c o m -
pl ica t ion of t u r b u l e n c e in the ambien t f luid and to c a r r y out the e x p e r i m e n t s 
in a tank of f r e s h w a t e r of low t u r b u l e n c e l eve l , 
1. 4 Dimensional Ana lys i s 

1, 4. 1 O v e r a l l J e t C h a r a c t e r i s t i c s 
To s y s t e m i s e e x p e r i m e n t a l data f o r the o v e r a l l c h a r a c t e r i s t i c s of 

t h e je t the pe r t inen t independent v a r i a b l e s a r e Q^, Ap^ , g , p ^ jU, R^^, 
k and S, as def ined s c h e m a t i c a l l y in F i g . lA . It i s a s s u m e d tha t the v i s -
cos i ty of the in jec ted fluid is c lose to that of the a m b i e n t f lu id . 

If the zone of e s t ab l i shed flow is r e g a r d e d as e m a n a t i n g f r o m a 
v i r t u a l or ig in as shown in F ig . IB, then the ax ia l x loca t ion of the 
v i r t u a l or ig in is given by : 

and_^from the tt t h e o r e m : 

^//vo 
(9) 

Aa ^ ' ^ A s s u m i n g that ^ o ^„d ^ ^ ^ ^^^^ s i g n i f i c a n t when 
combined with g, t h e n ; 

^ IS a R i cha rdson N u m b e r which m a y be r e g a r d e d a s a f o r m 
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of Froude Number written in terms of unit weight excess for multi-

density flows. For plotting convenience the Richardson Number at the 

orifice, R. , is defined as: lO 

(11) 

Alternatively this parameter may be made independent of the 
2 orifice shape by noting that Q VR ,, where V is the mean velocity o n 

at the orif ice, then R. is defined as: lO-

- / l / V 

Utilising the fact that the density of the injected fluid/Oy^^ is close 

to the density of the ambient fluid, and also the assumption that the v is -

cosities are almost equal, then —™ approximates closely the 

Reynolds Number at the ori f ice , R o If the flow at the orifice is eo 

turbulent then variation of ^^^^^ with variation of Reynolds Number is 

likely to be slow. Hence is given b y : 

Similarly the normal z location of the virtual origin is 

given by: 

J ^ i o ^ (14) 

1. 4. 2 Variation of Velocity and Density Scales with Distance f rom the 
Virtual Origin 

Regarding the virtual origin as a point source of mass flux Q ^ , of 



18, 

momentum flux V, and of flux of unit weight excess Q^^/^^g, then 

the velocity scale, taken as v is in general given by: xm ax} 

(15) 

where X is the distance f rom the virtual origin, as shown in F igs . IB 

and 2A. 

For a three dimensional plume in the zone of established flow the 

momentum flux Q^/^ V at the origin is neglected, as must be the mass 

flux Q ^ / ' 5 which is of an order of magnitude less , and using the ir 

theorem: J J , J ty 
_ _ _ _ _ ^ c ) 

The parameter ^ ^ ^ ^ is a f o rm of Reynolds 

Number which is likely to become insignificant at steep slopes and 

large fluxes of unit weight excess . Hence, in the limiting case of 

S = 90° and fully developed turbulence, v should vary as X~^^^ 
xmax 

fairly closely in the zone of established flow. 

In a similar fashion it may be shown that in the same limiting 

case the density scale ^^^^ should vary as X " ^ / ^ fairly c lose ly . 

In the zone of unestablished flow the momentum flux cannot be 

neglected but the mass flux may be neglected as it is of an order of 

magnitude less. In the limiting case of zero A/i^ (that is , f resh water 



Ambient f lu id ; Density f> 
Viscosity M-

Inflow velocity 

.Virtuol Origin 

Momentum f lux 0 , (/> + */«.) V » 0, /> V 

Flu* of unit weight excess 0 , 

Height scale-

Density scole 

Velocity scale v , 

Ideolised Jet cross section 

AXOMETRIC SECTION 

Ambient f lu id; Density fi 
Viscosity M 

VIEW B - B AS IN FIGURE 1 

FIGURE 2 A : NOTATION FOR VELOCITY AND DENSITY SCALES FIGURE 2 B : NOTATION FOR LOCAL STABILITY 

FIGURE 2 : SCHEMATIC DEFINITION OF NOTATION 



1 9 . 

into fresh water three dimensional wall jet) the mass flux tends to zero 

at the virtual origin (as shown by Morton, Ref. 74) and application of 

dimensional analysis yields: 

This yields to the familiar result of ^ X for a turbulent jet 

Hence in the zone of unestablished flow of the present case where both 

buoyancy and momentum effects are significant, it m_ight be expected 

that V ^ X where a lies between 1/3 and 1 and varies slowly, xmax ' ' 

1. 4. 3 Entrainment at a Jet Cross Section 

The velocity of entrainment v^ at a particular jet cross section 

is given by: 

^ ' ^ x . ' ^.A/'' (18) 
, where v , , b. and h are velocity, density, width and • X max A mean 

height scales respectively., as shown in Fig« 2B. 

Applying the tt theorem; 

^ ^ (¿>_ / 6 i f (19) 
•x^ax. L / ^ A' y 

l i is commonly called E, the entrainment constant, /̂̂ /nean ^ ¿g 
^xmax ^̂  
called the Local Richardson Number Ri - , and x max [1 
called the Local Reynolds Number R^ . 

For turbulent jets on steep slopes ^ tends to unity and the 
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Reynolds Number is probably insignificant. Hence 

E = 08 (R i - ' (20) 

For a turbulent jet on a slight slope ^ is greater than unity and the 

Reynolds Number effect cannot be ignored, hence 

E = p R e . ) <21) 

The ^ t e r m allows for the postulated dif ference in E between the central 

region of the jet and the outer regions discussed previously in Section 

1. 3. 

Noting that R^ is a type of Froude Number, it is seen that the en-

trainment constant E is a function of (Froude Number, Reynolds Number) 

and this foreshadows difficulty in using model data to predict prototype 

behaviour. 

1. 5 Additional Theory 

While the variation of velocity and density scales with distance 

f rom the virtual origin may be obtained by dimensional analysis (as 

in Subsection 1. 4. 2 above) the prediction of width and height scale 

variation requires further data. The latter predictions may be made 

by utilising the equation for conservation of density excess in con -

junction with a self preserving assumption. 

^ Derivation of the Equations for Conservation of Density 
Excess and Conservation of Volume" ~ 

The differential form of the equation of continuity for the portion 
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of the i n j e c t e d f lu id c a u s i n g the d e n s i t y e x c e s s Ap is : 

^^ 
In equa t ion (22) t he s a l t in the i n j e c t e d s a l t w a t e r i s c o n s i d e r e d a s 

a t r a c e r , tha t i s , "^^ i s s m a l l . T h e t e r m s involv ing v e l o c i t y and d e n s i t y 
f luc tua t ions have b e e n i g n o r e d . 

I n t e g r a t i o n of equa t i on (22) o v e r an x = c o n s t a n t s e c t i o n y i e l d s the 
equat ion e x p r e s s i n g c o n s e r v a t i o n of d e n s i t y e x c e s s : 

(23) 
Equa t ion (23) s t a t e s tha t t h e r e is no change in the f lux of d e n s i t y 

e x c e s s in the x d i r e c t i o n , o r , in o t h e r w o r d s if K s lugs of s a l t p e r 
second a r e b e i n g i n j e c t e d at the s o u r c e t h e n the s a m e m a s s flow r a t e 
m u s t o c c u r at e a c h c r o s s s e c t i o n in the f low. 

I n t e g r a t i o n of equa t ion (23) wi th r e s p e c t to x g ives the f lux of 
dens i t y e x c e s s K: 

/ = / / = Cons t an t (24) 
T h e d i f f e r e n t i a l f o r m of the equa t ion of con t inu i ty f o r the f lu id of 

d e n s i t y fi ( that i s the f r e s h w a t e r po r t i on of the i n j e c t e d f lu id and the 
a m b i e n t f luid) i s : 

^Jk y Sj^ y - O 
^^ ^ ^ (25) 

I n t e g r a t i o n of equa t ion (25) o v e r an x = cons t an t c r o s s s e c t i o n y i e l d s 
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Equa t ion (26) e x p r e s s e s c o n s e r v a t i o n of v o l u m e and s t a t e s t h a t t he 
r a t e of change of v o l u m e t r i c flow r a t e in the x d i r e c t i o n i s e q u a l to t he 
r a t e at which f luid is be ing e n t r a i n e d in the y and z d i r e c t i o n s . 

1. 5. 2 In t roduc t ion of the Self P r e s e r v i n g A s s u m p t i o n 
It is of ten a s s u m e d (and h a s b e e n v e r i f i e d e x p e r i m e n t a l l y in m a n y 

f r e e t u rbu l en t s h e a r f lows) tha t the t r a n s v e r s e d i s t r i b u t i o n f u n c t i o n s 
of the m e a n flow v a r i a b l e s ( such as v , Ap e t c . ) r e t a i n the s a m e f u n c t i o n a l 
f o r m and m e r e l y v a r y in s c a l e f r o m c r o s s s e c t i o n to c r o s s s e c t i o n t h r o u g h 

t h e f low. In the p r e s e n t c a s e the t r a n s v e r s e d i s t r i b u t i o n f u n c t i o n of t he 
ve loc i ty V , f o r e x a m p l e , might be d e s c r i b e d in t e r m s of a c h a r a c t e r i s t i c X 
ve loc i ty s c a l e , s ay v , and c h a r a c t e r i s t i c width and he igh t s c a l e s , X m a x 
b and h r e s p e c t i v e l y ; that i s : 

, i^A > 
, w h e r e the unknown func t ion f is independent of x. In o t h e r w o r d s , if 
v^ p r o f i l e s a r e obta ined by m e a s u r e m e n t at s e v e r a l x = c o n s t a n t p l a n e s 

a nd each is p lot ted on a t r a n s p a r e n t e l a s t i c s h e e t , t h e n by c a r e f u l 
s t r e t c h i n g of the s h e e t s the s a m e ve loc i ty p r o f i l e should r e s u l t . 

T r a n s v e r s e d i s t r i b u t i o n func t ions f o r the q u a n t i t i e s of i n t e r e s t 
in the p r e s e n t c a s e a r e : -
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i ^ 
, where /J > ^ ^ 6 ^ 

and V and AJ6 are the characteristic velocity and density 
xmax f mean 

scales at a cross section and are functions of x only. 

The height scale h is defined by: 

^ " ¿ i ^ J ^ ( 2 8 ) 

, where / P - means that the integral is taken over the 

V = constant plane where v occurs. This will coincide with the x 
xmax 

-f-

axis for a plume spreading laterally in both the - ;y directions. 

The width scale b LS related to the height scale h by using the 

expression for the volumetric flow rate at a cross section: 

~ (29) 

Equation (29) indicates that the bhv == Q , where Q is the 
xmax 

volumetric flow rate at a cross section. 

The density scale AA at a cross section is defined with the 
^ mean 

aid of equation (24) I 

R R V . ^ (30) 

It is important to note at this stage that description of the trans-

verse distribution functions in terms of two characteristic length 

scales b and h is an extension of the usual self preservation assumption. 

Self preservation is usually applied to axisymmetric <ar two dimensional 
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flows where only one length scale is necessary to describe the transverse 

distribution function of a variable at a cross section. In the present 

case, however, the distribution function is asymmetric so that two 

mutually perpendicular length scales are required to describe the dis-

tribution function. 

1.5.3 Variation of Width and Height Scales with Distance from the 
Virtual Origin 

Rearranging equation (30) and utilising the relation Q= bhv : XÏTl 3.x 

In Subsection 1. 4. 2 it was shown that for a fully turbulent plume 

^hen and A/0 , where X is the distance 

from the virtual origin. Substituting these relations in equation (31); 

a ¿r —̂  

Constant. X ^ , X c X . X ^ = Constant (32) 

, where a and c are the exponents associated with b and h respectively. 

Thus, for dimensional homogeneity of equation (31): 
a + c = 2 (33) 

But as b and h are length scales it follows that for self preserv-

ation ^ must be constant, (that is, independent of X), so that a = c = 1. 

Hence both b and h should vary as x \ or, in other words, the jet should 

spread linearly both laterally across and normally to the boundary plane. 
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1,6 Variation of Entrainment Constant and Local Richardson Number with 
Distance from the Virtual Origin 

In Subsection 1„ 4o 3 the entrainment constant E is defined as: 

A-

^ (34) 

For conservation of volume of the elementary volume between the 

X and X + dx idealised cross section planes similar to the plane shown 

in Fig. 2B: 
(35) 

Equation (35) is consistent with equation (26) and using equations 

(29) and (3 4) it follows 

£ = ^^^ (36) 
7/^ 

As discussed previously in Section 1. 3, for flat boundary slopes 

at least, it may be necessary to distinguish between the entrainment 

in the - y directions, through the interface represented by hdx, and 

the entrainment in the - z direction through the interface represented 

by bdx. In this case two entrainment constants E and E may be 
y z 

defined by: 

^ / ^ ^ ^ ^ (^^^X ^ ^ (37) 

Substitution of the predicted equations for v (X), b(X) and x max 
h(X) in equations (36) and (37) shows that E, E and E should all be 

y z 
independent of X. 



The local Richardson Number R i - is defined in equation (19) as 

^ ^ substitution of the predicted equations f o r v (X) i - -7r 2 AllldX 

AA (X) and b(X) indicates that Ri_ should be independent of X . 
/ mean 

1. 7 Summary of Predict ions f r o m Dimensional Analysis and Additional 
Theory 

The dimensional analysis indicated that observat ions of the overa l l 

jet character ist ics might be p rocessed systematical ly by plotting in 

terms of a Richardson Number at the or i f i ce R. , a boundary relat ive 

Â 

roughness ^ and the boundary slope S. This assumes that the f low 

at the or i f i ce is turbulent and hence variations with change in Reynolds 
Number at the or i f i ce R^^ are slight: It is also assumed that the density 

di f ference of the injected fluid d/)^ is slight. 

In the zone of established flow of a fully turbulent jet , ( which is 

likely to occur at steep boundary slopes and large f luxes of unit weight 

excess ) , then v should vary as X"^'^^ and A/l as X"^'^^ This xmax / m e a n 

assumes that buoyancy ef fects only are responsible f or the motion and 

the momentum flux at the source may be neglected. 

F o r turbulent jets on steep slopes E should be a function of R 
k 

and - only. F o r a jet on a slight slope turbulence may not be fully 

developed and E is probably a function of j ^ ^ ^ 

F o r small density di f ferences and self preservat ion of ve loc i ty , 

and density prof i les f r o m c ross section to c r o s s sect ion of a ful ly 
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turbulent jet, the lateral and normal spread are predicted to be linear 

in the zone of established flow and E and R. are predicted to be constant. 1-

1. 8 Summary 

The practical importance of three dimensional density currents has 

been discussed and previous related work reviewed. The literature 

cited describes an experimental investigation of a two dimensional 

density current but it appears that the three dimensional case has not 

yet received serious attention, 

A general description of the behaviour of three dimensional density 

current has been given and a dimensional analysis of the problem under-

taken, The dimensional analysis will allow systematic processing of 

experimental data and also yields predictions of variation of velocity 

a nd density scales with distance f rom the virtual origin in certain 

limiting cases . Further assumptions requiring experimental verification 

allowed prediction of variation of width and height scales , entrainment 

constant and Local Richardson Number with distance f rom the virtual 

origin. 
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Chapter 2: Experimental Investigations. 

2. 1 Introduction 

The experimental program was comprised of two sections; 

firstly experiments were performed to determine the overall 

characteristics of a three dimensional density current, such as lat-

eral and normal spread, flow regime etc. Secondly, a typical 

turbulent jet was investigated in detail by making measurements of 

velocity and density at three cross sections of the flow. These latter 

measurements were used to check the instrumentation, investigate 

the self preservation hypothesis, and to determine relationships for 

variation of velocity, density etc. scales with distance from the 

orifice. 

2. 2 Choice of Working Fluids 

Two miscible fluids of slightly different density were required. 

The fluids may be gases, such as air and heated air, or liquids 

such as fresh water and salt water. 

Rouse et al used gas jets to provide a source of heated air in 

specially constructed rooms for a plume investigation (Ref. 88). In 

the present case it would be necessary to locate a gas burner at the 

lower end of a variable pitch upward sloping roof of a room of a 

size adequate to prevent side wall effects. With such an arrange-

ment temperature measurements by thermocouple would allow 
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estimation of point densities in the flow while velocity could be measured 

by hot wire anemometer - both types of instrument are commerc ia l ly 

available. Alternatively, instead of using air and heated air, air and 

another gas may be used» Davar and Cermak released anhydrous 

ammonia gas in a wind tunnel and measured density by analysing 

samples withdrawn through a small probe placed in the flow (Ref. 26), 

The ammonia concentration was determined by passing the sample 

through an absorption tube containing dilute acid and the density of 

precipitate formed was measured by a photoelectric co lor imeter . 

Velocity measurement was by hot wire anemometer. Davar and 

Cermak were not concerned with buoyancy effects , but it is possible 

that a similar gas system could be used in the present case by 

selection of injected gases to yield the desired density differences 

with air as the ambient fluid. 

Although a gas system has the advantage that density and 

velocity measurements are readily made with commercia l ly available 

instruments, it has been pointed out by Ellison and Turner (Ref. 31) 

that, for the same Richardson and Reynolds Numbers and density 

difference, the apparatus for use of air as the working fluid must 

be six times as big as that for use of water as the working fluid. 

Hence, for an exploraj:ory investigation, a liquid system was 

preferable. 
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Morton et al inves t iga ted p l u m e s by r e l e a s i n g dyed m e t h y l a t e d 
s p i r i t s in a tank of sa l t w a t e r (Ref . 73). T h e y w e r e i n t e r e s t e d in 
s p r e a d m e a s u r e m e n t s only and did not a t t empt to m e a s u r e ve loc i ty 
or dens i ty within the plume» E l l i son and T u r n e r u s e d s a l t w a t e r 
and f r e s h w a t e r as the working f lu ids in an inves t iga t ion of two 
d imens iona l incl ined p lumes (Ref. 31), Salt w a t e r was r e l e a s e d as 
the heav ie r f luid at the top of a downward s loping f l oo r in a c l o s e d 
channel f i l led with f r e s h w a t e r as the l igh te r ambien t f lu id . T h i s is 
p robab ly the mos t economica l choice of working l iqu ids . U n f o r t u n a t e l y 
i n s t r u m e n t s fo r m e a s u r i n g dens i ty and ve loc i ty within the s a l t w a t e r 
jet a r e not c o m m e r c i a l l y ava i lab le , F r a n k e l and G u m m i n g i n j e c t e d 
a je t of f r e s h w a t e r (containing a s m a l l amount of sa l t as a t r a c e r ) 
into a tank of s u g a r solut ion in an ocean outfa l l m o d e l (Ref . 3 5). T h e y 
c la imed that th is l iquid s y s t e m was s u p e r i o r to that of i n j e c t i n g f r e s h 
wa t e r into a tank of sa l t wa t e r as dens i ty m e a s u r e m e n t by d i r e c t l y e x -
posed conductivi ty probe was made m o r e r e l i a b l e . On the o t h e r hand , 
s u g a r solut ions a r e m o r e expensive than s a l t w a t e r , t ake an e x c e s s i v e 
t i m e to c l e a r a f t e r mixing, and a r e sub jec t to c louding b a c t e r i a l 
g rowths . Also, to use a f r e s h w a t e r - s u g a r so lu t ion l iquid s y s t e m 
for the p r e s e n t p ro j ec t , a c losed t i l t ing tank would be r e q u i r e d so tha t 
the jet of f r e s h wa t e r could be r e l e a s e d at the bo t tom of an u p w a r d 
s lopmg roof in a tank of suga r solut ion. A t ü t i n g c l o s e d t ank was 
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not available, but a small open tank, (which could be fitted with a down-

ward sloping f loor) , was available, so it was decided to use salt water 

as the injected heavier fluid and fresh water as the ambient lighter 

fluid. 

2. 3 Experimental Equipment 

The general arrangement of experimental equipment is shown in 

Fig. 3. The equipment is comprised of the experimental tank and an 

ancillary salt water system. The instrumentation for measuring 

velocity and density at a point in the three dimensional density current 

is described in detail in Chapters 3 and 4 respectively. 

2. 3: 1 The Experimental Tank 

Details of the experimental tank are shown in Fig, 4. It was 

convenient to use a perspex tank approximately 4 ft. x 3 ft. x 2 ft. 

deep which had been made for a previous investigation,, The tank 

was fitted with a downward sloping plywood f loor which could be ad-

justed to angles of inclination to the horizontal between and 20°. 

The salt water solution was introduced through a semicircular ori f ice 

adjacent to a side wall so that in effect half of a three dimensional jet 

was produced (the reason for using this arrangement will be discussed 

subsequently when the experiments to determine the overall character-

istics of the jet are described). 
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One of the major difficulties in using a small laboratory tank to 

model a large body of ambient fluid is the introduction of ^^make-up" 

water to keep the water level in the tank steady. Ideally, the make-up 

water should be introduced so that it just satisfies the ''entrainment 

appetite^^ at all cross sections of the jet. In the present case an 

attempt to do this was made by introducing the make-up water through 

the boxes shown in Fig. 4. These boxes ran laterally across the tank 

and were fitted with a weir and a hessian bottom to provide uniform in-

flow. In Chapter 1 it was predicted that the flow rate of a three 

dimensional turbulent jet increases with distance from the orif ice so 

that the inflow of ambient fresh water must also increase in the direction 

of flow. To allow for this increase the make-up boxes were partially 

blanked off at the bottom, as shown in the plan view of Fig, 4, and the 

number of make-up water supply points was increased with distance 

from the orifice. 

With careful adjustment of the make-up inflow rate and the tank 

outflow rate the system performed reasonably satisfactorily. The 

make-up inflow and waste outflow valves were adjusted so that flow 

over the fresh water overflow weir was slight and the level of the pool 

of diluted salt water at the bottom of the sloping floor was constant. 

The entrainment of fresh water was then checked by observing the 

movement of the dye trails left by crystals of potassium permanganate 



To wast* 

FIGURE 3. EQUIPMENT DETAILS 



Mofine ply freshwat«r"mok«-up" 
box with weir and hessian bottom 

Semicircular orifice, 
radius 0029 ft; 
diameter vertical and 
against tank wall 

2̂ 'ir). dw. S.Srod with 26T,Pt. 
threod for positioning 
instruments. Rod slotted \ 
and fitted with key to 
prevent rototion 

Cleor P.V.C Tubing 

"Rotameter" flow 
meter; metric 
type 14 K 

.Velocity meter head scole: 9 ft. long 
graduated ir) feet ond tenths. Zero of 
scale level with water surface in tonk 

3''2 ill dia. bokelite fishing reel 
OS winch for raising head tank 

Perspox tonk. ^pproximole internoi 
dimensions /Jft/3ft.x 2 ft deep. 
Wölls te in. thiti' ; verticol stiffeners 
'/j in. thick; top i'im ^vsin. thick 

Dexfon" angle froT.s 

Cross beam r^ning 
rail 

"Make-up" box roil 

Cleor RV.C tubing 

Bottom of "make-up" bo* 
blanked off with flot 
golv. iron sheet 

Tubulor cross beam; 
fitted with square bor 
tongue to prevent 
rototion of sliding ckinr>p 

AN c o m p u n t a brsst. unltsi otherwise siwwn 

P L A N 

f i g u r e 4 : TANK DETAILS 



33, 

dropped f r o m the s u r f a c e of the water in the tank. The f r e s h water 

appeared to be entrained in a d i rec t ion n o r m a l to the sloping f loor and 

s h o r t c i rcui t ing of f r e s h water between the make-up boxes and the out-

flow valves was negl ig ible . 

The ins t ruments for m e a s u r i n g ve loc i ty and density were held 

in the suspension s y s t e m shown in F i g , 4, A round c r o s s b e a m ran 

a c r o s s the tank and this was fitted with a clam.p holding a s c r e w e d rod 

which could be t r a v e r s e d normal ly to the sloping floor» The s c r e w e d 

rod c a r r i e d a secondary rod to which the instrument being used was 

clamped. The veloci ty m e t e r , for example , is shown fixed to the 

secondary rod in F i g . 4. This s y s t e m allowed maximum f lexibi l i ty 

for positioning an instrument in the tank as it allowed the instrument 

to be rotated or t r a n s l a t e d in any direc t ion . 

Photographs of the exper imenta l tank in operation are shown in 

F i g s . 5 and 6. 

2. 3. 2 Sa l twater Mixing and Supply S y s t e m 

Salt water solutions were prepared by mixing fine sal t and f r e s h 

water with a c o m m e r c i a l food s t i r r e r in the mixing tank shown in F i g . 3. 

Density contro l was by g l a s s i m m e r s i o n hydrometer as d e s c r i b e d in 

subsect ion 4. 2. 2, Chapter 4, The salt water was dyed red with 

I . C . I . Chlorozol S c a r l e t dye. The colouring power of Chlorozol 

S c a r l e t is not as great as that of an equal weight of potass ium 
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permanganate but it has the advantage that staining of equipment is much 

less than that resulting from potassium permanangate. 

The prepared salt water was then pumped to an elevated marriot 

syphon type constant head tank for reticulation to the experimental tank. 

The flow of salt water was measured with a Rotameter calibrated for 

relative density d i f ferences^^J up to 8 per cent. 

2. 4 Investigation of Overall Jet Characteristics 

2e 4. 1 General 

The initial attempt to model a turbulent three dimensional jet was 

made by placing the orifice at the top of the downward sloping boundary 

plane and with its axis coinciding with the longitudinal centreline of the 

tank. With this arrangement, however, it was apparent that the 

vertical sidewalls of the tank interfered with the anticipated linear 

spread of the jet - as shown for a typical jet in Fig. 7. 

It was therefore decided to shift the orifice to one side of the 

tank in an attempt to model one half of a three dimensional jet. A com-

parison of the lateral spread of a half jet and of a free spreading cen-

trally located jet of the same Richardson Number R will be made in io 

detail in subsection 4„ 3 below» For the jets compared, it would 

appear that the lateral spread of a half jet is slightly less than that 
of a free spreading jet of equal R value 

io 



Fig. 5: The Experimental Tank. 

1 » 

Fig. 6: The Experimental Tank. 
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The details of the half jets used to determine the overall character-

istics of a three dimensional density current are shown in Table 1, The 

range of tests performed was limited by the equipment available; for in-

stance boundary slopes greater than 20*̂  could not be used in the ex-

perimental tanko 

2, 4. 2 Flow Regime 

As outlined in Section 1, 3 of Chapter 1, the flow in a three 

dimensional jet may be ^'slug", ^^turbulent^\ or ^'indeterminate". 

Three typical jets demonstrating this classification are shown in Fig. 8 

As shown in Table 1, all jets on a boundary slope of 20° were turbulent^ 

and slug and indeterminate flows could only be obtained at the lower 

slope of 10°. 

The flow regimes of jets on a boundary of 10° slope are shown 

plotted on a Richardson Number R. - Reynolds Number R field in lo ^ eo 

Fig. 9. It may be seen that slug flows only occur at high values of 

Rĵ Q, that is at low injection flow rates or high density differences. 

At the low values of R^^ associated with high injection flow rates and/ 

or small density dif ferences, the flow is invariably turbulent. The 

Reynolds Number R^Q only appears to be significant in the zone of 

indeterminate flow, although a wider range of experiments employing 

injected liquids of widely different viscosity is necessary to check 

this aspect of regime classification. 
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The remaining overall characterist ics , such as lateral spread, were 

investigated by assuming that the effect of varying the Reynolds Number 

Rgo could be ignored and that the Richardson Number R-^ was sufficient 

specification for a jet„ 

2. 4. 3 Lateral Spread 

The lateral spread was determined by dropping large crystals of 

potassium permanganate on to the boundary plane and observing the de-

flection by the jet of the downward flowing dye streaks form.ed by the 

crystals. This is a rather crude method of investigating jet spread 

and the accuracy of the lateral angles of spread measured is probably 

not better than i 10 per cento Some typical jet width observations ob-

tained by this method are shown in Fig. lOA» The lateral boundary of 

the jet appears to be linear in the zone of established flow and the jet 

may be imagined as emanating from a virtual origin located on the x 

axiSo If a virtual origin is used then the location of the virtual origin 

^Hvo ^^^ ^^^ ^^gl® of lateral spread ejj specify the location of the lat-

eral jet boundary. 

In Subsection 1. 4. 1 of Chapter 1, it is shown (equation 13) that 

^Hvro — may be plotted as a function of R-^ for a particular boundary 

slope if variation of ^ ^ with Reynolds Number R^o and 

boundary relative roughness ^ is ignored. A plot of 

versus R^Q for the jets examined is shown in Fig. 11. A and B are 
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Orifict^:^». lO' 
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Richordson No. 

