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INTRODUCTION 

Investigations of the vortex motion, and in 

particular the free vortex motion, were carried out 

on a simplified model of a logarithmic spiral casing 

designed to give free vortex flow. The experimental 

results were remarkably close to that of a free vortex, 

although the vortex centre did not coincide with the 

centre of the casing. The effect of viscosity on the 

pattern of free vortex motion was examined theoretically 
and the results were found to agree with the experimental 
conclusions. 

The distribution of energy inside the 
casing is described and the existance of a region in 
which the total head tube recorded a total energy 

higher than the inlet energy of the flow, was confirmed., 

This paradoxical phenomenon was confirmed visually, by 

chemical smoke, and recorded by photography. After 

examining several, possible causes, this apparent excess 

energy was found to be due to the rotation of the 
vortex axis. 
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CHAPTER 

VORTEX MOTION 

Helmholtz was the first to investigate the 

subject of vortex motion in a paper in IESE " On the 

Integrals of the Hydrodynamical Equations CorreSponding 

to Vortex Motions". He demonstrated several laws 

concerning their behaviour. These laws are as follows: 

I. A vortex is of constant strength along its length 

and cannot terminate at a point within the fluid 

except at a boundary. 
e 	 to, 2. The vorticity, 	_ 

- 	
of a particle of 

bx 
_ 

-2> 
a frictionless fluid does not chance with time. 

Consequently, the vorticity is constant along the 

stream lines of such a fluid in steady motion. 

These laws are applicable to .ideal vortices. 

Considering the free vortex motion for 

ideal fluids, the equation v =' —E— 	would imply.that r  
the velocity becomes infinitly larc,e as the radius is 

decreased to zero. Obviously this is an impossible 

condition. In real fluids, viscous effects which were 

neglected in deriving the ecuation v = 	are 

expected to cause a portion of the fluid in the region 

near the vortex centre to rotate like a solid body. 

Outside this central core is the free vortex region. 

There must of course be a gradual transition between 

the two regions, rather than a sharp devision. 



In this chapter, the effect of viscosity on the 

two aimensional free vortex flow, is examined theoretically. 

Considering a simple spiral vortex, the equations of motion 

for the two dimensional steady flow in cylindrical polar 

coordinates are: 

7449T1iLuL _Ix 	c3).J.E1 ----(I) 
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Equation of continuity 
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where uL is the radial velocity, 

is the tangential velocity, 

P is the density, 

is the kinematic viscosity. 
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For motion symmetrical about the axis, so that 

P 
=0 the equations become: -be  
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and the equation of continuity gives 14=1 	where 

= 	flow per unit width  
2 T7  

p Equation (4) gives A = ('( ml-vv1-)4.1a0 
dr 	f / 

We are interested in the spiral vortex in which 

the motion is nearly vr = c . Thus the solution is 

conveniently written as %/- =c/rtf69 , where f(e)is 

that small deviation from vr constant, which occurs 

due to viscous stress. 

c C1V-  _ C 	cbr i  

and 	= .2 c t  dltr1 
ay" 	ro 	OLr 2" 

Substituting in equation (5) , 

(4)  

(5)  

( 6 ) 

i.e. it  
cis z (7)) ) + 'Gc1.17‘): (I 	+ tri ( fir.7. -42.) 
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This gives 
Vr I  

 

(7) 

  

The first term is thY:free vortex, while 

the second term gives the deviation due to viscosity. 

This means that viscosity changes the pattern of the 

free vortex. The amount of deviation increases as 

A = q4 decreases. For large values of Ati.e., for 

small kinematic viscosities, the effect of viscous 

stresses on the free vortex pattern, As negligible, 

and the function of the second term would be to bring 

the velocity down to zero at a finite distance from 

the centre, instead from at infinity, figure(I). 

Fi:gore (I) 



This agrees with the experimental results 

discussed later, where A was - 16397 It  104 

which is quite large, and the effect of the viscosity 

on the pattern of flow was negligible. 
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Experimental Procedure 

Apparatus: A simplified spiral casing with rectangular 

cross section, shown in figure (2), was used. It is 

three inches wide and its side wall is a logarithmic 
cot 80° 

spiral of 80 spiral angle, R = 6 e 	. The throat 

is 5i1 inches diameter. Air was drawn through the 

casing,then through a diverging pipe, by a 12 inches 

diameter fan. The amount of flow was regulated by 

varying the fan speed. 

The front and side of the casing are made 

of perspex. The back is made of wood and painted 

black to enable visual observation of the stream 

lines by using smoke. The measuring points, 2 inches 

apart, are on movable slides to enable taking measurements 

at any point on ten radial sections. There is also one 

measuring point at a radius of four inches and 360 °  

with inlet. Measuring points not in use were sealed 

with flush fitting brass plugs. Readings were only taken 

at radii of four inches or more, where the flow could 

be safely assumed to be two dimensional. 

