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 POWER REQUIREMENTS FOR LIQUID
AGITATION IN RECTANGULAR VESSELS

Thomas David Coughleh_and'Theodore Vermeulen

:Lawrence Radiation Labbratory and Department of Chemical Engineering
University of California ' '
Berkeley, California

August 26, 1968
ABSTRACT

Power pequirements have beenvinvestigated for liquid agitation in a
closed rectangular tank having variable cross-seétion, using both four-bladed
flat paddles and flat-bladed turbines with a varying number of blades, For
three rectangular cross-sections studied, the power-speed relétions lie
between those for unbaffled and for fully baffled cylindrical tanks. In

correlating the experimental data, a dimensionless power number which includes

‘the impeller length-to-width ratio to the first power is found useful. For

runs with flat-bladed turbines, the maximum power input at any given rofor
speéd is produced by tﬁrbines with.around 12 blades. Air-water mixtures
agitated with a four-bladed flatlpaddle showed greater . percentage reductioﬁé
in power requirement for the cross-sections exhibiting the higher ;ir—free

power inputs,




I. INTRODUCTION

Mixing comprises a group of operations concerned with the internal

- movement of bodies of fluid (or particulate solid) so as to reduce non-

uniformities or gradients in composition, temperature, or other bulk

properties of the material involved:. The movement of fluids occurs by

a combinatién of bulk flow (in‘éither iaminar oi turbuient regimes) and
eddy and molecular diffusion.' To aécomplish all but mélecular.diffusion,
energy must be added to the sysfem. A common method of infroducing
energy, the oné of intérest in the present study, is by a rotating impéllér
inserted in a body of flﬁid. |

The present workfexamiﬁes the energy-inpﬁt'or'powervrequirements
in square and rectanguiar closed vessels uéing agifaférs of.aifferent
geometriéal designé.' To understéhd better the effects 6f Vessel geometry,

comparison is made between the vessels studied and both baffled and un-

.baffled cylindrical vessels. Aiso, correlations of agitator-geometry are

, developed that will aid in the future design and selection of agitators.

Power requirements have long been the topic of agitation studies.

Early investigators (Wl) used rectangular-wdoden paddles, with a torsion-

~ dynamometer to measure the power input. Hikson and Baum (H2) employed

flat paddles, with the blades mounted at 45°, 60°, and 90°, to correlate

v power requirements, while Olney and Carlson (02) used arrowhead impellers

and spiral turbines. A comprehensive investigation by Rushton, Costich,

and Evefett (R2) included propetlers, arrowhead turbines, flat-bladed

turbines, curved-bladed turbines, shrouded turbines, and flat paddles.
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Mack (M1) estiméted:agitator power réquireﬁents_for flat-bladed
turbinés having from two to sixtéen blad;s and having‘impeller length-
to;width-ratios from two to twelve. Rushton; Costich, and'ﬁvébett (R2)
ﬁfesented the mathematical approach.fo the_development of three dimension-
less ferms,vthé iﬁpeller Reynolds‘nuﬁber Né;=ﬁ LE?I/}L, thé Froude number
Npp= L N2/g, and the‘pdwér numbervPo = Pgﬁxﬁstfjaﬁiwhére N is the impeller
spéed, L the.impeller’diémeter;f>the flﬁid dénsity,;gfhe fluid viscosity,
g'the gravitational acceléfatiéﬁ; gc'the conQersidn faCtor between force
and mass, and P the power iﬁpﬁtvtoffhé system; |

The Reyndlds number réprésénts.tﬁe,ratio of ineftial forcés.to
viscous forces and.is thevparameter generalij chosenbfdr'the cofﬁelation
of the powef‘numbér when viscous forces are dominaté. Work by Hinze (Hl'),
Shinnap and.Chufch (s1), aﬁd 6thers,'ba$¢d qh Kolmégorovfs’statistical
théoronfiturbulence, éuggests the use of é'dimenéioﬁless gréup'baééd on |

power input per unit mass, the cube of the kinematic Viscosity, and a

characteristic length:exf{/tf3. However, the power behavior for turbulently

agifated vessels (exceptlfor geometric factors) is usually given by

€ o< wWa? S 1)
Hence the powér—dissipétion group is essentially the cube,éf the Réynolds

group.