<rt Orific» 
Rio « 10» 

Alt*rnotive Rich-
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Reynolds No. 
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R . 0 'O'® 

Flow 
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G u 4 83 G- 892 0 639 5- 20 M 

H • « 9- 5 0- 569 0- 407 10- 20 W 

1 • 8 5 !3 - 46 0 - 916 0 656 14- 50 R 

J • • 6- 67 1- 467 1- 051 7- ! 6 • 

K • • 4 83 I- 817 1 307 5- 20 • 

L • 6 83 1-443 1 033 7- 35 N 

M c • 4 83 I- 817 1- 302 5- 20 Indeter minóte 

N • « 3 50 2 254 I- 614 3 76 Slug 

0 « 2 0 1 67 2 286 I- 637 !• 76 Slug 

P • • 2 50 )• 745 1 250 2 68 Indeterminot» 
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U « 1 0 1 77 l- 745 f 250 1-90 Indeter minotffi 

V 9 • 2 50 1 385 0 992 2 69 Indeter minóte 

W a • 4-83 0 ® 9 2 0 @39 5-20 Turbulent 

X « • 8 - 7 2 0-580 0- 40« 1 0 - 5 0 TurbuSent 
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lines of best fit for relative density dif ferences of 1. 0 and 2. 0 
o o 

per cent on slopes of 10 and 20 respectively. Lines A and B indicate 

that R^^ is a reasonable criterion for specifying the position of the 

virtual origin. C and D are lines of best fit for a relative density differ-

ence of 8. 5 per cent on slopes of 10^ and 20^ respectively. It is seen 

that line C, although of roughly the same slopej does not coincide with 

line A for the smaller relative density differences on the same boundary 
o slope of 10 . In the dimensional analysis I / o J was assumed to be ' o 

'̂ small^^ and only important when combined with g~this is probably not the 

case with a ^ of 8o 5 per cent and this would account for the labk of 

coincidence of lines A and C. Similar remarks may apply to lines B 

and D, although the scatter of points about line D is probably too great 

to draw any sound conclusion. 

The half angle of lateral spread versus Rĵ Q is shown plotted 

in Fig. 12. The same notation for the various relative density di f fer -

ences and slopes tested as used in Fig. 11 has been used. The lines 

of best fit A and B for small relative density differences might be 

taken as independent of boundary slope if the accuracy of the method 

used for determining is kept in mind. The deviation of points for 

the jets of relative density difference of 8. 5 per cent is again apparent 

in Fig. 12. 
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& 
The half angle of lateral spread of the centrally placed jet shown 

in Fig. 7 is 40^ while the angle for the half jet of corresponding R.^ is 33° 

from Fig. 12. As pointed out previously, these angles of spread are prob-

ably only accurate to within - 10 per cent so that for this case at least 

the angles of spread could coincide. If the accuracy is better than t lo 

per cent then one might conclude that the vorticity interchange between the 

jet proper and the boundary layer against the sidewall of a half jet is less 

than that across the longitudinal vertical (y = 0) plane of a centrally 

placed jet. If this is correct then use of a half jet to indicate the lateral 

spread of a centrally placed jet will result in a slight underestimate of 

, that is the angles of lateral spread shown in Fig. 12 for half jets 

could be taken as minimum values for the corresponding centrally 

placed jets of equal R.^ value. For a comprehensive laboratory in-

vestigation of three dimensional density currents (using centrally 

located jets which can spread laterally in both the ty directions) it 

would appear that a tank at least twice the size of the present tank is 

necessary. 

2. 4. 4 Normal Spread 

The spread of a jet normally to the boundary plane is more difficult 

to determine than lateral spread as the intermittency of the jet boundary 

appears to be more pronounced in the former case, particularly when 

the flow is turbulent. The normal spread was estimated by measuring 
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the mean height of the intermittent jet boundary at the sidewall at three 

cross sections; typical measurements are shown in Fig. lOB. The salt 

water was dyed with a strong solution of potassium permanganate to 

acfcentuate the jet boundary for these measurements. The accuracy of 

the measurements is probably not better than ~ 25 per cent and in view 

of this no attempt was made to estimate the normal co-ordinate 

of the virtual origin. It did appear, however, that for all of the jets 

investigated a virtual origin could be located at a position ^vvo ^ 

as shown in Fig. IB. All of the jets observed had finite values of 

and Zy^Q. 

The angle of normal spread versus R^^ for the jets examined is 

shown in Fig. 13. The points are far too scattered to draw any f irm 

conclusions, but it may be noted that, for the slug flow jets at high values 

of Rĵ Q, By tends to 0°; while, for turbulent jets at low values of Rĵ ,̂ Qy 

does not exceed 3°. 

A more accurate, but also more time consuming method of invest-

igating both lateral and normal spread of three dimensional jets would 

be to utilise density measurements. The boundary of the jet might be 

defined as the point where the density has fallen to 2 per cent of the 

maximum value at an x - constant cross section. 
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2. 4. 5 Streamline Patterns 

The pattern of flow close to the boundary plane was visualised by 

using the dye streaks from crystals of potassium permanganate. This 

technique has been used for visualisation of flow over a model aircraft 

wing in a low velocity water tunnel (Ref. 19). At first large crystals 

were dropped onto the sloping boundary plane but these were soon 

carried away by the jet when their size decreased as they dissolved. 

Better results were obtained by anchoring the crystals in modelling clay 

which was pressed into small holes drilled at the grid intersection points 

of the plywood floor. 

Streakline patterns were obtained for turbulent jets only and a typ-

ical pattern is shown in Fig. 14. By drawing lines tangential to the 

streaklines the streamline patterns shown in Figs. 15 to 17 were 

obtained. Fig, 15 shows the increasing lateral spread of a jet with de-

creasing Richardson Number R^^, other factors being constant. The 

streamline patterns of Fig. 15 confirm the lateral boundary spread 

measurements shown in Fig. 12. Fig. 16 demonstrates the effect on 

lateral spread of varying the relative density difference 

while Richardson Number and slope are held constant. The stream-

line patterns for the lower values at 1. 0 and 2. 0 per cent are 

practically identical and one may conclude that the Richardson Number 

Rio is a good criterion for specifying a jet if the relative density 
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difference is small. The streamline pattern for a relative density 

difference of 8„ 5 per cent deviates appreciably f rom the patterns 

for of 1. 0 and 2« 0 per cent. The streamlines for the former 

compared to the latter appear to spread less near the jet centreline (the 

X axis) and more near the outer lateral boundary. This confirms the 

data shown in Fig. 12. It might be considered that the Richardson 

Number Rĵ ^ is not a sufficient criterion for specifying a jet when the 

relative density difference exceeds about 2« 0 per cent and that the 

value of must also be given. 

The effect on lateral spread of varying the boundary slope S while 

holding other factors constant is shown in Fig. 17, It would appear that 

increasing the boundary slope f rom 10^ to 20° results in a decrease in 

lateral spread, again confirming the data in Fig. 12. 

2. 5 Detailed Investigation of a Turbulent Jet 

2. 5. 1 General 

Measurements of velocity and density were made at three cross 

sections of jet number C listed in Table 1. The observations were r e -

quired to check measuring instruments; investigate the self preservation 

hypothesis; to determine the variation of characteristic property scales 

(e .g . V Aô e tc . ) v/ith distance f rom the orif ice; and to xmax , / mean 

estimate the entrainment and Local Richardson Number at each cross 

section. 
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2. 5, 2 Velocity Measurements 

Velocity measurements were made with the Bagnold velocity meter 

at three cross sections, x = 0, 4, 0. 7 and 1, 0 feet, of jet number C. The 

velocity profiles on several y = constant planes were obtained at each 

cross section by traversing the meter normally to the boundary plane 

as described in Subsection 3. 5. 5 of Chapter 3. The velocity v at any 

point was measured with the meter nozzle pointed towards the orif ice, 

that is the nozzle axis was aligned with a radial line from the origin of 

co-ordinates. The inclination of radial lines to the streamlines shown 

in Figs. 15 to 17 is in almost all cases less than 10°, and, as the meter 

is insensitive to yaw up to angles of attack of at least lO"", it follows that 

the simple procedure used should produce accurate measurements of v. 

Aligning the nozzle axis with a radial line is much easier than setting 

it to an inclination determined previously from a streamline pattern. 

The x component of velocity was computed from 

tr ^ ir ^ ^ 
^ (38) 

, where ^ is the inclination of the radial line at a point to the x axis. 

The profiles at three cross sections of jet number C are shown plotted 

in Figs. 18 to 20. 

Remembering that v^ is slightlyless than v for all profiles 

shown in Figs, 18 to 20, it is seen that the Bagnold meter will 
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c o m f o r t a b l y m e a s u r e v e l o c i t i e s in the r a n g e 0„ 025 to 0« 5 f e e t p e r s e c o n d . 
The p r o f i l e s a r e s i m i l a r to t h o s e ob ta ined f o r a two d i m e n s i o n a l j e t by 
E l l i son and T u r n e r (Ref . 31) in t ha t t h e r e i s a b o u n d a r y l a y e r b e t w e e n 
the b o u n d a r y and the r e g i o n of m a x i m u m v e l o c i t y and t h i s is o v e r l a i n by 
an a l m o s t l i n e a r v e l o c i t y p r o f i l e . In t h e c a s e of a t h r e e d i m e n s i o n a l 
je t , h o w e v e r , t he g r a d i e n t -xr^ of t h i s l i n e a r p r o f i l e a p p e a r s to d e -
c r e a s e wi th i n c r e a s i n g y . A l s o in the t h r e e d i m e n s i o n a l c a s e the l i n e a r 
ve loc i ty p r o f i l e a p p e a r s to c o m m e n c e at the v e l o c i t y m a x i m u m and not 
at the s o m e w h a t l o w e r v e l o c i t y shown in E l l i s o n and T u r n e r ' s p r o f i l e s . 
The b o u n d a r y l a y e r a d j a c e n t t o t h e v e r t i c a l s i d e w a l l of the e x p e r i m e n t a l 
tank is a l s o ev iden t in the p r o f i l e s shown in F i g s . 18 to 20. 

2. 5. 3. D e n s i t y M e a s u r e m e n t s 
D e n s i t y m e a s u r e m e n t s w e r e m a d e at the s a m e t h r e e c r o s s s e c t i o n s 

of je t n u m b e r C at wh ich v e l o c i t i e s w e r e m e a s u r e d . T h e r e l a t i v e d e n s i t y 
d i f f e r e n c e p r o f i l e s shown p lo t t ed in F i g s . 21 to 23 w e r e ob ta ined by the 
me thod of a n a l y s i s of d i s c r e t e w i t h d r a w n s a m p l e s which is d e s c r i b e d in 
de ta i l in S u b s e c t i o n 4. 3. 5. of C h a p t e r 4. 

Again the m e a s u r e d p r o f i l e s f o r the t h r e e d i m e n s i o n a l c a s e a r e 
s i m i l a r to E l l i s o n and T u r n e r ' s two d i m e n s i o n a l p r o f i l e s in tha t the 
m a x i m u m d e n s i t y o c c u r s at the b o u n d a r y p l a n e . T h e two d i m e n s i o n a l 
p r o f i l e s show a w e l l d e f i n e d l a v e r of high d e n s i t y g r a d i e n t "^ r" 
i m m e d i a t e l y a d j a c e n t t o t he b o u n d a r y which is o v e r l a i n by a r e g i o n w h e r e 
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the density gradient is much lower. The junction of these two regions 

appears to coincide with the ^ level of the point of maximum velocity 

V . In the case of a three dimensional jet, however, the two regions xmax 

of widely different density gradient are not as pronounced. The higher 

density fluid appears to be fairly well dispersed across the cross 

section at X = 0. 4 feet and it is only at the x = 1. 0 feet cross section 

that two regions of different density gradient begin to appear. In the 

three dimensional case therefore the higher density fluid appears to 

flow in the form of a central core which decreases in height, but in-

creases in width, with distance down the boundary plane. 

2. 5. 4. Instrument Check 

In subsection 1.5.1. of Chapter 1 it was shown that the flux of 

density excess K in the direction of flow (the x direction) of a three 

dimensional jet must be constant, that is: 
/ o O ^ <X3 

J (24) 
O -^oO ^ 

It is more convenient in the present case to work in terms of flux 
K of relative density excess ^ given by ; 

fi ^ i ^ ^ (39) 

as v^ and ^ profiles have been plotted in Figs. 18 to 23. ^ must 

also be constant at each flow cross section as the density of the ambient 

fluid p is constant. 
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The right hand side of equation (39) represents the volume enclosed 

by an X = constant plane and the envebpe of normals of length ^ ^ 

erected on that plane. The volume was evaluated by first plotting pro-

files of ^ ^ on z = constant planes for the three flow cross sections 

as shown in Figs. 24 to 26, and then applying the mean end area formula 

to areas measured by planimeter. The flux of relative density excess 

at the orif ice was calculated f rom the data in Table 1, and this is c o m -

pared with the measured values at the three cross sections in Table 2. 

Table 2 
Flux of Relative Density Excess ^ at Three 
Cross Sections of Turbulent Jet Number C, 

Cross Section^ Distance 
from Orifice x, in ft. 

Measured 3 x 10®, 
in ft. ^ sec. "^ 

Percentage Error c o m -
pared to ^ at Orifice 

0. 0 13. 36 
0. 4 13.46 + 0. 8 
0.7 13.75 + 2. 9 

1. 0 13. 48 + 0. 9 

v. 

The probable cause of the slight over estimate of -r at the 

three cross sections is treated in detail in the discussion of 

"Verification of Performance" in Subsection 3, 5. 5. of Chapter 3. 

Suffice to say at this stage that the maximum error of + 3 per cent in 
V 

measured ^ at a jet c ross section is more than satisfactory for an 

exploratory investigation. 
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2. 5. 5. I n v e s t i g a t i o n of Self P r e s e r v a t i o n 
To i n v e s t i g a t e self p r e s e r v a t i o n of v e l o c i t y and d e n s i t y d i f f e r e n c e 

it i s n e c e s s a r y to plot " ^ ^ l a x . ^^^ ^ f i m e a n 
s e c t i o n s i n v e s t i g a t e d in t e r m s of the n o n - d i m e n s i o n a l w id th and h e i g h t 

p a r a m e t e r s f » - j and y ^ r e s p e c t i v e l y . ^^xmax' 4/» m e a n ' 
b and h a r e the c h a r a c t e r i s t i c ve loc i t y , d e n s i t y , wid th and h e i g h t s c a l e s 

r e s p e c t i v e l y at a c r o s s s e c t i o n . 
at the c r o s s s e c t i o n s x = 0. 4, 0. 7 and 1. 0 f e e t w a s x m a x 

s e l e c t e d f r o m F i g s . 27, 28 and 29 r e s p e c t i v e l y , which a r e Vx p r o f i l e s 
on z = c o n s t a n t p l a n e s . T h e va lue of v f o r e a c h c r o s s s e c t i o n i s x m a x 
shown in T a b l e 3. 

T a b l e 3. 
P r o p e r t i e s of T h r e e C r o s s Sec t ions of T u r b u l e n t J e t N u m b e r C. 

C r o s s Sec t ion , 
D i s t a n c e f r o m 
O r i f i c e x, 
in f e e t . 

Ve loc i ty 
Sca le 
'^xmax' 
in f t . 
s e c - 1 

in f t . 
s e c " ^ 

Heigh t 
Sca le 
hxlO^ 
in f t . 

Vo lu -
m e t r i c 

F l o w -
r a t e 

QxlO^, i t r 
f t . ^ s e c . - 1 

Width 
S c a l e 
b x l 0 2 , 
in f t . 

D e n s i t y 
S c a l e 

meanxlO^ 

0. 4 
0. 7 
1. 0 

0. 52 
0. 41 
0. 34 

14. 04 
13. 45 
11. 74 

27. 05 
32. 97 
34. 2 

25. 82 
39. 25 
50. 04 

18. 39 
29. 18 
4 2 . 6 2 

51. 74 
34. 04 
26. 70 

The he ight and width s c a l e s h and b at a c r o s s s e c t i o n w e r e d e f i n e d 
by equa t ions (28) and (29) in Subsec t ion 1. 5. 2 of C h a p t e r 1: 
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(28) 

V 

(29) 

The integral J . for each cross section was ob-

tained by area measurement of the appropriate profile from Figs. 18 to 

20 and the results are shown in Table 3. The value of the height scale 

at each cross section obtained by using equation (28) is also shown in Table 

3. 

To determine the width scale b at each cross section it is nec-

essary to evaluate V^ d^ dij - volumetric flow rate Q , for 

substitution in equation (29)» Q at each cross section was obtained by 

utilising the v profiles on z constant planes shown in Figs. 27 to 
X 

29 and applying the mean end area formula. Again the results for Q 

and thence b from equation (29) are shown in Table 3, 

The mean relative density excess I \ ^^ each cross 
V ^ mean 

section was obtained by using a modified form of equation (30) from 

Subsection 1« 5. 2. of Chapter that is 

Is 
Equation (40) obtained from equation (30) by remembering that the 

A 
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fresh water density yO is constant. It is more convenient to work in 

terms of mean ^̂  stage as ^ and Q have already been 

evaluated for each cross section. The values of mean 

by using equation (40) are shown in Table 3. 

Having obtained the characteristic width, height and velocity 

scales at each cross section, these were combined with the v^ profiles 

shown in Figs. 18 to 20 to plot non-dimensional velocity diagrams. A 

typical diagram showing values at grid intersections and lines of equal 

Zx— is shown for the cross section at x = 1.0 feet in Fig. 30. 
^xmax 
Composite diagrams for the three cross sections examined are shown 

in Figs. 31 and 3 2. For complete self preservation of velocity profiles 

the lines for the three cross sections should coincide. It is 
^xmax 

seen that the coincidence is satisfactory in the outer portion of the jet 

away from the boundary plane and the tank sidewalL The spread of the 

lines in this region might be accounted for by the error in positioning 

the velocity meter. In the boundary layer regions close to the boundary 

plane and the sidewall, however, the spread of the I x lines is too 
^xmax 

great to be accounted for by positioning errors and the velocity profiles 

are not self preserving close to a boundary. 

Knowing the characteristic width, height and density scales at 

each cross section and utilising the ^ profiles shown in Figs. 21 to 

23 the non-dimensional density profiles shown in the Figs . 33 and 34 
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were plotteda As with the velocity prof i les , the spread between lines 

is less in the outer portion of the jet away from the boundary plane and 

the sidewall. Even in this outer region, however, the agreement be -

tween lines is not as good as that for the velocity profi les. The position-

ing error of the nozzle for withdrawing density samples should be less 

than that of the velocity meter whose nozzle is longer and less rigid» 

Hence positioning e r ror cannot account entirely for the spread of the 

lines in the case of the density prof i les , and one could not claim with 

confidence that the density profi les are sel f -preserving on the basis of 

the data shown in Figs» 33 and 3 4, 

2. 5. 6. Variation of Characteristic Scales with Distance f rom the 

In this Subsection the variation of the characteristic width, height, 

velocity and density scales with distance f rom the virtual origin will be 

compared with the predictions made in Subsections 1. 4„ 2« and 1. 5. 3« of 

Chapter 1. The values computed for the characteristic scales at the 

three cross sections of jet number C are shown in Table 3c 

The variation of the width and height scales b and h respectively 

with distance x down the boundary plane is shown in Fig» 35Ac As pre -

dicted both b and h appear to be linear functions of x« It may be 

noted in Fig, 35A that the virtual origin for the height and width 

scales is located at the centre of the orifice« Also Fig« 35A shows that 
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^ is not c o n s t a n t as r e q u i r e d by the se l f p r e s e r v a t i o n a s s u m p t i o n but 
i n c r e a s e s in the d i r e c t i o n of flow» F o r t u n a t e l y t h i s non i n d e p e n d e n c e of 
X of t he r r-atio does net a f f ec t the p r e d i c t i o n s f o r v (X) and jf̂  x m a x 
A J (X) 9 s it i s only the p o w e r s of b (X) and h(X) w h i c h a r e of i n -' m e a n 
t e r e s t when m a k i n g t h e s e p r e d i c t i o n s . 

If the v i r t u a l o r i g i n f o r the b s c a l e (i« e» at the o r i g i n of c o -
o r d i n a t e s ) i s t aken as a l s o app>lying to the v e l o c i t y and d e n s i t y s c a l e s 
V and then the log-^og p lo t s in F i g s , 35B and 35C r e s u l t x m a x ^ 
f o r V (x) and (x) r e spec t ive ly« Note tha t t a k i n g t h e v i r t u a l x m a x yQ 
o r i g i n at the o r ig in of the c o - o r d i n a t e s in e f f e c t m a k e s the (X, Y, Z) and 
(x, y, z) c o - o r d i n a t e s y s t e m s coincideo The p r e d i c t i o n s f o r v (x) x m a x 
and (x) f o r a fu l ly t u r b u l e n t je t f r o m C h a p t e r 1 a r e a l s o shown 
as dot ted l i nes in F i g s . 35B and 35C r e s p e c t i v e l y ^ 

The m e a s u r e d va lue of v (x) is v o^ wh i l e t he x m a x x m a x 
-0 33 

p r e d i c t e d r e l a t i o n i s x ° . T h i s d i s c r e p a n c y m i g h t be 
accoun ted f o r in two ways ; f i r s t l y the m e a s u r e m e n t s m a y h a v e b e e n 
t aken in the zone of u n e s t a b l i s h e d flow» In S u b s e c t i o n 4, 2 of 
C h a p t e r 1 it i s shown tha t in the zone of u n e s t a b l i s h e d f low ( w h e r e both 
buoyancy and m o m e n t u m e f f e c t s a r e s ign i f i can t ) v x^ w h e r e x m a x ' 
a l ies between -0. 33 and -1. 0. The fact that the velocity prof i les 
appear to be self preserving, however, tends tc show that the c r o s s 
sections investigated were in the zone of established flow. The second 
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explanation is that the jet is not fully turbulent throughout the flow cross 

section as assumed in the dimensional analysis. In Figs. 21 to 23 it may 

be seen that the region adjacent to the boundary is one of steep density 

gradient and this is overlain by a region of slighter density gradient. It 

is generally accepted that a steep density gradient has a strong inhibiting 

effect on the development of turbulence throughout the flow cross section. 

This would account for the difference between the observed and pre-

dicted values of v (x). xmax 

In Fig. 35C the measured value of is 2: ^^ 

which varies greatly from the predicted value of ô ^ -1.67^ 

The 

incomplete turbulence discussed above may possibly account for 

this discrepancy between the two exponents. To check this a character-

istic density scale of ^ ^ ^ at the height h was found for each cross 

section from Figs. 21 to 23 and these values are shown plotted in Fig. 35C. 
The variation ^ ̂  with x obtained was f , , ^^ V/Oy max at h max. at ĥ CX 

which shows that the dimensional analysis offers a better prediction of 

AjO (x) when the density scale is selected in the region of turbulent flow 

away from the boundary plane. 

Better agreement between predicted and measured values of 

^xmax^^^ and mean^^^ ^^^ ^^ expected for steep boundary slopes 

where turbulence should be more fully developed across the flow cross 

section. For turbulent jets on boundary slopes of 20° and less one may 
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conclude that predictions based on the assumption of completely 

developed turbulence will slightly underestimate the rate of decrease 

of V and grossly overestimate the rate of decrease of 4 / ) xmax B J / mean 

with distance down the boundary plane. It is probable that a sophisticated 

theoretical model treating the flow as two separate regions - a higher 

density boundary layer adjacent to the boundary plane and a lower 

density, completely turbulent outer mixing region - would allow better 

theoretical prediction of v (x) and A / ] (x) for lets on low to xmax / mean 

moderate boundary slopes. Also an attempt should be made to measure 

turbulent intensity of velocity and density fluctuations throughout the 

flow cross section in any future experiments. 

2. 5. 7 Estimation of Entrainment Constant and Local Richardson 
Number 

The entrainment constant E at a cross section has been defined 

in Section 1.6 of Chapter 1 as: 

where bh = Q the volumetric flow rate from equation (29). 

Q(x) is plotted in Fig. 36A which shows that Q appears to vary 

linearly with x, that is is constant and equal to 4. 08x10"^ square 

feet per second. Using the values for , b and h from Table 3. 
xmax 

equation (36) was used to compute E at the three jet cross sections 

and the results are shown in Table 4. 
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Table 4. 

Entrainment Constant and Local Stability Parameters at Three Cross 
Sections of Turbulent Jet Number C. 

Cross Section^ 
Distance x 
from Orif ice, 
in ft. 

Entrain-
ment 
Constant 
EX102 

Local 
Richardson 
Number R̂ ^ 

Local 
Reynolds 
Number 
R e _ x l 0 - 4 

Width to Height 
Ratio ^ 

0. 4 3. 7 0. 113 7. 85 6.8 

0. 7 3. 1 0. 19 9. 8 8.9 

1. 0 2. 6 0. 315 11. 9 12. 4 

The Local Richardson Number at a cross section is defined 

in Subsection 1. 4. 3 of Chapter 1 as : 

^ - ^^ 

By utilising the values for etc. from Table 3 the values 

of shown in Table 4 were obtained. The measured values of 

E(x) and Rj^_(x) are compared with the relations predicted for a fully 

turbulent jet in Figs. 36B and 36C respectively. The theory predicts 

that both E and R̂^ should be constant while the measurements in-

dicate that E decreases and R̂^ increases wjith distance down the 

plane. As outlined previously, the disparity between the observed 

and predicted values of E(x) and may be due to incomplete 

development of turbulence across the cross section of the particular 

jet investigated. Better agreement might be expected for fully 
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turbulent jets on steep slopes. It is interesting to recall at this point 

that Ellison and Turner (Ref. 31) contend that in the two dimensional case 

both E and remain constant throughout the flow. 

In Subsection 1. 4. 3. of Chapter 1 it is shown that: 

(21) 6 ' v-y 
, where R^ is the Local Reynolds Number at a cross section defined by: 

/ f = Z^^^x, ^P 

k ^ 

, and — is the relative boundary roughness. To utilise this relation 

for a systematic investigation of the dependence of E on the stability 

parameters R^^ etc. would require investigation of a large number 

of jets. There is no point in attempting to correlate E with R^ for 

instance, for the three cross sections of the jet investigated as both 
b and R^.^as well as R- ^vary from cross section to cross section 
h as shown in Table 4. 

2. 6 Application of Model Data to Prototype Cases 

Supposing it is required to discharge an industrial effluent into a 

still lake whose bed slope is 10^. The diameter of the outlet is 4 

feet, and the outflow velocity 10 feet per second. If the effluent 

relative density difference is 1. 0 percent then the Richardson 

Number at the outlet R-^ will be 2. 73 x 10"2. This is much larger 

than the value of R.^ of 1. 7 x lO'^ for model jet number U in Table 1 

where slug flows occurred in the jet. Hence it may be concluded 
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that t u r b u l e n t m i x i n g , which i s d e s i r a b l e f o r r a p i d d i s p e r s i o n of the 
ef f luent in t h e l a k e , i s u n l i k e l y to o c c u r in t h i s c a s e . F o r t u r b u l e n t mix-
ing to o c c u r a m u c h l o w e r va lue of ^ ^ ^ ^ is r e q u i r e d . 

The m o d e l da t a m i g h t a l s o be u t i l i s e d to m a k e a s p e c u l a t i v e p r e -
dict ion of the s p r e a d of hot w a t e r on the s u r f a c e of a t h e r m a l p o w e r 
s ta t ion cool ing pond. T h e b o u n d a r y p l ane in t h i s c a s e i s the pond s u r -
face and the p r o b l e m i s one of t he s p r e a d of a l i g h t e r f lu id o v e r a 
h e a v i e r m i s c i b l e f lu id . F o r a t h e r m a l p o w e r s t a t i o n of about 500 MW 
capac i ty about 1100 c u s e c s of coo l ing w a t e r a r e r e q u i r e d and the r i s e 
in t e m p e r a t u r e t h r o u g h the condensers i s f r o m 12 to 15°F (Ref . 75). If 
the amb ien t w a t e r i s at 50°F and the d i s c h a r g e d w a t e r at 65^F then t h i s 
r e p r e s e n t s a r e l a t i v e d e n s i t y d i f f e r e n c e ^^^ P^^ cen t . 
The h e a t e d w a t e r i s o f t en d i s c h a r g e d t h r o u g h an ou t f a l l c h a m b e r and the 
a p p r o p r i a t e d i m e n s i o n s in t h i s c a s e a r e width 100 f t . and depth of f low 
8. 5 f ee t (Ref . 75). Us ing t h i s da ta the R i c h a r d s o n N u m b e r at the 
o r i f i c e R^Q is 0. 202, which i s v e r y high, so tha t the h e a t e d w a t e r migh t 
be expec t ed to f low o v e r the s u r f a c e of the cool ing pond in t he f o r m of 
a thin s lug f low wi th l i t t l e m i x i n g with the u n d e r l y i n g cold w a t e r . T h i s 
f o r m of s p r e a d i n g i s d e s i r a b l e in r e c i r c u l a t e d cool ing ponds w h e r e 
c o n t a m i n a t i o n of the i n t ake w a t e r by the h e a t e d out le t w a t e r i s to be 
avoided . 
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It would appear that for turbulent flow to occur in a three dimensional 

jet the boundary slope must be steep, the injected flow rate large and the 

relative density difference very small. The "artif icial" ( i . e . engineered 

by man) prototype cases investigated were slug flows and it is suggested 

that turbulent flows are only likely to occur in large scale natural 

phenomena such as movement of air masses in mountainous country, 

the movement of turbidity currents on steep slopes in the ocean, and 

the discharge of colder or silt laden water into an alpine lake. 