Preliminary tests gave velocity distributions 

far from that of a free vortex. This was much improved 

by placing a fine mesh wire gauze cylinder, 5i inches 

diameter, in the centre of the casing. With this gauze, 

reasonably uniform velocity distributions along axial 

lines were obtained. (Velocity distributions were uniform 

within about 2%.) 
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An alchol sloping tube manometer connected 

to an arrow-head yawmeter, a total head tube,or a 

disc static tube, was used for measuring the direction 

of flow, the total head p or the static head inside the 

casing. For measuring the static heads at the front wall, 

the manometer was connected to a 1/32 inch hole in one 

of the brass plugs. 

The static pressure at the front wall at a 

radius of 6 inches and 1200  with the inlet, was measured 

on another similar manometer and taken as an indication 

of the flow through the casing. This was kept constant 

throughout the investigation of the corresponding flow. 

The amount of flow was calculated from the 

measured velocity distributions at the section making 

40°  with inlet, taking into account the small radial 

flow between the lip and that section, appendix (3). 

Measuring instruments 

I. Static Head: 	Owing to the stream lines being curved, 

it was thought that the 
i n 

 
tot 7:dbe 

usual pitot tube would 

not be suitable for 

measuring the static 

head, figure (3). 

On the other hand, 

a thin straight tube 

F.:54, re  ( 3) 



R5ure( 4 ) 

l.yure( 5 ) 

IA6 
T5/80 

32 

)1.5C 5 a t ie  Tube 
F79 fAxe(  6 ) 

inserted so that the opening 

at its end is in the plane of 

the stream lines, gives a 

misleading measurement due 

to the large amount of 

induction caused by the air 

flowing across the end of the 

tube, figure (4). 

Professor Unwin found 

that a plate placed across at 

the end of the tube prevents 

this inductive action, and 

subsequently Heenan and Gilbert 

used a disc static tube, figure 

(5), for measuring static heads. 

They found that it gave very 

correct results. 

The author used a tube 

similar to that used by Heenan 

and Gilbert, but with different 

dimensions, figure (6). It was 

calibrated against a pitot 

tube, for straight stream 

lines, and the readings were 

identical. The curves in 

figure (7 ),give the error 

in the measured head when 
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the disc is inclined to the plane of the stream lines. 

It shows that for a deviation of 2°  which is the maximum 

expected, the possible error is 1% of the velocity head. 

2. Direction of Flow: 	An arrow-head type of Yawmeter 

was used for measuring the 

air direction. Two 1/16 th. 

inch tubes are placed 

symmetrically with respect 	
L #1/ 
/6 

to the aerodynamic - centre 

line, as shown in figure 

(15). The pressures recorded 

by both these tubes will 

then be the same when the 
-„ - 	 

air direction and the 	
Flow 	T 	NN  450  

aerodynamic centre line Arrow Head Yawrrieter 
coincide. But if the 

direction of the flow is 

changed, a differential pressure will be recorded. 

The author agrees with Carter, Andrews and 

Shaw, that this type of yawmeter is more suitable than 

the claw type, as it is more robust and therefore 

maintains its calibration. 

To estimate the degree of accuracy of the 

direction measurement, the yawmeter centre line was 

deviated from the direction of the flow, and a curve 

was drawn for the differential head recorded by the 

manometer against the angle of deviation. It is clear 

from this curve, shown in figure (...9 ), that a deviation 

of one degree causes an increase, or decrease, of one 

l o ." M 	45.  

Ft'y axe ( )  
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millimeter on the manometer, and a change of one third 

of a degree was readily detectable. 

To measure the direction of flow and the total 

head with one instrument, a pitot cylinder was later 

used after being calibrated against the yawmeter for 

the direction measurement. They agreed within the 
limits of measurement, namely one third of a degree, 

the yawneter was used for 

measuring the direction of 
flow flow, the total head was meal  

measured by a total head -77,1, / Nead Tube 
tube shown in figure(I0). 

rjure 00) 
For convenience, this was 

later replaced by a pitot cylinder which measured 
both the direction and total head. When compared, 
both instruments gave the same total head readings, 

Visual Observation of Stream Lines  

In "Modern Developments in Fluid Dynamics", 
it is stated that "the smoke produced by hygroscopic 
salts, like titanium tetrachloride, on exposure to 
air, contain a large percentage of small particles of 
water held in suspension, to which they mainly owe 
their obscuring powers. This presence of water makes 
them heavier than air." 

Total Head: 	When 	
4:d 
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The author,however, noticed that the smoke 

generated in still air did not sink under gravity. 

Titanium tetrachloride was therefore used, and was 

found to give very satisfactory results. A drop of the 

liquid was placed at the end of a glass rod which was 

held in the air stream..For studying the flow close to 

the wall, the drop was placed on the wall. The smoke 

produced was drawn into a thin trail which remained 

visible for a long distance downstream. The front 

perspex wall of the casing is devided by radial sections 

every 306, and every section is marked every two inches. 

