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CHAPTER I

SUMMARY

A laboratory study and literature survey were carried out

concurrently in an effort to determine the effect of viscosity upon

the pressure and velocity distributions in a vortex formed by

swirling flow through a cylindrical vessel. References are cited

which show the conflicting views of various authors with regard to

the effect of fluid friction upon the nature of the flow of real

fluids in a vortex. In the laboratory water and two hydrocarbon

oils, SAE 10 and SAE 60, were studied under conditions of swirling

flow in a right circular cylinder. Pressure distributions for all

three liquids were found to fit the equation

J2.
_ PVtfAP m

2 gc

where

AP = pressure drop from R to r, lb. force/ft.2

p= density, lb. mass/ft.^

VR = effective peripheral velocity, ft./sec.

ge = conversion factor, lb. mass x ft./sec.2 lb. force

R = cylinder radius, ft.

r = position radius, ft.

Such a correlation shows that angular momentum is conserved within

the vortices studied and that the velocity distribution is given by

the equation

v r = C, a constant.

m ••]



The fluid friction did not cause the pressure distribution

to depart perceptibly from that of a free vortex. However the

effect of fluid friction was detectable by contrasting the

effective peripheral velocity with the inlet velocity. The greater

the viseosity, the smaller was the ratio,

a- H

where 7± = inlet velocity, ft./sec.

Infection of dye into the cylinder revealed that the resi

dence time of some liquid in the cylinder was 3.86 times the

calculated residence time, based on slug flow through the cylinder

volume. This confirmed the existence of secondary flow patterns

within the vessel.

Observation of the pressure distribution during the use of

a velocity probe indicated that the velocity distribution was

altered appreciably by the presence of the probe.



CHAPTER II

INTRODUCTION

a

Swirling flow as a centrifugal separation process is a

familiar subject in engineering practice. Perhaps the most widely

known use for swirling flow is in the separation of dusts or mists

from gas streams within such equipment as the cyclone separator. In

recent years the same type of separator has been found useful for

the separation and classification of solid particles suspended in

liquids. The coal industry in particular has utilized the liquid-

solid cyclone in coal washing and in the recovery of coal fines

that would otherwise be waste.

Much empirical data and qualitative information have been

published about centrifugal separators using swirling flow, while

relatively little fundamental knowledge about the nature of the

flow within the swirl, or vortex, is available. A survey of the

most outstanding publications pertaining to fundamental study of

swirling flow is found in Chapter III. In the articles cited it

is apparent that there is conflicting information with regard to

the effect of the fluid viscosity upon the flow pattern in a

liquid undergoing the process called swirling flow. The term

swirling flow as used here connotes the movement of fluid radially

through a vortical region from a source in the periphery of a

vortex to a sink at the axis of the vortex. The peripheral source

is usually a tangential inlet.
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The conflicting information in the literature cited has

given rise to this investigation. It was desired to know the

effect of viscosity and liquid shear upon the pressure and velocity

distributions in a vortex associated with swirling flow. Such

knowledge will assist in the design of hydraulic equipment utilizing

swirling flow.

In this study three liquids were employed to show the in

fluence of viscous forces on the swirling flow in a right circular

cylinder. These were water and two hydrocarbon oils, designated

as SAE 10 and SAE 60. Radial pressure distribution measurements

were made with each of these liquids for various flow conditions.

Such data were analyzed to determine the effect of viscosity on the

swirling flow within the cylindrical vessel.

Chapters IV, V and VI describe the equipment used in this

study, the experimental procedures used and the various experi

mental results. Chapter VI also contains a discussion of the re

sults and conclusions derived from the study.



CHAPTER IH

LICTERATURE SURVEY

One of the most sought after correlations for vortical flow

has been an accurate expression for the tangential velocity as a

function of radius. Empirical work has been done on this subject

by several investigators. The measurements in question were made

in cyclone separators, and the data fit the equation,

v iP- = C (1)

where

v = tangential velocity

r = radial distance from the axis of rotation

n, C = constant

There is some degree of agreement among the various investigators

on the values for n. The values fall in the interval 0.5 to 0.9

for a wide range of conditions. Shepherd and Lapple (l6, 17) and

also Stairmand (18) found that n = 0.5 fit their data obtained by

pitot tube measurements for gas flow in a cyclone. Alexander (l)

also quotes values for n. They range from 0.5 to 0.75- Salto and

Ito (15) in Japan studied the paths of balls (specific gravity

= 1.0) in a water vortex and found that n = 0.6l. However they

*Numbers following authors' names indicate items in the
List of References.
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had reason to doubt that the balls travelled at the same velocity

as the water. Kelsall (11) found from his water-flow data in a

cyclone that n had values ranging from 0.75 to 0.84. He used

aluminum particles in the water, and optical methods were used to

determine the velocity. Other authors (3, 12) of works on cyclone

separators have assumed or found from their experience that n = 1,

which gives the potential flow equation for two-dimensional

vortical flow,

v r = C (2)

m these cases, however, it should be stated that the effective

peripheral velocity in the cyclone is different from the inlet

velocity.

There have been diverse opinions about the theory of shear

in circular flow. Wattendorf (21) reviewed the momentum transport

theory of Prandtl, and concluded that for circular flow

T«H*f- (3)
"X = local specific shear stress

Taylor (20) developed the vorticlty transport theory which gives

as a result that

Toe |^-5- (4)
a r r

It is noticed that equation (4) is at variance with equation (3).

In order to determine the relative validity of the two conclusions,

similar experiments were performed and cited by both Wattendorf and

Taylor (19)- The experimental apparatus consisted of two concentric
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cylinders mounted in such manner that water was contained in, the

annulus while the inner cylinder was rotated at known speeds.

Pressure and velocity measurements were made. The data revealed

that

v r = C (2)

for the interior regions of the fluid over the greater part of the

annular thickness. However, near the walls, there was considerable

departure from equation (2); viz., an increase of v r near the

inner wall and a decrease of v r near the outer wall. Both

Wattendorf and Taylor seemed to agree that the momentum transport

theory held near the walls, and the vorticlty transport theory held

in the interior. Kassner (10) objected to this compromise and

maintained that Prandtl made an error in his development, this error

being that Prandtl considered only particles that had the average

value for the moment of momentum of all the particles in the

cylindrical element under consideration. The result of Kassner's

correction is that both theories yield

Toc^-'L. (4)
d r r

It is not claimed that the theories are identical, but rather that

they supplement each other. The shear is proportional to the sum

of the vorticlty transfer and the momentum transfer, and each is

proportional to -^-^ -J_ . An interesting point about the shear
d r r

in irrotational flow is presented by Kassner. Since for laminar

flow,
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•-r - m[B-- f] (5)
where u = molecular viscosity

Assuming?an lrrotational flow where

7r=Corv=L (2)
r

the result is that

and

VT-i'l^-lr}-^'-*!' r

The shearing "moment, M, on the surface of a cylindrical element of

unit height is

M = T* 2 * r2 (7)

M=-2jJ ^ •2«r2 =-4*̂ G, aconstant (8)

For turbulent flow u is replaced by £ to give

M= - 4 it £ C, a constant (9)

One other interesting point is a discussion by Kassner of the con

dition for steady circular flow of viscous fluids. Since

T• 2 it r2 = a constant, (10)

f|_! .I_~| r2 =aconstant (11)

(6)

_d_
dr

(—) - aconstant (12)

The general solution of (12) is

^ +e10 r (13)
r



. Go
The velocity of irrotational flow, —2 , is a solution because it

represents flow with a constant moment of friction stresses, and

the velocity of rotational flow, C10 r, is a solution because it

has no friction stresses. A similar development is also given by

Green (8). The work of Kassner and Knoernschild (10) is reviewed

in a clear and concise manner by Fulton (5).

Einstein and Li (4) have made one of the most complete

studies of vortical flow in a cylinder to date for a single fluid,

water. The theoretical development of velocity equations begins

with the equations of Navler and Stokes and the continuity equation

written using cylindrical coordinates.