2. 7 Summary 

The apparatus and experimental techniques used has been 

described in detail. A larger tank appears to be necessary to allow the 

model jet to be located centrally in the tank. 

The flow regime, lateral spread and normal spread has been ex-

amined for a range of jets on boundary slopes of 10° and 20°. The 

Richardson Number at the orifice R̂ Q appears to be an adequate 

criterion for specifying a turbulent jet, providing the relative density 

difference ( ^ X ^^^^ exceed 2. 0 per cent. 

Measurement of velocity and density profiles at three cross 

sections of a turbulent jet on a 20° slope has been described. The 

flux of density excess computed from these profiles at each cross 

section was found to vary by not more than about 3. 0 per cent from 

the flux injected at the orifice, so verifying the accuracy of the 
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velocity and density measuring instruments. 

The velocity profiles for the three cross sections examined were 

found to be self preserving in the outer region of the jet away from the 

boundary layers at the sloping f loor and the tank sidewall. The density 

profiles were only approximately self preserving in the outer region of 

the jet. 

The variation with distance down the boundary plane of the 

measured values of the characteristic scales (b, h, v and AJÓ moan) xmax mean' 

describing the velocity and density profiles at a cross section has been 

computed from the velocity and density measurements. The width and 

height scales, b and h respectively, were found to vary linearly with x. 

When the measured functions for (x) and A ^ mean^^^ were com-

pared with those predicted for a fully turbulent jet in Chapter 1 then 

the agreement in general was poor. It has been suggested the disagree-

ment may be due to the turbulence damping effect of the steep density 

gradient occurring in the inner region of the flow adjacent to the 

boundary plane. 

The entrainment constant E was found to decrease and the Local 

Richardson Number to increase in the direction of flow. This 

contrasts with the two dimensional case investigated by Ellison and 

Turner (Kef. 31) who contended that both E and Ri„ remain constant 

throughout the flow. 
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The experiment data has been used to classify two prototype flows 

and in both these cases slug flows were predicted. 
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Chapter 3: Velocity Measurement. 

3. 1 Introduction 

This chapter is an account of the development of a velocity meter 

for use in trubulent saltwater jets. Firstly, the objectives are stated; 

the extensive literature review included as Appendix 1 is summarised; 

and the remainder of the chapter is concerned with the design, man-

ufacture, calibration and operation of two meters selected from the 

literature review. 

3. 2 Objectives 

3. 2. 1 Range and Accuracy 

An instrument was required to measure point velocities in the 

range 0. 05 to 0. 5 feet per second in turbulent salt water jets varying 

in thickness from 0. 02 to 0. 1 feet. 

An accuracy of t 10 per cent was considered to be adequate for an 

exploratory investigation of the mechanics of turbulent salt water jets, 

3. 2. 2 Other Requirements 

The velocity meter should preferably be commercially available 

or alternatively inexpensive to make and maintain. Freedom from cal -

ibration drift arid simplicity of operation were also desirable. The 

meter should be suitable for use on untreated Sydney tapwater which 

varies in composition and degree of contamination and is also subject 

to seasonal and diurnal temperature changes. 
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3. 3 Summary of Literature Review 

None of the commercially available instruments was suitable but 

two reported devices appeared to warrant further investigation; these 

were a miniature cup type current meter and Bagnold's velocity meter. 

3. 4 Development of a Miniature Cup Type Current Meter 

3. 4. 1 Description 

The meter is a miniaturised version of the conventional cup (or 

Price) type current meter and is shown in detail in Fig. 37, while Fig. 

38 is a photograph of the meter and several impellers. 

The proposed speed recording system was not proceeded with 

when, (as outlined subsequently), the meter was found to be unsuitable 

for the present project. Briefly, it was proposed to mount small 

mirrors on the impeller and use these to reflect a fine beam of light 

to a light sensitive semiconductor such as a phototransistor or photo-

diode, The output from the light detecting element may then be 

detected by a commercially available counting unit. 

3. 4. 2 Testing 

The meter was fitted with the impeller shown in Fig. 37 and 

placed in a typical centrally located turbulent saltwater jet in the 

experimental tank. 

The threshhold velocity was about 0. 25 feet per second which 

was much higher than the 0. 05 feet per second required. On testing of 
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the other impellers shown in Fig. 38 it was found that the lighter perspex 

impellers had a slightly lower threshhold velocity and that the sub-

merged weight of the impeller appeared to be.more critical in determin-

ing the threshhold velocity than the shape of the cups. 

It was observed that the impeller rotated on one side of the centre-

line of the jet but not in the corresponding position on the other side. 

This indicated that the meter was too sensitive to the lateral velocity 

gradients present in the laboratory scale jets being investigated. 

After a few minutes operation the impeller spindles became fouled 

by elongated bag fibres present in the saltwater - a common problem 

with miniature current meters with exposed bearings. 

3. 4. 3 Conclusions 

The threshhold velocity of the meter as designed was too high 

for use in laboratory scale turbulent saltwater jets, probably because 

of excessive bearing friction. Also the meter was too sensitive to 

the lateral velocity gradients present in the jets being investigated 

and was subject to fouling when used in unfiltered saltwater prepared 

with bagged salt. 

Although the meter was found to be unsuitable for the present 

project, further development may be justified for its use in the hyd-

raulic laboratory in shallow flow situations where the D, S. I, R. meter 

cannot be totally immersed. The following alterations are suggested:-
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(i) Use of a machined or cast lightweight plastic impeller. The 

D. S. I. R. Meter is fitted with a machined Cobex plastic impeller 

which is slightly less dense than water so that bearing friction 

is minimised. 

(ii) Reversal of the bearing system by fitting the jewel bearings in 

the impeller and the stainless steel spindle in the yoke arms so 

as to further reduce the weight of the impeller assembly. Fitting 

a flat thrust jewel bearing under the olive type radial bearing al-

ready used may reduce the bearing friction. 

(iii) Use of a shroud on the side of the impeller where the cups are 

travelling upstream should lower the threshhold velocity. 

Kolupaila (Ref. 63) records that this has been done by Patterson 

of the U. S. Geological Survey to extend the range of larger price 

type meters. 

The above alterations, together with the optical speed recording 

system already outlined, should result in a useful instrument. 

5 Development and Use of the Bagnold Velocity Meter 

3. 5. 1 General Description 

The Bagnold velocity meter is named after its inventor R. A. 

Bagnold who described this novel device for measuring low velocities 

in water flow in 1951 (Ref. 13). No subsequent mention of the meter 

in the literature is known to the writer. 
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The instrument is shown schematically in Fig, 39 where it is de-

picted in operation in saltwater flow. The stagnation pressure exerted 

by the saltwater flow at the tip of a long fine bore nozzle is transmitted 

along the saltwat:er in the nozzle to a balancing chamber. In the bal-

ancing chamber is a saltwater - freshwater interface formed by inter-

action of the saltwater f rom the nozzle and an opposing flow of f resh-

water carried by the opposing flow tube. The latter tube is coaxial 

with the nozzle and terminates a short distance f rom the downstream 

end of the balancing chamber. 

The position of the saltwater-freshwater interface is detected 

by connecting a simple conductivity meter between a ring electrode 

let into the wall of the balancing chamber and the opposing flow tube 

which acts as the second electrode. The critical point occurs when 

the interface coincides with the upstream end of the ring electrode as 

shown in Fig, 39A; the meter is then said to be in a state of "balance" 

and the conductivity meter records freshwater conductivity. If the 

opposing flow of freshwater is too great the interface moves upstream 

and the meter is said to be in an "overbalanced" condition as shown 

in Fig. 39B. Unfortunately, with only one ring electrode, it is im-

possible to differentiate between the balanced and overbalanced con-

ditions as the conductivity meter shows freshwater conductivity when 

the interface is in a position corresponding to either condition. If the 
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opposing flow of freshwater is too small , on the other hand, the inter-

face is downstream of the ring electrode and the meter is "underbalanced" 

as shown in Fig. 39C. The conductivity meter records a conductivity 

intermediate between that of saltwater and freshwater when the meter 

is in this condition. 

The spent opposing flow of freshwater flows to waste through the 

bypass holes just downstream of the balancing chamber so that in 

effect the meter allows a dynamic flow to balance a "static'^ stagnation 

pressure. This use of a small liquid flow to balance the stagnation 

pressure in a pitot nozzle is the most singular feature of the instrument 

as it is then only a matter of relating the discharge through the opposing 

flow tube to the oncoming velocity at the nozzle tip in order to calibrate 

the instrument. 

Measurement of the freshwater opposing flowrate, (which is ex -

tremely small by hydraulic laboratory standards), is conveniently done 

by measuring the head loss AH through the fine bore head loss tube in-

serted in the freshwater supply line. The other tubes in the f r e s h -

water line are much larger in bore than the head loss tube so that the 

head loss through the system is effectively confined to the latter. 

The difference in elevation between the surface level in the freshwater 

supply tank and the nozzle tip is then an amplified total head. Measur -

ing the head loss between the surface level in the freshwater supply 
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tank and the w a t e r s u r f a c e in the m o d e l w h e r e the m e t e r i s b e i n g u s e d 
c o m p e n s a t e s f o r the s t a t i c p r e s s u r e at the n o z z l e t i p (p rov id ing the 
s t r e a m l i n e s a r e s t r a i g h t and p a r a l l e l ) and t h i s head l o s s i s t h e n a 
m a g n i f i e d d y n a m i c h e a d . 

The d e g r e e of m a g n i f i c a t i o n of the d y n a m i c h e a d , and h e n c e the 
e f f ec t ive r a n g e of t he i n s t r u m e n t , m a y be v a r i e d by u s i n g d i f f e r e n t 
head l o s s t u b e s o r v a r y i n g the gap G^y .̂ P r o v i d i n g the f low t h r o u g h the 
head l o s s tube r e m a i n s l a m i n a r t he output c h a r a c t e r i s t i c of the m e t e r 
is l i n e a r , a s shown in F i g , 40. 

3. 5. 2 D e s i g n and M a n u f a c t u r e 
T h e m e t e r i s c o m p o s e d of t h r e e p r i n c i p a l p a r t s ; the p r o b e , the 

f r e s h w a t e r supp ly s y s t e m and t h e conduc t iv i ty m e t e r . 
The P r o b e 

The p r o b e is t ha t p a r t of the m e t e r i m m e r s e d in the f low and 
c o n s i s t s of a p e r s p e x h e a d f ixed to a s t a i n l e s s s t e e l s u p p o r t i n g e lbow. 
The head d e t a i l s a r e shown in F i g . 41; the elbow d e t a i l s in F i g . 42; 
whi le F i g . 43 is a p h o t o g r a p h of the d i s m a n t l e d m e t e r . 

T h e layout of the c o m p o n e n t p a r t s is s i m i l a r to tha t shown in the 
rough d r a w i n g in B a g n o l d ' s o r i g i n a l p a p e r (Ref . 13). T h e m a i n m o d -
i f i c a t i o n s a r e : -
(i) Use of m a t e r i a l s r e s i s t a n t to c o r r o s i o n by s a l t w a t e r v i z . s t a i n -

l e s s s t e e l , p e r s p e x , nylon , gold e t c . 
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(ii) F i t t i ng of a bent nozz le fo r work ing c l o s e to a bounda ry . 
(iii) Rotat ion of the opposing flow b y p a s s ho le s t h rough 45° so tha t 

the m e t e r may be used c lose to a bounda ry without a f f e c t i n g the 
e scape to was t e of the spent opposing flow. 

(iv) F ix ing of the p e r s p e x head to the s t a i n l e s s s t e e l elbow so tha t 
the gap G ^ between the end of the opposing flow tube and the 
ba lanc ing c h a m b e r ( see F ig . 39A) cannot be a c c i d e n t a l l y 
d i s t u rbed . 

(v) Use of a spac ing s l eeve to set the gap G ^ ins t ead of the m i c r o -
m e t e r s c r e w ad jus tmen t p roposed by Bagnold. Although th i s 
l a t t e r method is m o r e f lexible for in i t ia l ly ad ju s t i ng the in -
s t r u m e n t it is not as posi t ive as the f o r m e r f o r r e s e t t i n g the 
gap G-^ a f t e r the i n s t r u m e n t has been d i s m a n t l e d f o r c l ean ing . 

(vi) Use of epoxy r e s i n f o r e l e c t r i c a l insula t ion and w a t e r p r o o f i n g 
of the lead wi re to the r ing e l e c t r o d e . 

The F r e s h w a t e r Supply 
Deta i l s of the f r e s h w a t e r supply s y s t e m a r e shown in F i g . 4. 

The p e r s p e x supply tank is a t tached to a c a r r i a g e with nylon r o l l e r s 
which is r a i s e d by a s m a l l hand winch. The c a r r i a g e r u n s on the 
head los s s ca l e which is g radua ted in feet and t en ths and which is 
ad jus ted so that i ts z e ro m a r k is leve l with the s u r f a c e of the w a t e r 
in the e x p e r i m e n t a l tank. A read ing of the head l o s s , e s t i m a t e d to 
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one hundredth of a foot, is taken by sighting through the perspex tank 

onto the head loss scale. 3 /8 inch bore clear, flexible PVC tubing 

connects the supply tank to the probe and a small needle valve is fitted 

in the line for initial filling of the tank. 

The Conductivity Meter 

The conductivity meter circuit is shown in Fig, 44. The circuit 

is essentially the same as that shown in Chapter 4 for the determination 

of the conductivity at a point in a turbulent saltwater jet except that the 

bridge rectif ier has been omitted. Omission of the bridge rectif ier 

makes the meter more sensitive to conductivity changes and hence per -

mits more accurate detection of the position of the saltwater - f resh-

water interface within the balancing chamber. Without the recti f ier 

the CRO display is sinusoidal but this can be tolerated as only the 

final output voltage corresponding to freshwater conductivity at the 

point of balance is of interest. 

3.5. 3 Calibration 

The variables affecting calibration may be broadly grouped as 

follows: -

a. Meter dimensions: 

(i) Nozzle internal diameter d-^, external diameter Dj^, length 

Lj^ and shape. 
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(ii) The gap G-^ between the end of the opposing flow tube 

and the mouth of the balancing chamber, 

(iii) Head loss tube internal diameter drp and length L . 

b. Freshwater supply temperature T p as it af fects the d e n s i t y / ) p 

and viscosity ju^, 

c. Density „ of the saltwater flow being measured . 
O 

d. Orientation of the meter; the effect of horizontal and vert ica l yaw. 

e. Calibration tank character i s t ic s . 

(i) Speed consistency. 

(ii) Turbulence. 

Most of the above variables are shown schematical ly in F i g . 39. 

Effect of Calibration Variables in Detail 

Calibration of the meter was performed in the annular rotating 

tank described in Appendix 2. The meter was a s sembled in a bucket 

of freshwater to ensure that all tubes were free from air bubbles and 

then positioned in the rotating tank which had been filled with saltwater. 

Effect of Nozzle Dimensions and Shape 

The internal diameter d^ and the length L^^ of the nozzle affect 

the use of the meter in a turbulent flow but, as the cal ibration tank 

was practically free of turbulence, variation of these dimensions had 

no effect on the calibration graph, (other factors being constant). The 
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external diameter D^̂  of the nozzle becomes significant when working 

close to a fixed boundary but this effect could not be checked in the cal-

ibration tank. 

Bent and straight nozzles of equal internal diameter and axial 

length produced identical calibration graphs. 

Effect of the Gap G ^ 

The effect of varying Gjy^ on the calibration graph is shown in 

Fig. 45A. It is seen that a slight variation in Gjyj; has a pronounced 

effect on the calibration graph and in general a slight increase in G]v[ 

increases the amplifying power of the instrument. It was found to be 

more convenient to fix G ^ by installing a spacing sleeve at the upstream 

end of the opposing flow tube and to vary the amplification by using 

different head loss tubes. 

The ratio of the gap G-^ to the body diameter D, called the "gap 

ratio", was fixed at 0. 18 in the present case to cover the range of 

velocities required. Bagnold (Ref. 13) used a gap ratio of about 0. 1 

to measure velocities down to about . 007 feet per second and claimed 

that the time response was about 20 seconds. Although the effect on 

time response of reducing the gap ratio was not investigated it is 

possible that the response of the meter could be improved by reducing 

the gap ratio. 
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Effect of Head Loss Tube Dimensions 

The head loss tube dimensions determine the shape of the output 

character is t ic (head loss AH plotted against mean saltwater velocity 

Vg) of the meter. F o r a desirable l inear output charac ter i s t i c the 

head loss tube dimensions must be selected so that laminar flow occurs 

in the head loss tube. 

This m a y b e demonstrated theoretically as follows ( re fer to 

F ig . 39A for definition of symbols): 

The dynamic pressure exerted by the oncoming saltwater flow 
. _ 2 

is 2 P s Vg and this is transmitted along the nozzle to exert 

a force on the saltwater-freshwater interface in the balancing 

chamber of g Vg^ d^ . 

In the balanced condition the interface is stationary and this 

force is balanced by the opposing flow force F^p due to that portion 

of the opposing freshwater flow which has entered the balancing 

chamber, that is: 

(41) 

F q p may be evaluated from the impulse momentum equation: 

where is a function of the geometry of the meter |Si(d, D, G^^, s , Dg) 

as the geometry of the meter affects the flow pattern of the jet issuing 

from the end of the opposmg flow tube. If the geometry of the meter 
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remains constant and attention is confined to the balanced state^where the 

interface is fixed at the upstream end of the ring electrode^then one may 

assert that 0 i is a constant C^ so that equation (42) becomes: 

= Z^ (43) 

Hence f rom equations (41) and (43); 

2 Pi V^ (44) 

From continuity the discharge through the head loss tube must 

equal the discharge through the opposing flow tube and substituting for 

Qp and equation (44) yields: 

= 4 (45) 

Then 

¿ g " ' z^ 
^ 2 
•J2 (46) 

where C2 is a constant given b y ; 

From laminar flow through the head loss tube the head loss A H 

is given almost precisely by: 

Equation (47) is the Hagen-Poiseville resistance equation for lam-

inar flow in an infinitely long tube with no end effects. Hardy, in a 

monograph on capillary tube viscometers (Ref. 45), states that inlet 
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effects may be allowed for by increasing the length term L in equation 

(47) to L' = L + n where n is about 0. 6 for the head loss tubes 
u 

being used. The exit effect is accounted for by inclusion of a velocity 

head term on the right hand side of equation (47). For the head loss 

tubes used both the inlet and exit effects may be neglected. This was 

demonstrated by collecting the discharge from the head loss tube over 

several minutes under an actual head of 9. 0 feet. The measured vel-

ocity was then used to compute a head loss of 9. 33 feet f rom equation 

(47). The difference between the observed and the computed head loss 

was thus less than 4 pc. which may be neglected. 

For constant meter dimensions equation (47) becomes : 

= ^ 

where the constant 
= 

(48) 

32 A 
Then using equation (48) in equation (46) 

1. e. 

or VI ^ A / / 

(49) 

(50) 

are where C4 is a constant if freshwater and saltwater properties 

constant and the geometry of the meter is constant. Equation (50) 

states that the output characteristic of the meter will be linear and this 
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is verified by the calibration graphs of Fig. 45, except for the region near 

zero velocity. This latter deviation is due to the difference in density 

between the saltwater and the freshwater opposing flow and will be ex-

plained subsequently. 

Re^A îting equation (50) in full: 

^ 32 /^s (^V ^ (51) 

If the freshwater and saltwater properties and the^ometry of the 

meter head are constant then equation (51) becomes: 

^ = f^A// (52) 

where C^ is a constant. 

C5 ^ represents the slope of the linear calibration graph 

(or output characteristic) and indicates the amplification of the instrument. 

Thus head loss tubes with the same ratio of ^ ^ will produce identical 

calibration graphs while varying ^ varies the amplification of the 

instrument. 

The effect of varying the head loss tube dimensions on the ex-

perimental calibration graph is shown in Fig. 45B where it is shown 

that doubling the length L of the tube approximately doubles the slope of 

the calibration graph, 

A head loss tube of internal diameter d^ = 0. 013 inches and 
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length L = 3. 94 inches was selected for the present project as this tube 

gave adequate amplification, was easy to bleed of airland was not subject 

to blockage by the contaminants present in the tapwater used as the 

freshwater supply. 

Effect of Freshwater Temperature 

Variation of the freshwater temperature Tp will affect both the 

density P jr and viscosity jUp. Supposing a calibration curve has 

been obtained in a saltwater flow of density / ) g with a freshwater 

opposing flow of temperature Tp^^^then for a particular velocity Vg the 

corresponding head loss should satisfy equation (49): 

/ (53) 

If the freshwater temperature changes to Tp2 it is required to 

predict the head loss coi'r'espending to the same velocity Vg in 

the same saltwater flow. Again using equation (49): 

(54) Is - ^^ i 

Thence, f rom equations (53) and (54) ̂  

Calibration graphs obtained for Tp - 6 0°F and 90°F are shown in 

Fig. 45C. (The freshwater supply line was surrounded by a hotwater 

jacket to obtain the calibration for 90^F), It is seen that the Bagnold 
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meter is a temperature sensitive instrument. 

Using the calibration graph for 60°F as base, a predicted graph for 

90°F was calculated and is shown as a dotted line on Fig. 45C, The agree-

ment between the observed and predicted graphs for 90°F is good, and this 

implies that for practical purposes a reliable calibration graph might be 

used as a base for predicting calibrations at other temperatures. 

When the meter is wholly immersed in a flow then the temperature 

of the flow may be taken as the freshwater supply temperature Tp as the 

flow rate through the immersed freshwater supply line is so small that 

the freshwater quickly attains the temperature of the surrounding flow. 

Effect of Saltwater Density 

By following an argument similar to that used in the previous 

section, it may be shown that the head loss A H 2 registered in a salt-

water flow of density compared to A14/ registered in a flow of 

for the same velocity Vg is given b y ; 

For the range of saltwater densities used in density current ex-

periments ( ^ ^ = 1.005 to 1.01), equation (56) predicts that the 

effect of varying the density of the saltwater flow being measured on 

the calibration graph is likely to be negligible. This is verified by 

the calibration graphs shown in Fig, 45D. 
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There is another effect on meter calibration due to variation in salt-

water density. When the meter is placed in static saltwater a small 

freshwater flow is required to balance the meter; that is a small dynamic 

pressure must be added to the static freshwater pressure to obtain a 

pressure equal to the static saltwater pressure in the balancing chamber. 

The small freshwater flow at Vg = 0 will be registered as a small A H 

by the head loss tube and this probably accounts for the slight deviation 

f rom a straight line of the calibration graph at very low velocit ies . As 

shown in Fig. 45D the higher the saltwater density the greater this 

deviation. 

Deviation of the calibration graph at very low velocities could be 

avoided when working in a saltwater flow of constant density by using 

a non-conducting solution (e .g . sugar solution) of equal density as the 

opposing flow. 

Deviation of the calibration graph should not occur when the 

meter is used in a freshwater flow as the small amount of saltwater 

necessary to alter the conductivity of the opposing flow will have 

negligible effect on its density. 

Effect of Horizontal Yaw 

The tip of the nozzle used was chamfered at to reduce the 

sensitivity of the nozzle to misalignment with the approaching flow. 

Fo lsom (Ref. 33) showed that a square ended tube was insensitive to yaw 

up to an angle of attack of 10° while an acutely chamfered (60^ tube was 

insensitive 



77. 

up to an angle of attack of about 20°. Thus one might expect the 

present nozzle to be insensitive up to about 15*̂ , which is adequate, but 

it was suspected that yaw might also affect the flow pattern around the 

bypass holes in the instrument head and hence alter the calibration. 

The effect of horizontal yaw was checked by placing the meter at 

a maximum possible angle of attack of 10*̂  in the calibration tank. The 

calibration curve obtained is shown in Fig. 45E which shows that the 

meter is insensitive to yaw at angles of attack up to 10° at least. This 

insensitivity to yaw is considered adequate for an exploratory investigation. 

Effect of Calibration Tank Characteristics 

The speed of rotation of the calibration tank must be consistent 

both during one revolution and over a long period of operation if a 

reliable investigation of the variables affecting meter calibration is to 

be obtained. Speed checks were made initially by timing the tank over 

several revolutions for the higher speed settings and over different 

portions of a revolution for the slower speed settings. These measure-

ments indicated that the speed of rotation was uniform, A speed check 

after about 100 hours operation revealed no variations. 

As reported in Appendix 2, the calibration tank performed sat-

isfactorily as far as wake subsidence and intracell circulation was 

concerned. The tank is virtually free of turbulence except at the 

higher speed settings where the velocity increases slightly as the probe 
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tip passes a baffle plate and a slight increase in conductivity is registered 

by the conductivity meter. This increase represents a change in velocity 

of about 2 per cent at 0, 5 feet per second and is therefore negligible. 

3 . 5 .4 Instrument Operation and Response 

From the outset it was apparent that the meter was slow to respond 

to small changes in elevation of the freshwater supply tank, that is to 

small changes in the head loss A H. When the meter is in the under-

balanced state (see Fig. 39C) and AH is increased by 0. 1 feet, say, 

three to four minutes elapse before the conductivity meter shows a steady 

reading. At first it was thought that this time delay was due to accel-

erative effects in the fine bore head loss tube; even though rough calcul-

ations indicated the contrary. As a practical check a sensitive ro -

tameter (flow range 0, 4 to 5. 0 cc per minute) was connected to the 

downstream end of the opposing flow tube and the time for a steady state 

to obtain following a change in A H observed. Following positive or 

negative changes in 4 H of up to 0. 5 feet it was found that the flow 

through the freshwater supply system became stable in less than one 

minute. This delay being less than the overall time delay following a 

change in /I H it was apparent that accelerative effects cannot account 

completely for the overall time delay. 

The instrument was reassembled and replaced in the calibration 

tank which was rotated to produce a nominal velocity of 0. 1 feet per 
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second. The freshwater supply tank was set to coincide with a velocity 

of about 0. 05 feet per second, that is the meter was in an underbalanced 

state. The rotating tank was switched off and the saltwater in the tank 

came to rest in less than 10 seconds, A time delay of f rom three to four 

minutes occurred, however, before freshwater conductivity was record -

ed by the conductivity meter. Hence it was concluded that the time delay 

is associated with the flow conditions in the balancing chamber. In the 

underbalanced condition the saltwater - freshwater interface is between 

the mouth of the balancing chamber and the ring electrode and the time 

delay on increasing the freshwater flow apparently represents the time 

required for the freshwater to flush the saltwater f rom the balancing 

chamber and so shift the interface up to the ring electrode. 

As many as five positive adjustments in A H may be necessary to 

bring the meter f rom the underbalanced to the balanced state so that 

this represents 15 minutes to obtain a point on a calibration graph or 

subsequently to use the meter to measure an unknown point velocity. 

It is necessary to work f rom the underbalanced to the balanced state 

carefully because of the danger of overbalancing with the single ring 

electrode system at present employed, Bagnold was interested in 

measuring velocities in freshwater flows so he used an opposing flow 

of a dilute salt solution. He points out that the danger of over -

balancing may be avoided in his context as the meter may be calibrated 
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and used in an underbalanced condition and the saltwater opposing flow 

never allowed to reach the ring electrode. This method assumes that 

the freshwater and saltwater conductivities remain nearly constant and 

would not be applicable to the present case where the conductivity of the 

oncoming saltwater varies widely. 

3 . 5 . 5 Use in Turbulent Saltwater Jets 

Effect of Turbulence 

The meter was calibrated in a turbulence free tank but used in 

highly turbulent saltwater jets. Hence some estimate of the likely 

effect of turbulence on the performance of the meter was required. 

Turbulence may affect performance in two ways; f irst ly , there is a 

short term effect due to the low frequency, large scale components 

which may cause oscillation of the saltwater-freshwater interface in 

the balancing chamber; and, secondly, there is a long term effect 

(common to all pitot devices) which is due to the overall intensity of 

the turbulence which causes the meter to slightly overestimate the 

mean velocity being measured. 