The back wall is painted black. This made it easy to 

map the stream lines. 

There were some disadvantages for using this 

smoke. Besides its harmful effect on the person using 

it, the hydrochloric acid present in the smoke corrodes 

any metal it contacts. It also corrodes the rough edges 

of the perspex, and when passing through a narrow 

passage, the smoke leaves a deposit which blocks this 

passage. This was experienced while using the smoke.  

to illustrate the presence of .xcess energy, when the 

total head tube was blocked several times. 
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1xperimental Results  

In these experiments where the flow was 

3.53 cusecs., the value of 'A' in equation (8) page 7 

was : 

	

A 	= - 	- 
9 	_ 3,s3  4 i/o. /05/ 1C 163  V4 21T 

	

i.e. A 	- 1.391 x 1041  which is quite large, and 

therefore according to that eouationi the effect of 

viscosity on the free vortex pattern is. negligible. 

The observed contours of static head at . 

the front wall of the casing are shown in figure(II). 

They are close to a circular shape, which indicates that 

the motion is very nearly symmetrical about the axis, 

as assumed in deriving equations (4) and (5) page 4. 

Near the side wall hOwever, the spiral angle of I0 

degrees is sufficient to give quite large derivatives 

with 0 , whereas equation (7) is for the case when 

	

0 	only. Static pressures at the side wall ae 
did not agree with the pressures at the corresponding 

radii inside the casing. Also it was not possible to 

take measurements at 'r'<4 inches in this spiral. 

casing as the flow'in that region is three dimensional, 

and in any case the equation would be untenable there 

for that reason. 

Vortex Centre; 

It is suggested here that the motion 

observed was almost exactly a free: vortex, which agrees 
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with the theory, but the vortex centre 0, , vas rotating 

in a circle of radius 'b' round a point 'D'. This 

suggestion is. supported by visual observations of water 

flowing from a tank through a vertical diverging cone. 

The axis of the. central core, at the 3 inches diameter 
inlet to the cone, was seen to be rotating in a circle 

about 1 inch diameter. The centre.  of that circle was 

slightly displaced from the centre of the inlet.. This 

explains the slight deviation from the free vortex for 

r<6 inches in the casing as shown below. 

If v, is the instantaneous tangential 

velocity at a point P inside the casing,figure (33), 
then the measured tangential velocity v is in fact 

the root mean square value. 

is the oneosi.,n'tly point in the casing 
is the instentaneous tavent- i'al re la city of p 

= 2' 	as /3 	sma ) 

0, 	Is Me vortex centre 
is the centre of the circle described by 

b 	=a) 01 	-e DP 	, 	0, 13 P 
x 	= 0,F is the 	vortex raias 

(eL,,b. -2 aCelft" 
t.4 the nleaswred taniential volacity al 2 

u re (33) 
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2f 
i.e. 	irs 	f -2r a  chP 

0 
where 'v., s-- 1 (C.  veeliartex) 

C I. 
	tiT 	dO 

21T 	e b L- 2 ehasej  

By integration, this finally gives; 

CI  
ct• = ZiT 

LL,A-% 	"tAll ) 1A-At4 71  
J= 0 

• • or 

i .e . 'tr 	_ 	t i 	/ 
(77 - 8 1"/Q— 	(7)6   _._3 = C 

Since b  i-- s small , we can take v - 
For large values of 	v 

  

The mean tangential velocities v , figure(34), 

were obtained from the observed velocities figures (12-31). 

A larger scale of figure (34) showed that D which is 

the centre of the circular velocity contours, is at. 

( 0= 90 
0
, r = 0.065 inches). Hence the values ofe - DP 

for the different measuring points were measured. 

The values of 	c(the vortex strength = vr) 

= 13.43 ft./ sec. , and b = 0.52 inches gave remarkably 

clo e results to the observed velocities as shown in 

figure ( 34 ). 
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CHAPTER 2 

SECONDARY FLOW AND ENERGY DISTRIBUTIONS  

EXCESS ENERGY 

SECONDARY FLOW 

It was noted 

from the measured flow 

directions, and also 

visually, by using smoke, 

that there are three 

different streams in the 

casing. The front and back 

ones,i.e.,near the boundaries, 

tend to flow radially. The 

central stream tends to 

flow tangentially, as shown 

in diagram (35). This confirms' 

the motions described by I.A. 

Winter. There must be a 

secondary flow from the 

centre to the boundaries 

e 
I 

vzs 
to-replace the radial flow which through the wire gauze. 

This secondary flow was detected by the disc tube when 

measuring the static pressure along a line parallel to 

the axis. It indicated a static head higher in the front 

half and lower in the back half than the mean head, 

diagrams (36). The difference however was only about 
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two percent. 