The Froude number represénts the ratio of inertial to gravitational 

forces, and would be expected to be a factor in unbaffled tanks, where

swirl combines with gravitational forces to control the motion. However,

e

£
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Nagata and Yokoyama (Nu4) have found that the correction for Froude
number in unbaffled tanks is negligible.
Variations in geometry can be correlated as a matter of conven- .

ience, but Bates, Fondy, and Fenic (Bl) correctly.comment thét there

is as yet no theoretical basis for doing so.

‘ Baffling has the effecf éf preventing swirlvand.vobtex formation,
allowing more power to be delivered to a system at a given impeller speed

than in unbaffled conditions. In the laminar-flow régime, baffling has no

. effect (R2 ). Béffles élter the flow pattern from an unbaffled cylindrical

tank by greatly decreasing the tangentiél fluid velocity and increasing
the radial and axial fluid velocities, thereby greatly increasing the

mementum-transfer rate. The constantiy varying distances between the -

" impellér-tip-and:the watl. in dquare and. péetangular cpessssetfions:..should

héve(some'baffling action. To eliminate or reduce swirl, an alternate:to
baffling is off?ceﬁter mounting of the impeller, a method used primarily
for aiial-flow (propeller),sysfems;

In-a closed fank completely filled with liquid, vortexing is
impoésible, but, as in‘paft of thi§ study, when a portion of the 1liquid
in a closed vessel is replaced with air, two-phase mixing‘occﬁrs. For
agitation of gas—liquiq mixtures, little effort‘has‘been made to ekpléin
thé ;arge reduction in'power that accompanies the introduction of gas
into the agitated iiquid system, althoﬁgh several investigators have

measured power requirements. Clark and Vermeulen (Cl ) bubbled gas through

~a liquid mixing system and correlated the power number using the Froude

number, the impeller-to-tank-volume ratio, and the effect of impeller
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depth, 'The.mechanism whereby gas from abéve is introduced intd a iiquid

.agitated in a baffled tank was also explored, .The flow patfern responsible .
for the introduction of air into this liquid had been reported previously

" by Taylor and Metzner (Ti,M2);

This study uses closed vessels with éqﬁafe and recténgular créss-seqtions
to,exémine'power requiremenfs for liQuid>and liquid;air systems. Two different
types of impellers are hsed; fhe flat-bladed paddle to determine‘thé effects
of paddle iéngﬁh aﬁd width; and the flat-bladed disk turbine to correlate
tﬁe number of biaaes.' Thévreéults ére compared with both baffled and un-

baffled cylindrical tanks and a discussion of the differences is presented.

b 4
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II. THEORY

A. MIXING PROCESSES
In any system of two kinds of molecules, given enough time,

molecular diffusion will occur and cause a uniform mixture to form. If "

turbulence can be generated, the eddy diffusion effects will accelerate

the mass-transfer process. The turbulent process can be used to break

up fluid elements into smaller clumps, down to a limiting rénge where

. molecular diffusion begihs,‘acrossvthe boundary areas between clumps, to

_ control the rate of homogenization or equilibratién. On a still larger

scale, agitation produces a relative bulk motion between different masses

of fluid, which increases their accessibility for structural disintegra-

tion by the turbulence which also results from the overall agitation. (B2)

B. IMPELLER DISCHARGE RATES - THEORETICAL RELATIONSHIP

| The first section desdribes‘whaf takes place in a moving fluid when
concentration or property differencgs are .present. :Mixingvis cbhsidered‘
to be a process in ﬁhich progressively greater uniformity isvobtained as
a result of various types of fluid motién, éuéh as laminar flow, turbulent
flow, and molecular diffusion.

Flow within a.vessel is caused by the interaction of the impeller
with the liquid. The resultant aiscﬁarge velocities and discharge fiow
rates depend upon the geometry of the QeSsel and ‘the impeller. Gray (Gl)i__f
presents theobefiéal relationships for the curved;blade turbine of which .
the flat-bladed turbine ié a special‘case where o« is zero. In-Fig; 1
the vélécity vegtoré at. the periphery of a curved-blade tﬁrbine impeller

are shown and the terms defined.



= ratio of tangential fluid velocity at the periphery of an
impeller to the peripheral impeller velocity,:

= padial distance from center of rotation, ft.,

= fluid velocity leaving the périphery of an impéller, ft,/min,,
= peripheral impeller velocity, ft./min,, |

= radial velocity-cémponents ft./min,,

= fluid velocity relative to impeller blade tip, ft./min.,
- = ahgle,bétwegn veloéity vectors, Ve and.vp,

= ‘angle betweenvimpeller tip and velocity vectbr, Vps

= angular velocity, radians/min,

Fig. 1, Discharge velocity for a curved-blade furbine.(Gl).