Although the short term effect might possibly be investigated 

experimentally by using the meter in the wake of a mesh ( for which 

turbulence data are well documented) it was decided to examine the 

problem theoretically before launching on an elaborate experimental 

study. Most of the symbols used in the following theory are defined 
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s c h e m a t i c a l l y in F i g . 39A, 

At the nozz le t ip: 
(i) The i n s t a n t a n e o u s oncoming ve loc i ty i s ^ = 
(ii) The i n s t a n t a n e o u s s t a t i c p r e s s u r e is Ak ^ A s 
(iii) Tu rbu l en t v a r i a t i o n s in s a l t w a t e r d e n s i t y p ^ m a y be neg lec t ed . 

T h i s i s j u s t i f i e d when work ing in t u r b u l e n t s a l t w a t e r j e t s of 
m a x i m u m r e l a t i v e dens i t y d i f f e r e n c e at the o r i f i c e of about 
8 p e r cen t . In the je t p r o p e r v a r i a t i o n s in p ^ a r e 2 pe r 
cent or l e s s . 

The i n s t an t aneous s t agna t ion p r e s s u r e is g iven b y ; 

(57) 

So that the i n s t a n t a n e o u s t o t a l head Hgrp is 

Sepa ra t ing m e a n and t u rbu l en t componen t s of H ^ ^ 1 
The t e m p o r a l m e a n t o t a l head i s : 

^ (59) 

The t u rbu l en t componen t of t o t a l head is : 

= ^ ^ ^ (60) 
With l a r g e s c a l e , low f r e q u e n c y t u r b u l e n c e a pos i t ive value of 

Hgrpl m a y c a u s e flow in the m e t e r nozz le and r e s u l t in a sh i f t in the 
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position of the interface in the balancing chamber so^ altering the reading 

of the conductivity meter . This has been cal led the short t e r m ef fect 

of turbulence. The shift in the interface due to Hg.pl may be examined 

with the aid of the following assumptions: 

( i ) The meter is in a balanced condition under the action of Hgrp prior 

to the application of Hgrp^ at the nozz le tip; that is the interface is 

at the upstream end of the ring e lec trode pr i o r to the application 

of HgT^-

(ii) Hg^ l is applied as a step function increase in Hgrp. 

(iii) On application of Hg^^ the saltwater in the nozz le c o m m e n c e s to 

f low. The flow is laminar and the inlet l oss is negl ig ib le . 

(iv) The interface is a plane normal to the nozzle axis and m o v e s 

at the instantaneous mean velocity of the saltwater in the nozzle; 

(this is probably the least justif iable assumption as it is s u s -

pected that the interface behaves analagously to an e last ic 

membrane loose ly anchored around its per iphery) . 

(v) The time required for the interface to t raverse the ring 

e lectrode is an indication of the maximum turbulent f requency 

likely to cause instability of the conductivity m e t e r reading which 

detects the position of the interface in the balancing chamber . 

The problem is essentially one of c o m m e n c e m e n t of laminar flow 

in a cyl indrical tube on impress ion of a p ressure gradient . Szymanski 
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(Refo 100) has solved the problem theoretically for an infinitely long tube 

with neglect of end effects. Szymanski ' s results are summarised on a 

dimensionless chart by Schlichting (Ref. 93) and this chart is reproduced 

in Fig. 46A. Using the present notation }\ (v^ r^^) is the dimension-

less time parameter and it is noted that the m a x i m u m centreline velocity 

^Nmax arrived at after an infinite time lapse. 

To proceed further, it is necessary to m a k e an estimate of H ^ 
o i 

so that V j^^^^ m a y be calculated. The work of Rosier and Bankoff 

(Ref. 86) m a y be utilised to obtain an estimate of Vg^. They measured 

the m a x i m u m intensity of turbulence of a submerged axisymmetric 

freshwater jet to be 0. 3. That is, with the present notation, : 

(61) 

where ^ ( v ^ ) ^ is the root m e a n square of all turbulent velocity 

fluctuations. F o r a turbulent intensity of 0. 3 some of the turbulent 

fluctuations in velocity v^^ must exceed 0, 3 and possibly Vgl - ^ ^s 

for the largest fluctuations. 

The remaining term in equation (60) involves the static pressure 

fluctuation . Goldstein (Ref, 40) points out that for a static tube ^ ^ 

is a function of the turbulent velocity components normal to the general 

direction of flow, that iSj ( ^ L ) ^ J ) ' homogeneous turbulence 

Goldstein relates u^^ and wj- to v 1 to show that: 
o s 
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/ / - C ^ s ' ) (62) 

where is the increase in mean static pressure / s registered 

by a static tube in a homogeneous turbulent flow. Folsom (Ref. 33) 

summarises work by Fage, who observed for wall taps in turbulent pipe 

flow that: 

/ 7 = ^ ^ ^ (63) 

Assuming that the turbulence in a turbulent saltwater jet is inter-

mediate between that of homogeneous turbulence and that of confined 

pipe flow, and also assuming that the constant of proportionality assoc-

iated with jb^ may be used to relate the instantaneous fluctuation in 

static pressure ^ ^ to v̂ ^ one arrives at: 

^ ^ ^ ^ ^ (64) 

(This is a conservative estimate of as Ippen and Raichlen (Ref. 52) 
in n'^ i / 

contend that while the terms ^ ^ ^ and ^ in equation (60) are 

of the same order of magnitude they are normally not in phase. Hence 

Hgrp^ is primarily dependent on the product except for low level f turbulence.) 

Hence equation (60) becomes; 

(65) 
^f 

and for a mean velocity v^ = 0. 5 feet per second H^^l was 
o 1 



FIGURE 46A. VELOCITY PROFILES DURING 
COMMENCEMENT OF LAMINAR FLOW IN 

A LONG CIRCULAR PIPE 
(AFTER SZVMANSKI) 

12 1-6 
NOZZLE RADIUS, r« I0^ in ftet 

FIGURE 46 B: V^r AS f (r) FOR FINDING MEAN VELOCITIES IN NOZZLE 

FIGURE 46= GRAPHS USED FOR 

ESTIMATING SHORT TERM EFFECT 

OF TURBULENCE ON VELOCITY 

METER 

FIGURE 46C: Vw AND St AS f (t) IN NOZZLE 



85. 

e s t i m a t e d a s 0. 00525 f e e t . T h e H a g e n - P o i s e i u l l e e q u a t i o n f o r s t e a d y 
l a m i n a r f low in a long c y l i n d r i c a l t u b e m a y be u s e d to c o m p u t e the m a x -
imum m e a n v e l o c i t y V j ^ ^ ^ ^ r e s u l t i n g f r o m the i m p r e s s i o n of Hgrp^ at 
the nozz le t ip : 

^ ^ (66 ) 

w h e r e t h e s l i g h t d i f f e r e n c e b e t w e e n the n o z z l e b o r e d ^ and the 
balancing c h a m b e r b o r e d i s n e g l e c t e d s o tha t L^^ is the d i s t a n c e b e -
tween the n o z z l e t i p and the r i n g e l e c t r o d e . T h e in le t e f f e c t at the t ip 
of the nozz l e m a y be a l lowed f o r ( H a r d y Ref . 45) by m a k i n g an i n c r e a s e 
of 0. in L ^ but a s t h i s only d e c r e a s e s ^ ^ ^ P®^ ^^ 
the p r e s e n t c a s e t h i s r e f i n e m e n t i s u n j u s t i f i e d in view of t he a s s u m p t i o n s 
a l r eady made» 

Subs t i tu t ing a p p r o p r i a t e n u m e r i c a l v a l u e s in equa t ion (66) y i e lded 
^ N m a x ~ ^^^^ P^^ s e c o n d so t ha t the m a x i m u m c e n t r e l i n e v e l -
ocity was Vj^j^gx - 0666 f e e t p e r s e c o n d f o r a p a r a b o l i c v e l o c i t y 
p ro f i l e , S z y m a n s k i ' s c h a r t ( F i g . 46A) w a s t hen u s e d to ob ta in ve loc i ty 
p r o f i l e s at v a r i o u s v a l u e s of t he t i m e p a r a m e t e r \ and t h e s e a r e shown 
plot ted a s Vj^r(r) in F i g . 46B. T h e a r e a s u n d e r the c u r v e s in F i g . 46B 
w e r e m e a s u r e d by p l a n i m e t e r to d e t e r m i n e the m e a n v e l o c i t y Y-^ in the 
nozzle at v a r i o u s t i m e s t a f t e r c o m m e n c e m e n t of f low and the r e s u l t s 
a r e shown p lo t t ed in F i g . 46C. G r a p h i c a l l y i n t e g r a t i n g the c u r v e Vj^(t) 
y ie lds the d i s t a n c e t r a v e l l e d by t h e i n t e r f a c e S^(t) and the l a t t e r func t ion 
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is also shown in Fig. 46C. The time for the interface to traverse the 

ring electrode of length Lg was read from the S.(t) curve of Fig. 46C and 

the corresponding critical turbulent frequency was about 3 cycles per second. 

Repetition of the analysis for Vg = 0 . 1 feet per second yielded a critical 

frequency of about 0. 2 cycles per second. 

The above analysis therefore indicated that only the large scale, 

low frequency turbulent velocity components were likely to cause in-

stability of the freshwater-saltwater interface and that the effect was 

likely to increase with increase in velocity. When the meter was used 

in a typical turbulent saltwater jet this short term effect of turbulence 

was not apparent; probably because the region of maximum velocity 

close to the sloping boundary plane coincided with a steep density 

gradient. This steep density gradient inhibits turbulence so that the 
v l 

actual ratio of — w a s probably much less than the value of 0. 5 

assumed for the preceding analysis and the actual critical frequency 

therefore less than the computed values. In the outer region of the 

jet the turbulence is fully developed (as the density gradient is slight) 

but the velocities are relatively low so that the critical frequency is 

also low. 

If the short term effect of turbulence does affect the interfacial 

stability of a Bagnold meter then equation (66) indicates that the 

critical frequency may be easily lowered by fitting a longer or finer 
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bore nozzle. 

The long term effect of turbulence on the velocity meter registration 

is that which is common to all pitot devices. Over a long time period 

Hgrp^ is given by: 

^ (67) sr (67) 

As the temporal mean values of the other terms on the right hand 

side of equation (6 0) are zero. (Note that in equation (6 7) it is implied 

S 
that — as measured by a pitot tube is zero; but if measured by a 

static tube (e. g. Goldstein's work summarised by equation (6 2)) ^ 
has a positive value). 

The temporal mean total head registered by the meter (Hgrp) rp 

is then: 

Substituting for Hgrp from equation (59)' 

C ^ s r X - à " B ^ r ^ C ^ / y (69) 

(Hgrp) rp may be regarded as being generated by the mean static 

pressure and an imaginary "turbulent mean velocity (Vg)rp " defined 

b y : 

^ (70) 



Hence the p e r c e n t a g e appa ren t i n c r e a s e in m e a n ve loc i ty due to 
t u rbu lence AV^ p e r cent is 

— ^ X p e r c e n t (71) 

Again u t i l i s ing R o s i e r and Bankof f ' s da ta (Ref . 86) f o r Vg = 0 . 5 feet 
p e r second it is found f r o m equat ions (61), (70) and (71) tha t Vg 
= 4, 5 pe r cent; while fo r v^ = 0 . 1 fee t pe r second -A Vg = 0 . 5 p e r cen t 
E f fec t of P r o x i m i t y of a Boundary 

Daily and Hardison^in a rev iew of the use of s t agna t ion tubes (Ref. 25)̂  
concluded that two e f fec t s may inf luence a s tagna t ion tube r e a d i n g when 
working c lose to a boundary . 

F i r s t l y t h e r e a r e so cal led 'V i scous e f f e c t s " which c a u s e the 
m e a s u r e d impac t p r e s s u r e to be too high when the Reynolds N u m b e r 
(based on the probe outside d i a m e t e r and the m e a n ve loc i ty a c r o s s the 
impac t face) is l e s s than 200. (Viscous e f f ec t s a r e not conf ined to 
use of a pitot device n e a r a boundary as they may a l so o c c u r when 
the device is used in low veloci ty and in highly v i s cous s t r e a m s ) . 
In the p r e s e n t ca se v iscous e f fec t s have been c o m p e n s a t e d f o r by 
ca l ib ra t ing the m e t e r at low ve loc i t i e s . 

The other ef fect is t e r m e d " d i s p l a c e m e n t of the e f f e c t i v e c e n t r e " 
which is the r e s u l t of two in f luences . A f in i te pitot p r o b e in a 
reg ion of s t eep veloci ty g rad i en t , such as a bounda ry l a y e r , i n t e g r a t e s 
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the stagnation pressure exerted by the flow and the total head registered 

may be regarded as being concentrated at the centre of pressure of the 

stagnation pressure prism. In addition the presence of the wall causes 

an asymmetric displacement of the streamlines around the probe and a 

further displacement of the effective centre of measurement away from 

the geometric centre and along the positive normal to the wall. The data 

gathered by Daily and Hardison indicate that displacement of the effective 

centre seems to be a function of the external diameter D^ of the probe and 

the friction velocity of the boundary. In any case the maximum displace-

ment noted by Daily and Hardison was 0. ID-^ for a circular probe and 

this may be neglected for the present investigation. 

Taking Velocity Measurements 

The meter was clamped in the traversing gear shown fitted to the 

experimental tank in Fig. 4. This system allows rotation or translation 

of the meter in any direction and is fitted with a screwed traversing rod 

which allows the meter to be raised in small steps in a direction normal 

to the sloping boundary plane carrying the saltwater jet. 

The meter was carefully positioned so that the underside of the 

bent nozzle pointed towards the orifice. The tip of the nozzle coincided 

with the required (x, y) coordinates on the boundary plane as indicated 

by painted grid lines. The first observation on any y = constant plane 

was taken with the nozzle touching the boundary and subsequent readings 
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at equal z increments above the boundary, except in the boundary layer 

where the increment was halved. Fig. 47 is a photograph of the meter 

in operation in a dyed saltwater jet. 

Once the meter was out of the boundary layer the velocity profile 

was fairly linear and this allowed anticipation of the likely velocity at 

a point in this region with a resultant time saving in balancing the 

meter. It was also found that taking a velocity reading at a new 

station was expedited if the meter was quickly returned to an underbalanced 

state (see Fig. 39C) by sucking sharply on the flushing supply tube (see 

Fig. 42), so filling the balancing chamber with saltwater from the salt-

water jet. This procedure was particularly necessary in the outer 

region of a jet where the saltwater diltuticn is greatest and balance 

detection is hampered by the small difference in conductivity between 

the saltwater in the jet and the freshwater opposing flow. 

A thermometer was suspended in the experimental tank and 

temperature observations made at half hourly intervals during a test. 

As pointed out previously, this ambient flow temperature may be 

taken as the temperature of the freshwater opposing flow because ofihe 

low flowrate of the latter. Knowing the temperature of the freshwater 

opposing flow was a prerequisite for selecting the appropriate calib-

ration graph for the meter. 



Fig. 47: Velocity Meter in Operation in Saltwater Jet. 
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Verification of Performance 

Verification of the performance of the velocity meter in a 

turbulent saltwater jet may be undertaken by processing the velocity 

readings in conjunction with density readings at various cross sections 

through the jet in order to evaluate the flux of density excess at each 

cross section. This has been done in Subsection 2. 5. 4 of Chapter 2 

and the flux of density excess at three c ross sections of a turbulent 

jet is compared with the flux at the ori f ice (known f rom rotameter and 

saltwater supply tank density measurements) in Table 2. 

The conductivity budge used for determining the density of the 

discrete samples withdrawn f rom the jet is claimed by the makers to be 

accurate within - 2 per cent. The maximum error of combined velocity 

and density readings indicated in Table 2 is about + 3 per cent. It is 

interesting to note that the velocity was overestimated slightly for all 

three cross sections investigated and this could be accounted for by the 

long term turbulence effect discussed previously in this chapter. 

It is possible that e r rors in velocity measurements are compen-

sating in the integration procedure used in compiling Table 2, as 

failure to detect the maximum velocity on a particular y = constant 

profile may be balanced by overestimation of velocity in the outer 

region of the jet. Hence a conservative estimate of accuracy of - 5 

per cent is adopted for the velocity meter when it is used in turbulent 
saltwater jets. 
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3.5.6 Suggested improvements 

The following modifications may improve the performance and 

portability of the instrument -

(i) Use of two electrode systems in the balancing chamber would 

allow more definite detection of the location of the saltwater-

freshwater interface and eliminate the danger of overbalancing. 

The opposing flow tube would not be used as an electrode with 

this design but instead two pairs of diametically opposite 

electrodes would be required. Duplication of the conductivity 

meter would be desirable so that the conductivity measured by 

each pair of electrodes could be displayed simultaneously on 

a double beam oscilloscope. 

(ii) Reduction of the body diameter D (See Fig. 39A) may improve 

the time response when the opposing flow is adjusted. 

(iii) Use of a sensitive rotameter for flow measurement in con-

junction with a precision needle valve for flow control appears 

to be an alternative method of supplying the freshwater opposing 

flow. This system would eliminate the head loss tube and the 

need to move the freshwater supply tank. In conjunction with 

a portable conductivity meter a portable instrument should be 

possible with this arrangement. 
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3.6 S u m m a r y 
The l i t e r a t i v e r e v i e w ind i ca t ed two ve loc i ty m e t e r s a p p a r e n t l y 

suitable f o r u s e in t u r b u l e n t s a l t w a t e r j e t s . Only one, the Bagnold 
m e t e r , p roved to be s a t i s f a c t o r y . 

The Bagnold m e t e r fu l f i l l ed m o s t of the r e q u i r e m e n t s out l ined in 
Section 3. 2 of t h i s c h a p t e r but s u f f e r s f r o m the fol lowing d i sadvan tages ; 
(i) Sens i t iv i ty to t e m p e r a t u r e of the f r e s h w a t e r opposing f low. 
(ii) Slow t i m e r e s p o n s e a f t e r a d j u s t i n g the f r e s h w a t e r f low. 
(iii) The d a n g e r of o v e r - b a l a n c i n g . 

N e v e r t h e l e s s the m e t e r a p p e a r e d to be a c c u r a t e wi thin - 5 p e r 
cent. 

Seve ra l des ign m o d i f i c a t i o n s to i m p r o v e the p e r f o r m a n c e and 
por tabi l i ty of the i n s t r u m e n t have b e e n s u g g e s t e d . 
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Chapter 4: Density Measurement 

4. 1 Introduction 

Density measurement was required for both control of preparation 

of salt water solutions and at a point in a turbulent salt water jet. 

Each of these problems is treated separately although the measure-

ment techniques employed are often suitable for both. 

Mixing control and point measurement are described by first 

stating objectives, then summarising the literature survey, and finally 

reporting the procedures adopted. 

4. 2 Control of Preparation of Saltwater Solutions 

4. 2. 1 Objectives 

The parameter of interest in the preparation of saltwater sol-

utions for density current experiments is the relative density excess 

at the orifice ^ ^ ^ = , where /O A p ^ is the 

density of the saltwater being injected into the lighter freshwater of 

density p . Hence a method of measuring both/0-h A/O^ and was 

required. 

The anticipated range of the parameter ^ ^ ^ was from 0. 05 to 

10. 0 per cent and an accuracy of + 10 pc. was considered adequate for 

an exploratory investigation. For f ^ ) = 1 . 0 per cent the percentage 

error in will be less than 10 pc. if the specific gravity of the 

saltwater and freshwater can be determined with a maximum probable 
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error less than 0. 0005. F o r = 8. 0 pc. the allowable maximum 

probable error in speci f ic gravity becomes 0. 004. 

Other Requirements 

The method adopted should be quick and give a direct reading. 

Any instruments used should be resistant to corros ion by saltwater, 

free from calibration drift and preferably commercia l ly available. 

4. 2. 2 Summary of Literature Review 

The literature review (Appendix 3) indicated that use of a constant 

mass immersion hydrometer appeared to be the most satisfactory 

method of saltwater mixing control. Direct weighing of a sample in a 

specific gravity bottle or comparison of a sample with a standard sample 

using a conductivity bridge appeared to be more time consuming 

alternatives. 

4. 2. 3 Use of a Constant Mass Hydrometer 

Hydrometer Details 

The details of three glass constant mass hydrometers used to 

cover the range of densities required are shown in Table 5. 

S60/60°F indicates that the hydrometer measures the ratio of 

the density of the liquid being measured at 60*^F to the density of 

pure water at 60°F. 

Hydrometer A was used for measuring the specific gravity of 

fresh water as the laboratory ambient temperature was usually above 
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of 1.0, 60°F. Hydrometer B served for salt water yielding 

2. 0 and 4. 0 per cent^while hydrometer C was required for 8. 0 per cent 

solutions. 

Table 5 

Details of Glass Hydrometers 

Hydrometer 
No. 

Specific 
Gravity 
Range 

Least Scale 
Division 

Calibration 
Temperatures Maker 

A 0. 95 to 
1. 00 0. 001 S60/60°F Zeal, London 

B 1. 00 to 
1. 05 0. 001 S6 0/ 6 0°F Selby, Sydney 

C 1. 00 to 
1. 50 0. 01 S60/60°F Zeal, London 

Errors and Corrections 

Random errors are involved in reading the hydrometer and with 

the sampling and reading procedure outlined subsequently it was 

estimated that the maximum probable error in reading was 0. 25 

times the least scale division. Hydrometers A and B therefore 

measure specific gravity with a maximum probable error of 0. 00025 

which is half of that allowable for a ^ ^ accuracy of - lOpc. 

Hydrometer C has a maximum probable error of 0. 0025 which is 

less than the allowable value of 0. 004. 

The systematic errors involved in using a hydrometer have been 

outlined by Rands and Bigg (Ref. 80). For precise work corrections 
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have to be m a d e for:=-

1. The s c a l e e r r o r at the point of r e a d i n g . 
2. The d i f f e r e n c e b e t w e e n the s u r f a c e t e n s i o n of the l iquid be ing 

m e a s u r e d and tha t in which the h y d r o m e t e r was c a l i b r a t e d . 
3. The m e n i s c u s he igh t . 
4. The d i f f e r e n c e b e t w e e n the t e m p e r a t u r e of the l iquid be ing 

m e a s u r e d and the s t a n d a r d t e m p e r a t u r e at which the h y d r o m e t e r 
was c a l i b r a t e d . 
The s c a l e e r r o r was not known as the h y d r o m e t e r s had not been 

independent ly c a l i b r a t e d ( p r e c i s e h y d r o m e t e r s a r e suppl ied with a 
ca l ib ra t ion c h a r t p r e p a r e d by the DSIR Na t iona l P h y s i c a l L a b o r a t o r y 
or o ther o r g a n i s a t i o n independent of the m a k e r ) . 

The s u r f a c e t e n s i o n of the l iquid in which the h y d r o m e t e r is 
i m m e r s e d c a u s e s a m e n i s c u s to f o r m a round the s t e m and the r e s u l t i n g 
downward f o r c e i n c r e a s e s the depth of i m m e r s i o n of the h y d r o m e t e r . 
The net e f f ec t is tha t the h y d r o m e t e r wi l l u n d e r e s t i m a t e the spec i f i c 
g rav i ty if u sed in a l iquid whose s u r f a c e t en s ion is g r e a t e r than tha t 
of the l iquid in which it was c a l i b r a t e d . The s u r f a c e t ens ion of a c l ean 
s u r f a c e of s a l t w a t e r i n c r e a s e s l i n e a r l y with sa l in i ty and at a spec i f i c 
g rav i ty of 1 .10 is about 7 p e r cent g r e a t e r than tha t of a c l ean s u r f a c e 
of pure w a t e r (F ig . 4, Ref . 80). H y d r o m e t e r s a r e u s u a l l y des igned so 
that an i n c r e a s e in s u r f a c e t e n s i o n of 7 p e r cent wi l l r e s u l t in an 
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underestimate of specific gravity of about 0. 25 times the least scale 

division. Hence Hydrometer B will underestimate the specific gravity 

by 0. 00013 and hydrometer C by 0. 0025 when used in clean saltwater of 

specific gravity 1. 05 and 1.10 respectively. 

The above discussion of errors due to surface tension effects 

assumes a clean liquid surface. The small amounts of contaminants 

in hydraulic laboratory saltwater solutions can lower the surface 

tension, however, probably to a value less than that of the pure water 

in which the hydrometer was calibrated. In this case the surface 

tension effect will cause the hydrometer to overestimate the specific 

gravity slightly; the errors involved probably being of similar magnitude 

to those calculated above for the clean surface case. It was therefore 

decided that surface tension effects could be ignored providing that the 

normal cleanliness precautions and manipulation procedure were 

carried out. 

A correction for meniscus height is necessary when a hydrometer 

is used in an opaque liquid. In the present investigation the hydrometer 

was read by viewing along the liquid surface through the glass sample 

jar so no meniscus correction was necessary. When dyed saltwater 

was required, the dye was not added to the mixing tank until the salt-

water density had been adjusted to the desired value. The small 

quantity of dye used resulted in negligible change in density. 
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^ a h y d r o m e t e r i s p l aced in a l iquid whose t e m p e r a t u r e is h i g h e r 

than the s t a n d a r d t e m p e r a t u r e at which the i n s t r u m e n t was c a l i b r a t e d , 
the h y d r o m e t e r expands s l i gh t ly and ^^floats h igh" . Th i s r e s u l t s in an 
o v e r e s t i m a t e of s p e c i f i c g r a v i t y . The n e c e s s a r y c o r r e c t i o n m a y be 
der ived by c o n s i d e r i n g t he v o l u m e t r i c expans ion of the h y d r o m e t e r 
(Ref. 80). The c o r r e c t i o n Cpj to be appl ied to a h y d r o m e t e r r e a d i n g 
S. G. to give the c o r r e c t r e a d i n g (S.G.)^ is g iven by : -

cpj = - ( S . G . X ( t ' - t ) 
w h e r e i s the coe f f i c i en t of vo lume expans ion f o r l ab -

o r a t o r y g l a s s ^ 0. 0000167 p e r ° F 
f i s the t e m p e r a t u r e of o b s e r v a t i o n , and 
t the s t a n d a r d t e m p e r a t u r e of the h y d r o m e t e r . 

Some s a m p l e c a l c u l a t i o n s us ing t h i s f o r m u l a ind ica ted tha t the 
t e m p e r a t u r e e f f ec t was neg l ig ib le over the r a n g e of l a b o r a t o r y ambien t 
t e m p e r a t u r e s . F o r e x a m p l e , the s p e c i f i c g r a v i t y of a s a l t w a t e r mix 
is r ead as (S. G. = 1 . 0 1 with h y d r o m e t e r B at an ambien t t e m p e r a t u r e s 
of t ' = 80^F. The s p e c i f i c g r a v i t y of f r e s h w a t e r (ma ins supply) at 
t ' = 80°F i s S. G. = 0. 998 by h y d r o m e t e r A. The c o r r e s p o n d i n g value 
of c a l c u l a t e d f r o m m d i c a t e d va lues without t e m p e r a t u r e 
c o r r e c t i o n is 1. 2026 p e r cent while with t e m p e r a t u r e c o r r e c t i o n s 
applied ^^ ^^^^ P^^ cen t . Hence the e r r o r in 
resu l t ing by ignor ing t e m p e r a t u r e e f f e c t s is in th i s c a s e 0. 04 p e r 
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cent which is negligible. The error becomes smaller as 

mcreases. 

Sampling and Measurement 

Samples of saltwater were obtained from the mixing tank with a 

2000 ml. measuring cylinder, care being taken not to include any 

floating debris. The sample was stirred in the vertical direction 

with a wire ring stirrer and allowed to stand for a few minutes so 

that any air bubbles floated to the surface. 

The hydrometer stem was wiped clean and the hydrometer in-

troduced carefully into the jar and depressed slightly beyong the an-

ticipated equilibrium value before release. This technique is nec-

essary to ensure consistent meniscus formation. When the hydro-

meter had stopped oscillating a reading was taken by sighting through 

the glass jar along the surface of the liquid. The procedure was re-

peated when final fine adjustments to the saltwater mix were being 

made. After use the hydrometer was cleaned with methylated spirits. 

Check by Direct Weighing 

Towards the end of the investigation an automatic electronic bal-

ance became available so it was decided to check by direct weighing 

the ^^^^^ ^̂  ^ saltwater mix prepared by using hydrometers 

for density measurement. Saltwater and freshwater samples were 

weighed direct to 0. 0001 gms in a 50 ml. specific gravity bottle and 
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^J^ computed at 8. 45 per cent. The value previously determined by 

hydrometers was 8. 0 per cent which represented a difference of 5 per 

cent between the two determinations. This represents the maximum 

probable percentage error as the saltwater mix of = 8 . 0 per 

cent was prepared by using hydrometer C which is the least sensitive. 