1\tec head  
ordesi sta t 

Mean 
Ste& ic 
hind 

.2D las ra m (36)  a 

The secondary flow is more powerfull at the 

2700  section, where the radial component near the boundaries 

is much larger than that at the 90°  section, and 

considerably larger than that at the 180°  section, 

figures (29),(19) and (25). Also by comparing the static 

pressure distribution at (90',ReI4 inches), figure (49), 

(IW,R.,10 inches), figure (53), and (270°,R=6 inches), 

figure (56), the difference of head between front and 

back halves increases towards the small end of the 

casing. 

Radial Velocity  

The change in mean radial velocity with 6,i.e., 

angle with inlet, is shown in figure (37). For a flow 

of 3.53 cusecs., the area under the curve gives the 

flow as 3.4 cusecs.,i.e., with an error of 3.7 %. 
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Pressure Distribution Inside The Casing 

Graphs in figures (38) - (56), show the total 

and static head distributions at different points in 

the casing. For different depths from the back of 

casingl i, r, I, I , and 2 inches, the total head curves 
along radial sections are drawn in figures (58) - (62). 

The inlet total energy is atmospheric, i.e., zero, 

The Wake 

The total head curves give an indication of 

the wake extending from the lip of the casing. The 

front and back parts of the wake, being near the boundaries, 

move more rapidly towards the axis than the central part, 

and leaves the casing as a low grade fluid, figure (58 ). 

Some of the central wake passes to the boundaries and 

so it diminishes gradually. The rest disappears a little 

before 180°  by mixing with the fluid with excess energy 

nearby. 

EXCESS ENERGY 

Measurement of the total head indicated that 

there is a region in which the total energy is more 

than the total inlet energy. This occured in the central 

stream at the 40°  , 90°  , 270°  and 360 sections, 

figures (6I) and (62). There is no question of an error 

in the measuring instrument, as these were checked and 

rechecked, and by using chemical smoke, this excess 
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energy was illustrated and the result photographed. 

Excess energy was first mentioned by 

Mr. Firth in his M.Sc, thesis. While investigating 

the form of wake behind the lip in a similar casing, 

he noticed that the total head tube gave a reading 

greater than the inlet head. In the following part, 

this interesting phenomenon is investigated. 

Visual Observation of Excess Enema?' 

To illustrate visually the excess energy 

recorded by the total head tube at several points 

inside the casing, titanium tetrachloride was used. 

The total head tube was set at a point of 4 inches 

radius, making an angle of 4000  with the inlet, 

and its axial distance from the back wall was 2 

inches, figure (63). The total head tube was 

disconnected from the manometer and connected to a 

short glass tube open to the atmosphere, figure (64). 

When a drop of titanium tetrachloride was placed 

inside this glass tube, the smoke produced was 

blown out in the atmosphere, which indicates that 

the total energy measured by the total head tube at 

that point was higher than the atmospheric pressure, 

i.e., higher than the inlet energy which is atmospheric. 

figures (65) and (66). 
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Fiju./-e 6.7) ) 

  

r e 	64 

      

      

For comparison, Figure (67 ) shows the smoke 

produced by the titanium tetrachloride when there was 

no flow through the casing,and the pressure inside was 

also atmospheric. It is noted that in this case the 

smoke flows freely, cuite distinct from the two previous 

cases in figures (65-b) and (66-b), where the smoke is 

blown out of the tube. 



Figure (65 -aJ  

Total head tube 
connected to a short 
glass tube open to 
the atmosphere. 

Figure(65-b)  

(Flow = 3.53 cusecs.) 
Drop of titanium 
tetrachloride placed 
inside the glass tube. 

Total head tube at 

400 	Rm 4 inches
, 

Z = 2 inches from back 
wp.11. 



Fipure(66-e).  

(Flow . 11!.2 cusecs.) 
Before introducing 

titanium tetrachloride. 

. = 400 , h, 4 inches,  

Z = 2 inches from back 

wall. 

Figure (66-bi  

(Flow m 3.2 cusecs.) 
A drop of - titanium 
tetrachloride is placed 
inside the class tube. 

= 400 , R. 4 inches, 
Z = 2 inches from back. 



Figure (67)  

No flow through the casing. 

Smoke flows freely on its own. 
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INLET CONDITIONS 

To study the 

effect of inlet conditions 

on the flow in the casing, 

and in particular on the 

excess energy, a disturbance 

was introduded at the 

inlet. This was acheived 

by allowing a paper fan, 

4 inches diameter and I 

inch wide, to rotate in 

the inlet air stream, 

diagram (66. 

Except for the 

energy consumed by the 

paper fan, both the 

contours of static head, 

figure (69),  and the curves of total head, figures (70) 

to (75), have the same shape as before. The same region 

of excess energy again appears, though for this to be 

seen it is now necessary to base the energies not on the 

atmospheric pressure but rather upon the actually 

observed total energy in the region of the inlet,down 

stream of the paper fan, figures (74) and (75). 