Navier-Stokes equations:

.22 +tt -22 +1 -2$ +w-22• - '£. . i 3P +yfv2u . u ._ 2 avl
3t dr r 3$> -dz r p 3r [_ r2 r2 3«J>J

-- —- (U0

-2Z+u.2J +I-2Z+v_az+HZo-i. i .22+v["*/•+-4U .-22-1]
at -gr r 00 ^z r p r 0^ |_v r2^ 9<f> r2]

(15)

«2+u£J+I *Z+'V42- -i-22+VvV U6)
0t 2r r a^ 0z P dz,

V2 = ^2 +i-2_ + 1 *32 + *a2
jjjr2 r gr r2" 0^ ~~iz2

Equation of continuity:

1 3(ru) + 1 Jjv gw mQ /17\
r 3r r 9$ •dz



10

where

u = radial velocity

w = vertical velocity

<f> = angular distance

z = vertical distance

t = time

p m density

p SB pressure

H
V = 75- = kinematic viscosity

r

V = Laplacian operator

The following assumptions are made:

1. The system operates under steady-state conditions.

2. Rotation is symmetrical with respect to the Z-axis,

which coincides with the axis of the vessel.

3. The radial component of velocity is uniform at any

given radius in the outer region (r2 < r ^ R).

4. The vertical velocity w is uniform at any given

height Z in the core region (0 ^ r ^ rp)•

For the outer region equations (17) and (15) combine and reduce to

r2 g-+ 0+1)rg-+ O-i)v =0 (18)
where

p-T-rnr (19)
V0 = volumetric flow rate

h = height of cylinder
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The solutions are

v=Cx r^1"^ +C2 r"1; 3£2 (20)

Co Cu
V= _5 + _I In r ; 3 = 2 (21)

r r

For the core region equations (17) and (15) reduce to

B r2

ir "2r22iv= r LC5+ °6 6 J (22)

The following boundary conditions are used:

At r = R, v = VR.

At r = 0, v is finite.

At r= r2, 3^ 2; <L /z) has the same value for both equations
dr \r/

(20) and (22).

The case 3=2 was considered rare and hence was not carried through

to a final expression. For the case p^2 the constants were

evaluated. For the outer region the result is

= 13-2 (l-e-P/2l [l -(I) "P" ] +/rrO-2>,_ (23)
RVR 3[l-e-e/2 fe\ B-2J-2 [l-e-P/2] U/

For the core region the result is

"2 (ri)
rv _

WP/2 /xfejP-2]-2[l-e-P/2]RVR 3

R = cylinder radius

Vr = peripheral velocity

r2 = outlet radius

(24)
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Experimental data were obtained from a water vortex in a

cylindrical tank, and these data were used to evaluate 3. The

values of 3 as determined from the experiment were two and five,

arid were orders of magnitude smaller than the values of 3

determined from equation (19) using the molecular viscosity.

It was explained that this discrepancy may be due to turbulence

and the effects of the eddy viscosity e • It was thought that a

more proper expression for 3 would be given by

3=_-%£ (25)
2* h (p+e)

Utilizing the same method as that shown by Einstein and Li,

Garber and Peebles (6) investigated vortical flow in a sphere.

Pressure distribution data for swirling flow in an eight-inch

sphere were obtained in the laboratory and used to determine a

value for 3. The value given is 2.1, which is smaller by a factor

of KP than the value given by the expression

3=.Vo/°— (26)4* R' y v '
where

R' = sphere radius.

This discrepancy was attributed to turbulence, which was not

accounted for In the equations used. Expressions for laminar flow

were used as a first approach to the problem.

Daugherty (2) gives an idea of the relative magnitudes of

turbulent viscosity as compared to molecular viscosity. He has
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stated that the turbulent viscosity may have a value 20,000 times

that of the molecular viscosity for the given fluid.

Russell (14) presented a derivation for a very useful differ

ential equation. His analysis considers the balance of forces on

an element of fluid in a vortex and arrives at the equation

which reduces to

d A dp = d A dr _L_ JC_ (27)
Sc r

dp = _Zf _JL dr (28)
gc '

dA = an elemental area

If V as a function of r be known, the pressure distribution can be

computed. It is noted that if viscous effects and the radial

velocity are small compared to the tangential velocity, equation

(14) reduces to equation (28).



CHAPTER IV

EQUIPMENT

The test section was the cylinder whose dimensions are

shown in Figure 1. Inside dimensions were approximately eight

inches for the diameter and six inches for the depth. The inlets

were two narrow rectangular openings l8oG apart that extended the

full depth of the cylinder. The inlet passages were attached to

the cylinder in such a manner that the liquid entered tangentially.

At the beginning of the experiments the average inlet width was

O.308 inches, and later it was changed to 0.147 inches in order

to obtain higher velocities with the same flow. The pressure taps

were drilled in the transparent plastic top of the cylinder as

shown in Figure 2. Nine holes 0.032 inches in diameter were spaced

so as to give the static pressure distribution from the cylinder

wall to within one sixteenth of an inch of the two-inch outlet

channel. Two holes 0.032 inches in diameter served as pressure

taps in the outlet channel.

The liquid was circulated by a Wllfley centrifugal pump

rated at two hundred gallons per minute at one hundred pounds per

square inch. A photograph of the whole system is shown in

Figure 3, and a schematic flow sheet is shown in Figure 4. The

liquid was pumped from the surge tank through a two-inch pipe which

divided into two channels in order to provide flow to each of the

two inlets. The transition from the round pipe to the narrow

inlets was made by two specially built sections which converged in
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the width dimension and diverged in the height dimension. The

divergence was six degrees total angle, which follows the findings

presented by Prandtl and Tietjens (13) with respect to the

divergence of channels. It is believed that this arrangement made

the entrance of the liquid into the cylinder as uniform as it could

practically be made. The swirling liquid made its exit from the

cylinder through two outlet channels two inches in diameter at the

top and bottom. Flow from the two outlets joined about six feet

from the cylinder and was dumped into the surge tank. The flow

rate in each inlet and each outlet was metered with a calibrated

orifice. Facilities for cooling the system consisted Of water

cooling coils in the surge tank and a wetted section of piping.

Each pressure tap was connected through a small valve to a manifold

which was connected to a hundred-inch mercury manometer. The flow

rate was controlled by two-inch globe valves in the inlet piping

for the cylinder.



CHAPTER 7

EXPERIMEHTAL PROCEDURE

Two series of experimental runs were made with water in the

cylinder which had inlets of widths O.317 inches and 6.299 inches.

The valves were set so that the velocities in the inlets were

approximately equal. Attempts were made to obtain data using one

inlet, but the data from the taps nearest the outlet were badly

scattered, and observation through the plastic cylinder top re

vealed that the vortex air volume, which was nearly always present,

was eccentrically located with respect to the axis of the cylinder.

After noting this, all succeeding runs were made with approximately

equal flow in the two inlets. The flows in the two outlets were

also approximately equal, all flows being metered with calibrated

orifices. With the system maintained under a given set of con

ditions for each run, the pressure measurements at each tap,

referred to the outside wall tap, were made in sequence by means

of the manifold valve arrangement. The static taps in the upper

outlet channel did not:exist during the first runs with water.

Data are shown in Table XI, Appendix.

Three runs were made with lubricating oil SAE 10 as the

fluid. The inlets of widths O.317 and 0.299 inches were used, and

a pressure tap was drilled one sixteenth inch from the lower end of

the top outlet before these runs were made. See Table XI, Appendix.
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The inlet widths were then changed by soldering in sheet-

metal inserts so that the widths were 0.153 inches and 0.l4l

inches. One more pressure tap was drilled three and one-half

inches from the bottom of the top outlet. After these changes

were effected, three more runs were made with SAE 10 oil. See

Table XI, Appendix.

