


































































































































































































locity fluctuations are very significant adjacent to the air core 

but decrease rapidly with increasing radius. It is also noticeable 

that the fluctuation in the radial velocity component decreases 

rapidly with height above the base. 

6-6 Reynolds Shear Stress (u'v') and Eddy viscosity (E) 

The values of the eddy viscosity E together with Reynolds shear 

stress u'v' obtained from solving equations 4-4-5 and 4-4-2 were 

plotted against r and are shown in figures 6-6-1 to 23. These 

profiles show the effect of the Base Flow region (I) on both the 

Tangential Flow region (II) and the Accelerating Flow region 

(III), and the extent of the Accelerating Flow region radially and 

vertically. The steps followed in evaluating the eddy vicosity E 

, , 
and consequentially Reynolds shear stress u v were; 

a- From the experimental data of the tangential velocity 

component a relation was derived of the form ; 

6-6-1 v 1: a 
1: 

1,n b 
a b 

X b (r) (z) 
I,m a, 

from which the first and second derivatives of v with 

respect to rand z were evaluated, at each set of readings. 

The average error in the relationship so derived was less 

than 0.5%. 

b- The values obtained from (a) above were used in equation 

4-4-4 to find F4. 
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c- F4 was then related to rand z in the form of equation 

6-5-1 and the average error in this relation was found to 

be less than 0.1%. 

d- Equation 4-4-5 was then solved for the eddy viscosity, 

E 

e- Substitution of these values of E into 4-4-2 enabled 

u'v' to be evaluated. 

6-7 Boundary Limit r-

The radius r- at which the radial velocity component u became 

different from zero was defined as the boundary between the region 

of Tangential and Accelerating Flows. In the analyses described 

above , this was taken to be the actual location of a data point 

where the absolute value of the radial velocity component u was 

less than 0.5 em/sec. The data were analysed again individually 

for each run, and the resulting continuous functions for 

u- = f(r,z) were plotted in Figures 6-7-1, 6-7-2 and 6-7-3. 

6-8 Geometrical Proportions 

It had become apparent that the inlet and outlet conditions 

governed the depth, surface profiles and air core dimensions at 

outlet. These in turn determined whether the vortex operated with 

or without an air core. Four dimensionless groups relating these 

parameters are; 

6-8-1 ~(r*/(ro1.5/g) , h/ro, ra/ro) 
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By statistical analysis of the data, relationships between the 

two major dimensionless groups and each of the geometrical ratios 

were formulated as 

6-8-2 K [r*/(ro1.5/~]-0.42 1.06 
(h/ro) 

and 

6-8-3 K [r~'~ I (ro 1 .51 g)] ° . 38 -1. 98 
(ra/ro) 

The error in equations 6-8-2 and 6-8-3 was 8% and 18% respec-

These curves are plotted in Figures 6-8-1 and 6-8-2 to 

relate with the dimensionless groups calculated from experimental 

data given in table 6-8. Further analysis of all the data produced 

a total relationship as 

6-8-4 Q/(ro2 . 5/g) = K (r*/(ro 1 . 5/g)-0.16 (ra/ro)-0.57 (h/ro)0.89 

The error in equation 6-8-4 was 6.5% . 

It can be shown that the coefficient of discharge for the vortex 

outlet is related to r~'~(ro1.5/g) and hence varies with circu-

lation. A suitable further grouping is plotted as a single curve 

in figure 6-8-3. 
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Table 6-8-1 

Values of the constant K and percentage error 

Equation No. K % error 

----------- ------- ------------

6-4-1 (10)-1.84 5.5 

6-4-2 (10)°·0 6.6 

6-4-3 (10)1.96 19.9 

6-4-4 (10)1.97 17.1 

6-4-5 (10)°·0 5.2 

6-4-6 (10)°·0 5.5 

6-4-7 (10)-6.4 7.9 

6-8-2 (10)-0.3 8.1 

6-8-3 (10)10.17 18.1 

6-8-4 (10)-0.42 6.5 
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Table 6-8-2 