-9-a
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Based on an angular-momentgm.balance'the author derives an
éQuatiOn reiating the veiocities and theoretical head deveioped by a
fotafing impeller.‘ Thé time rége'ofichange of;angular momentum of
the fluid passing througﬁ tﬁe impeller is eqﬁal to the torque or moment
of ;he forces applied to the fluid by the impelier surfaces. If the
angﬁlér momentum of the fluid-eptering the impeller is assumed to be
zero, and the fluid friétianIQS§es are assumed to be zero, the power
can be expressed as follows: N

P=QpH o (2)

Where H ié the theoretical impellef head,vP the power, Q the'impeller
discharge rate, and‘P the fluid deﬁsity. When fherekare no friction iosses
in the impellér theoretical head, H can also be exéressed in terms'qf the
kinetic°head, Vc;égcs and fhe étatic head that‘is due to centrifuga; fobce_
on the liquid at the impeller periphery, (kwr)2/2gc or

H=v 22+ Gom)?/2g, (3)
Using these equations and others that can be written‘from inspection'of
the diagram in Fig} 1, Gray.éhows that k, and/Q.are not indgpaﬂdent.

The'radial pumping capacity of an impeller in an agitated veséel.
is calculated fr@m the following equation: |

Q = 2'rervr' | - ()
wheré W = the axial impellér_blade width.. A dimensionless impeller-
discharge ¢oefficienf is defined thus:

NQ = Q/NL | | o (5)
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where L is the'impeller_diametef and N the impeller rotational speed.
'By substitution, relafionships for the'discharge'rate, Q, and the impeller
diSéharge coefficient in'termS'bf the'impeiler.rotational speed, tﬁe
geometby of‘thebimpellér, and k, the r&tio of.thé téngential‘fluid_
velocdty at thé periphery of an'ihpelier to thélpefipheral impeller velocs
ity cah be expressed és éuéh, '

| q = 2w? 2xaa-k) - - (8)
No

The following derived relétionship is independent of the type of impeller:

;-

= 1 2Gu/L) 2k(1-k) M

Ng = Po/TP2 Kk e

Zepo ffiétioﬁ loéses Qere assumed for fluid passing through an impeller
and the‘fiuid'entering the impelle£ was aééﬁmed to.be not rdtatihg. _From -
equatibn i8) valueévoffkrcan'be calcuiéted frém p§wer and impeller—dischafge'
experimental data. “ | | |

"'Equatioh (6) must be modified:whén'applied to impellers iﬁ agitated
vvesselé because'(a)vfhe flow from actual impellers is distopted by the use
of relatively few ﬁlades or'vanés, (b) part of the kinetic and static heads
is dissipated by tﬁrbuleﬁt motion and viscous drag, and (c) the fluid does
not have zeio fatationai velocity’entering:thé impeller unlesé.the vessel
is baffled. | ‘. |

C. FLUID VELOCITY COMPONENTS - EXPERIMENTAL RESULTS

5

Nagata et al (Nl, N2, NS) have studied velocities, flow rates, and
_"flow patterns for various rotating impellers in both baffled and unbaffled

circular vessels, with the iﬁpellers located halfway between the liquid
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surface (open top) and the bottom of.£he vessel. ' The Reynolds number

was varied from 10 to 10°.  Fluid directions and éorreéponding velocitiés
were §btained only for the upper half of the vessei. Velocities in the
lowef half were assuméd to-be similar to those in the upper haif. It iéb'
useful to summarize their findings.here.

‘As expected, for an unbéffled vessel, the téngential—velocity compon-
ent is higﬁ relative. to radial and axial compcnenfs, and isrproportionalrto
the distance fndmnthechnternéf*thg égitatorvshaftjthroughbuf the region
above and below the rotating impeller. Thisvéomponent attains a peak value
just inside the outer'edge.of the turbine bléde;'theh diminishes at an

almost constant rate, leveling off near the vessel wall. The behavior at’

" the wall boundary was not indicated. Radiél veiocity components are directed

toward the shaft, everywhere except at the level of the impeller wheré they
are toward the vessel wall. Beginning at the impeller tip there are two
lines that begin just to the inside of the upper and lower horizontal édgés
of the impeller and that slowly diverge toward the vessel wall where the .
radial velocity is zero. The axial Velocity_éompénent (parallel to the
shaft)‘returns to tbe impeller in ah annulus around fhe shaft aAd in a torus
above and below the outer edge of the impeller as shown in Figure 2. Near
the vessel wall and in the region above the horizontal midplane of tﬁe
impeller the fluid moves away from the impeller.