The hydrometer method of saltwater mix control therefore proved to be 

of sufficient accuracy for an exploratory investigation. 

4. 3 Measurement of the Mean Density at a Point in a Turbulent Saltwater 
Jet 

4. 3. 1 Objectives 

Range and Accuracy 

An instrument was required to measure the mean density at a point 

in turbulent saltwater jets ranging in thickness from about 0. 02 to 0. 10 

feet. The anticipated density range was from 1. 05 to 1.0 times the 

density of fresh water and an accuracy of t 10 pc. was adequate for an 

exploratory investigation. 

Other Requirements 

The instrument should be free from calibration drift and simple to 

operate. Electronic instruments should preferably be commercially 

available or simple to make. Those portions of the system inserted 

in the saltwater flow should be corrosion resistant. 

4. 3. 2 Summary of Literature Review 

Of the several methods reviewed in Appendix 3 it was decided that 
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the following warranted further investigation:-

(a) Conductivity measurement with a directly exposed probe and a 

series type conductivity meter after Lamb et al (Réf. 6 4). 

(b) Analysis of continuously withdrawn samples by conductivity 

meter. 

(c) Analysis of discrete withdrawn samples by conductivity meter. 

These techniques are arranged in order of decreasing instrumental 

complexity but in order of increasing time required to obtain a measure-

ment. 

4. 3. 3 Conductivity Measurement with a Directly Exposed Probe 

Principle 

The device is composed of two main parts; the probe which is 

immersed in the turbulent salt water flow and the electronics measur-

ing the conductivity in the vicinity of the probe. Probe details are 

shown in Fig. 51 and electronic details in Figs, 52 and 53. The 

system used is similar to that of Lamb et al (Réf. 6 4) except that the 

electronics were simplified to determine mean conductivity only and 

also to match the electronic instruments available. 

Briefly the principle of the circuit is to use the varying impedance 

of the probe due to turbulent conductivity fluctuations in the saltwater 

jet to amplitude modulate an A. C. carrier wave in a series circuit. 

Another resistance in this probe series circuit acts as a load resistor 
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-Twisted shielded cables to probe circuit 

Si l ica qel crystals to ab so rb moisture in R V C tube 

-25 S.W.C insulated tinned copper earth wire 
connecting stainless steel probe body to cable shieldinq 

P.VC insulating tape not shown 

'/4in. i.d. clear R V C tube. QEnd of stainless steel 
tube wiped with *Dow* uopcock qrease for sealing) 

Twisted insulated 25 S.W.C tinned 
copper wires 

^ / X Stainless steel 

Epoxy resin 

B R V C . 

H H Soft solder 

i'lft in. d. holes for epoxy resin ( 'Shell Epikote") injection 
with disposable hypodermic syringe 

V4in. o.d. 18 S.W.G. wall, type 316, S . t D . stainless steel tube 

Machined epoxy resin ( 'Shell Ep ikote" ) head 

Silver solder joint 

'R ing"electrode: in. o.d. 26S.W.C platinum wire 
(platinised after probe monufocture ) 

To i n t ' electrode- 26 S.W.C. platinum wire 
(platinised after probe manufacture) 

projects ^32 in. from head 

'm^m^mimm. 

FIGURE 51 : CONDUCTIVITY PROBE DETAILS: LONG. - SECTION 



BEAT FREQUENCY 

OSCILLATOR 

A.WA. type A 5 6 0 3 0 

0 - 2 0 Kc. 

HEATER H.T. SUPPLY 
SUPPLY 

5 -a 45 V. 5 -a 45 V. 
bV.wet cell dry cells 

PROBE CIRCUIT 
PROBE CIRCUIT LOAD 

D«cad« r«ji$fanc« box 

I - I K a 

AMPLIFIER 

Tektronix typa 122 

Cain X lO ' 
Max, B/W 0-2 c to 

4 0 Kc. 

BR IDGE RECTIFIER 
OSC ILLOSCOPE 

B,W.D Modal 5 0 0 A , 

5" portable 
30mV to lOOVp.-p./cm. 

B/W 2c. to 5 Mc. 

PROBE 

FIGURE 52 : SALT WATER CO^jPUCTIVITY M E A S U R E M E N T : BLOCK D t A G R A M OF 

COMPONENT ELECTRONIC I N S T R U M E N T S 



^ O K i l l a t o r . -Prob« Circuit 
Prob« 

> Circuit- Ampiifi«^- Bridçc Rectifier Oscilloscope -

F I G U R E 53: S A L T W A T E R CONDUCT IV ITY M E A S U R E M E N T : C I R C U I T D E T A I L S 
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for obtaining a voltage input for an A. C. amplifier and the output f rom 

the amplifier is rectified and measured with a cathode ray oscil loscope, 

Design and Manufacturing Details 

A detailed drawing of the probe is shown in Fig. 51. The probe 

is the "point and ring" electrode type after Lamb et al (Réf. 6 4). This 

electrode arrangement detects the conductivity of a small volume of 

saltwater in the vicinity of the smaller point electrode where the 

electrical flow lines are concentrated so that for practical purposes 

the conductivity measurement is at a point in the flow. Such a point 

and ring electrode system has superior spatial resolution to the two 

electrode system commonly used which detects the conductivity of a 

larger parcel of fluid between two electrodes of equal area. 

Features of the probe design were : -

(1) The use of corros ion resistant materials such as stainless 

steel and epoxy resin. 

(2) The use of a turned epoxy resin head carrying the electrodes. 

The head was fixed in the probe body by injection of epoxy 

resin with a hypodermic syringe. 

(3) Earthing of the probe body to provide a preferential path to 

earth for stray electrical currents so minimising the effect 

of other earthed conductors in the flow being measured. 

(4) The use of silica gel crystals to absorb moisture in the 



104. 

(4) plastic tube carrying the lead wires, 
cont'd. 

The electrodes were platinised (i. e. coated with a layer of plat-

inum black) using the procedure outlined in the handbook for the 

Mullard conductivity bridge (Ref. 10). The platinising current was cal-

culated to give an electrode surface current density approximately the 

same as that used for the Mullard cell electrodes. With a point and 

ring electrode system, howeA/er, a higher platinising current is 

permissible for the ring electrode of larger surface area compared to 

that for the point electrode of smaller surface area. If the point 

electrode is platinised first then the higher current used when sub-

sequently platinising the ring electrode causes part of the platinum 

black deposit on the point electrode to leave the electrode as a fine 

powder. This disintegration of the point electrode coating does not 

occur if the ring electrode is platinised first. 

The electronic circuit details are shown in block diagram form 

in Fig. 52 and in detail in Fig, 53. The probe circuit is a series 

circuit comprising an A. C. source, the probe, and a load resistor. 

A. C. excitation is necessary to avoid polarization effects at the 

electrode surface. 

Lamb et al (Ref. 6 4) have pointed out that linear modulation of 

the A. C. carrier wave will only occur when: 

1. the probe impedence is high compared to the impedences of the 
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1. other components in the probe circuit; 
cont'd. 

2. ' the capacitive reactance of the probe at the carr ier frequency is 

an order of magnitude greater than the resistive component of 

the probe impedance. 

The impedance of the probe was determined using an A. C. im-

pedance bridge. The upper arms were comprised of decade res ist -

ance boxes (non inductive i" 1 per cent resistors) of equal value while 

the lower arms were respectively the probe in saltwater solution, and 

precision decade resistance and capacitance boxes connected in 

parallel. The bridge was excited by a beat frequency oscillator 

and balance detected by a cathode ray osci l loscope. The apparatus for 

determining the probe impedance is shown in Fig, 54. The impedance 

of the probe at a frequency of lOKc. was found to range f rom about 

6. 5 kilohms to 100 ohms in fresh water and in saltwater of specific 

gravity 1. 10 respectively. The capacitive reactance of the probe was 

much greater than the resistive parts of the probe impedance in both 

cases; so satisfying Lamb et al 's second criterion for linear modulation. 

To satisfy Lamb et al 's first criterion for linear modulation, it 

was decided to make the individual impedances of the elements in the 

probe circuit about 0. 05 times the minimum probe impedance. This 

required transformer coupling between the beat frequency oscillator 
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and the probe circuit to reduce the output impedance of the oscillator 

as seen by the probe circuit from 6 00 to 3 ohms, A 3 ohm resistor 

was connected in parallel with the transformer secondary for maximum 

power transfer between the oscillator and the probe circuit. The 

probe circuit load resistance was a decade resistance box specially 

constructed for the purpose as commercially available boxes did 

not carry a 1 to 10 ohm range. 

A small load resistance in the probe circuit for linear modulation 

carries the penalty, however, of low voltage output. For example, 

when the probe is immersed in fresh water its impedance is a max-

imum and the voltage drop across the load resistance about 0. 27 

millivolts. This voltage drop requires amplification if rectification 

and oscilloscope measurement is used. A Tektronix type 122 am-

plifier was found to be suitable, although it was necessary to insert 

a coupling transformer between the amplifier and the bridge rectifier 

to eliminate the D. C. component of the amplifier output. The amp-

lifier is provided with a D. C level control but this was a nuisance to 

adjust and subject to drift. 

The A. C. signal from the amplifier then passes through a bridge 

rectifier to obtain a D, C. signal for display on the cathode ray os -

cilloscope. The bridge rectifier is similar to that recommended by 

the Mullard Company and employs OAIO germanium junction diodes; 



Fig. 54: Electronic Apparatus for Measuring the 
Impedance of a Conductivity Probe. 

Fig. 55: Electronic Apparatus for Measuring the 
Conductivity at a Point in a Saltwater Jet, 
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(Page 113, Refo8). A photograph of the assembled electronics is shown 

in Fig. 55. 

Prior to use of the probe in a turbulent saltwater jet the circuit 

linearity was checked by substituting a precision decade resistance 

box for the probe. For linear modulation the output voltage measured 

by the osci l loscope should be inversely proportional to the probe im-

pedance as represented by the substituted resistance. A plot of 

voltage output versus probe impedance on log- log paper was a straight 

line for practical purposes, so confirming the circuit linearity. 

Testing 

The probe was clamped in the suspension device shown in Fig. 4 

and lowered into a typical turbulent saltwater jet. The system 

appeared to faithfully monitor the conductivity fluctuations in the 

vicinity of the point electrode but the range of fluctuations was too 

great to obtain a mean reading. 

An attempt was made to reduce the range of the fluctuations 

by installing an R. C, filter system between the bridge rectif ier and 

the oscil loscope but this only lowered the sensitivity to changes in 

mean conductivity to an unacceptable value. 

As additional electronic instruments such as a wave analyser 

and averaging circuit were not available, it was decided that the 

alternative of feeding the rect i f ier output to a chart recorder might 
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be poss ib le . The r e c o r d e r t race may be p r o c e s s e d to obtain a mean 

reading although Frankel and Gumming found this task to be v e r y time 

consuming (Ref , 35). A Both pen r e c o r d e r was avai lable but could not 

be matched to the existing c ircui t without the use of a power ampl i f i er . 

(A Honeywell " V i s i c o r d e r " u l tra -v io le t r e c o r d e r which would be suit-

able has since become avai lable . ) 

A further alternative was to connect the heater of a long t ime 

constant thermovacuo junction to the bridge r e c t i f i e r output and to 

detect the signal with a D , C . mi l l ivo l tmeter - this in e f f ec t is a cheap 

R. M. S. vo l tmeter , A long time constant t h e r m o - v a c u o junction is a 

spec ia l ised e lectronic component only made on o r d e r in England, how-

ever , and the severa l months delay in obtaining it could not be tolerated. 

Conclusions 

An attempt to measure the conductivity at a point with a d i rec t ly 

exposed probe and simple se r i e s type conductivity m e t e r was a failure 

because the range of the conductivity fluctuations was e x c e s s i v e . 

Investigations reported subsequently in any case indicated that 

the probe calibration was unstable, probably due to e x c e s s i v e current 

density at the point e lectrode as a result of o^/er simplification of the 

e l e c t ron i cs . 

It was there fore decided to abandon any further attempts to m e a s -

ure conductivity with a direct ly exposed probe and to p r o c e e d with the 



109. 

alternative method of analysis of continuously withdrawn samples by 

conductivity meter. 

4. 3. 4 Analysis of Continuously Withdrawn Samples by Conductivity Meter 

Principle 

Continuous withdrawal sampling is a procedure intermediate be-

tween use of a directly exposed probe and analysis of discrete withdrawn 

samples. The sample is siphoned continuously through a mixing chamber 

in which the conductivity probe is immersed. The difficulties due to 

conductivity fluctuations associated with a directly exposed probe are 

avoided as is the excessive time required by analysis of discrete with-

drawn samples. 

Design and Manufacturing Details 

The conductivity probe and electronic circuitry were the same as 

described in the previous section 4. 3. 3 and as shown in Figs. 51, 52 and 

53. 

The mixing chamber design details are shown in Fig. 56, while 

Fig. 57 is a photograph of the dismantled device. The important feature 

of this mixing chamber is the inclusion of two baffle plates through which 

pass four fine bore tubes of different lengths. The ''mechanical" mixing 

of alternate blocks of liquid of high and low conductivity passing through 

the chamber may be readily visualised. 
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The o ther des ign de t a i l s a r e in keep ing wi th n o r m a l h y d r a u l i c lab-
o r a t o r y r e q u i r e m e n t s of an i n s t r u m e n t be ing c o r r o s i o n r e s i s t a n t , r ead i ly 
d i sman t l ed fo r cleaning^and not p rone to m e c h a n i c a l d a m a g e . 
Tes t i ng 

The p robe and mixing c h a m b e r w e r e a s s e m b l e d and pos i t ioned in 
the e x p e r i m e n t a l tank as shown in F i g . 58. The s iphoning r a t e was ad-
jus ted to p reven t e n t r a i n m e n t of s u r r o u n d i n g l iquid by the h y p o d e r m i c 
tubing nozzle by obse rv ing the pickup f r o m a thin s lug flow of dyed sa l t -
w a t e r on the s loping boundary p lane . The s a l t w a t e r flow r a t e was then 
i n c r e a s e d to p roduce a typ ica l tu rbu len t je t and the o s c i l l o s c o p e display 
obse rved . 

The mixing c h a m b e r p e r f o r m e d e f f i c i en t ly as the vo l tage de tec ted 
by the osc i l loscope was s t eady in the body of the j e t . At the waver ing 
je t boundary sl ight u n s t e a d i n e s s o c c u r r e d due to low f r e q u e n c y " b a c k -
cur l ing" of s m a l l p a r c e l s of high conduct ivi ty l iquid. T h i s u n s t e a d i n e s s 
was not e x c e s s i v e , however , and a m e a n r e a d i n g was r e a d i l y obtained 
by averag ing the osc i l loscope f luc tua t ions by eye . 

At the slow siphoning r a t e r e q u i r e d th rough the nozz le to p reven t 
e n t r a i n m e n t of su r round ing l iquid, it was found tha t the t i m e r e q u i r e d to 
r e f i l l the mixing c h a m b e r with s a l t w a t e r at a new s t a t i o n w a s two 
m i n u t e s . This t ime lag was d e t e r m i n e d by check ing the t i m e r e q u i r e d 
f o r f r e s h w a t e r conduct ivi ty to be de tec ted by the p r o b e a f t e r shu t t ing off 
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the saltwater supply. Allowing for adjustment of the suspension screw, 

oscilloscope reading and observation recording, this means that about 

two and one half minutes are required to obtain a mean density reading 

at a point in a turbulent saltwater jet. This is a considerable time sav-

ing when compared to the technique of analysis of discrete samples. 

The probe calibration was determined by progressive dilution of 

a saltwater sample using a pipette. A typical nonlinear calibration 

curve is shown in Fig. 59. 

A series of vertical conductivity profiles at a cross section in a 

turbulent jet were then measured. Each profile was measured by 

lowering the nozzle so that it just touched the sloping boundary with the 

tip at the required coordinate marks. The mixing chamber was then 

raised normally to the boundary in several steps to obtain conductivity 

readings at several points. The probe was calibrated before and after 

use in the tank but different calibration curves were obtained: the dis-

crepancy in terms of density amounting to about 40 per cent. This 

could not be accounted for by the temperature change of less than 5°F 

between calibrations. 

Several checks were made in trying to detect the cause of this 

calibration drift. At f irst it was thought that stratification was occurr -

ing in the saltwater mixing tank even though the mixing tank was 

thoroughly stirred before filling the elevated constant head saltwater 
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tank (see Fig. 3 for layout of these tanks). Withdrawal sampling at 

various depths in the mixing tank after it had stood for 24 hours showed 

negligible stratification, however. 

The electronic circuitry was then rechecked for linearity (by sub-

stituting a precision decade resistance box for the probe) and found to 

be performing satisfactorily. New batteries for the amplifier high 

tension supply were fitted and the circuit operated for several hours 

without change. 

It was then suspected that calibration drift was occurring in the 

probe itself. The relatively new material, titanium, reportedly is 

very resistant to surface attack by saltwater, so it was decided to make 

a probe using titanium wire electrodes. Titanium is so inert that con-

siderable difficulty was experienced in soldering copper lead wires to 

the titanium electrodes. The calibration graph for this probe is shown 

in Fig. 59 which shows that titanium has a lower electrical conductivity 

than platinised platinum and is electrically a less efficient probe mat-

erial. The titanium probe electrode was used in the mixing chamber to 

obtain a vertical density profile in a turbulent saltwater jet. Once again 

pre and post use calibration checks differed excessively but the effect 

was not as marked as with platinised platinum electrodes. 

It was therefore apparent that the calibration drift was a relatively 

long term effect occurring during the time interval required to complete 
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a ve r t i ca l conduc t iv i ty p r o f i l e in t he j e t . To check th i s the t i t a n i u m 
electrode p robe w a s i m m e r s e d in a s a l t w a t e r so lu t ion and the c i r c u i t 
output vol tage m e a s u r e d o v e r a twen ty m i n u t e pe r iod as shown in F i g . 6 0. 
An in to le rab le amount of d r i f t did o c c u r but a m o r e i m p o r t a n t e f fec t was 
also de tec ted . When the p r o b e i s i m m e r s e d in f r e s h w a t e r f o r a few 
minutes and then r e t u r n e d to the s a m e s a l t w a t e r so lu t ion a sudden in -
c r ea se in conduct iv i ty r e a d i n g r e s u l t s . The conduc t iv i ty then f a l l s 
off, appear ing to fol low a nega t ive exponen t i a l c u r v e . A s i m i l a r e f f ec t 
was found with the p l a t i n i s e d p l a t i num e l e c t r o d e s al though in g e n e r a l con-
ductivity does not i n c r e a s e fo l lowing i m m e r s i o n in f r e s h w a t e r but 
follows the s a m e nega t ive exponen t i a l c u r v e . When a p robe is u sed 
with the mixing c h a m b e r to m e a s u r e s e v e r a l v e r t i c a l conduct iv i ty p r o -
fi les it is sub jec t to a l t e r n a t e i m m e r s i o n in s a l t w a t e r and f r e s h w a t e r so 
that th is e f fec t accoun t s f o r the o b s e r v e d p r e and post m e a s u r e m e n t c a l -
ibration d i f f e r e n c e s . 

The cause of c a l i b r a t i o n d r i f t is not known de f in i t e ly but it is 
suspected tha t the e l e c t r o n i c c i r c u i t r y as des igned r e q u i r e s e x c e s s i v e 
e l ec t r i ca l c u r r e n t d e n s i t y at the e l e c t r o d e s u r f a c e . C o m m e r c i a l l y 
available conduct iv i ty c e l l s have a m u c h l a r g e r e l e c t r o d e s u r f a c e with 
more soph i s t i c a t ed c i r c u i t r y and th i s t ends to suppor t th i s t h e o r y . 

The u s e of a p r o v e n c o m m e r c i a l l y ava i l ab le conduct iv i ty m e t e r 
in conjunct ion with the mix ing c h a m b e r is w o r t h f u r t h e r inves t iga t ion . 
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The Radiometer type CDM2 direct reading conductivity meter would be 

suitable. This is a series type meter which could follow any small con-

ductivity fluctuations not damped by the mixing chamber and which is 

available with a through-flow cell which could be attached to the top of 

the mixing chamber. 

Conclusions 

The mixing chamber designed for analysis of continuously with-

drawn samples operated efficiently and allowed detection of a mean den-

sity at a point in a turbulent saltwater jet. 

The mixing chamber could not be utilised, however, as the con-

ductivity probes used were subject to excessive calibration drift. 

Time did not permit manufacture of a more stable probe so it was 

decided to abandon this technique and to use the third alternative of analysis 

of discrete withdrawn samples. 

The use of the mixing chamber with either a larger electrode 

probe and the existing electronics or alternatively with a commercially 

available conductivity meter and through-flow cell warrants further in-

vestigation. 

4. 3. 5 Analysis of Discrete Withdrawn Samples 

Principle 

A discrete sample is collected by slow siphoning through a fine 

bore nozzle located in the turbulent saltwater flow and the density of the 
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sample is then determined with a commerc ia l ly available conductivity meter. 

As discussed in Appendix 3 the nozzle must be small relative to the lateral 

dimension of the flow to minimise flow disturbance. Also the mean vel-

ocity of intake must be less than or equal to the flow velocity at the nozzle 

tip so that entrainment of surrounding liquid is avoided. 

Apparatus Used 

The sampling nozzle was made f rom hypodermic tubing and is 

shown in operation in a turbulent saltwater jet in Fig. 61. 

A length of clear PVC tube approx. 1/16 inch bore was connected 

to the top of the nozzle assembly to carry the siphoned flow and the 

sample was collected in the small perspex tubes shown in the rack in the 

circulated water bath in Fig. 6 2. The internal diameter of the sample 

tubes was slightly larger than the external diameter of the conductivity 

cell and the depth just sufficient to immerse the cel l to the specified 

depth, so that the volume of sample required was minimised. 

Conductivity measurement was by "Mullard" conductivity bridge 

type E7566/3 fitted with laboratory dip cells type E7591/B with plat-

inised platinum electrodes. This instrument is essentially an A. C. 

excited Wheatstone bridge with amplified bridge out of balance and 

cathode ray tube ( "magic eye") balance detection. The conductivity 

cell is connected in one arm of the bridge and the bridge balanced by 

varying the ratio of resistance of two other arms with a precision 
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calibrated potentiometer. When used in this manner the scale reading 

multiplied by the cell constant (which varies slightly f r o m cel l to cell) 

gives the absolute specif ic conductivity which may be measured in the 

range 0. 1 micromhos to lOmhos. 

For analysis of samples f rom turbulent saltwater jets , however, 

the comparison facility is more convenient. The instrument allows 

connection of a comparison cel l to the fourth arm of the Wheatstone 

bridge and this cell is immersed in a standard solution of known con-

ductivity. The test cel l is connected to the f irst arm of the bridge as 

before and this is immersed in the sample whose conductivity is required, 

When the bridge is balanced the scale reading indicates the ratio of the 

conductivity of the sample to that of the standard solution in the range 

0. 1 to 10. The comparison is claimed to be accurate within - 2 pc. 

although this is probably optimistic in the scale intervals f r o m 0. 8 to 

1. 0 and 5 to 10 as the scale has a 2 decade logarithmic calibration. 

The bridge output characteristic is almost linear as shown in 

Fig. 63. Temperature effects were minimised by immersing the 

standard solution and sample tubes in a water bath with a circulated 

supply from the experimental tank as shown in Fig. 6 2. Also the 

bridge has an inbuilt calibration resistance which allows resetting 

of the potentiometer cursor for variations in ambient temperature. 



Fig. 61: Probe for Withdrawal of Discrete 
Samples in Operation in a Saltwater Jet. 

Fig. 6 2: Apparatus for Measuring the Conductivity 
of Discrete Withdrawn Samples. 
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Experimental Procedure 

The nozzle was fixed in the traversing system clamp (see Fig. 4) 

in the experimental tank with the nozzle tip at the required boundary 

grid station. The nozzle was then raised slightly and the siphoning 

rate adjusted so that pickup from a slug flow jet was not discernible. 

The nozzle was then lowered to just touch the boundary plane and the 

saltwater flow rate increased to produce a turbulent jet of the required 

R. value. The nozzle was then raised in steps to obtain discrete with-
10 ^ 

drawn samples for analysis with the conductivity meter. The time re-

quired to flush the siphoning tube when shifted to a new position was 

about 1 minute at the low siphoning rate required to avoid entrainment 

at the nozzle. A time delay of 1-| minutes was therefore allowed as 

a safety measure before collecting a sample at a new nozzle position. 

For relatively high conductivity samples obtained in the body 

of the jet the comparison cell was immersed in a saltwater solution of 

fs equal to about one half of the i ^J^ of the saltwater being 

injected at the orif ice. This standard solution may be prepared by 

dilution of a sample of saltwater from the constant head tank at the 

start of the test. This procedure is not essential as it was found 

to be 

more convenient to use the same standard sample for all 

measurements in the body of the jet for the testing period which ex-

tended over several days. This particular standard sample was of 
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nominal concentration 10 gms/ l i t re which is approximately equivalent 

to a ^ of one half of the ( ^ J ^ = 2 pc. at the orifice of the jet 

investigated in detail. This latter procedure is justified by checking 

the bridge calibration at the end of a day's testing by measuring the 

conductivity of a progressively diluted sample from the saltwater 

supply tank to obtain a calibration graph as shown in Fig . 6 3. 

For relatively low conductivity samples from the outer region 

Ao 
of the jet a standard sample with equal to 3.125 pc. of the 

^^ ^^^ saltwater injected at the orifice was used with the 

comparison cell. This was necessary to obtain adequate bridge 

sensitivity. 

When all samples had been collected from a vertical t raverse 

through the jet the conductivity measurements were made by working 

from the diluted samples obtained from the outer region to the more 

concentrated samples obtained from near the boundary plane. By 

using the conductivity cell in this way it is unnecessary to wash the 

cell in freshwater between readings as contamination of a sample 

by the liquid adhering to the cell from the previous more dilute 

sample is negligible. 

The total time required to obtain a mean conductivity reading at 

a point in a turbulent saltwater jet was about 4 minutes. This is 

greater than the minutes required to obtain a reading with the 
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mixing c h a m b e r d e s c r i b e d p r e v i o u s l y . 

Ve r i f i c a t i on of P e r f o r m a n c e 
T h e " v e r t i c a l " p r o f i l e s ( i . e . p r o f i l e s on y = c o n s t a n t p l anes ) of 

the r e l a t i v e d e n s i t y e x c e s s ^ at t h r e e c r o s s s e c t i o n s in a t u r b u l e n t 
s a l t w a t e r j e t a r e shown p lo t t ed in F i g s . 21, 22 and 23. Note tha t f o r 
one or two z = c o n s t a n t l i n e s on a v e r t i c a l p r o f i l e t ha t two ^ 
o b s e r v a t i o n s a r e p lo t t ed ; one b e i n g d e t e r m i n e d with the h i g h e r c o n -
duct ivi ty s t a n d a r d s o l u t i o n and the o t h e r wi th t he l o w e r conduc t iv i ty 
s t anda rd so lu t ion u s e d f o r c o m p a r i s o n s in the i n n e r and o u t e r je t 
reg ions r e s p e c t i v e l y . T h e a g r e e m e n t b e t w e e n dup l i ca t ed r e a d i n g s 
is c o n s i d e r e d a d e q u a t e f o r an e x p l o r a t o r y i n v e s t i g a t i o n . 

The a c c u r a c y of the ^ d e t e r m i n a t i o n s can only be 
a s s e s s e d when t hey a r e c o m b i n e d with v e l o c i t y m e a s u r e m e n t s to 
compute the flow r a t e of d e n s i t y e x c e s s at a c r o s s s e c t i o n in the 
tu rbu len t j e t . T h i s h a s b e e n r e p o r t e d in s u b s e c t i o n 3. 5. 5 of 
Chap te r 3 w h e r e it is shown tha t t h e m a x i m u m e r r o r of c o m b i n e d 

^ and v e l o c i t y m e a s u r e m e n t s w a s - 3 pc . which is m o r e than 
adequate f o r an e x p l o r a t o r y i n v e s t i g a t i o n . 
Conc lus ions 

A n a l y s i s of d i s c r e t e w i t h d r a w n s a m p l e s wi th a c o m m e r c i a l l y 
ava i lab le conduc t iv i t y b r i d g e p r o v e d to be a s a t i s f a c t o r y me thod of 
obtaining the m e a n d e n s i t y at a point in a t u r b u l e n t s a l t w a t e r j e t . 
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This conclusion has been verified by the investigators reported in the 

literature review. 

The main precautions to be observed in using this method are to 

adjust the nozzle flowrate to prevent excessive entrainment of surround-

ing liquid; and to prevent temperature change of the samples during the 

interval between withdrawal and conductivity measurement. 

The main disadvantage of the method is the time required to 

obtain a point density measurement compared to that required by the 

more sophisticated methods described previously. 