Vortex dimensions and parameters 

ro ra h Q r Cd 

------ ------ ------- -------- -------- -------

1 1.400 0.700 24.000 440.640 194.820 0.330 

2 1.400 0.600 33.000 605.880 194.820 0.387 

3 1.400 0.550 21.000 415.800 98.100 0.333 

4 1.400 0.350 33.000 653.400 98.100 0.417 

5 1.400 0.500 16.000 416.000 65.000 0.381 

6 1.900 1.100 15.500 431. 055 295.095 0.218 

7 1.900 1.050 20.500 570.105 295.095 0.251 

8 1.900 0.950 30.000 834.300 295.095 0.303 

9 1.900 0.900 17.000 570.350 166.225 0.275 

10 1.900 0.850 20.000 671.000 166.225 0.299 

11 1.900 0.800 24.000 805.200 166.225 0.327 

12 1.900 0.750 16.000 656.000 102.500 0.326 

13 1.900 0.700 21.000 861.000 102.500 0.374 

14 1.900 0.650 30.000 1230.000 102.500 0.447 

15 2.650 1.900 16.600 578.178 369.585 0.145 

16 2.650 1.800 19.000 651.510 363.855 0.153 

17 2.650 1.650 25.400 877.824 366.720 0.178 

18 2.650 1.600 17.200 870.320 250.700 0.215 
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19 2.650 

20 2.650 

21 2.650 

22 2.650 

23 2.650 

1.500 

1.400 

1.500 

1.400 

1.150 

Q/ro2 . 5/g 

-----

1 6.069 

2 8.346 

3 5.727 

4 9.000 

J 5.730 

6 2.767 

7 3.660 

8 5.356 

9 3.661 

10 4.308 

11 5.169 

12 4.211 

13 5.527 

14 7.896 

15 1.616 

23.800 1204.280 250.700 

30.000 1518.000 250.700 

17.500 1225.000 175.000 

20.000 1400.000 175.000 

27.700 1939.000 175.000 

r /ro1 . 5/g h/ro 

------ --------

3.934 17.143 

3.934 23.571 

2.083 15.000 

2.083 23.571 

1.504 11.429 

3.769 8.158 

3.769 10.789 

3.769 15.789 

2.232 8.947 

2.232 10.526 

2.232 12.632 

1.500 8.421 

1.500 11.053 

1.500 15.789 

2.866 6.264 
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0.253 

0.284 

0.300 

0.320 

0.377 

ra/ro 

------

0.500 

0.429 

0.393 

0.250 

0.357 

0.579 

0.553 

0.500 

0.474 

0.447 

0.421 

0.395 

0.368 

0.342 

0.717 



16 1.821 2.821 7.170 

17 2.453 2.843 9.585 

18 2.432 2.044 6.491 

19 3.365 2.044 8.981 

20 4.242 2.044 11.321 

21 3.423 1.555 6.604 

22 3.912 1.555 7.547 

23 5.418 1.555 10.453 

in which ro, outlet radius (ems ) 

ra air core radius at 10mmdistance , 

h 

Q 

r 

Cd 

above the base (ems ) 

, water depth at inlet (ems ) 

flow rate at inlet (cm
3
/sec ) 

2 
circulation at radius R (V R) (cm7~e4 

, discharge coefficient(Q/(Ao/2gh) 
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0.679 

0.623 

0.604 

0.566 

0.528 

0.566 

0.528 

0.434 



CHAPTER SEVEN 

DISCUSSION 

In this chapter section 7 -1 analyses the accuracy and 

reproducibility of the data as measured. Section 7-2 examines the 

methods implemented in defining the centre of rotation. Section 

7-3 discusses the behaviour of the velocity components based on 

the figures produced. Finally section 7-4 discusses the values of 

the Reynolds stresses and eddy viscosity evaluated from the math

ematical approach in Chapter Four and the figures resulted from 

it. 

7-1 Accuracy and Reproducibility 

In this section the accuracy and reproducibility of the ex

perimental results is discussed. For the purposes of the dis

cuss ion, accuracy is taken to include both systematic and random 

errors. A systematic error biases the measured value away from the 

true value in a single direction, a random error introduces scatter 

in the measurements about a mean value. The spread of the points 

is usually assumed to follow a Gaussian distribution. 

Reproducibility is clearly assessed by the degree of similarity 

between sets of readings obtained from repeated measurements. 

The measurements were affected by errors in the position of 

the measuring volume, in the instrumentation, and in the fringe 
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spacing and orientation with respect to h I t e f ow. The predominant 

source of error in the measuring volume .. posltl0n was a systematic 

error. The flow rates measured using a stop watch and volumetric 

tank were checked by the readings of a differential water monometer 

connected to an orifice meter in the water supply pipe; a basic 1 

to 2% uncertainity could be assumed. 