The effect of adding eight evenly spaced baffles,‘each one-thirteenth

of the tank diameter, was determined under turbulent-flow conditions. The

" flow pattern is more erratic with baffles than without baffles. The insertion



(‘:' N=72 rpm.
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Fig. 2. -Axial‘vvelocities produced by a 16-flat-blade :
paddle in an unbaffled vessel at 72 r.p.m. Paddle is located halfway
between the water surface and the bottom of the vessel (N3).

¥
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of baffles greatly decreases the tangential velocities, while both
radial and axial velocities are increased. At one location inside the.
agitator periphery the tangential flow direction is opposite to that of

the impeller rotation. Nagata et al. attributed the reverse flow to

‘eddies caused by tangénfial flow past the baffle plates. Near the tank

wall and the baffle plates.these-eddies die ouf rapidly, but near tﬁe
éhaft they inducé a smallef, hore stable éddy; |

Radial velocities are directed téward the wall in a much larger
regioﬁ in baffled vessels than in unbaffied ones. For the impeiler
studiéd, this region extended from a distance of three impeller widths

along the impeiler edge to six‘impeller widths at the tank wall. Axial

‘velocities were directed away from the agitator in the area near the

vessel wall, and toward the agitator in. the rest of the vessel.

Nagata. ét al. indicated the water surface to be flat for baffled

turbulent conditions. For unbaffled mixing, the fluid level was higher

in the outer half of the vessel, causing a widely encountered depression

or "vortex" around the shaft which is intensified by the high tangehtial

velocities in this region. Thus, in unbaffled vessels, the maximum power -

input occurs at the speed where vortexing begins.
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I1I, EXPERIMENTAL PROGRAM

-A. PHYSICAL VARIABLES INVOLVED ' N

The variables considered in this study are as follows:

o

(1) Volumleraction‘of the gas or dispersed phase,

(2) Physical properties of the agitated fluias,-

(3) Impeller speed, | H

(W) Veseelvgeometryﬁ shape and dimensions,

(5) Impeller geometry:

Flat-bladed turbine: number'of bladee,
Flat-bladed paddle; blade length (diameter).and
‘blade width,. |

By ueing a closed vessel, it was possib;e to vary.the amount of
liquid so as to_obtaihrliquid/Eir mixtufes where the Qolume—fraction of .
the dispereed gas phase ranged fromio'to 15 percent. The choice of
liquids used and"the'range of impeller speeds yieided Npo from the
transition to the fully turbulent zone (200 to 200 000).

In thls study emphaSLS has been placed on the geometrlcal varlables.
Square and rectangular cross-sectlons have been measured,'and are compared
to results obtained in earlier sfudies on.unbaffled and fully baffled
vessels of cireular cross-section. . The number of blades of a flat-bladed

turbine has been varied in relation to power input. The parameters for flat-

R

' bladed paddles have been impeller length (diameter), width, and impeller
length to width ratio. The impeller drive mechaniém produced three con-
stant rotational speeds (155, 247, and 396 rpm).

B. SYSTEMS INVESTIGATED

The liquids used in this study are listed in Table I along with per-

tinent physical properties,
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TABLE.I. PHYSICAL PROPERTIES OF LIQUIDS USED IN MIXING STUDIES

- Density ' C ‘Viscosity

Liggig . ’ 1b/£t3 v - . 1b/ft.sec
Aqueous glycerol solution _‘ _ _ 4
(68.7} wt.% glycerpl) _ 73.53 o ' - ;10{01384
water (distilled) | 3  62.32 - 0.0006733
whi;e oil - 3 '53.94 : o 0.1304
o -+

(1) All properties at 20° T 0.5°.
properti
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C. APPARATUS
The mixing vessel was a cubic stainless steel tank, approximately o 1 ¥

ten inches in inside length, width, and height, with a fixed impeller.