Using the system as it was during the last three runs with

SAE 10 oil, three runs were made with SAE 60 oil. The runs with

oil under each condition are fewer than those with water because

of the long time (20 minutes) required for the manometer to come

to equilibrium as the viscous oil passed through the 0.032 inch

pressure taps. The SAE 60 oil was remqved from the system and

water was run again to get some information about water with the

narrow inlets. These data are shown in Table XI, Appendix.

Because the properties of oils with identical SAE numbers

can vary widely, the viscosities and densities of the oils used

were determined directly using a Westphal type of balance for the

density and a Hoeppler viscosimeter for the viscosity. These

properties were determined over a temperature range which covered

the operating temperatures of the apparatus. Because oil is very

difficult to cool, the system operated at temperatures of 60° C. to

75° 0. in spite of the one hundred feet gsf cooling coil placed in

the surge tank. The cooling water had an estimated temperature of

10° C. to 20° G. Cooling water was also sprayed on a five-foot

section of the piping, but this seemed to have little effect

compared with that of the cooling coil.
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In an effort to measure directly the tangential velocity

and also to study the effect of a probe on the pressure distri

bution, a Hundstad (9) three-dimensional flow measuring probe was

installed on the side of the cylinder. This probe is a special

type of pitot tube with the head made of a quarter-inch sphere.

This small sphere has three very small pressure taps located on

its surface in such a manner that it is a sensing device as well

as a velocity measuring device. Velocity readings and pressure

distribution readings were taken for four different depths of

insertion.

For the final part of the experiment, the pump was dis

connected and a one-inch tap-water supply was connected in its

place. At the same time the discharge from the cylinder was

piped down to the sewer. Dye was introduced into the cylinder for

the purpose of measuring residence times in the cylinder. This

gave some indication of by-passing along the top and bottom around

the main portion of the vortex in the cylinder. See Table XII,

Appendix.



CHAPTER VI

RESULTS AND CONCLUSIONS

Effect of Viscosity on the Pressure and Velocity Distribution

Viscosity Effect on 3

This study was begun with the intention of evaluating the

parameter 3, found in the equations of Einstein and Li (4), for

liquids with different viscosities. It was supposed that the

higher viscosities of liquids such as lubricating oil would prevent

the conservation of angular momentum in swirling flow. Further

more it was hoped that the departure from conservation of angular

momentum would be great enough to cause the pressure distribution

of the vortex to be markedly different from the pressure distri

bution of a free vortex. The equation for the static pressure, p,

as a function of the radius, r, in a free vortex which is based on

the conservation of angular momentum is derived as follows;

V = £- (2)

Substituting (2) in (28)

dp= P_ j£_ dr (28)
gc r

dp=Z. £_ dr (29)
Sc r3
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For the boundary conditions,

v = Vg, r = R, p = PR, the solution is

V-S[(.ff . (30,
It was found that the experimental data could be represented by

equation (30). In using this equation to check the data for its

departure from free vortex data, Tables I - V were prepared. It

was found that the pressure drop from the cylinder wall to the

various radii formed a straight line when plotted against the

dimenslonless group \ (-) -1 , as shown in Figures 5through

9. This can only mean that the correlation indicates the ex

istence of a free vortex pressure distribution for liquids with

viscosities as high as 47.2 centipoises. This kind of a pressure

distribution indicates that the term C^ r1"^ has negligible values

so that the equation,

v= Cx r 1_P + C2 r"1, 3# 2 (20)

becomes very nearly equivalent to the equation,

V = 1 (2)
r

The theoretical values of 3 as calculated from

3- ^ (19)
2 % hu

range from about 10 to 10^ depending upon the fluid and flow con- '

ditlons. These numbers are rather large, as exponents, and since

the momentum losses in the vortex appear to be negligible, it is

fitting to assume that the turbulent viscosity values are small
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TABLE II

SUMMARY OF PRESSURE DISTRIBUTION DATA FOR SAE' 10 OIL
WITH 0.308-INCH INLETS

Run No.

Flow Rate (ft.3/sec.)
Vi (ft./sec.)
Vr (ft./sec.)
Av. a

X-5
0.1^60

18.0

19.1 •
I.06

X-7
0.35^

13-9
15.0
1,08

X-6
0.232
9.10

9>92
1.09

Radius

(ft) ©'-
AP

lb/ft2 C*2
AP

lb/ft2 a2
AP

lb/ffc2 a2

0.293
0.232
O.167
0.125
0.106
0.107
0.107
O.0963
0,0886
0,0833

0.277
1,6k
2.95
6.02
8.85
8.62
8.62

10.82

12.97
l-f-79

79»2

333
929

1800
2720
2860
2880
3kL0
*o8o

1.01

l.lfc
1,12

1.09

1.09
1,18
1.19

i*n
1.12

20l*
570

1110

1690
1775

2120

2570
11-300

1.17
1.15
l.io

l.li*
1.22

1.16
1.19

22.0

89.I
25^
ltS'9
7^1
776
787
9^5

lllj-0
i960

1.10

1.19
1.20

1.13
1.16
1.25
1.27
1.21

1.22

32



TABLE III

SUMMARY OF PRESSURE DISTRIBUTION DATA FOR SAE 10 OIL

WITH 0.1*7-:fflCH INLETS

Run No. X-8 X-9 X-10

Flow Rate (ft.3/sec•) 0.3*1 0.2*0 0.175
Vi (ft./sec.) 27.9 19.6 i*.6
Vr (ft./sec.) 23.2 16.8 12.3
Av. a = O.858

Radius

S8-1
AP AP AP

(ft) lb/ft2 a2 lb/ft2 a2 lb/ft2 a2

0.293 0.277 1*5 0.777 76 0.821* *0 0.783
0.232 1,0* 537 0.766 280 0.809 152 0.792
O.167 2.95 1*20 0.71V 756 0.770 *09 0.752
0.125 6.02 2720 0.671 1*60 0,730 785 0.707
0,106 8.85 U070 0.682 2120 0.720 1130 0.692
0.107 8.62 — — 2160 0.753 1170 0.7*3
0.107 8.62 *250 0.732 — — -_ -_

O.O963 10.82 50*0 0.681 2680 0.7*5 1*30 0.716
0.0886 12.97 5980 0.68* 3130 0.725 1675 0.700

0.0833 i*.79 -- .. *520 __ 2**0 __

O.0833 ifc.79 — tm
— *" **6o ""*" 2360 — —

33



TABLE IV

SUMMARY OF PRESSURE DISTRIBUTION DATA FOR SAE 60 OIL
WITH 0.1*7-INCH INLETS

3*

Run No. X-ll X-12 X-l3 X-l*
Flow Rate (ft<3/sec.) 0.33* 0.258 0.192 0.188
Vi (ft./sec.) 27.3 21.* 15.7 15.*
Vr (ft./sec.) 21.2 I6.6 12.2 11.9
Av. a = O.77*

Radius VR\2 t
(ft) [t) ~ 1

AP
lb/ft2 a2

AP

lb/ft2 a2
AP

lb/ft2 a2
AP 1

lb/ft4 a2

0.293 0.277 135 0.775 76 0.71* WB—
_- ..