This indicates that disturbances at the inlet 

in themselves do not substantially affect the flow 

pattern inside the casing. 



Rubber Exl-ension  

Diggram (76 ) 
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SHORT FLEXIBLE EXTENSION TO THE LIP 

A thin rubber 

2.2 inches long was fixed 

to the lip and allowed to 

flutter in the air stream, 

diagram (76), which it did 

at a frequency of about 

ten vibrations per second. 

Its effect on the flow 

pattern was to shift the 

centre of the vortex 

downwards, but the contours 

of static head remained 

closely circular, figure 
(77). The cheif effect of 

this extension was greatly 

to augment the losses as 

seen in figures(76A4.Any 

possible regions of excess energy are here completely 

masked. 
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LONG EXTENSION TO THE LIP 

The total head 

curves mentioned before, 

figures (6I) & (62), 

suggests that the excess 

energy only begins after 

the wake disappears. In 

the course of investigating 

the origin of this excess 

energy, a long extension 

to the lip was used; on 

the one hand to prevent 

the formation of the 

wake, and on the other 

hand to seperate the flow 

in the region (B) from the 

direct action of the flow 

at (A). The lip thus forms a discontinuity in the pressure 

system which otherwise would link (A) and (B), diagram(8I). 

The ideal extension would have been one with the same 

curvature as a stream line from the lip. Unfortunately 

the 	streams at different depths had different curvatures, 

and from a practical point of view the lip could only be 

curved one way. As seen from figure (82), it was made a 

little steeper than the original spiral. 

With the lcng extension in position, the excess 

energy only appeared at (0=270,R=4"), figure (83). The 

presence of excess energy however, shows that it is not 
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connected with the stresses between the flow at (A) 

and the flow at (D). It also eliminates the suggestion 

of a relation between the lip wake and excess energy. 

This is supported by the fact that the total head curves 

indicate that the excess energy originated a little 

before the 2700  seetien,i.e.,after the wake disappeared. 

The stream lines with excess energy at the 270°  section 

kept it until after the (90°  - 2g) section, where they 

mixed with the central wake as discussed on page (21). 

It is interesting to note the effect of this 

partition on the pattern of flow in the casing. The 

contours of static head, figure (62), are assuming a 

spiral shape, rather than the circular one of the 

previous experiments. 
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CHAPTER 3  

ROTATING GAUZE CYLINDER 

Near the inlet 

of a diverging cone, 

supplied through a spiral 

casing as in figure (63), 

the velocities are as 

shown in figure (64),for 

which the author is indepted 

to Mr. A.Sinbel. Near the 

boundary there is a region 

of free vortex from A to B, 

while near the axis from C 

to 0 the motion is very 

nearly, though not exactly, 

a forced vortex. In that 

particular experiment, the 

forced vortex area was 

equal to 39% of the cross 

section, or "a", the core 

radius was equal to 0.623 

of the whole radius. 

This gives an idea 

of the kind of motion to 

be expected near the eye 

of the casing used in the 
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present experiments, figure (55). Assuming that the 

inside core is a forced vortex,vo.wr, and the outside 

a free vortex, v=94. , then if 'a' is the radius 

where the two join,4).c/at The shear stress ezzit(iye-lf...) 

Now in the previous investigation, excess 

energy was observed at r = 6 inches,and down to r 4 

inches which was the limit to which the measuring 

instrument would reach. While theoretically there is 

no reason to suggest any abnormal change in the energy 

distribution due to shear stress, an experiment was 

arranged to extend the area of forced vortex from 

inches,i.e. 0.623 of eye radius, to r = 2.625 

inches which is the gauze radius, particularly to 

see whether this would affect the excess energy. 

This was done by rotating the gauze cylinder 

anti-clockwise,i.e. in the direction of the air, "with 

a speed ecual to that of the adjacent air. - As described 

below, the result was negative, the pattern remained 

unchanged. 

For this experiment, the stationary cylindrical 

wire gauze was replaced by another similar one, but 

fixed to a fl inch shaft. This shaft was rotated by a 

D.C. motor as shown in diagram, figure (66). It was 

possible to rotate the gauze either clockwise or anti-

clockwise at different speeds which were measured by 
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a tacometer. 

Incidentally the motion due to the gauze 

rotating alone without the fan can be inferred from 

figure (67) which shows the pressures at the front 

wall when the gauze was rotated anti-clockwise at a 

speed of 4300 r.p.m. The shape of the pressure curve 

at ® = 40 agrees with the motions of smoke introduced 

near the inlet; it was sucked into the casing between 

r = 6 to 10 inches, but was blown out at r = 6 to 7 

inches and also where r>12 inches, as shown by the 

arrows. 

To investigate the effect of the rotating 

gauze on the normal flow, the fan was run on its own 

and the air was driven through the casing as usual. 