[ ¥

Insertion of flat 1/16-inch-thick "divider" pénels in the positions shown
in Figure 3 enabled the géometry of the rectangular'crqss—section-to be
varied. Cross—sectionsvétudied_werefsquare, with impeller'centered, (no.
4dividers); reétangular, with impeller centered (both dividérs insefted);
and rectangular, with impeller off-éenter (éne divider inserfed);

The dividers fit shugly ihfo réctangular grooves in the sides and‘
bottom of the tank. To preveﬁt exchange of flﬁid between the compértments,
gaskets were inserted between the dividers and the top and’bottom of the
tank;.at the bottbm a.l/ls-inch square strip of silicone rubﬁer;'at thé
top,*slit-bpen neoprénevtubing, fitted over tﬁe top edge'bf thé divider .
platé. | | | |

Although the divided Compartments are ﬁot mutuéliy liQQid'of aif—

- tight, it:was noted that immediately following a baffled air-white oil run,
the agitated white oil contéined a sizeable amount of suspended air, while
the white oil in the igolatéd compartments showed nb sign of suspended air..

The tank was attaéhed to a frame constructed of five-inch chénnel
iron, by means of an integral-suspenéion ball-bearing unit welded to the
tank cover. A collar welded to the upper side.df the frame, aligned
axially with'the tank-cover éssembly,,éontained a ball bearing spindle |
assembly to which the impeller shaft was connected; in the latter, two sets
of ball bearings wereviocated as far apart as possible, s; as to minimize

any whip from the impeller. The final assembly of these units permitted
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Fig,ba."Top view of tank showing divider positions.
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free rotafion of the tank cover éssembly and the impeller shaft, each’
' independent of the other, thereby»enabling.fhe power required in mixing 
to be determined by torque measuremeﬁts, The tank asseﬁbiy ié‘éhowﬁ_in : o
‘Figure 4. o
The tank‘proper was fasteﬁéd‘fo the tank cover by a circle of bolts 
and wing nuts. A 1/16-inch silicoﬁe-rubber gasket_was placed between the
flanged edge of the.taﬁk ;nd‘tﬁe coQéf to provide a 1eakprogf.fit; A |
mercury seal was used to make the iﬁpeiler shaft liquidéand—&if—tightfi
The tank covef cohtainedvseQeral;openings; these were capped or
plugged during the'experiments, excebt_for a_fhefmométer well fitted with
silicone gaskets to provide a fight seal. A 1/2-inch pipe 6utlet in the
center of the tank boftom was also pluggea.during fhe'runs; A 30-foot iong
coil of l/u-iﬁch o.d. copper tﬁbing was sdlderéd to the‘oufside'of the tank
to provide circuiétidn of:cooliﬁg water for témperafﬁre cént?ol_of the tank
" contents. | | |
Flatebladed paddl;s and tufbines were used as agitétors. Figure 5
shows a diagram and the dimensions ofrthe fouf;bladed flaf-baddies; they
- varied in diamgter'fhrdugh a factor of X.5, in width‘through a facfor of 2,
and in diémeter-to—width ratio (L/W) throuéh-a factor: of 3.'.Figure 6 shows
a diagram of a flaf;bladed tﬁrbine with four blades. Turbines of'identicalv
diameter and blade width, Qith two,.four, six and eight blades wéfe used,
the dimensions in each case‘béing as shown in Figure 6, | |
A;l'impeliersvwere driven by meané of a V-belt dfive connected to a

3/4-horsepower 3-phase, 60-cycle, 220 volt, 216 rpm right angle ring-mounted
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gear motor supplied by Eiectra Motors, Inc. The V step-cone pﬁlley_
arrangement allowed_the iméellers to rotate at 155, 2u7, aﬁd 396 rpm.

Power reqﬁirements in.the system studied were measured by uéing
the tank as part of a dynamometer. Ten—thousandths¥inch—diameter'étainless
steel wire was attached tO’the>tank'collér,'and led through a nearly
frictionless-pulley. Attached-tq.the other end of the wire was -a variable
weigﬁted'platformrwhich rested §n'0né pan of a Toledo Scale, Mode; 4021 BA,
a double-pan model. Thevforce-nece3safy.t§.hold the tank stationary ddring;
impeller fotétion could-be measured by observing fhe changes in s;ale readings,
which were generally'reproducible_within an'average of f_ l.Olper éeﬁt of |
the total'foree. Experiments.with the tank empty indicated that thermefcufy

seal producéd negligible torque.