The uncertainty in water depth measurements could be taken as 

0.1% with 1 to 2% error due to change in water depth during data 

collection. 

Doppler frequency measurements were affected by errors intro-

duced by the electronic processing instruments including the fre-

quency Tracker and frequency Shifter. From the manufacturer I s 

specifications, the accuracy of the analog output over the oper-

ating range varied between 1.0% to 1.2% of full scale deflection. 

The accuracy with which the velocity components could be de-

termined included, in addition to error in the Laser Doppler 

Anemometer reading, an error in the exact location of the centre 

of rotation. From figures 5-5-1a to 5-5-24a which were produced 

from figures 5-5-1 to 5-5-24, it is clear that the velocity gra-

dient is large near the outlet and 1mm error in locating the centre 

of rotation may yield to up to 15% error in the velocity estimate. 

7-2 Centre of Rotation 

The two methods explained in section 5-5 to determine the 

centre of rotation checked each other. From the first method ex-

116 

\ 

I. 

----------~£.-.. ~, 



plained in section 5-5 figures 5-5-1 to 5-5-24 
were plotted. The 

lines of equal velocity h 
are s own in figures 5-5-1a to 5-5-24a. 

These lines are: 

v =-V- sin e + <.t C.os e 
L 

" ...... 

VL =±vsin8 + ucos8 -- -----

u. .,-
./ 

~----l~VL 
VL ::. v-Sin e + l.J..cosB 

The line of zero velocity VL being always located ln the neg-

ative region meant that there was a radial velocity component to-

ward the outlet and, its value was 

u = vsin8/cos8 v tan8 

These lines of equal value of VL show clearly that the radial 

velocity component decreases outward from the outlet and also de-

creases with increase in the distance above the base. 
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The profiles of the velocity VL normal to the laser beam are 

shown in figures 5-5-1 to 24. These profiles clearly show that at 

a radius of 1.5cm the varl'atl'on of the 1 ve ocity measured showed 

distinct differences from those at other radii. These measurements 

were within the diameter of the outlet pipe, and it had been an-

ticipated that some differences were likely in this region. 

7-3 Velocity Components 

From figures 6-2-7 to 29 it is apparent that for quite sig-

nificant reductions in radius the radial velocity component which 

is initially negligible changes little. For the same region the 

tangential velocity increases, but there is no significant vari-

ation in velocity with height above the base. At some radius, 

variations in the tangential velocity with height above the base 

become apparent, and also a radial velocity component is observed. 

The minimum radius at which velocities were measured was within 

the diameter of the outlet pipe, hence these points were within 

the Core Flow region, and do not necessarily maintain the trends 

shown in the region of Accelerating Flow region (III). 

7-4 Reynolds Stresses and Eddy Viscosity 

The values of Reynolds stresses and eddy viscosity determined 

by using measured velocities to solve the suitably approximated 

form of the Navier Stokes equations equation 4-3-21 when plotted 

against radial distance and at various heights above the base show 
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variations similar to the variations in the tangential and radial 

velocity component, figures 6-6-1 to 6-6-23. 

Figures 6-6-1a to 6-6-23a and 6-6-1b to 6-6-23b are contours 

of the eddy viscosity and Reynolds stress developed from figures 

6-6-1 to 6-6-23. 
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CHAPTER EIGH'l' 

CONCLUSIONS 

8-1 Flow Regions 

From the experimental results tabulated in Tables (5-6-1 to 

5-6-6 ) and plotted in figures ( 6-2-1 to 6-2-29 ), it appears that 

~ithin the boundaries where velocity measurements were made, as 

predicted in Chapter Four, there exist two regions in which the 

flow classication are distinctly different. These are: 

1- An outer region is shown by figure ( 4-4-1) in which 

the radial velocity component is negligible, and the 

tangential velocity component increases inversely with 

radius approximately as a free vortex. This was referred 

to in Chapter Four as a region of Tangential Flow (II). 

2- A zone confined between the outlet pipe and the above 

region , in which increasing radial accelerations occur. 

The tangential velocity component decreases from that 

predicted at constant circulation. This was previous ly 

designated in Chapter Four as the Accelerating Flow 

region(III). 

8-2 Tangential Flow Region 

It was observed during experimental runs that for a constant 

flow rate Q, and fixed inlet conditions, the depth in the vortex 
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chamber decreased as the diameter of the outlet pipe increased. 