No major improvements to the apparatus or technique used in 

order to improve accuracy or reduce the time required for measure-

ment can be suggested. 

4. 3. 6 Summary 

The determination of mean density at a point in a turbulent salt-

water flow was attempted by three methods; use of directly exposed 

conductivity probe, conductivity measurement of continuously with-

drawn samples, and conductivity measurement of discrete withdrawn 

samples. 

The electronic circuitry used was too simple to process the 

signal from a directly exposed probe. The mixing chamber devised 

for damping the conductivity fluctuations of continuously withdrawn 

samples performed satisfactorily but the conductivity probe used was 
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subject to excessive calibration drift. 

Analysis of discrete withdrawn samples with a commercially 

available conductivity bridge proved to be of adequate accuracy al-

though time consuming. This technique has been described in detail. 
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APPENDIX 1. 

Literature Review of Methods of Measuring Low 
Velocities in a Turbulent Saltwater Jet. 

A l . 1 General Remarks 

The literature describes a surprising number of ingenious 

methods of measuring velocity in water flow. Kolupaila (Ref. 6 3)̂  

for instance, lists over one hundred references on the use of pitot 

tubes alone. On introducing the restrictions of small velocity and 

saltwater flow, however, the number of apparently suitable methods 

is drastically reduced. 

The procedure adopted in discussing the apparently suitable 

methods of velocity measurement has been to briefly describe the 

history and principle, and then to decide whether further investigation 

is warranted. 

Al . 2 Classification of Methods 

Velocity measurement methods may be classified as: -

1. Pitot tube devices: 

a. Statically balanced: 

b. Dynamically balanced: 

c. Pressure transducers: 

2. Hydrometric cords: 

3. Hydrometric pendulums: 
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4. Current m e t e r s : 

5. Flow t r a c e r s : 

6. Hot wire and hot f i lm anemometers : 

a. Direct ly heated; 

b. Indirectly heated. 

7. Other methods. 

A l . 3 Descript ion and Evaluation of Methods 

A l . 3. 1 Pitot tube dev ices 

At a stagnation point in a fluid flow the fluid is f o r ced to stop 

and kinetic energy is converted to potential energy. In terms of 

pressures this energy convers ion results in an increase in pressure 

at the nose of a blunt nosed object which is equal to the dynamic 

1 v2 pressure j P • The total, o r stagnations pressure p , at the nose o L 

of a tube pointing upstream is then p^^ - p + i P v^, ^ L o ' 

where Pg is the static p ressure at the point. 

Henri Pitot observed this e f fect in 173 2 and used a pitot tube 

in conjunction with a static tube to measure veloc i t ies in r ivers and 

canals. If the two tubes are combined in the one instrument^ it is 

known as a pitot-static tube. 

The output of a pitot tube device is proportional to the veloc i ty 

squared, as shown graphical ly in Fig . 40. The important feature 

to note in Fig . 40 is the low sensitivity to veloc ity change of pitot 
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tube devices at low velocities. Pitot tubes for use in water may be 

further classified according to the indicating device used, that is as 

statically balanced, dynamically balanced or pressure transducers, 

a. Statically Balanced 

This type of pitot device employes the hydrostatic pressure at 

the base of a static liquid column to balance the stagnation or static 

pressure in the flow. An open ended piezometer is used with a pitot 

tube or a differential U tube manometer with a pitot-static tube. The 

practical lower limit of velocity measurement in water flow with a 

pitot-static tube and differential U tube manometer is commonly 

stated to be 0. 5 feet per second (Ref. 51). When water is used as 

the indicating fluid an inverted U tube manometer with air above 

the water columns is required and a difference in column level of 

about 0. 004feet results from a velocity of 0. 5 feet per second. 

The lower limit of measurement of the pitot-static tube was 

extended by Cole and Cole (Ref. 21) who used a reversible pitot 

(sometimes called a Cole pitometer) with the static opening facing 

downstream and immediately behind the pitot tube. Wake effects 

behind the static tube produce a pressure slightly less than the 

true:- static pressure, so increasing the pressure difference reg-

istered by the manometer. 
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The Leon tube , due to K e m p (Ref . 56), i s a Cole p i t o m e t e r 
coupled to an i n v e r t e d U tube m a n o m e t e r con ta in ing w a t e r and ano the r 
sl ightly l i g h t e r , i m m i s c i b l e l iquid . V e l o c i t i e s down to 1. 0 fee t p e r 
second w e r e d e t e c t e d wi th an a c c u r a c y of - I j p e r cen t . Ve loc i t i e s 
down to 0. 1 fee t p e r s econd m a y be p o s s i b l e , but with r e d u c e d 
accuracy . 

Another m o d i f i c a t i o n of the Cole p i t o m e t e r is the Ben tze l tube 
(Ref. 51), The p i t o m e t e r is connec ted to an i nve r t ed U tube m a n -
ometer conta in ing w a t e r ; the d o w n s t r e a m leg of the m a n o m e t e r is a 
slightly t a p e r e d cone , expanding downwards , and conta in ing a s m a l l 
buoyant f loa t . The f loa t m o v e s downwards aga ins t a c a l i b r a t e d s c a l e 
as the ve loc i ty i n c r e a s e s and v e l o c i t i e s down to 0. 15 fee t pe r second 
a re de tec tab le . Note tha t t h i s is s t r i c t l y a t h r o u g h - f l o w and not a 
s ta t ica l ly ba l anced i n s t r u m e n t . 

Re tu rn ing now to the conven t iona l p i t o t - s t a t i c tube; it might 
appear that the p r a c t i c a l l o w e r l i m i t of ve loc i ty m e a s u r e m e n t with 

t h i s device could be ex tended by us ing a m i c r o m a n o m e t e r . The 
C h a t t o c k - F r y t i l t ing m i c r o m a n o m e t e r m a d e by C a s e l l a (Ref. 4), f o r 
example , wi l l m e a s u r e head d i f f e r e n c e s in a i r flow c o r r e s p o n d i n g to 
0. 001 inches of w a t e r . If t h i s m i c r o m a n o m e t e r could be adapted fo r 
use with a p i t o t - s t a t i c tube in w a t e r flow then m e a s u r e m e n t of 
ve loci t ies a s low as 0. 0075 f ee t p e r s econd a r e po ten t ia l ly pos s ib l e . 
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Other m i c r o m a n o m e t e r s which a p p e a r a t t r a c t i v e r e l y on e l e c t r o -
magnet ic or i n t e r f e r o m e t r i c me thods of b a l a n c e d e t e c t i o n ( R e f s . 57, 76). 

C a r t i e r (Ref. 16) has outl ined s o m e of the d i f f i c u l t i e s a s s o c i a t e d 
with the use of d i f f e r e n t i a l l iquid m i c r o m a n o m e t e r s . It i s n e c e s s a r y 
to cons ide r the following f a c t o r s : -
(i) The ef fec t of t e m p e r a t u r e change on the d e n s i t y of m a n o m e t e r 
indicat ing l iquids . If two i m m i s c i b l e l iquids of s l igh t ly d i f f e r e n t 
dens i ty a r e used to obtain ampl i f i ca t ion of the d i f f e r e n t i a l head then the 
ef fec t of t e m p e r a t u r e change is c r i t i c a l a s the dens i t y d i f f e r e n c e will 
va ry with t e m p e r a t u r e . This p r o b l e m might be o v e r c o m e by 
i m m e r s i n g the m i c r o m a n o m e t e r in a cons tan t t e m p e r a t u r e ba th o r by 
making f requen t dens i ty d i f f e r e n c e c h e c k s . 
(ii) The ef fec t of t e m p e r a t u r e change on the m i c r o m a n o m e t e r 
components ; p a r t i c u l a r l y g radua ted s c a l e s . 
(iii) The va r i a t ion in s u r f a c e t ens ion at the i n t e r f a c e be tween 
d i f fe ren t indicat ing l iquids . 
(iv) Osc i l la t ion of liquid co lumns due to low f r e q u e n c y t u r b u l e n c e 
in the wa t e r flow being m e a s u r e d . 

Concerning point (iii) above, Rothfus et a l (Ref . 87) s t a t e 
that spec i a l p recau t ions w e r e n e c e s s a r y to p r e v e n t c o n t a m i n a t i o n 
of the w a t e r - m o n o c h l o r o b e n z e n e i n t e r f a c e in a U tube m a n o m e t e r 
used with a p i t o t - s t a t i c tube. 
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Oscillation of liquid columns due to low frequency turbulence in 

a large permeameter was experienced by Dudgeon (Ref. 28) when using 

two Casella vernier reading micromanometers coupled together to 

form a U tube manóme ter . He found that tedious readjustments were 

necessary when measuring small head dif ferences. Dudgeon also 

recorded that the stands supporting the manometer columns were 

affected by changes in ambient temperature, so necessitating f r e -

quent zero adjustment, 

Williams (Ref. 106) has discussed the problem of level osc i l l -

ation in manometers when using a pitot-static tube in pulsating gas 

flow. The principles outlined probably also apply to measurements 

in water flow with low frequency, large scale turbulence. Williams 

demonstrated that the conventional methods of damping pulsations, 

such as installation of a capacitance or a constriction in the manometer 

line, can lead to serious e r ro r s . He contended that best results were 

obtained by keeping the connecting lines between the pitot-static tube 

and the manóme ter as short as possible and of uniform bore. Any 

damping should be due to viscous flow in the manometer itself. 

In view of the above difficulties, it was decided not to attempt 

measurement of very small velocities in turbulent saltwater jets with 

a pitot-static tube coupled to a micromanometer. 
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b. D y n a m i c a l l y B a l a n c e d 
In 1951 Bagnold showed tha t a c o a x i a l o p p o s i n g l iqu id j e t could be 

u s e d to b a l a n c e the s t a g n a t i o n p r e s s u r e in a p i to t n o z z l e (Re f . 13). 
T h i s i n s t r u m e n t a p p e a r e d to w a r r a n t f u r t h e r i n v e s t i g a t i o n . 

c. P r e s s u r e T r a n s d u c e r s 
A t r a n s d u c e r c o n v e r t s one type of p h y s i c a l i n f o r m a t i o n in to 

ano the r and m a y be d i s t i n g u i s h e d f r o m m o d i f i e r s wh ich m e r e l y change 
the s c a l e or f o r m of a p h y s i c a l s i g n a l . L ion h a s s u m m a r i s e d the 
p o s s i b l e t r a n s d u c e r s and m o d i f i e r s a p p l i c a b l e t o f lu id m e c h a n i c s 
(Ref. 67). 

The so ca l l ed p r e s s u r e t r a n s d u c e r u s e d in h y d r a u l i c s c o n s i s t s 
of a m e c h a n i c a l m o d i f i e r coupled to a m e c h a n i c a l - e l e c t r i c a l t r a n s -
d u c e r . A typ i ca l e x a m p l e i s tha t of Ippen and R a i c h l e n (Ref . 52) 
who u s e d a pitot tube l ead ing to one s ide of a f l e x i b l e d i a p h r a g m whose 
de f l ec t ion v a r i e s the output of an e l e c t r i c a l c a p a c i t a n c e , s o de t ec t i ng 
s t agna t ion p r e s s u r e v a r i a t i o n s e l e c t r o n i c a l l y . (L ion a r g u e s tha t 
th i s is not a t r u e p r e s s u r e t r a n s d u c e r which would c o n s i s t of a 
c a p a c i t a n c e su spended in a c h a m b e r c o n n e c t e d d i r e c t l y to t he pi tot 
tube) . 

A v a r i a b l e induc tance m a y be u s e d i n s t e a d of a c a p a c i t a n c e in 
a p r e s s u r e t r a n s d u c e r , as f o r e x a m p l e in t he i n s t r u m e n t s of 
V e r h a g e n et a l (Ref . 103), Huggins (Ref . 50) and B a l a k r i s h n a (Re f . 14), 
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who all used a var iable di f ferent ia l t r a n s f o r m e r on the dry side of a 

flexible diaphragm. Lion (Ref. '6 7) a lso mentions the use of a wire r e -

sistance straingauge attached to the dry side of a f lexible diaphragm. 

Eagleson et al (Réf . 29) used a p i e z o - e l e c t r i c c r y s t a l in a chamber 

connected to a pitot nozzle , so forming a true p r e s s u r e t ransducer . 

This instrument unfortunately is unable to m e a s u r e mean veloci t ies as 

it only responds to turbulent veloci ty f luctuations. 

The lower l imit of velocity measurement in water flow with 

presently available p r e s s u r e t r a n s d u c e r s appears to be about 0. 5 feet 

per second, so it was decided that such instruments were unsuited 

to the present invest igations. 

A l . 3. 2 Hydrometr ic Cord 

A hydrometric cord m e a s u r e s the drag force exerted on a 

catenary cord or wire suspended in the fluid flow as an indication of 

velocity. Kolupaila (Ref . 63) s ta tes that the method was originally 

developed in Germany in the late 19th century for measuring s t r e a m -

flows. He also r e f e r s to work by P e r r y in 1950, at Wayne University= 

Detroit, who used straingauges to m e a s u r e the tension of a fine 

catinary wire placed a c r o s s a wind tunnel. 

Sharp has reported a hydrometr ic cord for use in laboratory 

water flows (Ref . 97). A wire about 0. 05 inches diameter and 2. 0 

inches long is clamped in a yoke, one arm of which is a thin flat 
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cantilever carrying a strain gauge. Water drag on the catenary de-

flects the cantilever and the strain gauge reading is related to velocity 

by calibration. Sharp has recorded velocities down to 0. 5 feet per second. 

A hydrometric cord was unsuitable for the present investigation be-

cause of the transverse velocity gradient in the turbulent jet. The max-

imum allowable length of catenary wire would be about 0. 5 inches and 

the strain gauge outpat for such a short wire would be difficult to detect. 

Also measurements close to a plane boundary are limited by the diameter 

of the yoke forks supporting the wire. 

A l . 3. 3 Hydrometric Pendulum 

A hydrometric pendulum consists of a small body suspended in the 

liquid flow by a fine flexible filament. The drag f o rce exerted by the 

flow on the body deflects the filament f rom the vert ical and the angle of 

deflection is taken as an indication of velocity. The suspended body is 

often a sphere, but two plates at right angles and streamlined bodies have 

been used. Bodies of density greater than water are used for measure-

ments from the surface in streams, canals etc. while small buoyant 

balls have been used by Szalay in laboratory flumes (Ref. 99). Szalay 

claims that velocities between 0. 033 and 0. 65 feet per second have been 

measured. 

When large scale, low frequency turbulence is present in the flow, 

it is difficult to obtain a mean reading with a hydrometric pendulum. 
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Increase in the submerged or buoyant weight of the body to damp turbulent 

fluctuations makes the instrument less sensitive to low velocities. Hence, 

although the hydrometric pendulum is attractive because of its simplicity, 

it is unsuited for use in a turbulent saltwater jet. 

Al. 3. 4 Current Meters 

Current meters employing the speed of rotation of an impeller as 

the velocity measuring device are a standard tool in hydrography. Current 

meters maybe classif ied as screw(propeller) or cup (Price) types. The 

screw type consists of a helical bladed propeller which is mounted on a 

horizontal shaft aligned with the flow. The cup type consists of cups on 

radial arms which are attached to a vertical shaft aligned normal to the 

flow. 

Prior to 1954, miniaturisation of current meters for hydraulic 

laboratory work was hampered by friction in the speed recording mech-

anisms. A typical mechanism up to this time consisted of a slip ring 

contact on the rotating shaft. In 1954 Dedow and King (Ref. 27) 

developed a miniature current meter with a frictionless recording 

device. They measured the speed of rotation of a miniature plastic 

impeller electronically by detecting the change in resistance between 

two coaxial electrodes as the propeller blade tip passes. Originally 

propellers of 0. 4 and 1. 0 centimetres were reported but when the 

instrument was subsequently manufactured commercial ly by Armstrong 
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Whitwor th only the l a t t e r s i z e was u s e d . T h e t h r e s h h o l d v e l o c i t y of th is 

m e t e r is c l a i m e d to be 0. 075 f e e t p e r s e c o n d a l though it i s d o u b t f u l if r e -

l i ab le r e a d i n g s a r e obta ined at t h i s v e l o c i t y w h e n the f low is v e r y 

t u r b u l e n t . 
The o the r c o m m e r c i a l l y a v a i l a b l e m e t e r u s i n g e l e c t r o n i c s p e e d 

de tec t ion is the m o r e rugged i n s t r u m e n t m a d e by N e y r p i c . T h i s m e t e r 
has an i m p e l l e r d i a m e t e r of 3. 5 c e n t i m e t r e s and a r e p o r t e d t h r e s h h o l d 
ve loc i ty of 0. 033 fee t p e r s e c o n d (Ref . 12). K o l u p a i l a (Ref . 63) l i s t s 
s e v e r a l o the r m e t e r s u s ing e l e c t r o n i c s p e e d d e t e c t i o n . Two addi t iona l 
r e c e n t l y deve loped m e t e r s a r e the M i m o s a m e t e r ( d i a m e t e r 1. 5 
c e n t i m e t r e s ) of the Del f t H y d r a u l i c L a b o r a t o r y (Ref . 9) and the v a r i a b l e 
r e l u c t a n c e m e t e r due to May t in (Ref . 7 2). It would a p p e a r t h a t the 
m i n i m u m p r a c t i c a l d i a m e t e r f o r a m i n i a t u r e c u r r e n t m e t e r i s 1. 0 
c e n t i m e t r e s . 

p r o p e l l e r 
M i n i a t u r e ^ c u r r e n t m e t e r s a r e a c c u r a t e in f l o w s w h e r e the ve loc i ty 

g r ad i en t n o r m a l to the sha f t i s s m a l l ; t h i s would not be t he c a s e if the 
m e t e r w e r e u s e d in a t u r b u l e n t s a l t w a t e r je t o r w h e n w o r k i n g c l o s e to 
a f ixed bounda ry . T h e e x p e r i m e n t a l w o r k of Y a r n e l l and N a g l e r (Ref . 108) 
showed that t u r b u l e n t f low i n v a r i a b l y c a u s e s a p r o p e l l e r t y p e c u r r e n t 
m e t e r to u n d e r - r e g i s t e r . As we l l as t h i s t h e r e i s a n o t h e r d i f f i c u l t y 
when us ing a m e t e r employ ing e l e c t r o n i c s p e e d d e t e c t i o n in a t u r b u l e n t 
s a l t w a t e r flow and th i s is the t u r b u l e n t c o n d u c t i v i t y f l u c t u a t i o n s p r e s e n t in 
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such flows. The Armstrong Whitworth (or D. S. I. R. ) meter, for example^ 

senses the change in resistance between two co-axial electrodes as a 

blade tip passes. If the resistance of the parcel of liquid in the vicinity 

of the electrodes is changing due to flow turbulence then serious errors 

will result. A dummy probe is provided with the D. S. I. R. instrument 

to take account of slight, long term conductivity variations in the flow 

being measured. It is impossible to mount this probe close enough to 

the meter head, however, to take account of the large scale conductivity 

fluctuations occurring in turbulent saltwater jets. 

The problem of conductivity fluctuations in turbulent saltwater jets 

may be overcome by using a frictionless optical speed recording system 

for the meter. Jonsson has described a miniature meter with an 0. 5 

centimetric diameter aluminium propeller and optical speed recording 

system (Ref. 7). The meter was used to measure velocities in a turbulent 

boundary layer in a rough bed ocean model (Ref. 55). Velocities down to 

0.033 feet per second were measured but the performance of the in-

strument was poor when used close to the rough bed of the model. 

The U. S. Corps of Engineers have used a miniature cup type current 

meter with cups about 0. 02 feet in diameter and cup wheel 0. 08 feet in 

diameter (Ref. 5). The threshhold velocity was reported to be 0. 05 

feet per second. This type of meter would be more suitable than a 

propeller type meter for use in a turbulent saltwater jet flowing down 
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an inclined plane as the velocity gradients in the lateral direction are 

less steep than those in the direction normal to the plane. 

An attempt at further miniaturisation of the cup type meter in con-

junction with an optical speed recording system was therefore considered 

to be warranted. 

A l . 3. 5 Flow Tracers 

Introduction of small foreign tracers into a fluid flow is a common 

method of qualitative flow visualisation. The principal requirements of 

a flow tracer are that firstly it should have a density c lose to that of the 

working fluid to minimise path distortion by buoyancy effects and^secondly^ 

that it has high visual contrast with the surrounding fluid to allow 

photography. 

Tracers used in water flow are small solid partic les , droplets of 

an immiscible liquid and small gas bubbles. Solid particles are difficult 

to introduce into the flow without creating serious flow disturbance while 

if too many particles are added it is difficult to identify individual 

particles by photography. Ellison and Turner (Ref. 31) released 

small plastic beads in a tank of saltwater with an overflowing jet of 

freshwater in an attempt to measure velocity prof i les . The path of 

the beads was recorded by a movie camera and the positions of single 

particles plotted frame by frame. The process was abandoned as too 

tedious after a few experiments. Seddon and Anwar (Ref . 96) utilised 
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strongly illuminated naturally occurring mineral grams to measure point 

velocities in a vortex flow in a cylindrical tank. A rotating glass cube 

was used to intercept the beam of a viewing telescope and so momentarily 

stop the particles. It is claimed that velocity components in any direction 

may be determined by aligning the axis of rotation of the glass cube normal 

to the required component direction. The scale of turbulence in vortex 

tank flows is much less than that in a turbulent saltwater jet and it is 

considered that it would probably be impossible to ^^stop'' particles in 

the latter case. Also the flow to be investigated is three dimensional 

and three mutually perpendicular velocity components would be required 

to define the velocity at a point so making the amount of experimental 

work formidable. 

Small droplets of an immiscible liquid have been used by many ex-

perimenters for visualisation of water flow. An advantage of liquid 

drops compared to solid particles is that the former may be in-

troduced at the required point in the flow through a fine bore tube with 

a minimum of flow disturbance. Frenzen, for example, used droplets 

made by mixing nitrobenzene and olive oil to measure two dimensional 

Lagrangian velocities in the region of turbulence decay behind a towed 

mesh (Ref. 36). Although the analysis of time exposure photographs was 

partially automated by using an oscillograph scanner with digital output, 

the time required for data reduction was excessive. 
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Small gas bubbles have also been used as flow t r a c e r s in water 

flow. The most popular technique at present is to use the hydrogen 

bubbles generated at a fine wire cathode by the passage of a D. C. current 

through the flow. This method was invented by Raspet and Gel ler at 

Mississippi State College and subsequently improved by Clutter et al 

(Refs. 19, 20) for qualitative visualisation of flow about a i rcraf t models 

in a water tunnel. Lukasik and Grosch (Ref. 6 9) attempted to use 

hydrogen bubbles to measure velocity profile of laminar flow of water 

between parallel plates. Their electronic techniques were rather 

sophisticated but the observed velocities were widely scattered about the 

known parabolic velocity profile. 

Schraub et al attempted to use hydrogen bubbles to investigate 

a two dimensional boundary layer on a flat plate (Ref. 95). They 

claimed that the hydrogen bubble technique is valuable in flows where 

constant current hot wire probes are at their greatest disadvantage. 

That is , in low speed flows with large scale , low frequency velocity 

fluctuations or reversa ls . Among the disadvantages discussed by 

Schraub et al is the excessive time for data reduction, the necessity 

for precise strip lighting and the non uniformity of bubble formation. 

The f irst disadvantage listed probably accounts for the fact that only 

one velocity profile was published. 

Apart from the formidable amount of work involved in reduction 
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of flow tracer observations, the work of Hama (Ref. 44) suggests that the 

results obtained may be strongly suspect. Hama computed numerically 

the streaklines and pathlines present in a boundary layer perturbed by a 

constant amplitude sinusoidal wave. He demonstrated that velocities 

determined by photographing marked particles can be seriously in error 

and this probably accounts for the difference in results obtained by flow 

visualisation and other techniques, such as hot wire anemometry. 

In view of these two principal disadvantages, it was decided not 

to attempt velocity measurement by flow visualisation methods. 

Al. 3. 6 Hot Wire and Hot Film Anemometers 

The hot wire anemometer was first used in 1894 and this was 

followed by the classical work of King in 1914 (Ref. 60). Since then 

hot wire anemometers have become an essential tool in aerodynamic 

research and several reliable instruments are commercially available. 

The hot wire anemometer utilises the fact that the electrical re -

sistance of a conductor varies with its temperature. The temperature 

of a fine electrically heated wire exposed to a fluid stream depends on 

the temperature^composition and velocity of the stream. Other factors 

being Constantsa resistance measurement of the wire indicates its 

temperature, and hence the stream velocity. The output of a hot wire 

anemometer is approximately proportional to the square root of the 

stream velocity as shown in Fig. 40. 
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Compared to a pitot tube - manometer system the hot wire has 

several advantages: it is sensitive to low velocities, very sensitive to 

turbulent velocity fluctuations, and the output may be processed electron-

ically to investigate flow turbulence. However, as pointed out in the 

previous section in the discussion of hydrogen bubbles, hot wires may 

only yield qualitative results in very low speed flows with large scale, 

low frequency turbulence or flow reversals, 

a. Directly Heated Systems 

Hot wire anemometers are usually directly heated instruments in 

that the hot wire acts as both the heated element and the temperature 

sensor. Hot wires are operated on either the constant current or 

constant temperature principle. In the former the current through 

the wire remains constant and the resistance is measured to indicate 

velocity. In he latter, the power required to maintain a constant 

temperature difference between the wire and its surroundings indicates 

the velocity. The electronics necessary for constant temperature op-

eration are more complex than those for constant current operation 

but the former is more sensitive to low frequency turbulence. 

Hot Wires in Water 

Both Kolupaila (Ref. 63) and Corrsin (Ref. 22) refer to use of hot 

wires in water by Richardson in 1934. Richardson further reported 

the use of a hot wire in a ship's towing tank in 1948 (Ref. 85). No 
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mention was made of the usual problems (discussed subsequently) assoc-

iated with a hot wire in water. Kolupaila (Ref. 6 3) also quotes work by 

Maruo and Matsubara, at Yokahama University, who found that it was 

necessary to clean the wire before every measurement. Stevens et 

al (Ref. 98) found that hot wires would not maintain a stable calibration 

when used in water. They recommended use of A. C. heating to prevent 

polarization effects, use of a protective coating, and thorough filtering 

of the water being used. 

Hot Films in Water 

Ling and Hubbard (Ref. 66) invented the hot film anemometer which 

they claim is superior to the hot wire in that it is more robust, has 

superior dynamic response, lower signal to noise ratio and less subject 

to fouling. The probe consists of a platinum film fused to the end of 

an acutely tapered glass wedge. 

Several instances of the use of a hot film probe in water have 

been recorded. Grant et al (Ref, 42) used a hot film probe fitted with 

retractable flushing jets in the ocean. They found that fouling by 

minute marine organisms occurred and readings of only two minutes' 

duration were obtainable. Tan and Ling (Ref. 101) used a hot film 

probe in a water tunnel but made no mention of calibration drift. 

Abbott and Kline (Ref. 2) found that to avoid bubble formation and 

fouling it was necessary to use filtered, softened and deaerated water. 
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The minimum mean velocity detected was 0. 15 feet per second and the 

instrument was useless in regions of flow reversal . Gibson and Schwarz 

(Ref. 38), and Rosier and Bankoff (Ref. 86), have used a hot f i lm in 

demineralised water. 

Runstadler (Ref. 90), and Grant and Kronauer (Ref. 41), have dis-

cussed the problems associated with using a hot f i lm probe in water. 

The main factors affecting stable operation are : -

(i) Dirt Contamination: Even microscop i c particles and organisms 

can cause drift so that filtered water appears to be essential. 

(ii) Dissolved Gases: Small bubbles tend to accumulate on the probe 

surface so effectively insulating the probe f r o m the flow and causing 

an underestimate of velocity. Not only does the probe sweep out 

bubbles intercepting it but bubbles also tend to swim towards the 

hotter water in the vicinity of the probe surface, or come out of 

solution because of the lowered water density in this region. 

Methods of removing dissolved gases in order of e f f ic iency are 

distillation, application of a vacuum, passage through a convergent-

divergent nozzle and long term quiesence. 

(iii) Polarization: As with conductivity measuring devices , it is an 

advantage to use A, C. heating of the probe to prevent electrode polar-

ization. 

(iv) Chemical Impurities: Dissolved halogens (e. g. Chlorine) tend to 
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attack the sponge platinum end connections to the probe and also the 

probe surface. Scale deposits form on the probe surface when it is 

used in hard water. 

(v) Electrical Conductivity: Water of high conductivity provides a 

parallel bypass for the electrical current flowing through the hot film. 

It is necessary to carry out a specific calibration in water whose con-

ductivity exceeds 1 micromho. 

(vi) Effect of Boundaries: Wills (Ref. 107) found that when a hot wire 

anemometer is used close to a heat conducting boundary in air flow that 

the heat absorbed by the boundary causes the meter to over register. 