D. OPERATING PROCEDURE

.In préparation fqp'é ruﬁ, the.tank.énd associated equipmeﬂt were
-thondughly cleéned, and thenvrinséd with thé iiquids to be used. .The taﬁk
~ was then charggd with the liquid undgb inveStigatioﬁ;fwhen ifé temperature
:reached>20 3_0.5°C; the therhomefer'was ﬁithdraﬁn, the liquidvléVél'checkgd 
and adjusted if_necessar§; the thermometer reihserted, and éooling hoses
detached to permit the tank to revolve freeljg'

For each impeller;“power readings were recorded at all Speeds;_:Runs
‘>vwere'mad§.in whicﬁ fhe impéliers were chahged whilé_keeping the'same‘tank'
‘shape, and in which the same impeller was used whiie varying:the tank shape;_
The sequence §f impellef speeds or operating céﬁditiohs_used had_no effect

on the power reading.
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The welght platform contained a serles of weights suff1c1ently
greater ‘than the force expected in order that the platform would remain
firmly on the scale pan. iWeights as necessary were added to the opposing
pan to bring the power reading w1th1n the range of the balance- scale. The
force readlngs showed rapld fluctuatlon that were very slight at low speeds‘
but reached approximately 3 per cent at the highest speed. More vlscous.

fluids produced less intense fluctuations at any given speed. When flue-

tuations occurred, the power reading was observed over a period of time,

to establish the average reading. In runs with a balancing force of less

~ than one pound a pseudo equilibrium range was observed, for whlch the

extreme values of force (approached from above and from below) were averaged
to determine the power reading. (In future studles‘the-bearlng friction

that produced the pseudo-equilibrium range could probably be reduced by

installing a thrust-bearing ring beneath the tank, and by use of nylon

monofilament line instead of stainless wire.)A
In all cases the accelerational or decelerational approach to steady

state for the power readings was too fast to observe.

Measurements of the physical properties of the'liquidg;rereﬁmade :
periodically throughout the experiment,‘to ensure uniformity.v Densitfc
measurements were made in a Westphal balance with an accuracy of 6,001 gram,
Viscosity Qalues for water and for glycerel-water solution were taken from |
the Handbook of Chemistry.and Physics. Viscosity measurements for white
o0il were made from a Saybolt Fural Visccmeter..

All measurements were made at 20 i.O:SQC.
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IV, RESULTS AND DISCUSSION

Besides various raties -of other geometrical dimensions to the
impeller diameter, the expression for tﬁs_ﬁower number given by Buckinghsm's
Pi. Theorem has one dimensionless number to account for the number of
impeller blades, and two standard dimensionless groups'fsr liquid flow,.

the Reynolds number and. the Froude number. (Bl) It can be written in the

form P = K(Ng,)® (NFr)é @O @A O @ WE " <;1‘,’_‘%2-.1i (9)
where .‘

P, = P&wer'number'=:ch/€pN3L$), i : : - (10)

Npe = Reynoids ngmber ='ﬁL%f9/)¢, - » o _ 2 v (11)'

Np,. = Froude number = LN%/g, = : | . Q2)

C = clearance of impeller:off vessel boftbm, |

K. = cdnsfant;

L = impeller diaheter,

N = impeller rotational speed,

P = power,:' |

T = tank dismster,'

W = impeller ﬁidtﬁ,

Z = liquid depth,

g * gravitational acceleration,

g = cohversion factor between force and mass,
1 = blade leﬁgth,

n = number of blades,

p = pitch of blades,

M= liquid viscosity,

P = liquid density,

all in consistent units.
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The Reynolds number represents the ratio of inertial forces to
viscous forces, and determines whether the flow is laminar or‘turbulent.
The Froude number represents the ratio of inertial to gravitational

forces and could be an influencing factor where vortexing occurs in an

~ open vessel with a free liquid surface. The power number is a measure of

the "pressure coefficient" and,représents the ratio of pressure differences
producing flow to inertial forces.

Gravitational effects are generally considered to be unimportant

for baffled tanks and for laminar mixing. Nagata and Yokoyama (N4) obtained

good correlations‘between Po'and'N in unbaffled tanks without using NFr

Re
and stated that the correction for'fﬁe Froude number was negligible.

When twb~systems are_geometrically'éimilar, dynaﬁic similarity
exists when the ratios of all cgrrespohding ferces are équal; Kinematic
éimilarity occurs when velocities af corresponding points are in thevsame
ratio.