When the gauze cylinder was rotated at 2100 r.p.m., 

anti-clockwise,i.e. with the direction of the stream, 

the flow was reduCed and the fan speed had to be 

increased to keep the static pressure at (6=120p ,r=6 

inches) = - 2.4 feet of air as before. The pressures 

for both cases are given in figure (66). According 

to this graph, there is an increase in the static 

pressures, but the contours of static pressure more 

or less keep their circular shape. 

To make more detailed numerical comparisons, 

observations were restricted toe= 90 degrees, the 

static head at (4 az 90°  , r = 6 inches) being kept 

constant at - 1.4 feet of air by adjusting the fan 

speed. The gauze was rotated at different speeds, 
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the anti-clockwise rotation taken as positive. T2'figure 

(69) is a diagram of the results giving the r.p.m., 

the ratio of gauze peripheral velocity to the adjacent 

air velocity V14/ V , and the change of static head at 
r = 4 inches. For V4/ cO, the static head decreases 
while it increases for 1/,/ 7,0. The experiment was 

repeated for several rates of flow and the results are 

shown in a graph of 	against the change in static 

head at r = 4 inches, figure (90). It must be stressed 
however that the change in head is small and was very 
difficult to measure. For V4  / VA  from - 2 to + I , no 
change could be recorded. 

Figure (9I) shoes that the effect of rotating 

the gauze is to increase the velocity nearby, though 

only by 	even when the gauze was driven at twice 
the air speed. Apparently the wire gauze is adding 
angular momentum to the flow long before it reaches 
it. 



CONCLUION 

From the theoretical °mations of tho spiral 

motion, it vies shown that viscosity changes the pattern 

of free vortex. The amount of d,:viation depends on the 

values of the flow and of the kinematic viscosity of 

the fluid. In the experiments carried opt, where the 

ratio of the flow to the kinematic viscosity was large, 

it was shown that viscosity had no effect on the 

pattern, and the motion was almost exactly a free 

vortex, which agreoa with the theory. Tho vortex centre 

however was rotating in .a small circle round e. point 

slightly displaced from the centre of the casing. 

As shorn, the rotation of the vortex centre 

causes a slight pulsation in the velocities and 

pressures at ii<6 inches. According to 13. Over, if 

we take the simple case whore both the velocity v 

end the static pressure p vary according to a1,inc 

law, both having the same period, i.e. 

v 	vo ( I #csesin ot) 

end 	p 	pc)  ( I 4 (3 in qt) , 

where vo and pa  are respectively the average 

velocity and static pressure about which the 

fluctuations take place. Then the pressure acting at 

the mouth of the total head tube at any time t is 

ry 	( 1 4 sin qt)' 	Po( 	1.(3 sin qt) 	P (say), 



The periodic time is 211/q and the avcra3c pressure 

at the mouth of the tube will be the averaLe 

pressure over a eyelet  i.e. 	cc, 
Pdt 

i.e. averacc pressure 

1 
\

2 ( 	• t-V-
.li  r  

2.1K 	0 

0 

(321‘141 -I. st4 

Integrating and introducing the limits we obtain*  

avera6e pressure • pc)  + Cv04(14- a/2). 

Hence t..e average pressure acting at tho mouth 

of the total head tube exceeds that due to the sum of 

the static pressure ar, the velocity howd corresponding 

to the average vel:city. 

It must be mentioned however, that in the 

previeüo experiments, these fluctuations and oxces 

energy only occurcd :at radii loss than 6 inches*  end 
therefore they do not affect the investigations of the 

vortex motion. In the region of F between 6 and 4 inches, 

the average excess energy is 0.01 of the velocity head. 

This gives 0.(1, 0.14 , i.e.*  velocity fluctuates by 
about 14 5; of its mean value*  whereas nearer to the 

centre of the casing the flow would be very unsteady. 



-39- 

Fjore C 	Disc Slatic Tube  
in Measured Static Head due to inclination 

of .D•'sc 	to 	the Flow. 

Error 
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FIGURE(77-a) - CONTOURS OF STATICHEAD AT FRONT WALL 

SHORT FLEXIBLE EXTENSION . h 	at. (e=izo: R=6) 14.9ft.Of Clir 
STATIC 
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FIGURE (82-c1)-CONTOURS OF STATIC HEAD (f t.of  air) AT FRONT WALL 
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Wire gauze rotating at 4300 R.P.M. (Fan Sty-Aionary) 



a <<, 
/index 

- 91- 

r7 o 
1 	'Of 

4aare statl'orrazy 

Gauss  RcEatiny 
of 2100 Rif:.fri 

ti 

1 

*\• 

 

I 

  

  

Fi5,4,--e (as) - Rot a bins  qa„.3, C:y 
EFfecl of roiafing 9accze ey7 Seatic Head 01 ri-orle- tvoil (Fe. °lair) 

.SEv fis NP41 at-  (6, = 426" /  r =6- 	= — 2 .4 Ref 4.;r 



R=6" R=6" R..4" 

-2.64 -3340 

-3.16 +4000 

Section making 90 - with inlets  . 
Head at R = 8 inches is kept constant at -1.4ft.of air 
Head at R = 4 inches, when gauze is stationary, 

=-5.65 ft. of air 

Radial 
Static 
Static 

Figure (S) -Diagram showing the change in static head at  R= 4" 
at top wall, due to rotation of wire gauze. 
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APPENDIX (I)  

Direction of Flow, Total Head (ft. of air), Static 
Head (ft. of air) & total Velocity (ft./sec.) 