0.232 1.0* *6o 0.702 251 0.628 -- -- 125 0.601
O.167 2.95 1195 0.6** 656 0.579 __ =_ =_

0.125 6.02 2280 0.602 1270 0.550 676 0.5*1 6*0 0.531
O.IO6- 8.85 3360 0.603 18*0 0.5*0 »«. «,- ~-,„

O.IO7 8.62 3*10 0.629 I87O 0.56* 997 0.557 9*7 0.5*9
0.107 8.62 3*60 0.638 1890 0.570 =_

O.O963 10,82 *250 0.623 23ll-0 0.561 — -« _= _~

0.0886 12.97 5000 0.61* 2800 0.561 1500 0.558 1*30 0.551
0.0833 1*.79 7960 — *500 -_ 2350 -«- ~«

0.0833 1*.79 7*30 •••» *1*0 *>C9 2180 .«. •.a (BOD



TABLE V

SUMMARY OF PRESSURE DISTRIBUTION DATA FOR WATER
WITH 0.1*7-INCH INLETS

35

Run No. X-16-B X-15 X-16-A
Flow Rate (ft.3/sec.) 0.302 0.217 0.10*
Vi (ft./sec.) 2*.6 17.6 8.kk
Vr (ft./sec.) 23.* 16.7 8.01
Av. a = O.950

Radius (Rf- 1 AP J AP AP

(ft) \t) lb/ft< a2 lb/ft2 a2 lb/ft2 a2

0.293 0.277 157 O.968 85 1.025 19.7 1.035
0.232; 1.0* 576 0.9*7. 308 O.990 67.5 0.9*5
O.167 2.95 1560 0.900 818 O.925 178 O.877
0.125 6.02 2990 0.850 1570 0.871 3** 0.831
0.106 8.85 *550 O.879 2370 O.895 506 O.83*
0.107 8.62 *320 O.857 2250 O.873 512 0.86*
0.107 8.62 **00 O.87* 2310 O.895 525 0.886
O.O963 10.82 5650 0.891 2960 0.911 656 0.881
0.0886 12.97 66*0 0.875 3*90 O.900 771 0.866
0.0833 1*.79 9290 .. *970 -_ 1106 _<=>

O.O833 1*. 79 8960 "•"•• *720 mm<m 1053 _„
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enough to allow the real values of ^ to be large. If £ is large,

then jr-~P cannot approach zero for values of r-s: 1. The only way,

then, for C]_ r1"^ to become negligible (or zero) is for C^ to be

very small (or zero). Kassner's theory of constant moment of mo

mentum along the radius, reviewed on page 8 , says that no matter

what value the viscosity has, the free vortex velocity distribution

is to be expected. This may possibly explain why C^ appears to be

very small or zero. If this is the ease, it dannot be discerned

from these experiments because the frietional effect of the

peripheral cylinder wall has not been isolated from the internal

frietional effect. If the friction losses in the interior of the

vortex were larger this might be possible.

Effect of Viscosity on the Peripheral Velocity

Since viscosity has a negligible effect upon the shape of

the pressure profile of the vortices formed, as is reflected in the

agreement of the experimental data with the theoretical equation of

inviscid flow, it is only logical to look for other manifestations

of a viscous effect. For one cylinder geometry (that with the

0.1*7 inch inlets) this effeet can be evaluated. From equation (30)

and the curves in Figures 7, 8, and 9, the effective peripheral

velocity, Vr, of eaoh specific vortex can be computed. From each

known flow rate the corresponding average inlet velocity, Vi, can

be computed. The relationship between these two factors for the

three liquids used in the same ©ylinder geometry, is shown in

Figure 10. Notice that Vr is a straight-line function of Vi, but

the slope decreases with increasing viscosity.
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VR = a Vi (31)

In order to determine the best mean value of a for each fluid, the

slopes of the curves in Figure 10 were not relied upon. Instead

a Vi was substituted into equation (30), and this equation was

solved for or.

a2 = 2Sc AP_ (32)
Vi2/0 '[(I)2"1]

AP = Pr - p

For each fluid the values of a2, which are shown in Tables III - V,

were averaged and the square root of the average was extracted,

giving a value of a to be associated with the particular cylinder

geometry used. The variation of a with viscosity is presented in

Table VI.

TABLE VI

THE VARIATION OF a WITH VISCOSITY

Viscosity, op. a

0.85* 0.950

12.3 O.858

*7.2 0.77*
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Based on the evidence from these experiments, it appears

that the parameter p is quite insensitive to viscosity. On the

other hand the parameter a, which seems to show the effect of

drag on the fluid at the cylinder wall, shows a measurable

dependence upon viscosity.

The low values of p obtained by Einstein and Li (*) and by

Garber and Peebles (6) are still not explained. However, the

evidence reported here eliminates turbulence as an explanation.

The high turbulence observed in the cylinder failed to yield a

value of 3 small enough to be measurable. The explanation may lie

somewhere in the simplifying assumptions used by these authors

about the nature of the flow in the containers. It will presently

be shown that the assumption of uniform radial velocity is not

true, although it may still be a practical assumption.

Effect of the Radial Velocity Variations on the Flow Pattern

It will be remembered that Einstein and Li (k) assumed in

their development that for a given radius the radial velocity was

constant. For flow in a cylinder such as the one used in this in

vestigation, it was doubtful if this assumption would hold. The

reasoning behind this is that the top and bottom surfaces of the

cylinder exert a drag on the swirling liquid and retard the

tangential component of velocity near the top and bottom. This is

very similar to the secondary flow in a curved section of pipe

described in the work edited by Goldstein (7). In the pipe there
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is flow toward the inside of the horizontally curved channel at

the top and bottom, while there is flow toward the outside of the

curved channel in the central region. In the cylinder the same

principle governs the flow, but instead of having outward flow in

the central region of the ehannel, the radial velocity is lower

than it is near the top and bottom. The retardation of the

tangential velocity near the top and bottom tends to lower the

centrifugal pressure exerted by the swirling in these boundary

regions, but the system maintains the equilibrium pressure con

dition at a given radius by increasing the radial velocity. A

form of Bernoulli's equation can be used to illustrate,

V2 T,h+ /S5- =a^o^tant (33)
V is the resultant magnitude of the velocity at a point, and p is

the static pressure at the same point. Here it is maintained that

this equation holds for any vertical line in the interior regions

of the vortex that lie outside of the outlet radius, and the mecha

nism which can cause this to be true will be explained.

The resultant V is composed of two eomponents, u and v.

V=vju2+ v2 (310

Substituting in equation (33),

u2 + y2 p
—2g— + ~p = a cons-fcant (35)

Now pass an imaginary vertical line, parallel to the axis, through

the vortex at a location denoted by some radius less than the cylin

der radius and greater than the outlet radius. At a point on this
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line well away from the top and bottom boundaries, v has values

greater than it does at points near the top and bottom boundaries,

due to the drag of these boundaries. In order for p to remain

constant along the line, u must be greater near the top and bottom

than it is in the region in between. This would mean that there

is a by-passing flow near the top and bottom, and that the resi

dence time of liquid in the interior regions is longer than the

average theoretical residence time, based on slug flow, for liquid

in the cylinder. This theory was checked by measuring the time

required to remove coloring matter from the cylinder at known

flow rates. The result of this is in Figure 11 and Table VII. For

comparison the average theoretical residence time, based on slug

flow through the entire cylinder volume, is also shown. The

straight lines show that the relative residence times are in

dependent of flow rate, and that the maximum residence time of

liquid in-the interior part of the vortex is 3.86 times as great as

the average residence time, based on slug flow. This by-passing

effect is an explanation for the fact that the pressure taps give

the free vortex pressure distribution although the drag of the top

and bottom boundaries bring into existence boundary layers near

them which do not contain the free vortex velocity distribution.

In short, a free vortex in the interior determines the pressure

distribution! increased radial velocities near the top and bottom

maintain a constant pressure at a given radius regardless of

vertical location.
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TABLE VII

RESIDENCE TIMES FOR WATER IN THE CYLINDER

Vo

Flow 1 Measured Residence Calculated Residence

Run (ft.3/sec) Vo- Time (sec.) Time (sec)

i 0.0219 *5-7 33-* 7.8*
2 0.0219 *5»7 32,8 7.8*
3 0.0218 *5.9 33.2 7.88

10 0.0510 19.6 13.8 3-37
.11 0.0513 19-5 12.5 3-35
12 0.0510 19.6 12.6 3.37
13 0.0719 13.9 8.7 2.39
1* 0,0719 13.9 9.3 2.39

15 . .. 0.0719 13.9 8.8 2.39
7 0.103 9.73 5.9 I.67
8 0.10* 9.65 :.6.i 1.66

9 0.103 9.70 5-9 I.67
1* 6.127. 7.85 *.2 1-35

5 0.128 7.80 *.6 1.3*
6 0.129 7.75 *.5 1.33



Determination of Tangential Velocities Using
a Horizontal Pitot Probe

**

As was described in Chapter V, measurements of the tan

gential velocity using a Hundstad pitometer were made. The

Hundstad three-dimensional flow measuring probe had a one-fourth

inch diameter spherical head on the end of a one-fourth inch

diameter tube. An attempt was made to measure the velocity at

different depths of insertion along a cylinder radius. Values

were actually obtained, but there is evidence that they are not

the velocities that would exist without the probe. This evidence

consists of the comparison of the static pressure profiles for

the various depths of insertion, shown graphically in Figure 12.