For a given outlet pipe diameter, and fixed inlet conditions it , 

established that the flow rate Q was almost directly propor

tioned to the depth of water in the vortex chamber h. Hence the 

inlet velocity was constant for each inlet geometry tested, and 

only varied with outlet pipe diameter. Analysis showed the results 

were related by equation 6-4-1 

6-4-1 v 2/V_,-
" 

K (ro/r~)0.37(z/r~)0.02(h/r~)0.04 (Re~)0.33 
,,, " " '" .. " 

/[(F~)0.59 (r/r~)1.0(b/r~)0.04] 
4''' #\ ,,, 

~~hich confirms the validity of the direct observations made. 

The height z above the base, breath at inlet b and water depth 

at inlet h were also included as variables when formulating the 

possible dimensionless groups, but the indices of the resulting 

geometric ratios produced by the statistical analysis of the re-

suIts were only 0.02,-0.04 and 0.04 respectively as indicated in 

equation 6-4-1. It is justified to omit these non-dimensional 

groups, as having little bearing on the velocity V2 within this 

region. Hence the velocity V2 at any radius r and height z is given 

by equation 

8-2-1 
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This equation is thus shown to be applicable for the evaluation 

of the tangential flow variations within this region. Further 

analys is to investigate variations in circulation resulted in 

equation 6-4-2 which confirms that circulation is in fact con-

stant. 

It is thus shown that free vortex flow conditions apply, de-

termined by both inlet and outlet conditions. It was also estab-

lished that the radial and axial velocity components within the 

body of this region were insignificant. 

The data collected in this region are plotted in figure 6-4-1 

against values predicted by equation 6-4-1. The number of data 

point is in excess of 1000, and the plotting confirms the relevence 

of the above relationships. 

8-3 Accelerating Flow Region 

Analysis of the data into the suggested dimensionless groupings 

given in equation 6-3-3, resulted in equation 6-4-5 

6-4-5 
o 09 0.02 0.03 

V3/V• = K (ro/r·)· (z/r·) (Re-) 

o 10 0 02 0.85 0.00 
/[(F.)· (h/r·)· (r/r·) (b/r·) 

Omitting the relatively unimportant groups, the above equation 

reduces to 

8-3-1 ( / )
0.85 

K r· r 
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equation 8-3-1 is identical to equation 6-4-6 

This clearly indicates that the circulation is no longer con

stant as in the region of Tangential Flow, but varies with rand 

z. In this equation r· is the radius at which the radial velocity 

vector is consistently towards the outlet, and hence the fluid 

particles at this radius commence a spiral motion towards the 

central outlet. 

Comparison of the values obtained from equation 6-4-5 with 

actual measured data plotted in figure 6-4-4 shows that even in 

the very rapidly changing flow regimes adjacent to the outlet, a 

high degree of correlation of the proposed relationships has been 

attained. These are based on measurements at more than 600 sepa-

rate locations. 

There are significant differences in the circulation patterns 

within the two regions, as shown by comparison of equations 6-4-2 

and 6-4-6. 

Further examination of the indices of the parameters involved 

as given in equations 6-4-1 and 6-4-7 shows that there are distinct 

differences in the degree of dependence of the tangential veloci-

ties on viscous and gravitational parameters and geometrical ra-

tios. 

The radial velocity component in this region increases rapidly 

from the common boundary with the region of Tangential Flow, at-
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tains a peak value, and decreases to zero at the air core. Verti-

cally the radial velocity component at any radius is also zero at 

the base, increases rapidly, and again decreases to zero at the 

common boundary with the Tangential Flow region. 

On any vertical section, the velocity vector at the common 

boundary between this region and the Tangential Flow region is very 

nearly tangential, whilst near the base it becomes almost radial, 

these changes occuring in a vertical distance of no more than 5cm. 

8-4 Reynolds Stress u'v' and eddy viscosity E 

Comparison of the plotted evaluations of the eddy viscosity E 

and Reynolds stress 
, , 

u v given in figures 6-6-1,la,lb to 

6-6-23,23a,23b shows that the physical size of the Accelerating 

Flow region varies both with flow rate Q, and with initial circu-

lation. Examination of figures 6-6-6a,7a,and 8a which are under 

the same geometric conditions with flow rates of 

0.43l/sec,0.57l/sec and 0.83l/sec. shows that the location of the 

contour lines at E = 2. differ for each flow. The same effect is 

also noticed in figures 6-6-7a and 6-6-9a which are for the same 

flow rate but initial circulations of 300.0 cm 2 /sec and 180.0 

cm 2 /sec. 