(I) Radial Section making 400  with inlet: 
R 

inch i 
Distance 
i 

from 
I 

back 
Ii 

wall in 
2 

inches 
21 2ii 

16 Direc. 102' 980  97 0  970  97 ' 99 c  IOC 
Total -00.39 -00.08 -00.06.-00.06 -00.06 -00.09 -00.39 
Static - 1.71 - 1.71 - 1.71 - 1.71 - 1,71 - 1.71 - 1.71 
Vel, 9.21 10.23 10.29 10.29 10.29 10.16 9.21 

12 Direc, 103 ° 99 ° 98 0  98°  98°  98*  102' 
Total -00.39 -00.06 -00.06 -00.06 -00.06 -00.06 -00.19 
Static - 2.92 - 2.96 - 2.98 - 2.98 - 2,92 - 2,92 - 2.92 
Vel. 12.70 13.65 13.65 13.65 13,52 13.52 13,20 

8 Direc, 102°  96°  96i°  97°  97°  98°  99°  
Total -00.39 -00.06 -00.06 -00.06-00.06 -00.06 -00.78 
Static - 6.42 - 6.42 - 6.42 - 6,42 - 6.42 - 6.32 - 6,22 
Vol. 19.62 20.15 20.15 20.15 20.15 20.00 16.67 

7 Direc. 102° 98 ° 98°  96°  96°  96i°  97 °  
Total -00.39 -00,10 -00.19 -00.19 -00.19 -00.14 -00,04 
Static - 8.17 - 8.17 - 6.17 - 8.17 - 8.17 - 7,97 - 7,97 
Vel, 22.30 22.70 22.60 22,60 22.60 22,40 22.50 

6 Direc. 105°  94°  94°  93°  94°  97°  IOI°  
Total - 4,08 - 4.08 - 3.50 - 3.30 - 3,30 - 3.30 - 2.33 
Static -10.70 -10.70 -10.70 -10.70 -10.70 -10.50 -10.31 
Vel. 20.55 20.55 21.45 21.75 21.75 21.45 22.60 

5 Direc. MI°  95°  92°  93°  92°  94°  97°  
Total -00.97 -00.39 -00.39 -00.19 +00.19 400.39 400.19 
Static -16.92 -15.95 -16.14 -16.33 A116.33 -16.14 -15.95 
Vel. 31.9 31.55 )1.75 31,90 32.50 32.50 31.90 

4 Direc. 106°  95°  94°  94 °  93°  93°  100°  
Total - 1.07 -00.19 -00.I0 -00.00 +00.58 +00,78 .-00.00 
Static -28,00 -26.00 -26,06 -26.06 -26.06 -26.06 -26.06 
Vel. 41.50. 40.70 40.75 40.80 41.30 41.40 40.80 

• - 
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APPENDIX (I) Cont. 

(2) Radial Section making 900  with inlet: 
R 

inch i 
Distance 
i w 

from 
I 

back 
1 it 

wall in 
2 

inches 
2 1 2 2 4.47 

14 Direc. 106 °  99°  97 °  98°  102°  102°  106 °  
Total -00.25 -00.14 -00.06 -00.06 -00.06 -00.10 -00.19 
Static - 2.33 - 2.33 -2.33 - 2.33 - 2.33 - 2.24 - 2.24 
Vol. 11.55 11.87 12.08 12.06 12.08 11.70 11.44 

/0 Direc. 109 c  96
0 

 97G  95°  95 °  98" 109°  
Total -00.76 -00.14 -00.06 -00.06 -00.06 -00./0 -00.56 
Static - 4.47 - 4.57 - 	4.57 - 4.57 - 4.47 - 4.38 - 4.28 
Vel. 15,40 16.68 17.02 17.02 16.83 16.57 15.40 

7 Direc, 107 0 97c  97°  96°  94°  ge 107° 
Total -00.97 -00.19 -00.29 -00.19 -06.14 -00.14 -00.97 Static - 9.53 - 9.15 - 9.15 - 6.95 - 8,e5 -8.66 - 8.56 
Vel. 23.40 23.95 23.60 23.70 23.65 23.40 22.05 

6 Direc. 105°  97°  96°  94°  94c 	. 96 105c  
Total Al 	1.36 -00.19 -00.19 -00.19 -00.19 -00.39 - 1.36 
Static -13.22 -12.05 -12.15 -12.15 -11.96 -11.67 -11.56 
Vel. 27.60 27.60 27.70 27.70 27.50 26.90 25.60 