The flow data are given in Table VIII. Note that the most shallow

insertions gave the greatest slope in spite of the fact that they

were associated with the lowest flow rates in each of the two

cases. Note also the scattering of the static pressure data for

the greatest depths of insertion. Apparently the probe disturbed

the flow pattern to such an extent that velocity data are question

able if one attempts to associate a velocity probe traverse with a

single vortex. In Figure 13 are shown velocity probe traverses for

two different ebadl-bioiis. Assuming that each set of points is

associated with a single vortex, it appears that each vortex is

markedly different from a free vortex; i.e., the slope of each

solid line is 0.70. (a free vortex has the slope, 1.0). However,

this is very misleading. The curves in Figure 12 are evidence that
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TABLE VIII

PRESSURE DISTRIBUTIONS FOR VARIOUS PROBE INSERTIONS

Run No. V-l-A ' V-2-A V-3-A V-*-A
Flow Rate(ft3/sec): 0.110 ; 0.100 0.099 0.097
Velocity at Probe 19.* 15.1 13.1 9.6
Head (ft./sec) >

Vi (ft./sec.) 8.88 8.12 8.00 7.86
(a Vi) (R/r) at
Probe Head(ft/sec) 22.0 15.9 12.7 9.19

Probe Head Position

Radius (ft.) 0.100 0.1*2 0.183 0.266
a 0.750 0.8*1 0.881 0.9*0

Radius

®-
AP AP AP AP

(ft) lb/ft2 a2 lb/ft2 a2 lb/ft2 a2 lb/ft2 a2

0.293 O.277 I8.3 0.867 19,6 1.111 19.6 1.1*6 19.6 1.185
0.232 1.0* 55-6 0.702 55-6 0.8*0 57 0.888 59 0.950
O.167 2.95 12* O.552 128 0.681 137 0.752 151 0.858
0.125 6.02 220 0.*79 232 0.606 252 0.678 28k 0.790
0.106 8.85 288 0.*27 31* 0.557 350 0.641 *10 0.776
O.0963 10.82 390 0.*75 *10 0.59* *51 0.675 530 0.820
0.0886 12.97 *32 0.*37 *68 0.566 527 0.658 621 0.802

Run No. V-1 V-2 V-3
Flow Rate(ft3/see) 0.135 0.135 0.130
Velocity at Probe l*-3 18.8 22.*
Head (ft./sec)
Vi (ft./sec) ll.Q . 11.0 10.6
(a Vi)(R/r) at
Probe Head(ft/sec) 13-2 18.0 22.3

Probe Head Position

Radius (ft.) 0.266 0.183 O.llj-2
a 0.965 0.903 0.90*

Radius /Rl2 -, AP AP AP

(ft) (r) -1 lb/ft2 a2 lb/ft2 a2 lb/ft2 a2

0.293 0.277 36 1.111 36 1.111 36 1.198
0.232 1.0* 121 0.996 118 0.971 118 1.0*5
O.167 2.95 320 .0.929 292 0.8*8 275 0.859
O.I25 6.02 6ll 0.869 5*0 0.768 *98 0.763
0.106 8.85 897 0.867 767 0.7IH 681 0.709
0.107 8.62 891 0.88* 753 O.750 672 0.719
0.107 8.62 920 0.91* 783 O.787 692 0.7*0
O.0963 10.82 1150 0.920 982 0.777 888 0.756
0.886 12.97 1360 0.896 11*0 0*752 1020 0.735
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the vortices involved were very nearly free vortices. Each time

the probe depth was changed a new vortex was created even though

the flow was nearly constant for the given traverse, and each

measured velocity shown in Figure 13 was actually associated with

a different vortex. The velocity distribution that should right

fully be associated with each point is shown by the broken lines

in Figure 13. The calculated velocities on Figure 13 are shown

for comparison with the measured velocities. The calculation was

carried out by first determining a for each individual probe

setting, using the method described on page 38; then substituting

this value in the equation,

v=aVt I (36)

In the light of the preceding analysis the velocity data

of Shepherd and Lapple (16, 17) for cyclones should be re

examined. It is possible that they collected data for a series of

vortices which gave them a slope of 0.5 and caused equation (1)

with n = 0.5 to fit their data. The main point to be emphasized

here is that velocity data obtained with probes inserted perpen

dicular to the vortex axis are misleading and should not be con

sidered as accurate data for a single vortex. In order to en

tirely clear up this point, pressure distributions with different

depths of probe insertions should be obtained for gases in swirl

ing flow.



Relation of the Total Pressure Drop Across the
Cylinder to the Radial Pressure Profile

*9

The pressure drop from the cylinder wall to the outlet

channel presents a perplexing problem. On Figures 6 through 9

there are points, where the abscissa has the value 1*«79> that

lie well above their associated pressure distribution curves.

If a pressure profile for that portion of the cylinder which lies

outside of the outlet radius be extrapolated to the abscissa 1*.79>

which corresponds to the outlet radius, the difference between

this point of extrapolation and the measured pressure drop is about

twenty to fifty per cent of the value of AP at the extrapolated

point. This extra pressure drop may be something as simple as a

contraction loss, but it is believed to be considerably more

complicated. The centrifugal forces acting on the liquid in the

outlet channel cause most of the exit liquid to flow through an

annular cross section. If the thickness of the annular cross,

section were known, one could test the contraction loss theory

with a calculation, but that lies outside this investigation. The

behavior in the outlet region is the subject of another investi

gation now under way at the University of Tennessee Department of

Chemical Engineering, and will not be further discussed here.

Conclusions

The results previously discussed in this chapter lead to the

conclusions that follow.
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The parameter 3 was not visibly affected by changing the

viscosity over a range of three orders of magnitude. However, it

was observed that the parameter a is a function of viscosity. The

function was not determined, since this could lead to another in

vestigation on a scale equal to that of this report.

The radial velocity was greater near the top and bottom

boundaries of the cylinder, but the pressure distribution was still

that of a free vortex.

The velocity probe inserted normally to the vortex axis did

not give accurate velocity values because the pressure distribution,

and, hence, the velocity distribution, was altered by changes in the

depth df insertion.

There are pressure losses in the outlet channels that appear

to be of sufficient complexity to justify a separate experimental

investigation.
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Determination of Orifice Coefficients

The flow of an incompressible fluid through an orifice has

been found by experiment to be expressible by a mathematical

equation of the form

y^ax1/2

The method of least squares was used to treat the calibration data.

The residual, Rn is given by

Rn = a xn ' - yn

The squared residuals of all points are summed up for a given

orifice.

Yl Rn2 =E&2 xn -E2 axn1/2 7n +X!yn2
The minimum £_, Rn2 is found,

3(4kBn7= 2aCxn -2YZ^2 7n -0
a a

aE % -E ^n1/2 yn =°

X>n

In the calculation of "a" for each orifice

y= flow, lb./sec

x= manometer reading, in. Hg-in HgO.

Orifice data are shown in Table X.

For the two oils that were metered, it was assumed that the

orifice coefficients, C, in the following equations remained the

same as for the water.

,-Aox/a^vf



where

q= flow rate, ft.3/sec.