The exponents of the dimensionless. groups in equation (9 ) are- not
constant throughouf.the range from laminar to turbulent énd in.the general
case can depend upon all of the dimensionless variables. The effect of

one geometric variable on a system can be studied if all other parameters

are held constant. It would be improper to use one of the groups to modify

- the power number for the general case. But for a given set of conditioms,

the interaction of a group, say (W/L)g, with NRe could be studied by vary--
ing W/L experimentally at Reynolds numbers in the fully turbulent regime
where the flow pattern is reasonably independent of Reynolds number. The

effect determined would be'expected to be constant within the regime.

\
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A. EXPERIMENTAL RESULTS

1, Single - Phase Data

Féur-B;aded Flat Paddles

vExperimental runé were made with the flat-bladed padd;gs using watef,
'white oilvand a glycerin-water s9lution in a closed tank for three cross-.
sectioné: square (impeller centered), rectangular_ (impellér off-center),
and fectangular (impeller centeredj, at impéllér speeds of 2.58,4.12, and
6.59 revolutions per second,x Table . II shows the experimental data, along
with certéin calculationé_hade froﬁ tﬁe data., For each run fhe table lists
the force on the levér arm and the corresponding power consumed by the system.
Equations (10) ‘and . (11) were used to calculate thevresuiting power humber,

P,s and Reynolds number,,N Also included is the modified power number

e
P, = PQ(;/w)i-O = ch/gjoN3L4w) | o | (13)
whiqh introduces the effgét of impeller width into the power humber; Pos
so that paddles with var&ing lengths and.widthé‘caﬁ Be éorrelated; Pért B
of this section discusses the reasons for using 1;0 as the value for the _
exponent of‘the ratio L/W, v"
Péddle A-2(L = u.98",vw = 0,98") and paddle A-5 (L = 4.991 W= 1,98")
have the samé length, and power requirements can be comparedbto determine
the effect of blade width. Reynolds number is a function of'impeller‘diaméfep,
not of impeller width, and NRe for tﬁe two impellers is thén the séme for‘_
"a given liquid.at a specifiéd rotational speed, Since all otﬁer conditions

are the same, the effect of blade width upon power consumption can be deter-

mined from the exponent x in the following relationship:



TABLE II.

POWER CONSUMPTION FOR FLAT-BLADED PADDLES.IN SINGLE-PHASE SYSTEMS

: Force on P P Py " Npe -

o . . Impeller N - lever arm, Horse- D?men- Dimen- Dimen—
Cross-Section System No revs/sec 1b. power sionless sionless sionless
Square Water A-2 4,12 0.85 0.06962" 1,913 9.718 65,670
g : . 6.59 2.18 0.2851 1.917 .9,738 105,060

A-3 4.12 4,00 0.3276 1.186 9.132 147,700

6.59 9,98 1.305 ©1.156 8.901 236,400

A-l4. -2.58 1.51 0.07745 1.922 7.880 75,100

4,12 3.74 0.3063 1.868 7.659 120,000

. 6.59 9,48 1.240 1.850 7.585 191,900 .

A-5 - 2.58 0.55 0.02821 3.090 7.787 41,290

4,12 1.24 0.1016 2.827 7.124 65,940

6.59 2,98 0.3898 2.594 . 6.537 . 105,500

Bquare Glycerin- A-2 2.58 0.54 0.01707 2.624 13.35 2,362

Water 4,12 1.29 0.1056 2.462 12.51 35772

' 6.59 3.30 0.4316 2.458 12,49 6,034

A-3 2.58 2.56° -0,08092. 1.640 12.63 5,315

4.12 6.03 0.4938 1.516 11.67. 8,48y

6.59 14,04 1.836 1,379 10.62 13,580

A-4 2.58 2.48 0.07839 2.678 10.99. 4,313

' 4,12 5.93 0.48%7 2.511 10,30 6,890

6.59 14,05 1.838 2.326 ©9.543 11,010

A-5 2.58 0.97 0.03066 4,671 11.77 2,371

4,12 2.3 '0.1892 4.365 11.00 . 3,787

: 6.59 5.34 0.6985 3.942 9,934 6,060
Square White A-2 4,12 1.04 0.08518 2.705 13.74 293.4
0il o 6.59 2.97 0.3885 3,018 15.33 469.4
A-3 2.58 1.99 0.062930 1.738 13.38 413.5
4,12 5.12 0.4193 1.754 13.50 660.1

6.59 1.652 1.690 13.01" 1,056

12,63

-Sa?