This effect would be more pronounced in water flow as the intervening 

fluid has a higher thermal conductivity. 

(vii) Boiling: If the overheat temperature (the difference in temperature 

between the probe surface and the surrounding fluid) is too high, a film 

of insulating steam may form on the probe so causing the meter to 

under-register. On the other hand, if the overheat temperature is too 

low^the probe becomes insensitive to small velocity changes. 

As it was impractical to treat the quantities of water involved in 

the proposed experiment to alleviate problems (i), (ii) and (iv) above, 

and as problem (v) remains when working in saltwater, it was decided 

not to attempt to use a hot film probe for velocity measurement in the 

present project. 
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Thermistors in Water 

Hot wire and hot film sensors are usually made from platinum or 

tungsten alloy but Lumley (Ref. 70) has shown that non-metallic thermistor 

material has some advantages over metals as a sensing element. 

Thermistor material has a higher temperature coefficient of resistance 

than platinum and is therefore potentially more sensitive than platinum 

as a sensing element. Also the resistance of a thermistor probe is 

about one thousand times that of the same size platinum probe so that 

the electronic system may be more robust for the former. Thermistor 

material is adversely affected by contact with water, however, so a pro-

tective coating must be applied to the probe. 

Ellison and Turner (Ref. 31) used a commercially available glass 

enclosed bead thermistor probe for velocity measurement in a turbulent 

saltwater jet. The thermistor formed one arm of a simple A. C. ex-

cited Wheatstone, bridge and the bridge out of balance was taken as the 

velocity indication. The probe was calibrated by placing it in a trans-

parent pipe and timing the passage of a patch of dyed fluid between two 

marks. Variations in ambient temperature of the water were allowed 

for by obtaining calibrations at various temperatures. Velocities 

were measured in the range 0. 03 to 0. 6 feet per second with an 

alleged accuracy of t lo per cent. The accuracy was probably con-

siderably less than this, however, as large scale turbulence in the 
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flow caused the out of balance detecting meter to waver and a mean read-

ing was obtained by "averaging by eye". Also when the velocity observ-

ations were subsequently analysed the results were inconclusive and the 

method was abandoned. 

Crow (Ref. 23) attempted to make a directly heated bead therm-

istor probe by suspending a small bead thermistor between the two 

arms of a yoke and insulating the whole with rubber solution, A 

simple Wheatstone bridge circuit was used for resistance measure-

ment and variations in ambient temperature were allowed for by in-

cluding a dummy thermistor in one arm of the bridge. Crow found 

that the probe was unsatisfactory as in order to obtain sufficient 

sensitivity it was necessary to drive the thermistor into its unstable 

range. Also the probe was too flimsy for use in a hydraulic 

laboratory. 

Rasmussen (Ref. 82) investigated the use of thermistors in 

moving fluids (in connection with free falling oceanographic probes) 

by rotating a glass coated bead thermistor in a Dewar jar. For con-

stant current operation he showed that a thermistor probe was practically 

insensitive to velocity change above 0.. 2 feet per second; in fact, for 

simple electronics, the resistance appears to be constant above 0. 4 

feet per second. He also showed that sensitivity to changes in ambient 

temperature can only be achieved by using a high overheat temperature 
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and this probably results in bubble formation and consequent instability. 

(Rasmussen was unable to observe the phenomenon of bubble formation in 

the Dewar jar). He also mentioned the likelihood of instability due to 

fouling if a probe is used in untreated water. 

Rasmussen examined theoretically the constant temperature op-

eration of a thermistor probe and showed that the ratio of velocity 

sensitivity to ambient temperature sensitivity at the same overheat 

was independent of the method of operation. Constant temperature 

operation requires more complicated electronics than constant current 

operation so the latter system is obviously preferred (for determination 

of mean velocities at least). 

Veprek (Ref. 104) has published details of a volumetric flow meter 

using a thermistor as the velocity detecting element. The thermistor 

was mounted coaxially in a fine bore tube and the whole apparatus 

immersed in a constant temperature bath to minimise ambient temperature 

effects. The rapid decrease in velocity sensitivity above 0. 2 feet per 

second is again apparent in his calibration curves . Veprek mentioned 

that aged thermistors are necessary to mitigate calibration drift. 

Crow (Ref. 23) suspected that drift occurred in his thermistor probes 

but did not check for this effect. 

Eagleson and van de Watering (Ref. 30) have designed a non-

directional thermistor probe for detecting orbital speeds below the 
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surface of water waves. The upper limit of the velocity range was ex-

tended to 1. 5 feet per second by using constant temperature operation and 

a complex linearising circuit. Calibration curves were obtained for 

ambient temperatures matching those of the experiments. No mention 

was made of bubble formation or fouling affecting probe performance, 

nor was thermistor drift with age considered. 

Lumley (Ref. 70) has reported attempts to make a hot f i lm probe 

for use in water by using thermistor material. He argued that in 

order to raise the effective velocity range of a thermistor probe it is 

necessary to use a thin f i lm of thermistor m.aterial as the sensing element 

and not a solid bead. The main difficulty in making thin film thermistor 

probe appears to be obtaining a thin enough protective coating. 

Summarising the above attempts at using a thermistor probe 

in water: -

(i) Commercially available thermistors are only suitable for 

measuring velocities in water up to 0. 2 feet per second, although 

complex electronics may allov/ this range to be extended to 1. 5 feet 

per second. 

(ii) Variations in ambient water temperature are critical unless high 

overheat temperatures are used and this in turn is likely to cause 

bubble formation in untreated water, 

(iii) Fouling of probes and consequent under-registration is likely 



1 4 6 . 

in untreated water. 

(iv) Thermistor drift with age may necessi tate frequent calibration 

checks. 

In view of the above limitations, it was decided not to proceed 

with the development of a thermistor velocity meter , 

b. Indirectly Heated Systems 

Contrasting with the directly heated probes described in the 

previous section is the indirectly heated probe where the heating 

and temperature detecting systems are separate and e lec tr ica l ly in-

sulated from one another. 

Reverseau (Ref. 84) has described an indirectly heated probe 

consisting of a small metal cylinder with an externally wound heat-

ing coil and an internally mounted thermistor for temperature 

measurement. Constant temperature operation was used and the 

power necessary to maintain an overheat of 5°C taken as the measure 

of velocity. No calibration details were given. 

Crow (Ref. 23) attempted to calibrate a probe s imi lar to that 

of Reverseau but with constant current operation of the heater . The 

resistance of the thermistor was detected with a Wheatstone bridge 

with a dummy thermistor in one arm to compensate for ambient 

temperature variations. The probe was calibrated in a towing tank 

but the calibration was unstable, mainly because of : -
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(i) Variations in ambient temperature in the towing tank. The comp-

ensating dummy thermistor was held stationary in the tank but vari -

ations in water temperature of 0. along the towing length were 

sufficient to alter the calibration significantly. 

(ii) Accumulation of gas bubbles on the heated coil occurred at the 

overheat temperatures necessary to obtain adequate sensitivity. 

(iii) Accumulation of dirt on the coi l surface when the probe was 

used in untreated water. 

Clayton and F a r m e r (Ref. 18) have published details of an 

indirectly heated "hot cone" probe for measuring low velocities in 

air and water flow. A small copper cone was heated with a constant 

current coil and its temperature measured with a thermopile whose 

"cold" junctions were exposed to the ambient flow so compensating 

for variations in ambient temperature. The instrument was cal -

ibrated in a small rotating tank over a velocity range of 0. 1 to 1. 0 

feet per second and its sensitivity was adequate up to about 0. 6 feet 

per second. 

The published value of thermopile output indicates that an over-

heat of about lo'^C w âs used and, in the writer 's opinion, bubble 

formation would occur at this overheat^ so affecting the reliability of 

the instrument. Also the instrument as described was 0. 25 inches 

in diameter which precludes it f rom further consideration for "point" 
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velocity measurements in turbulent saltwater jets, 

Al . 3. 7 Other Methods 

Several other less conventional methods of measuring velocity 

were noted in the literature:-

a. Ultra-Sonic Meter 

Chalupnik and Green (Ref. 17) have used a Doppler shift meter 

to measure velocities in the ocean. The Doppler shift in frequency 

between a transmitted beam and a beam reflected by minute 

naturally occurring scattering particles in the seawater indicated the 

velocity of the scatterers relative to the instrument. 

The reported range of the instruments is from 0. 003 to 33 feet 

per second but the probe is too large and the electronics too costly 

for the present project. 

b. Electromagnetic Meters 

Kolin, working under Bakhmeteff in 1944, (Ref, 62) used an 

electromagnetic meter to obtain velocity profiles in an 0.67 inch 

diameter glass pipe. The pipe was surrounded by a large electro-

magnet which generated an alternating magnetic field and a min-

iature probe allowed measurements to be taken within 0. 02 inches 

of the pipe wall in the range 0. 2 to 7. 5 feet per second. Kolin 

mentions that precautions are necessary to prevent polarization and 

fouling of the electrodes. 
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Kolin also describes a miniature meter with the electromagnet 

WOUIEI integral with the sensing probe which allows measurements to be 

taken in large flows. Exact constructional and calibration details of 

this probe were not given. 

Grossman and Charwat (Ref. 43) used an electromagnetic vel-

ocity meter to determine mean and turbulent velocity components in 

water flow in a 1.73 inch diameter pipe. A D. C, external magnet 

provided the magnetic field but the low signal to noise ratio (up to 1.0) 

was not encouraging. 

Bowden (Ref, 15) used an electromagnetic meter for turbulence 

measurements in the ocean. The overall diameter of the instrument 

was about 4 inches which immediately eliminates it from further 

consideration, 

c. Electrolytic Methods 

Eskinazi (Ref. 32) has reported preliminary work on an electro-

lytic velocity meter which utilises the distortion of the current path 

between two electrodes when they are placed in a flow of electrically 

conducting fluid as the measure of velocity. 

Ranz (Ref. 81) investigated electrolytic methods and concluded 

that the chemical reactions involved were too unstable for consistent 

calibration to be obtained. 

Recently Reiss and Hanratty (Ref. 83) attempted to relate 
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turbulent velocity fluctuations in the laminar sublayer to the fluctuating 

mass transfer rate in the vicinity of a small e lectrode placed flush 

with the inside of a pipe wall. Their results indicated that the method 

requires further development to be re l iab le . 

It would appear that electrolytic methods of measuring velocity 

are too unreliable at their present stage of development, 

do The Quartz Fibre Anemometer 

Tritton(Ref 102) has used a small cantilevered quartz f ibre for 

mean and turbulent velocity measurements in air flow. The difficulties 

involved in observing a quartz fibre in a large tank of water are prob-

ably insurmountable. 

A l . 4 Recent Methods of Velocity Measurement 

Some new developments in measuring low velocit ies in water 

have been noted since completing the above literature review, 

a. The Thermal Pulse Meter 

Piquemal and Truchasson (Kef. 77) have devloped a meter which 

times the passage of a small patch of heated water between a heater 

and a pair of conductivity measuring electrodes. A pair of dummy 

conductivity electrodes upstream of the heater compensates for 

changes in ambient temperature. 

The mstrument is inapplicable to measurement in turbulent 

saltwater jets as the conductivity probe would be unable to distinguish 
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between conductivity changes due to heating and those due to salinity. 

b. The Quartz Coated Hot F i lm Anemometer 

Thermo-Systems Inc.. (Ref. 11) have developed a cylindrical plat-

inum hot fi lm probe with a thin quartz protective coating. The sensor 

is similar in shape and size to a conventional hot wire and it is claimed 

that the problems of current bypass and electrolysis are eliminated 

while surface contamination by dirt and dissolved gases is reduced. 

The problems of fouling by elongated particles and over-registration 

when working close to a heat conducting boundary still remain. 

The makers recommend that the probe should only be used in 

water treated to remove dissolved gases and filtering is probably 

also necessary if the probe is to be used for long term measurements. 

This device appears to be the most reliable presently available for 

measuring mean and turbulent velocities in treated water. 

c. The Cold Tip Velocity Meter 

Many of the problems arising f rom the use of heated probes in 

water are overcome if the heat flow is reversed, that is if the heating 

of a cool probe by a water flow is taken as the measure of velocity. 

Harris (Ref. 48) has reported preliminary work on a cold tip velocity 

meter which uses a thermoelectric refr igerator to cool a conical 

tipped probe whose temperature is measured by a separate thermo-

couple. 



152. 

The i n s t r u m e n t is s t i l l in the p r o c e s s of d e v e l o p m e n t but a p p e a r s 
p romis ing . 
d. The Tande l Sensor 

Veprek (Ref. 105) has invented a new di e l e c t r i c componen t which 
he c l a i m s is m o r e sens i t i ve to ve loc i ty changes in a f lowing f lu id than 
a t h e r m i s t o r . If appl icable to w a t e r flow th i s T a n d e l s e n s o r would 
allow lower ove rhea t s to be used and m o r e s t a b l e c a l i b r a t i o n s would 
probably r e s u l t . 
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APPENDIX 2. 

Details of the Rotating Tank for Calibrating the 
Eagnold Velocity Meter. 

A2. 1 Methods of Calibrating Velocity Meters 

Velocity meters may be calibrated in a number of ways: -

a. By towing at a known speed in a tank of still water. 

b. By holding the meter stationary in a rotating tank of water, 

c. By placing the meter at a point in a flow where the velocity 

can be predicted f rom previous experiments. 

d. By comparison with readings f rom a calibrated meter at the 

same point in a flow. 

Evaluating each method in detail: 

a. Towing Tanks 

A straight towing tank must be fairly long (say at least 50 feet) 

if a steady velocity is to be obtained over a sufficient period. Also 

the towing carriage and running rails must be vibrationless for 

accurate calibrations and the carriage should be large enough to house 

the ancillary systems of the meter being calibrated. When a meter is 

towed through the tank the resulting disturbance to the water in the tank 

should have been damped out by viscous dissipation before the next run 

is made. For this reason conventional hydrographie current meters are 

usually calibrated in large ship model towing tanks. 
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Longitudinal temperature gradients in the water in a long straight 

tank may affect the calibration of temperature sensitive meters« Crow, 

for example, recorded variations of 1. 3°F in a relatively short (26 feet 

long) indoor towing tank at the Water Reseach Laboratory (Ref. 23). 

Circular towing tanks are usually preferred for calibrating 

miniature current meters. The D, S, L R, meters used at Wallingford 

are calibrated in an annular tank 12 feet in diameter and a similar 

tank is in use at the Public Works Department Hydraulic Laboratory 

at Manly Vale. A small annular tank has the advantages that 

temperature gradients are negligible and the water can be readily 

changed» The main disadvantage of towing a meter in an annular tank 

is that the instrument ancillary systems must rotate with the meter. 

To calibrate a Bagnold meter in an annular towing tank, it would be 

necessary to provide slip ring contacts for e lectr ical connections to 

the conductivity meter and a rotating siphon in the freshwater supply 

tank. 

b. Rotating Tanks 

Holding the meter stationary in an annular rotating tank has the 

advantages that the meter ancillary systems are also stationary and 

minor adjustments to the meter are possible without stopping the tank. 

The main hydraulic requirements of an annular rotating tank are:-

(1) The liquid should rotate at the same speed as the tank. Radial 
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baffle plates are usually fitted for this purpose, 

(ii) The circulation within and between the cells formed by the baffle 

plates should be small. 

(iii) The tank rotation should be smooth so that the water is turbulence 

free for practical purposes. 

(iv) The wake produced by the meter should decay in less than one 

revolution of the tank. 

c. Use of a Flow of Known Velocity 

Bagnold calibrated the original meter by inserting the nozzle in 

a converging ori f ice (Ref. 13). The only reference to velocity profiles 

in a converging ori f ice noted in the literature was in a paper by Kolin 

(Ref. 6 2) who measured a few profi les with his electromagnetic velocity 

meter. No comprehensive details of velocity profiles for various flow 

regimes could be found so that it would probably be necessary to cal -

ibrate an orif ice with the velocity meter (to obtain relative velocities 

and then integrate the velocity profile to match it with the discharge) 

before it could be used to calibrate the meter, 

Ellison and Turner (Ref. 31) calibrated a thermistor velocity 

meter by placing it in a transparent pipe and timing the passage of a 

patch of dyed liquid between two marks. Providing a wall tapping 

for insertion of the Bagnold meter in a pipe would have been difficult. 
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d. C a l i b r a t i o n Aga ins t A n o t h e r M e t e r 
T h i s me thod w a s i n a p p l i c a b l e as no o t h e r m e t e r of a d e q u a t e 

r ange was ava i l ab l e . 
Of the above m e t h o d s f o r c a l i b r a t i n g the v e l o c i t y m e t e r a s m a l l 

annu la r ro t a t ing tank a p p e a r e d to be the m o s t a t t r a c t i v e . 
A2. 2 Des ign D e t a i l s of a Ro ta t ing C a l i b r a t i o n T a n k 

The m a i n d e t a i l s of the r o t a t i n g t ank u s e d a r e shown in F i g . 48 
while F i g . 49 is a pho tograph of the t ank in o p e r a t i o n . 

The m a i n f e a t u r e s of the d e s i g n a r e : -
(i) Use of a c e n t r a l b e a r i n g in t he f o r m of a b i c y c l e w h e e l hub 
for smoo th running . The ou t s ide of the r i m of t he w h e e l a l s o 
s e r v e s as a l a r g e d i a m e t e r pu l ley f o r the d r i v i n g b e l t . 
(ii) The s t epped pul ley s y s t e m f o r s p e e d s e l e c t i o n . T h e s t e p p e d 
pul leys a r e f i t ted on a swinging a r m which d i s p e n s e s wi th a j ockey 
pul ley fo r ma in t a in ing d r i v e be l t t e n s i o n . T h e s t e p p e d p u l l e y s a r e 
des igned to p roduce t a n g e n t i a l v e l o c i t i e s of 1 . 0 , 0 . 5 , 0 . 2 5 , 0 . 1 , 
0. 05 and 0. 03 fee t p e r second at a point in the t a n k m i d w a y b e t w e e n 
the v e r t i c a l s i d e s of the U s lo t in the b a f f l e p l a t e s , 
(iii) I so la t ion of the m o t o r d r i v e uni t f r o m the t a n k b a s e wi th 
r u b b e r b u s h e s on the connec t ing bo l t s and the u s e of a r u b b e r tube 
m o t o r coupl ing to inhibi t v i b r a t i o n . A l s o the t a n k b a s e and d r i v e 
unit w e r e se t up on sponge r u b b e r b l o c k s f o r t he s a m e p u r p o s e . 
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(iv) Over design of the electric motor to prevent speed changes with 

varying load. 

Clayton and F a r m e r (Ref. 18) have described a similar rotating 

tank although it can be claimed that the present tank was developed in-

dependently as reference to Clayton and F a r m e r ' s paper was drawn to 

the writer's attention after the latter was built. They used a variable 

speed motor drive with stroboscopic speed detection. Although a 

belt drive by a stepped pulley system is not as flexible as a variable 

speed motor drive it has the advantages that drift in motor speed is 

eliminated and speed adjustment is simplified. 

A2. 3 Performance of the Tank 

The tank was filled with saltwater to a level about 0, 125 inches 

below the top of the baffle plates and the velocity meter was immersed 

in the tank to a depth of about 0. 75 inches as shown in Fig. 50. Small 

pieces of paper wire sprinkled on the water surface and the surface 

flow patterns observed at the various speed settings. It was noted 

that: 

(i) Small starting vortices occurred on the start of rotation but these 

died out after one revolution. 

(ii) Large scale circulation within and between cells was negligible 

at all speeds. At the highest speed of 1. 0 feet per second the paper 

markers rotated in the lee of the baffle plates at the rate of two to 
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three revolutions per revolution of the tank but this was not serious 

as the velocity meter cannot be used in this zone. 

(iii) The wake behind the meter was small and died out in one quarter 

of a tank revolution at the maximum tank speed. 

No variation in tank speed was detectable after about one 

hundred hours of operation. 
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APPENDIX 3. 

Literature Review of Methods of Density Measurement for Control of 
Preparation of Saltwater Solutions and at a Point in a Turbulent Saltwater 

Jet. 

A3. 1 General Remarks 

Density measurement was required f o r control of preparation of 

saltwater solutions as well as at a point in the turbulent saltwater jet. 

For engineering experiments the accuracy required for density 

measurement is much less than for other purposes. For example, the 

techniques for density measurement used in oceanography are far too 

precise for the present project. 

A3. 2 Description and Evaluation of Methods for Control of Preparation 
of Saltwater Solutions 

A3. 2. 1 Direct Weighing 

A known volume of the saltwater solution is accurately weighed 

and the density computed directly. A glass "spec i f i c gravity" bottle 

with drilled and ground stopper is commonly used. Ellison and Turner, 

for example, used this method for a laboratory study of two dimensional 

turbulent saltwater jets (Ref. 31). 

The specific gravity bottle is calibrated to contain a specified 

volume at a stated temperature e . g . 50 ml. at 20°C, Change in volume 

due to variations in temperature may be estimated f rom the volumetric 

change equation (Ref. 80) but this change in volume is negligible for 

Pi^ctical purposes over the normal range of hydraulic laboratory 
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temperatures . F o r control of sa l twater m i x e s quick a c c u r a t e weighings 

are necessary ; an automatic e lec t ron ic balance will p e r f o r m such weigh-

ings but none was available at the s tar t of the p r o j e c t . 

A3. 2. 2 Application of Archimedes ' P r i n c i p l e 

The density of a liquid may be determined by adjusting the mass of 

a buoyant hydrometer to i m m e r s e a speci f ied volume. This is called 

a constant volume hydrometer and cons i s t s of a n o r m a l hydrometer with 

a pan attached to the s tem (Ref . 80). Weights a re added to the pan to 

i m m e r s e the stem to a graduated m a r k but the balancing p r o c e s s is 

t ime consuming and the instrument is not d i rec t reading. 

The constant m a s s hydrometer is p r e f e r r e d to the constant volume 

type as the volume i m m e r s e d is shown on the graduated s t e m which 

indicates density direct ly . Although the hydrometer is made of 

glass , and is hence fragi le by hydraulic l abora tory s tandards , it is 

cheap and readily replaced» Use of a constant m a s s hydrometer was 

considered to warrant further investigation. 

A third method is to weigh a non-buoyant s inker in the liquid 

whose density is required. Specia l ised ba lances a re avai lable for 

this purpose. Hart, for example, used a Westphal ba lance of least 
_ 4 

count 1 X 10 grams per ml. for sal twater mixing contro l in a je t 

discharge experiment (Ref. 49) while F r a n k e l and Gumming used a 

Sartorius balance for mixing control of sugar solutions in an ocean 
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outfall m o d e l (Ref . 35). A l t e r n a t i v e l y a c o n v e n t i o n a l a n a l y t i c a l b a l a n c e 
with b r idge o r b a s e p l a t e h o l e m a y be u s e d . S c h o e n e c k and W a n n i n g e r 
have d e s c r i b e d t h i s l a t t e r t e c h n i q u e and showed tha t when the n e c e s s a r y 
cor rec t ions a r e app l i ed an a c c u r a c y of - 1 x 10"^ g m . p e r m l . i s p o s s i b l e 
(Ref. 94). S a u n d e r s h a s u s e d t h i s t e c h n i q u e f o r p r e p a r i n g s a l t w a t e r s o l -
utions (Ref. 91). L a c k of a s u i t a b l e b a l a n c e e l i m i n a t e d the h y d r o s t a t i c 
balance me thod f r o m f u r t h e r c o n s i d e r a t i o n . 

A3. 2. 3 O t h e r M e t h o d s 
Analys i s of s a m p l e s by c h e m i c a l t i t r a t i o n h a s b e e n u s e d f o r m i x i n g 

control of v e r y d i lu te s a l t w a t e r ( = 0. 06 pc . ) so lu t ions by 
F ranke l and G u m m i n g (Ref . 35). A. S. T . M. S t a n d a r d Method A us ing 
m e r c u r i c n i t r a t e f o r t i t r a t i o n of c h l o r i d e ion w a s c l a i m e d to y ie ld an 
accuracy wi th in - 2 pc (Ref . 6). C h e m i c a l t i t r a t i o n w a s c o n s i d e r e d to 
be too t i m e c o n s u m i n g a m e t h o d of d e n s i t y c o n t r o l . 

The Pub l i c W o r k s D e p a r t m e n t H y d r a u l i c L a b o r a t o r y at Man ly 
Vale u s e s conduc t iv i ty m e a s u r e m e n t f o r s a l t w a t e r m i x i n g c o n t r o l in 
tidal m o d e l s . A s a m p l e of the s a l t w a t e r be ing m i x e d is c o m p a r e d with 
a s tandard s a m p l e ( p r e p a r e d by t i t r a t i o n ) of known d e n s i t y by m e a n s of 
a conductivi ty b r i d g e wi th a c o m p a r i s o n f a c i l i t y . T h e d e n s i t y of the 
f r e s h w a t e r s t i l l r e m a i n s to be d e t e r m i n e d by s o m e o t h e r m e t h o d , 
however. It w a s d e c i d e d t ha t m i x i n g c o n t r o l by conduc t iv i ty m e a s u r e -
ment would w a r r a n t i n v e s t i g a t i o n if c o n t r o l by h y d r o m e t e r p r o v e d to be 
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unsatisfactory. 

A3. 3 Description and Evaluation of Methods of Measuring the Mean 
Density at a Point in a Turbulent Saltwater Jet 

A3, 3. 1 Analysis of Discrete Samples Withdrawn from the Flow 

In turbulent saltwater jets the density at a point varies widely and 

randomly. The mean density at a point may be determined by analysing 

a discrete sample obtained by slow siphoning through a fine bore tube so 

that the time of collection of the sample is much greater than the period 

of the density fluctuations. 

The density of the withdrawn samples may be determined by a 

variety of means. A common method is to use a commercially avail-

able conductivity bridge which relies on the correlation between sodium 

chloride concentration and electrical conductivity. Such bridges are 

refinements of the classical bridge used by Kohlrausch in 1898 and re-

ferred to by Keulegan (Ref. 58). The common conductivity bridge is 

essentially an A. C. excited Wheatstone bridge which measures the 

impedance of a sample of aqueous solution between two exposed met-

allic electrodes in a cell which forms one arm of the bridge. Most 

comnB rcially available bridges claim an accuracy of t 2 pc. or 

better. ^agaard and van Haagen have described an apparently 

superior bridge which utilises the aqueous solution as an inductive 

link between two protected toroidal coils but unfortunately this bridge 
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is not c o m m e r c i a l l y a v a i l a b l e (Ref . 1). A n a l y s i s of d i s c r e t e s a m p l e s 
f rom tu rbu len t s a l t w a t e r f l ows by c o n d u c t i v i t y b r i d g e h a s b e e n u s e d by 
Ippen et al , L o f q u i s t , M a c a g n o and R o u s e , and P r y c h et al ( R e f s . 53, 68, 
71,79). 

The U. S. C o r p s of E n g i n e e r s have a n a l y s e d d i s c r e t e s a m p l e s by 
chemical t i t r a t i o n in a t i d a l e s t u a r y m o d e l (Ref . 5). A. S. T. M. S tanda rd 
Method B us ing s o d i u m n i t r a t e t i t r a t i o n of r e l a t i v e l y high c h l o r i d e ion 
concen t ra t ions was found to be s u i t a b l e (Ref . 6). Ippen et al a l s o t r i e d 
this method but changed to c o n d u c t i v i t y b r i d g e m e a s u r e m e n t a f t e r a 
few t e s t s as the f o r m e r w a s too t i m e c o n s u m i n g (Ref. 53). Apar t f r o m 
the t ime r e q u i r e d to p e r f o r m t i t r a t i o n s it was f e l t tha t the p r e c i s i o n 
glass b u r e t t e s e t c . n e c e s s a r y f o r t h i s type of a n a l y s i s w e r e too f r a g i l e 
for use in an h y d r a u l i c l a b o r a t o r y . 

The m a i n a d v a n t a g e of the w i t h d r a w a l s a m p l i n g me thod is tha t a 
mean dens i ty r e a d i n g is o b t a i n a b l e with r e l a t i v e l y s i m p l e a p p a r a t u s . 
The m o r e c o m p l e x m e t h o d s of point d e n s i t y m e a s u r e m e n t u s u a l l y r e l y 
on wi thdrawal s a m p l i n g as an i n d e p e n d e n t check on i n s t r u m e n t a t i o n . 