A = orifice area, ft,2

C = coefficient

Ah = head across orifice, ft. fluid

D2 = orifice diameter

Di = pipe diameter, 2-inch std. pipe

From the calibration with water,

q = *^^r = s- **p

•iW^.-A-VSirV-

C = »
• pk

J 12 (1-^)
V 25.2 g
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SAMPLE CALCULATIONS

1. Conversion of pressure drops from inches mercury

minus inches water to pounds per square foot:

where

A = manometer reading, inches

r^ = specific gravity of mercury

Pq - specific gravity of water

For the first point of Run X-l-A,

A = 0.20 inches

Px =13.6

P2= 1.0

AP =£— (13.6 - 1) 62.*
12 '

= 65.5 A = 65.5 x 0.20 = 13.1 lb./ft.2

2. Conversion of pressure drops from inches mercury

minus inches oil to pounds per square foot:

AP =|_ (P±. /<>rt) 62A
where

/£j. = specific gravity of oil at room temperature

For the first point of run X-5,

A = 1.20 inches

/rt = G-92

AP =-^ (13.6 -0.92) 62.*
- 66.0 A = 66.0 x 1.20 = 79.2 lb./ft.2
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3. Flow rate calculation for water through N.E. inlet:

q = a VfY A

where

q = flow rate, tt.^/sec.

a = calibration factor, lb./s@e«/in./2

Vf = specific volume of water ft.^/ib.

For run X-l-A,

a = *.89 lb./sec/in.1'2

vf = 0.0l6l ft.3/lb.

A = 2.9 inches

q = *.89 x 0.0l6l x\/2.9 = 0.13* ft.3/sec

v.

mE inlet area 6 x 0.317
—jp;

*, Calculation of Y±%

V4 = viNE + ViSW
1 2

For run X-l-A,

v = 10.1 + 9.9* = 1G.G2 ft./sec.
i 2

5. Flow rate calculation for oil through N.E. Inlet:

"Ah

A = Q'1^ = 10.1 ft./sec.

For run X-5,

A = 0.01211 ft.2

C = 0.67*

2g = 6k.k

(1-^) = 0.730

A/2g^



Ah =
12

fa- 4•]
PQ = specific gravity of flowing oil

. A = 7.85 in.

PQ = 0.895

P± = 13=6
/^t = 0,92

_ 7.85 fl3.6 - 0.92I ofK
=IT I 0.895 J =9*28 "

q=0.01211 x0.67*\/^^28'
q = 0.233 ft,3/sec

Ah =

•730
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TABLE IX

Orifice calibration

Bottom Outlet N.E. Inlet Oj?

Manometer Flow MaEsme^er Water

Reading lb. per second Reading Temperature

5.15 11.0 *.65 81.5
*,00 9.81 *.10 83.3
6.70 13,00 __ 82A
8,*5 1*.3 8.65 80.6
9.50 15.* 10.05 78.8
5.70 11.6 5.85 77.0
*.30 9.53 3.60 75.2
1.60 6.33 l.*5 75-2
2.65 7.72 2.55 90.5
*.00 9.30 3.95 81J-.2
6.75 13.0 7.20 80.6
8.80 1*.9 9»*0 77-0
10.*0 15.9 10.30 75.2

Top

Outlet S.W. Inlet

I..30 5.38 1.50 9*.l
1.20 5,21 1.35 91,*
2.10 6.67 2.05 88.7
2.1*0 7.87 2.95 88.7
k.ko 10.10 *,30 88.7
6.75 12.50 — 86.0
6.85 12.50 6.75 91.*
6.75 12.2 6.65 87.8
8.60 13.8 8.25 82.*

8.35 1*.3 8.25 80.6
6.90 12.2 7.00 80,6
3.70 9.10 3-55 82. if

5.95 11.* 5-95 78,8
8.30 13-7 8.35 75.2

1.95 6.5^ 1.95 75.2

10.*5 15.* 10.55 72,5
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TABLE X

ORIFICE DATA AND PHYSICAL PROPERTIES

FOR OILS

ORIFICE DATA

Orifice D2 (in.) a C

N.E.

S.W.

Bottom

Top

l.*90
l.*90
l.*91
l.*90

*.888

*-751
*-913
*-763

0.6714-
0.655
0.677
O.657

PHYSICAL PROPERTIES

Density
g./cc.

Viscosity
cp

25°C.
30

55
60

65
70
80

6o°C.
70
8o

SAE 10

0.9197

0.9001
0.8969
0.89*8

1*.2

9.9*

SAE 60

0.89*7
O.8918

0.8695
O.863*

53-6
36.0
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TABLE XI

PRESSURE DISTRIBUTION DATA FOR ALL RUNS (continued)

Manometer Readings AF

In.Hg. -•In. HgO Manometer

Reading

(if-Temp. Run Top Bottom N.E. S.W. In.Hg- Tap
GC No. Outlet Outlet Inlet Inlet In. H2O No.

135.7 X-l-D 8.0 8.30 8.65 8.55 1.50 0.28
8.0 8.*0 8.65 8.55 5.55 2 1.0*
8.35 8.50 8.65 8.55 15.30 3 2.95
9.00 8.50 8.65 8.55 28.80 * 6.02
8.65 8.50 8.65 8.55 **.30 5 8.85
8.65 8.50 8.65 8.55 *5»20 6 8.62
8.65 8.50 8.65 8.55 **.95 7 8.62
8.65 8.50 8.65 8.55 *3.8o 8 8.62
9.90 8.50 8.65 8.55 5*. 50 9 10.82
8.0 8.50 8.65 8.55 65.90 10 12.97

35.8' X-l-E 10.80 IO.65 10.60 10.50 i.80 1 0.28
11.30 IO.65 10.60 10.50 6.70 2 1.0*
10.70 IO.65 10.70 10.50 18.*5 3 2.95
10.90 IO.65 10.60 10.50 3*o75 * 6.02
10.90 IO.65 IO.60 10.50 53.85 5 8.85
10.90 IO.65 10.60 10.50 5* .75 6 8.62
10.90 IO.65 10.60 10.50 53° 90 7 8.62
10.90 IO.65 10.60 10.50 52,*5 8 8.62
10.90 10.65 10,60 10i50 78.2 10 12.97

33.8 X-3-A lO.lJO 11.10 10.8 10.75 1.75 l 0.28
10.35 11.30 10.8 IO.85 6060 2 1.0*
10.35 11.30 IO.85 10.75 18.1J-0 3 2.95
10.35 11.30 IO.85 10.75 36.30 * 6.02
10.9 11.1 10.75 10.70 55.70 5 8.85
10.60 11.1 10.95 10.75 68.70 9 10.82
10.60 11.1 IO.85 10.75 81.60 10 12.97
10.60 11.1 IO.85 IO.75 56.00 6 8.62
10.60 11.1 IO.85 10.75 55.60 7 8.62
10.60 11.1 IO.85 10.75 5*.*o 8 8062
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TABLE XI

PRESSURE DISTRIBUTION DATA FOR ALL RUNS (continued)

Manometer Readings AP

In. Hg.-•In. H2O Manometer

Reading
r\

Temp. Run Top Bottom N.E. S.W. In.Hg- Tap (*\ i°C No. Outlet Outlet Inlet Inlet In. H2O

1.80

No.