5 Direc, 107°  966  95°  94°  93°  94° 107 c  Total -02.3) -00.97 -00.76 -00.19 00.00 ,  00.00 -0I.75 
Static -18.66 -17.70 -17.70 -17.70 -17.50\-17.31 416.52 
Vel. 32.60 3.60 32.95 33.50 33.50 ?)3.30 l0.80 

4 Direc. 105°  96°  95°  95°- 92°  94°  195 
Total - 1.56 -00.19 +00.19 +00.19 +00.39 /00.76 -00.58 
Static -30.54 -28.20 -26.20 -26.20 -28.02 -27.23 25.70 Vol. 43.10 42.40 42.70 42.70 42.70 42.40 4 	.15 
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APPENDIX (1)• Cont,  

(3) Radial Section making 160°  with inlet! 	
... 

R 
inch 1 8 

Distance 
i 

from 
I 

back 
Ii 

wail in 
2 

inches 
28 2i 

I0 Direc. 108°  99°  98°  97°  96c  100°  102°  
Total -00.58 -00.16 -00.08 -00.08 -00.08 -00.08 -00./6 
Static - 4.86 - 4.67 - 4,67 - 4.57 - 4,57 - 4.47 - 4.28 
Vel. 16.57 17.25 17.16 17.00 17.00 16.80 16.27 

8 Dirac. I20i°  99°  96°  95°  95i°  99' 107 
Total -00.78 -00.19 -00.08 -00.08 -00.08 -00.08 -00.39 
Static - 7.40 - 7.20 - 7.00 - 7.00 - 7.00 - 6.91 - 6.81' 
Vel„ 20.60 21.20 21.10 21.10 21.10 20.90 20.30 

6 Direc. II7' 102i°  944  93°  93°  100°  II48c  
Total -01.26 -00.39 -00.19 00.00 00.00 -00.19 -01.17 
Static -13.41 -13..41 -13.22 -13.02 -13.02 -12.54 -12.25 
Vel. 27.95 28.95 26.95 28.95 28,95 28,15 26.65 

4 Direc, II84°  106°  91°  91°  91°  97°  113r., 
Total - 2.72 - 1.56 -00,58 *00.10 +00.10 00.00 - 2.33 
Static -28,80 -28.80 -28.80 -29.00 -28,80 -26.80 -26.60 
Vel. 40.95 41.75 42.50 43.20 43.10 42,90 41.20 

. . 
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APPEND/X (1i_ Cont, 

(4) Radial Section making 270°  with inlet: 

R 
1 e 

Distance 
1 , , inch R 

from back 
I 

wall 
Ii 

in inches 
2 2-1' n7 c 

6 Diree. 112°  TOO°  96c  94°  97°  102c  117°  
Total -00.78 -00.29 -00.19 +00.19 +00.19 00.00 -00.58 
Static -12.35 -31.48 -11.36 K11.38 -11.26 -11.00 -10.60 
Vel. 27.30 26.60 26.20 'c7.30 27.00 26.60 25.60 

5 Direc. 115°  9.9:' 95°  94°  93°  99-i ° 106°  
Total - 	1.36 -00.39 -00.19 +00.56 +00.39 +00.19 -00.78 
Static. -17.31 -16.42 -16.42 -16.42 -16.42 -16.23 -16.13 
Vel. 32.00 32.70 32.30 33./0 32.90 32.50 33.00 

4 Direc. 119°  1100  94°  94°  94 IOC 117°  
Total - 	1.95 - 	1.17 +00.39 00.00 +00.39 +00.56 - 1.17 
Static .;27 - 90 -27;13 -27:70 428:,0 -27.70 -27.02 -26.63 
Vel. 40.80 40.f:0 42.50 42.60 42.50 42.10 40.68 
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APPENDIX (2) 

Calculation of Velocities: 

The aichol sloping tube manometer used for 

measuring the velocity heads, was calibrated against 

a Chattockmanometer. It was found that: 

I mm. on the manometer = 0.0767 mms. of water. 

i.e. 	I mm. on the manometer = 0.0767 0.292 ft.water 

0.0767x 292x  62.4  
= 1000 x 89 	0.0807 ft.air  

= 0.1945 ft. of air. 

Velocity = V 2gh 

.'. Velocity in feet per second = 

2gxe .194 5 x manometer reading 

3.535 V manometer reading in mms. 

APPENDIX (3)  

Calculation of Flow: 

From the experimental mean tangential velocity 

curve, figure (32), the tangential flow between r = 6 

inches and r z  17.5 inches is 3.50 cusecs. 

The mean radial velocity at r = 6 inches is 

2.54 ft./ sec. 

.% Radial flow between lip and r = 6 inches is: 

= 0.025 1.27 = 0.032 cusecs. 

Total flow entering the casing = 3.532 cusecs. 
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