8-5 Geometrical Proportion 

Analysis of the data relating flow rate, circulation and air 

core diameter to the geometrical properties of the vortex chamber 

was shown in section 6-8, and the experimental data were plotted 
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against derived relationships in Figures 6-8-1, and 6-8-2. These 

charts confirm the earlier opinions that any change in either flow 

rate or circulation, or outlet diameter will demand some change 

in the depth at entry to the vortex chamber, and percentage air 

core. 

It is thus established that for a given geometry and outlet 

diameter, any change in flow rate or circulation will be accompaned 

by changes in depth and air core, the limiting case being zero air 

core. A further increase in flow rate results in a rapid draw down 

in the vortex chamber and violent surging. 

8-6 Comparison with Previous Reports 

No previous investigators have defined the proposed region of 

Accelerating Flow in any detail, even though they have recognizes 

that rapid velocity changes occur adjacent to the outlet. The 

following comparison are therefore made with the current findings 

in the region of Tangential Flow. 

Reports contained in refrences ( Einstein & Li 1955, Holtorff 

1964, Anwar 1965,1967 and 1969, and Granger 1966) have claimed that 

the flow patterns do not change significantly with the height above 

the base. The present work corroborates their findings in this 

respect. 

In addition it is agreed that circulation, away from the base 

and the sides is relatively constant, and that the axial and radial 

velocity components are negligible ( Holtorff 1964) 
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Stevens and Kolf 1957 a d f ssume or mathematical convenience 

that a radial velocity existed throughout the vortex, but except 

in designated regions this was not found to be so. 

In the Accelerating Flow region, Dagget 1974 shows that the 

radial velocity increases towards the outlet, reaching a maximum 

at 1.5ro. The current work shows that this occurs more nearly at 

1.0ro. He also shows circulation to be constant, whereas some of 

the kinetic energy of rotation must be taken to provide radial 

accelerations. That this is the case has been established by the 

present work, and also shown by Anwar 1969. 

Estimations of eddy viscosity in this region, confirmed that 

the suggestion made by Anwar 1969 that Reynolds stress is propor-

tional to the rate of strain resulated in positive values, whilst 

Prandtl's proposal showed E to be negative. Einstein and Li 1955 

proposed E to be constant in order to facilitate the solution of 

the basic equations. The relations developed with experimental 

work ~hich was mainly in laminar flow conditions awarded equal 

prominence to v and E. The present work confirms the more widely 

held opinion that in general E»V , and is variable within the same 

flow region. 

The comments made by Zilinski 1968, Dagget 1957, and Anwar1980 

and 1983 regarding geometrical ratios on cofficient of discharge, 

circulation, depths and air cores are also generally confirmed. 
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8-7 Achievements and recomendations for further investigation 

The investigation was initiated to develop a clearer under

standing of the important flow parameters in the region of a ver

tical outlet from a free vortex with stable air core. Previous 

researchers have claimed the existance of several different flow 

regions, and this research utilised divergences from classical 

hydrodynamic theories, as definitions of the boundaries of sepa-

ration. 

Existence of Reynolds stresses, and eddy viscosities evaluated 

from velocity traverses to measure mean and fluctuating components 

are used to indicate the presence of a region of Accelerating Flow. 

More direct analysis of the data using only dimensional consider-

ations, also confirmed the above. 

Dimensional techniques applied to the overall engineering as-

pects of these vortices, showed that the four relevent 

diminsionless groupings are uniquely related. 

Whilst not providing complete understanding of the total phe-

nomena these results can be an important guide to the design 

limits of vortices in civil engineering. 

Further work is necessary using 2/3 component laser techniques 

to directly assess the turbulent quantities within the region of 

Accelerating Flow indicated in this work. The present work was 

t wl'th smooth surfaces, whilst carried out using an appara us 
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boundary layer effects near the outlet appear to determine the 

extent of this region. 

The necessary further clarification would be obtained using 

roughened surfaces adjacent to the outlet. 

The limits of the general geometrical proportions of the vortex 

at collapse of air and subsequent surging were not determined, and 

further work is also necessary if relevent design criteria are to 

be precisely quantified. 
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