1

Iri -1
36.0 X-*-D 10.8 IO.85 10.70 10.70 0.28

11.0 IO.85 10.60 10.70 6.70 2 1.0*
U.0 IO.85 IO.65 10.70 18.25 3 2.95
11.0 IO.85 IO.65 10.70 3*.70 * 6.02
11.0 IO.85 IO.65 10.70 52.60 5 8.85
11.0 IO.85 IO.65 10.70 5*.*0 6 8.62
11.0 IO.85 IO.65 IO.70 55-10 7 8.62
11.0 IO.85 IO.65 10.70 5*.*0 8 8.62
11.0 IO.85 IO.65 10.70 66.10 9 10.82
11.0 IO.85 IO.65 10.70 81.20 10 12.97

38.5 X-*-E 11.6 11.70 ll.*0 11.*5 1.95 1 0.28
11.*5 11.70 ll.*0 H.60 7-25 2 1.0*
11.6 11.70 ll.*0 11.60 19.70 3 2.95
11.6 11.70 ll.*0 II.65 37.10 * 6.02
11.6 11.70 ll.*0 II.65 57.00 5 8.85
11.6 11.70 11.*0 H.65 59.00 6 8.62
H.6 U.70 ll.*0 II.65 59.80 7 8.62
11.6 11.70 ll.*0 II.65 58.90 8 8.62
11.6 11.6 11.25 ll,6o 70.10 9 10.82
11.6 11.6 11.25 II.70 87.90 10 12.97
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' TABLE XI

PRESSURE DISTRIBUTION DATA FOR ALL RUNS (continued)

Manometer Readings AP

In.Hg.- In. Oil Manometer

Reading

@f-1Temp. Run Top Bottom N.E, S.W. In.Hg- Tap

°C No. Outlet Outlet Inlet Inlet In. Oil No. UJ x

60.2 X-8 *.5 *,15 *-35 *-35 61.65 5 8.85
*.5 *.15 *.35 *.35 *1,30 k 6.02

*.5 *.15 *.35 *.35 21.50 3 2.95

*-5 *.15 *.35 *.35 8.15 2 1,0*

*.5 *.15 *.35 *.35 2.20 1 0.28

*.5 k.15 *.35 *.35 6*.l«-0 7 8.62

*.5 *.15 *.35 *-35 76.35 8 10,82

*-5 *.15 *.35 *.35 90.65 9 12.97

62.0 X-9 2.25 2.2 2.07 2.18 67.60 11 l*,79
2.25 2.2 2.07 2.18 68.50 10 l*-79
2.25 2.2 2.07 2.18 *7.*o 9 12.97

2.25 2.2 2.07 2.18 *0.70 8 10.82

2.25 2.2 2.07 2.18 32.65 6 8.62

2.25 2.2 2.07 2.18 32.20 5 8.85
2.25 2.2 2.07 2.18 22,10 k 6.02

2.25 2.2 2.07 2.18 11.*5 3 2.95
2.25 2.2 2.07 2.18 *.25 2 1,0*
2.25 2.2 2.07 2.18 1,15 1 0.28

63.0 X-10 1.55 1.25 1.13 1.17 35.80 11 l*.79
1.55 1.25 1.13 1.17 37.00 10 1*.79
1.55 1.25 1,13 1.17 25.*o 9 12.97

1.55 1.25 1.13 1,17 21.70 8 10.82

1.55 1.25 1.13 1.17 17.75 6 8.62

1.55 1.25 1.13 1.17 17.15 5 8.85
1.55 1.25 1.13 1.17 11.90 * 6,02

1.55 1.25 1.13 1.17 6.20 3 2.95

1.55 1.25 1.13 1.17 2,30 2 1,0*

1.55 1.25 1,13 1.17 O.60 1 0.28
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TABLE XI

PRESSURE DISTRIBUTION DATA FOR ALL RUNS (continued)

Manometer Readings AP

In.Hg.- In. Oil Manometer

Reading
/R\2
\r/

Temp. Run Top Bottom N.E. S.W. In.Hg- Tap
°C No. Outlet Outlet Inlet Inlet In. Oil No.

73-2 X-ll 3.65 *.15 *.15 3.80 75.7 9 12.97
3.65 *.15 *.15 3.80 6*.* 8 10.82

3.65 *.15 *.15 3.80 52.5 7 8.62
3.65 *.15 *.15 3.80 35.55 * 6.02
3.65 *.15 *.15 3.80 18.1 3 2.95
3.65 *.15 *.15 3.80 6.97 2 1.0*

3.65 *.15 *.15 3.80 2.05 1 0.28
3.65 *.15 *.15 3.80 51.65 6 8.62
3.65 *.15 *.15 3.80 50.9 5 8.85
3.65 *.15 *.15 3.80 120.7 10 l*,79
3.65 *.15 *.15 3.80 112.6 11 1*.79
3.65 *.15 *.15 3.80 76.65 9 12.97

72.8 X-12 2.15 2.*5 2.3 2.25 68.1 10 l*-79
2.15 2.*5 2.3 2.25 62.6 11 1*.79
2.15 2.*5 2.3 2.25 *2.* 9 12.97
2.15 2.*5 2,3 2.25 35-* 8 10.82
2.15 2.*5 2.3 2.25 28.8 7 8.62
2.15 2.*5 2.3 2.25 28.3 6 8.62
2.15 2.14-5 2.3 2.25 27.95 5 8.85
2.15 2.*5 2.3 2.25 19.2 * 6.02
2.15 2.1J-5 2.3 2.25 9.95 3 2.95
2.15 2.1i-5 2.3 2.25 3.8 2 1.0*
2.15 2.*5 2.3 2.25 1.15 1 0.28

75.0 X-13 1.2 1.* 1.* 1.25 33.1 11 1*.79
1.2 1.* 1.* 1.25 35.55 10 1*.79
1.2 1.* . 1.* 1.25 22.7 9 12.97
1.2 1.* 1.* 1.25 15.1 6 8.62
1.2 1.* 1.* 1.25 10.25 * 6.02

75.0 X-l* 1.25 1.0 1.33 1.2 l*.35 6 8.62
1.25 1.0 1.33 1.2 9.7 * 6.02
1.25 1.0 1.33 1.2 1.9 2 1.0*
1.25 1.0 s 1.33 1.2 21.7 9 12.97
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TABLE XI

PRESSURE DISTRIBUTION DATA FOR ALL RUNS (continued)

Temp. Run
°C No.

Manometer

In.Hg.-

Top Bottom
Outlet Outlet

Readings
In. H2O

N.E.

Inlet

S.W.

Inlet

AP

Manometer

Reading
In.Hg-

In. H2O

75-9
72.2

Tap
No.

10

11

Jr./

27.3 X-15 1.60
1.60 ONON VJIVJI

2.00

2.00

1.90

1.90
1*.8
1*.8

27.0 1.60
1.60
1.60
1.60
1.60

UNUNUNUNUNVOvovovoVO••••fti~*ir~irHrHi~i
2.00

2.00

2.00

2.00

2.00

1.90
1.90
1.90
1.90
1.90

53-3
*5.2
35-3
3*.*
36.2

9
8

7
6

5

12.97
10.82
8.62
8.62

8.85

27.0

UNUNUNUNUNUNHHH

1.65
1.65
1.60

2.00

2.00

2.00

1.90

1.90
1.90

2*.0

12-5

*-7

*

3
2

6.02

2.95
1.0*

26.7 1-55 1.65 2.00 1.90 1.3 1 0.28

28.6 X-16-A

UNUNUNVDVDVD•*•OOO

0-55
0.50
0.50

COCO00UNUNUN••ftOOO

o.*o
o.*o
o.*o

11-57
10.02

11-77

9
8

9

10.82

12.97

27.2

UNUNUNVOVDUN...OOO

OOOUNUNUN...OOO

0.53
0.53
0.53

0.1«3
o.*o
o.*o

8.02
7.8l
7.72

7
6

5

8.62
8.62
8.85

27.O 0.55
0.55

0.50
0.50

0.53
0.50

o.*o
o.*o

5.25
2.72

*

3

CUUNOON•©vocu

27.O

UNUNUNUNUNUN•••OOO

OOOUNUNUNOOO

OOOUNUNUN0ftftOOO

o.*o
o.*o
o.*o

1.03
0.30

2

1

10

1.0*
0.28

28.0 0.55 0.50 0.50 o.*o 11
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TABLE XI

PRESSURE DISTRIBUTION DATA FOR ALL RUNS (continued)

Manometer Readings AP

In. Hg.-• In.H20 Manometer

Reading
/N

Temp. Run Top Bottom N.E. S.W. In.Hg- Tap P\ 1°C No. Outlet Outlet Inlet Inlet Ih. H2O No. (rj -1
26.0 X-16-B 3-35 3.30 3.85 3-75 136.75 11 l*-79