The m a i n d i s a d v a n t a g e of w i t h d r a w a l of d i s c r e t e s a m p l e s in con-
junction with d e n s i t y m e a s u r e m e n t by conduc t iv i t y b r i d g e is the t i m e 
requi red to ob ta in a s a m p l e of s u f f i c i e n t v o l u m e f o r u s e with t y p i c a l 
i m m e r s i o n type conduc t i v i t y c e l l s . T h e ou t s ide d i a m e t e r of the wi th -
drawal p robe i m m e r s e d in t he f low should be s m a l l to m i n i m i s e flow 
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d i s t u r b a n c e , whi le the ve loc i ty of w i t h d r a w a l shou ld not e x c e e d the flow 
ve loc i ty at the p robe t i p if "po in t " s a m p l i n g is to be o b t a i n e d . The net 
r e s u l t of t h e s e two condi t ions is a v e r y s m a l l f low r a t e t h r o u g h the 
s iphoning l ine so tha t the s a m p l e c o l l e c t i o n t i m e is a p p r e c i a b l e - typ -
ica l ly two to t h r e e m i n u t e s . A l so t h e r e is a s i m i l a r t i m e d e l a y when 
the probe is sh i f t ed to a new s t a t i o n as the s iphon ing tube m u s t be 
comple t e ly f lushed b e f o r e co l l ec t i on of a n o t h e r s a m p l e . 

Also it is n e c e s s a r y to e n s u r e tha t the t e m p e r a t u r e of the s a m p l e s 
does not change be tween the t i m e of w i t h d r a w a l and the t i m e of conduct -
ivity m e a s u r e m e n t . Th i s is b e c a u s e the s p e c i f i c c o n d u c t i v i t y of s a l t -
w a t e r i n c r e a s e s by about 2 pc. p e r (Ref . 58). S a m p l e j a r s should 
t h e r e f o r e be i m m e r s e d in a ba th with a w a t e r supp ly c i r c u l a t e d f r o m 
the mode l being t e s t e d . 

To s u m m a r i s e , it would a p p e a r tha t w i t h d r a w a l of d i s c r e t e s amp le s 
is a p roven method of obta ining the m e a n d e n s i t y at a point in a tu rbu len t 
s a l t w a t e r flow. This me thod is u s e d as a c h e c k f o r m o r e s o p h i s t i c a t e d 
t echn iques . It was dec ided tha t w i t h d r a w a l s a m p l i n g in c o n j u n c t i o n 
with conduct iv i ty m e a s u r e m e n t could be u s e d as a s t a n d b y if l e s s t ime 
consuming me thods fa i l ed . 

3. 2 Ana lys i s of Cont inuous ly W i t h d r a w n S a m p l e s 
Ins tead of co l l ec t ion of d i s c r e t e s a m p l e s , it i s p o s s i b l e to mon i to r 

the conduct iv i ty of a s a m p l e cont inuously w i t h d r a w n f r o m the f low 
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through a s iphon ing p r o b e m o v e d f r o m s t a t i o n to s t a t i o n . 
Cont inuous w i t h d r a w a l s a m p l i n g w a s u s e d by L inco ln et al in 

océanographie m o d e l s (Réf . 6 5). T h e c o n d u c t i v i t y c e l l w a s m a d e f r o m 
perspex tube in la id wi th a n n u l a r s i l v e r e l e c t r o d e s and the ce l l was 
connected in s e r i e s wi th an A. C. vo l t age s o u r c e and a load r e s i s t a n c e 
whose output w a s a m p l i f i e d , r e c t i f i e d and d i s p l a y e d on a ca thode r a y 
osc i l loscope . T h i s i s a c i r c u i t t y p i c a l of d i r e c t r e a d i n g o r s e r i e s 
type conduct iv i ty m e t e r s . C o n d u c t i v i t y f l u c t u a t i o n s in o c e a n o g r a p h i c 
m o d e l s a r e of an o r d e r of m a g n i t u d e l e s s t han t h o s e in t u r b u l e n t s a l t -
water j e t s so it i s doub t fu l w h e t h e r t h i s s y s t e m would w o r k without 
modi f ica t ion in the l a t t e r c a s e . 

The U. S. C o r p s of E n g i n e e r s s i phoned con t i nous ly t h rough a 
smal l b o r e tube in to a c h a m b e r con ta in ing a c o m m e r c i a l conduc t iv i ty 
cell connec ted to a r e c o r d i n g m e t e r (Ref . 5). T h e y w e r e t e s t i n g a 
tidal r i v e r m o d e l w h e r e c o n d u c t i v i t y f l u c t u a t i o n s w e r e s m a l l c o m -
pared to t h o s e in a t u r b u l e n t s a l t w a t e r je t and the conduc t iv i ty r e c o r d -
ings w e r e u s e d to m o n i t o r t i d a l r e v e r s a l s . 

E l l i s o n and T u r n e r s i phoned s a m p l e s t h r o u g h a s i m p l e conduc t -
ivity ce l l c o n s i s t i n g of two l e n g t h s of s t a i n l e s s s t e e l h y p o d e r m i c tubing 
joined by a s l e e v e of po ly thene so t h a t t h e r e was a s m a l l gap b e t w e e n 
the ends of t he t u b e s (Ref . 31). T h e h y p o d e r m i c t ubes w e r e connec ted 
in s e r i e s wi th an A. C. vo l t age s o u r c e and a c u r r e n t m e t e r so f o r m i n g 
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an e l emen ta ry s e r i e s type conductivity m e t e r . No ment ion was made of 
fluctuations in m e t e r reading when this s y s t e m was used in a turbulent 
sa l twater jet . It is probable that the m e t e r was v e r y sens i t i ve to the 
wide fluctuations in conductivity p resen t in such je t s and that an es t imate 
by eye of the mean m e t e r reading was r e q u i r e d . 

It was decided that continuous wi thdrawal sampl ing in conjunction 
with conductivity m e a s u r e m e n t s wa r r an t ed f u r t h e r inves t iga t ion as 
this method is quicker than the ana lys is of d i s c r e t e s a m p l e s . 

^ Conductivity ¥ i ea su remen t with a D i r ec t ly Exposed P robe 
The quickest method of obtaining a mean dens i ty t r a v e r s e in a 

turbulent sa l twater jet is to m e a s u r e the conductivity with a s m a l l 
conductivity cell or probe exposed d i rec t ly to the flow. The probe 
must be smal l re la t ive to the d imens ions of the s a l t w a t e r flow being 
investigated for two r easons . F i r s t l y to m i n i m i s e flow d i s tu rbance 
and secondly for low spat ia l resolut ion; that is the probe mus t s ense 
the conductivity of a re la t ive ly smal l volume of liquid if "point" den-
sity measu remen t s a re to be obtained. P r o b e s s m a l l enough f o r use 
in hydraulic labora tory models a re not c o m m e r c i a l l y avai lable and 
have to be made for the pa r t i cu l a r p ro jec t in hand. 

The impedance of the probe is m e a s u r e d by e i t he r a conductivity 

bridge or s e r i e s type conductivity m e t e r ; both thase systems have been 
descr ibed previously. 
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Exposed P r o b e wi th C o n d u c t i v i t y B r i d g e 
S e v e r a l i n v e s t i g a t o r s h a v e u s e d a d i r e c t l y e x p o s e d p robe in con -

junction with a c o n d u c t i v i t y b r i d g e . L o f q u i s t u s e d a p r o b e with two 
fine p la t inum w i r e s c o n n e c t e d to a r e c o r d i n g conduc t iv i t y b r i d g e but m-ade 
no a t tempt to a n a l y s e the r e c o r d e r t r a c e to ob ta in m e a n point d e n s i t i e s 
(Ref. 68). H a r l e m a n et a l u s e d a p r o b e m a d e by f ix ing s m a l l p l a t i n i s e d 
platinum e l e c t r o d e s to a I / I 6 inch d i a m e t e r s t a i n l e s s s t e e l tube f o r a 
model e s t u a r y i n v e s t i g a t i o n (Ref . 46). T h e p r o b e f o r m e d one a r m of 
a s imple W h e a t s t o n e b r i d g e c i r c u i t wi th A. C. e x c i t a t i o n whi le a n o t h e r 
arm acted as the load r e s i s t a n c e f o r a r e c o r d i n g o s c i l l o g r a p h . The 
bridge was b a l a n c e d at a s t a t i o n w h e r e a v e r t i c a l p r o f i l e of d e n s i t y 
was r e q u i r e d at the m a x i m u m d e n s i t y f o r tha t s t a t i o n . The b r i d g e 
was thrown out of b a l a n c e at o t h e r po in t s on the p r o f i l e of d e n s i t y 
less than the m a x i m u m and the b r i d g e output w a s r e c o r d e d by t h e 
osc i l lograph. T h i s i s t he "ou t of b a l a n c e " m e t h o d of o p e r a t i n g a 
conductivity b r i d g e with a d i r e c t l y e x p o s e d p r o b e . A check on 
density r e a d i n g s w a s ob ta ined by w i t h d r a w i n g d i s c r e t e s a m p l e s at 
the mid depth at e a c h p r o b e s t a t i o n . No d e t a i l s w e r e g iven of the 
p rocess ing of the w a v e r i n g t r a c e on the o s c i l l o g r a p h c h a r t but it is 
suspected a m e a n d e n s i t y r e a d i n g was ob ta ined by a v e r a g i n g by eye . 
It is doubtful w h e t h e r t h i s p r o c e d u r e would be s u i t a b l e f o r r e c o r d i n g s 
f rom a t u r b u l e n t s a l t w a t e r j e t w h e r e the conduc t iv i t y f l u c t u a t i o n s a r e 
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of an order of magnitude greater than in an estuary model. 

Harleman et al mention several other important effects when 

using a directly exposed probe. They found that the probe electrodes 

had to be platinised to mitigate polarization effects (this is common 

practice with commercially available conductivity cells). They also 

noted that conductivity readings were reduced when working close to 

a boundary due to interference of the electrical current flow lines be-

tween electrodes. The experimental flume in which they were working 

with several probes simultaneously contained aluminium screens which 

provided a low resistance current path between probes and resulted in 

interference between probe readings. This interference was elimin-

ated by grounding the screens and this caused an increase in apparent 

conductivity by a factor of about two. 

Harleman et al also reported that they checked the probe calib-

ration after each vertical traverse at a particular station. This leads 

one to suspect that considerable calibration drift was occurring, prob-

ably due to excessive current flow between electrodes which was nec-

essary with the simplified electronics employed. 

Rumer has described a conductivity probe with bridge detection 

used in a study of dispersion of dilute saltwater through a porous column 

(Ref. 89). Two square platinum foil electrodes were attached by pro-

truding wires to a perspex supporting rod to form the probe. The probe 
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formed one a r m of an A. C. bridge and the bridge out of balance was 

detected by a recording osc i l lograph. The level of conductivity 

fluctuations in this situation was low so that the osci l lograph t r a c e 

was practically steady. Probe cal ibrat ion was performed in situ by 

filling the porous column with salt solutions of various densities and 

the calibration curve was l inear for the very smal l salt concentrations 

[ ( ^ j - 0. 15 pc . ) used. The probe cal ibrat ion during a test was 

checked by measuring the conductivity of a few samples withdrawn from 

the vicinity of the e lec t rodes with a c o m m e r c i a l conductivity bridge. 

Frankel and Gumming attempted to use a direct ly exposed probe 

with stainless s tee l e lec t rodes and conductivity bridge detection in an 

ocean outfall model (Ref . 35). The conductivity measurements were 

made in the jet formed by discharging f reshwater into a tank of saltwater 

of = 2. 5 per cent. They found that drift in probe cal ibration and 

temperature effects prevented re l iable corre la t ion between density 

and conductivity measurement . They were forced to abandon this 

fluid system and to discharge a jet of f resh water containing a very 

small concentration of salt as a t r a c e r ( l - f ) = 0. 03 per cent) into a 

tank of sugar solution. Although probe instability is overcome, sugar 

solutions have two object ional features ; f i r s t ly they take some days to 

clear after mixing and^secondly, they are subject to clouding bacter ia l 

growths. Probe cal ibrat ion remained constant at this lowered 
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salinity although temperature variations were found to affect the con-

ductivity readings. It is interesting to note that Frankel and Gumming 

claimed that conductivity varied by 10 pc. per '̂ C and not 2 pc. per 

as generally accepted. The conductivity bridge output was amplified 

and fed to a chart recorder . The recorder traces were processed on 

a semi automaticGOATchart scanning device to obtain mean readings 

and a cumulative frequency distribution of density fluctuations. Even 

with the chart scanning device the amount of work involved to obtain 

a mean density reading at a point was considerable. As the level of 

turbulence in Frankel and Gumming's model was probably c lose to 

that in the proposed model, it was apparent that the amount of work 

involved to obtain a series of mean density profi les would be formidable, 

Gibson and Schwarz have reported a system for determining the 

fluctuating component of conductivity at a point in a turbulent salt-

water flow (Ref. 37). Their "single e lectrode" probe consisted of 

a very fine platinum wire (0. 002 to 0. 0004 inch diameter) fixed in a 

glass holder with a tapered epoxy resin tip. The exposed c ross 

section of the wire acted as the point electrode and it was platinised 

to avoid polarization effects. An earthed wall of the experimental 

water tunnel acted as the distant electrode so that the system 

detected conductivity fluctuations in a very small volume of liquid 

surrounding the probe tip. Detection of conductivity fluctuations 
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was by a bridge circuit in conjunction with other sophisticated 

commercial electronic instruments. The apparatus was used for 

an investigation of equilibrium spectra behind a square mesh in a 

water tunnel (Ref. 38). Dilute saltwater of ( ^ ) about 0. 2 per cent 
^ o 

was introduced through fine holes in the mesh and the conductivity 

fluctuations were taken as the scalar measure of turbulence. No de-

tails of calibration or probe stability were given. 

Gibson and Schwarz's c ircuitry could probably be modified to 

yield mean point densities but the electronic instrumentation would be 

too expensive for the present investigation. 

Exposed Probe with .Series Type Conductivity Meier 

Keulegan has described a preliminary investigation of a conduct-

ivity probe with copper electrodes monitored by an elementary series 

type conductivity meter (Ref. 58). The probe was connected in 

series with an A. C. source and ammeter while a voltmeter was 

connected in parallel with the probe. This circuit was used for cal-

ibrating the probe in saltwater solutions but the performance of the 

probe in a practical model was nottested. Keulegan found that the 

probe was reasonably stable once a layer of reddish-brown compound 

had been allowed to f o rm on the electrode surfaces. The conductivity 

of saltwater was found to vary by 2 pc. per "̂ C. 

Prausnitz and Wilhelm developed a miniature conductivity probe 
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and a s soc i a t ed e l e c t r o n i c s fo r m e a s u r i n g both the m e a n and tu rbu len t 
components of a s m a l l volume of e l e c t r o l y t e in the v ic in i ty of the probe 
e l ec t rodes (Ref, 78). This was the f o r e r u n n e r of a s i m i l a r but s u p e r i o r 
s y s t e m developed by Lamb et al so only the l a t t e r work wi l l be reviewed 
in deta i l (Ref. 6 4). 

Lamb et al u sed a m.iniature p robe with a "point and r i n g " 
e l ec t rode s y s t e m . The point e l e c t r o d e c o n s i s t e d of the c r o s s 
sec t iona l end of a 26 gauge p la t inum w i r e while the r i n g e l e c t r o d e 
was a p la t inum wi r e r ing of exposed a r e a 0. 04 s q u a r e i n c h e s . The 
point e l ec t rode wi re was coaxia l with the po l a r ax is of the r ing 
e lec t rode while both w e r e held in pos i t ion by p o l y m e r r e s i n compound. 
The lead wi re s f r o m the e l e c t r o d e s w e r e p a s s e d th rough a s t a i n l e s s 
s t ee l tube which was ea r thed to provide a p r e f e r e n t i a l path to ground 
of any s t r a y c u r r e n t and so m i n i m i s e the e f f ec t of any e a r t h e d con-
duc tors in the vicini ty of the p robe . Th i s point and r i ng e l e c t r o d e 
s y s t e m m e a s u r e s the conduct ivi ty of a v e r y s m a l l vo lume of f luid in 
the vicinity of the point e l ec t rode w h e r e the e l e c t r i c a l c u r r e n t l ines 
are concent ra ted so that^for p r a c t i c a l pu rposes^ the conduct iv i ty 
m e a s u r e m e n t is at a "poin t" . 

The e l ec t ron i c s s y s t e m was r a t h e r s o p h i s t i c a t e d . B r i e f l y , the 
probe was connected in s e r i e s with an A. C. s o u r c e p rov id ing a 
c a r r i e r wave and a load r e s i s t o r to f o r m the p r o b e c i r c u i t . Va r i a t i ons 
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in conductivity of the liquid in the vicinity of the point electrode then 

resulted in amplitude modulation of the carr ier wave. The output from 

the probe circuit was amplified, demodulated and then processed to pro-

vide a mean conductivity and a mean square conductivity reading. Some 

of the electronic instruments, for example the wave analyser, used in 

the circuitry were not available for the present investigation. Lamb 

et al investigated the spatial resolution of the probe but did not report 

any practical use or calibration drift investigation. 

Kiser has outlined in brief a conductivity measuring system s im-

ilar to that of Lamb et al (Ref. 61). His conductivity probe was a 

"single electode" type similar to that of Gibson and Schwarz which 

utilises the grounded wall of the metal model tank as the distant 

electrode. The electronic circuitry was similar to that of Lamb 

et al except that the components required for measuring the turbulent 

component of conductivity fluctuations were omitted as only mean 

point densities were required. Nevertheless some of the commercial 

electronic instruments used were expensive and not available for the 

present project. The apparatus was used in a model of an axi-

symmetric submerged jet of very dilute saltwater released in a 

tank of saltwater of slightly lower density so that density difference 

effects were negligible. No calibration details were given. 

The literature reviewed indicated that the use of an exposed 
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probe to detect mean conductivity at a point in a turbulent saltwater 

jet would be either tedious or require complex e lectronics . If a 

simple conductivity bridge such as that of Frankel and Gumming is 

used then the processing of recorder chart traces is formidable. Also 

the simplified electronics require high e lectr ical current densities at 

the probe electrode surfaces which lead to calibration drift. On the 

other hand, if a series type conductivity meter such as that of Lamb 

et al is used to detect the conductivity sensed by the probe then ex-

pensive instruments are required to process the signal electronically 

in order to obtain a mean reading. 

The series type conductivity meter system has the advantages, 

however, that a mean density reading at the probe location is obtained 

quickly and directly and this is desirable for performing a ser ies of 

traverses through a turbulent saltwater jet. In view of these ad-

vantages, it was decided that an attempt to simplify the electronics 

of Lamb et al would be justified. 

A3. 3. 4 Other Methods 

The addition of a foreign tracer , such as a dye, is sometimes 

used in saltwater-freshwater mixing studies for detection of mean 

point densities. 

Keulegan, for example, withdrew discrete samples in the v i c -

inity of the interface of a stream of freshwater flowing over a pool 
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of dyed saltwater (Ref. 59). The samples were placed in a crude co l -

orimeter consisting of a parallel sided glass jar, a light source, and 

a photoelectric cel l connected to a mil l iammeter. The colorimeter 

was calibrated by using samples of known dilution. Andre, in a dis-

cussion of salt dilution methods of stream gauging, has pointed out 

that this simple type of co lor imeter has many disadvantages (Ref. 3). 

The instrument is relatively insensitive and subject to errors due to 

drift in lamp brilliance and instability of the photoelectric cell and 

galvanometer. A more complex color imeter which compensates for 

these sources of error is commerc ia l ly available but costs approx. £ 400. 

Ippen et al and Schiesser and Lapidus have used colorimetric 

analysis of discrete withdrawn samples in studies involving zero 

density difference i. e. freshwater-freshwater mixing processes . 

(Refs. 53, 92). 

Hart reported co lor imetr ic analysis of discrete withdrawn samples 

in an ocean outfall model (Ref. 49). A dark blue ink was added to the 

freshwater jet being discharged into a model tank containing saltwater 

( 2. 5 per cent). Samples comprised of 1 pc. dyed freshwater 

and 99 pc. saltwater were readily detectable by a commercial 

colorimeter. 

The fluorescent dye Rhodamine B has been used by Csanady in a 

turbulent diffusion study in Canada (Ref. 24). A concentrated dye 
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so lu t ion was r e l e a s e d con t inuous ly in a l ake and the r e s u l t i n g dye 
p lume s a m p l e d f r o m a boa t . T h e s a m p l e w a s d r a w n c o n t i n u o u s l y 
th rough a T u r n e r f l u o r o m e t e r equ ipped wi th a c h a r t r e c o r d e r . T h e 
m i n i m u m dye c o n c e n t r a t i o n r e c o r d e d was about 0 . 0 2 m g m . p e r l i t r e 
al though th i s was by no m e a n s the mi in imum s e n s i t i v i t y of t he i n -
s t r u m e n t as the p lume could not be fo l lowed f a r enough to u t i l i s e 
the h ighes t s e n s i t i v i t y r a n g e . A c c o r d i n g to A n d r e R h o d a m i n e B 
has c e r t a i n d i s a d v a n t a g e s as a f low t r a c e r (Ref . 3). It i s u n s t a b l e 
when exposed to sunl ight and, m o r e i m p o r t a n t l y , c a u s e s p e r m a n e n t 
d i s c o l o u r a t i o n of even n o r m a l l y i n e r t m a t e r i a l s s u c h a s g l a s s , s t a i n -
l e s s s t e e l and a l u m i n i u m . T h i s l a t t e r d i s a d v a n t a g e p r o b a b l y p r e c l u d e s 
Rhodamine B f r o m u s e in an h y d r a u l i c l a b o r a t o r y . 

Rad ioac t ive i s o t o p e s a r e p r o b a b l y the m o s t e f f i c i e n t t r a c e r 
m a t e r i a l . G l a s e r and L i c h e n s t e n have u s e d a r a d i o a c t i v e t r a c e r 
in a l a b o r a t o r y s tudy of f luid d i s p e r s i o n and t i m e r e s i d e n c e in a 
packed co lumn (Ref . 39). T h e y c l a i m tha t t h e m a i n a d v a n t a g e of r a d i o -
ac t ive t r a c e r s c o m p a r e d to s a l t s and dyes is the e a s e wi th which peak 
to background r a t i o s f r o m 100 to 1 to 5, 000 to 1 m a y be r e a d i l y 
m e a s u r e d . On the o the r hand, r a d i o a c t i v e t r a c e r s have s e v e r a l 
d i s a d v a n t a g e s ; they a r e cos t ly , t hey r e q u i r e s p e c i a l h a n d l i n g and 
d i s p o s a l t e c h n i q u e s , and a l s o r e q u i r e c o m p l e x e l e c t r o n i c d e t e c t i o n 
equ ipment . 
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It was decided that the addition of a flow tracer for density 

measurement would only be attractive when very small, zero, or neg-

ative density difference existed between the receiving liquid and the 

turbulent saltwater jet. There is no point in using a dye tracer, 

say, when the electrical conductivity of the saltwater jet may be 

readily detected as the measure of density at a point in the flow. In 

any case, for very small, zero , or negative density difference be -

tween the jet liquid and the receiving liquid then a system using salt-

water as the jet liquid and sugar solution as the receiving liquid 

(such as used by Frankel and Gumming) is probably better than the 

use of dye tracers with co lor imetr ic detection. A saltwater-sugar 

solution liquid system allows density measurements in the usual 

fashion by conductivity detection. 
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APPENDIX 4 

Main Symbols. 

b Width scale at a jet c ross section 

C i , C 2 , C 3 e t c . Various constants 

D Internal diameter of body of Bagnold meter 

Dg Diameter of bypass holes of Bagnold meter 

Dj^ External, diameterof nozzle of Bagnold meter 

d Internal diameter of balancing chamber of Bagnold meter 

dj^ Bore of nozzle of Bagnold meter 

dp Bore of opposing flow tube of Bagnold meter 

drp Bore of head loss tube of Bagnold meter 

E Overall entrainment constant at a jet c r o s s section 

Ey Entrainment constant for inflow in the y direction 

E^ Entrainment constant for inflow in the z direction 

^op Opposing flow force of Bagnold meter 

f Function of 

G Flux of unit weight excess at a jet c r o s s section 

^ m between end of opposing flow tube and mouth of 
balancing chamber of Bagnold meter 

G m Gap ratio of Bagnold meter 

Acceleration due to gravity 
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Hĝ  Instantaneous total head at nozzle tip of Bagnold meter 

Hĝ  Temporal mean total head at nozzle tip of Bagnold meter 

Hĝ  Turbulent component of instantaneous total head at nozzle 
tip of Bagnold meter 

(Hst)t Temporal mean total head registered by pitot tube in 
turbulent flow 

h Height scale at a jet cross section 

K Flux of density excess at a jet cross section 

K Flux of relative density excess at a jet cross section 
? 
k Equivalent sand grain roughness of boundary plane 

Relative roughness of boundary plane k 
Rh 

L Length of head loss tube of Bagnold meter 

Lg Length!of ring electrode of Bagnold meter 

L]^ Axial length of nozzle of Bagnold meter 

Instantaneous static pressure at nozzle tip of Bagnold 
meter 

^̂  Temporal mean static pressure at nozzle tip of Bagnold 
meter 

Turbulent component of instantaneous static pressure at 
nozzle tip of Bagnold meter 

Increase in registered by a static tube in turbulent 
flow 

Instantaneous stagnation pressure at nozzle tip of Bagnold 
meter 

Q Volumetric flow rate at a jet cross section 
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Q Volumetric flow rate of injected denser fluid at the 
ori f ice 

Q Volumetric flow rate through opposing flow tube of 
^ Bagnold meter 

Q^ Volumetric flow rate through head loss tube of Bagnold meter 

RgQ Reynolds number at the or i f i ce 

Rg_ Local Reynolds number at a jet c r o s s section 

Rĵ  Hydraulic radius of the or i f i ce 

R^ Local Richardson number at a jet c r o s s section 

R̂ Q Richardson number at the ori f ice 

R^Q Alternative Richardson number at the or i f i ce 

r Radius at a point in Bagnold meter nozzle 

r]^ Internal radius of nozzle of Bagnold meter 

S Angle of inclination of sloping boundary plane to the 
horizontal 

Sĵ  Distance travelled by interface in balancing chamber 
of Bagnold meter 

s Space between mouth of balancing chamber and ring 
electrode of Bagnold meter 

T p Temperature of freshwater supply for Bagnold meter 

t Time after application of H^^ at nozzle tip of Bagnold 
meter 

^E Time for interface to traverse ring electrode of 
Bagnold meter 

'̂ N Mean velocity in nozzle of Bagnold meter 
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V Nmax. 

V 

vjr 

^Nmax, 

Vs 

(^sl 

I I 

s 

(v«') 

V+ 

^xmax 

X, Y, Z 

z 

^Hvo 

Ultimate mean velocity in nozzle of Bagnold meter 

Mean velocity in a three dimensional jet flow 

Mean velocity in opposing flow tube of Bagnold m.eter 

Inflow velocity of ambient fluid into jet 

Centreline velocity in nozzle of Bagnold meter 

Ultimate centreline velocity in nozzle of Bagnold meter 

Instantaneous velocity of oncoming saltwater at nozzle tip 
of Bagnold meter 

Temporal mean velocity of oncoming saltwater at nozzle 
tip of Bagnold meter 

Temporal mean velocity registered by a pitot tube in 
turbulent flow 

w' Turbulent components of velocity of saltwater at nozzle O 
tip of Bagnold meter 

Root mean square of turbulent velocity components of 
oncoming saltwater at nozzle tip of Bagnold meter 

Mean velocity in head loss tube of Bagnold meter 

Mean velocity components in direction indicated by 
subscript 

Velocity scale at a jet cross section 

Cartesian co-ordinates, origin at virtual origin of jet 

Cartesian co-ordinates, origin at orifice 

Distance in x direction from orifice to virtual origin 
of jet 

Distance in z direction from boundary plane to virtual 
origin of jet 
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^ Unit weight of saltwater at nozzle tip of Bagnold meter 

A H Head loss through head loss tube of Bagnold naeter 

Vg Increase in Vg registered by a pitot tube in turbulent flow 

V Density scale at a let c ross section mean 

Relative density excess at a point in the jet 

Relative density excess at the or i f i ce 

é Dimensionless width parameter locating a point in jet 

Dimensionless height parameter locating a point in the jet 

Gjj Angle of lateral spread of jet 

Angle of normal spread of jet 

Dimensionless time parameter for commencement of 
laminar flow in a cylindrical tube 

Id Viscosity of ambient fluid 

/ip Viscosity of freshwater supply for Bagnold meter 

/ig Viscosity of saltwater at nozzle tip of Bagnold meter 

ï̂ p Kinematic viscosity of freshwater supply of Bagnold meter 

î s Kinematic viscosity of saltwater at nozzle tip of Bagnold 
meter 

P Density of ambient fluid 

/Op Density of freshwater supply of Bagnold meter 

P^ Temporal mean density of saltwater at nozzle tip of 
Bagnold meter 

/ ^ ^ à p Density at a point in jet 
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y04- Lp^ Density of injected denser fluid 

0 Function of 
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