3.35 3-30 3.85 3-75 1*1.95 10 l*-79

26.0 3.35 3-30 3.85 3.75 101.35 9 12.97
3-35 3-30 3.85 3.75 86.30 8 10.82

26.0 3-35 3.30 3.85 3-75 67.20 7 8.62

3.35 3.30 3.85 3-75 66.00 6 8.62

3.35 3.30 3.85 3-75 69.10 5 8.85

26.0 3.30 3-30 3.85 3-75 *5.6o * 6.02
3-30 3-30 3.85 3.75 23.85 3 2.95

26.0 3-30 3.25 3.85 3-75 8.80 2 1.0*
3-30 3-25 3-85 3-75 2.*0 1 0.28

V-1 0.75 1.30 0.8 0.7 0.55 1 0.277
0.75 1.30 0.8 0.7 1.85 2' 1.039
0.75 1.30 0.8 0-7 *-90 3 2.9*8
O.75 1.30 0.8 0.7 9.35 k 6.017
0.75 1.30 0.8 0.7 13.70 5 8.853
0.75 1.30 0.8 0.7 13.60 6 8.622

0.75 1.30 0.8 0.7 1*.05 7 8.622

0.75 1.30 0.8 0.7 17,60 8 10.820

0.75 1.30 0.8 0.7 20.80 9 12.973
0.75 1.30 0.8 0.7 30.30 10 l*-793
0.75 1.30 0.8 0-7 28.*o 11
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TABLE XI

PRESSURE DISTRIBUTION DATA FOR ALL RUNS (continued)

Manometer Reading AP

In.Hg.- In. HgO Manometer

Reading
/•*»

Temp. Run Top Bottom N.E. S.W. In.Hg- Tap

(!-°C No. Outlet Outlet Inlet Inlet In. HoO No.

V-2 0.75 1.20 0.8 0.7 0.55 1 0.277
0.75 1.20 0.8 0.7 1.80 2 1.039
0.75 1.20 0.8 0.7 *.*5 3 2.91*3
0.75 1.20 0.8 0.7 8.25 * 6.017
0.75 1.20 0.8 0.7 11.70 5 8.853
0.75 1.20 0.8 0.7 11.50 6 8.622
0.75 1.20 0.8 0.7 II.85 7 8.622
0.75 1.20 0.8 0.7 15.0 8 10.820

0.75 1.20 0.8 0.7 17,*5 9 12.973
0.75 1.20 0.8 0.7 25-*5 10

0.75 1.20 0.8 0.7 2*.10 11

26.0 V-3 0.6 1.20 0.8 0.6 0.55 l 0.277
0.6 1.20 0.8 0.6 1.80 2 1.039
0.6 1.20 0.8 0.6 *,20 3 2.9*8
0.6 1.20 0.8 0.6 7,60 * 6.017
0.6 1.20 0.8 0.6 10,*0 5 8.853
0.6 1.20 0.8 0.6 10.25 6 8.622
0.6 1.20 0.8 0.6 10.55 7 8.622
0.6 1.20 0.8 0.6 13-55 8 10.820
0.6 1.20 0.8 0.6 15-55 9 12.973
0.6 1.20 0.8 0.6 22.15 10 1*.793
0.6 1.20 0.8 0.6 21.30 11

27.0 V-l-A 0.2 0.25 O.60 o.*o 0.28 1 0.277
0.2 0.25 0.60 o.*o O.85 2 1.039
0.2 0.25 0.60 o.*o 1.90 3 2.9*8
0.2 0.25 O.60 o.*o 3-35 14 6.017
0.2 0.25 O.60 o.*o *.*0 5 8.853
0.2 0.25 O.60 o.*o 5.80 8 10.820
0.2 0.25 O.60 o.*o 6.60 9 12.973
0.2 0.25 O.60 o.*o 9.00 10

0.2 0.25 O.60 o.*o 8.85 11
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TABLE XI

PRESSURE DISTRIBUTION DATA FOR ALL RUNS (continued)

Manometer Readings AP

In.Hg.- In. H9O Manometer

Reading
rt

Temp. Run Top Bottom N.E. S.W. Ih.Hg- Tap f*\ 1°C No. Outlet Outlet Inlet Inlet In. H?0 No. UJ -1
27.0 V-2-A 0.15 0.35 0.55 0.30 0.30 1 0.277

0.15 0-35 0-55 0.30 O.85 2 1.0*
0.15 0.35 0.55 0.30 1-95 3 2.95
0.15 0.35 0.55 0.30 3-55 * 6.02
0.15 0.35 0.55 0.30 *.8o 5 8.85
0.15 0.35 0.55 0.30 6.25 8 10.82
0.15 0.35 0.55 O.30 7.15 9 12.97
0.15 0.35 0-55 0.30 10.20 10

0.15 0.35 0.55 O.30 9.80 11

27.5 V-3-A 0.09 0.35 0.52 O.30 0.30 1 0.277

0.09 0.35 0.52 0.30 O.87 2 1.0*
0.09 0.35 0.52 0.30 2.10 3 2.95
0.09 0.35 0.52 O.30 3.85 * 6.02
0.09 0.35 0.52 0.30 5-35 5 8.85
0.09 0.35 0.52 0.30 6.90 8 10.82

0.09 0.35 0.52 O.30 8.05 9 12.97
0.09 0.35 0.52 0.30 11.75 10

0.09 0.35. 0.52 0.30 11.10 11

27.5 V-*-A 0.11 0.33 0.*9 0.30 0.30 1 0.277
0.11 0.33 0.*9 0.30 0.90 2 1.0*
0.11 0.33 0.*9 0.30 2.30 3 2.95
0.11 0.33 0.*9 0.30 *-35 * 6.02
0.11 0.33 0.*9 O.30 6.25 5 8.85
0.11 0.33 0.*9 O.30 8.10 8 10.82
0.11 0.33 0.*9 O.30 9.50 9 12.97
0.11 0.33 0.*9 O.30 13.95 10

0.11 0.33 0.*9 0.30 13.07 11
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NOMENCLATURE

p
A = area, ft.

C = a constant

Di = inside diameter of pipe, 2.067 in.

Dg = orifice diameter, in.

M = moment due to fluid friction, lb. force ft.

AP = pressure drop, Pr-p, lb. force/ft.2

Pg = pressure at cylinder wall, lb. force/ft.2

R = cylinder radius, ft.

R* = sphere radius, ft.

Rn = residual in method of least squares

V = resultant velocity, ft./sec.

Vi = average inlet velocity, ft./sec

Vr = effective peripheral velocity, ft./sec

Vo = total volumetric flow rate, ft.3/sec

a = a constant

ge = conversion factor, lb; mass ft./sec.2

lb. force

Ah = fluid head, ft.

h = cylinder depth, ft.

n = a constant

p = pressure at r, lb. force/ft.2

q = orifice flow rate, ft.3/see.

r = position radius, ft.
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rg = cylinder outlet radius, ft.

t = time, sec

u = radial velscity, ft./sec

v = tangential velocity, ft./sec

Vf = specific volume, ft.3/ib. mass

viJE = K*E* iHlet velocity, ft./sec

YiSW = So^* inlet velocity, ft./sec

w= vertical velocity, ft./sec.

x = manometer reading, inches

y = flow rate, lb. mass/sec

z = vertical distance, ft.

a = VR/Vi

B= V0 P 12% hfi

I = D2/D1

A = manometer reading, inches

*Y= specific shear, lb. force/ft.2

M= molecular viscosity, consistent units

£= turbulent viscosity, consistent units

£= f +6

V- YIP
P= fluid density, lb. mass/ft.^

PQ - specific gravity of flowing oil

Pi = specific gravity of mercury

12 - specific gravity of water

fjft = specific gravity of oil at room temperature

<p = angular distance, radians
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