TABLE II. (2)

Torce on P P P, NRe
‘Impeller N - Lever arm, Horse- Dimen- Dimen- Dimen-
Cross-Section System No.: revs/sec 1b. ‘power sionless sionless sionless
Square White A-4 2.58 2.50 0.07902 3.678 15.08 335.86
0il 4,12 5.78 -0.4734 3.336 13.68 536.0
6.59 14.18 1.855 3.198 13.11 857.0
A-5 2.58 0.91 0.02876 5.973 15.05 184.5
4,12 2.40 0.1966 - . 6.180 15.57 294.6
_ . 6.59. 5.98 0.7822 6.016 15.16 471.5
Rectangular, Water A-2 2.58 0.33 0.01692 1.892 9.635 41,120.
0ff-Center 4,12 0.94 0.07699 2.116 10.75 65,670.
£.59 2.50 0.3270  2.199 11.17 105,060.
A-3 2.58 1.82 '0.09335 1.375 10.59 92,540.
4.12 4,69 0.3841 1.390 10.70 147 ,700.
6.59 11.97 1.566 1.386 10.67 236,400.
A-u4 2.58 1.62 0.08309 2.062 " 8.u454 75,100.
JB.12 o B,12 0.3374 2.057 8.433 120,000.
'6.59 10.32 1.350 2.014 ©8,257 . 191,900.
‘A-5 2.58 0.62 0.03180 3.483 8.777 41,290,
4.12 1.54 0.1262 3.511 8.8u8 - 65,940,

, 6.59 3.95 0.5167 3.439 8.666 105,500.
Rectangular, Glycerine- - A-2 - 2.58 0.63 0.01991 3.064 15.57 2,362.
0ff-Center Water 4,12 =~ "1.u45 0.1188 2.767 l4.06 ' 3,772.

: ) 6.59 3.49 0.u4565 2.600 13.21 6,034,
A-3 2.58 2.77 0.08756 1.774 13.66 5,315.

4,12 - 6.90 0.5651 1.734 - 13.35 8,484,

6.59 -> 17.52 2.292 1.721 13.25 13,580.

A-4 2.58 2.51 0.0793y4 2.710 11.12 4,313.

4,12 6.28 0.51u43 2.660 10.91 6,890.

6.59 15.33 2.005 2.538 10.41 11,010.

1
A
o
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"TABLE II, (3)
Force on P Py P NRe
' Impeller N lever arm, Horse- Dimen- Dimen- Dimen-
Cross-Section System No. revs/sec 1b, = power  sionless sionless sionless
Rectangular, Glycerine- A-S5 2.58 1.08 0.0341u4 57200 13.11 2,371.
Off-Center Water : 4,12 2.53 0.2066 4,782 12.05 3,787.
o 6.59 6.10 0.7979 4,503 11.35 -6,060.
Rectangular, White A-2. 2.58 0.u49 0.01549 3.249 16.50 183.8
' Off-Center 0il 4,12 1.22 0.09992 . 3.173 16.12 293.4
6.59 3.05 0.3989 3.099 15.74 469.4
A-3 2.58 2.06 0.06512 1.799 . 13.85 413.5
4,12 5.14 0.4210 1.760 ©°13.55 660.1
6.59 12.58 1.645 1.683 12.96 1,056.
A-4 2.58 2.u46 0.07776 3.619 14,84 335.6
4,12 6.0u 0.4947 3.486 14,29 536.0
6.59 14.75 1.929 3.333 - 13.66 857.0
A-5 - 2.58 0.94 0.02971  6.170 15.55 18u.5
4,12 2.4y '0.1998 6.283 15.83 294.6
_ _ 6.59 5.78 0.756 5.815 14,65 471.5
Rectangular Water A-2 2.58 "0.62 0.03180 3.556 18.06 41,120.
Centered ’ 4,12 1.56 . 0.1278 3.511 17.84 - 65,670.
: 6.59 3.98 0.5206 3.500 17.78 105,060.
A-4 ©2.58 2.81° 0.1u441 3.576 14.66 75,100.
4,12 7.04 0.5766 3.515 14,41 120,000.
6.59 -17.45 2.284 - 3.405 13.96 191,900.
A-5 2.58 1.18 0.06052 6.629 16.70 41,290.
4,12 3.45 0.2826 7.866 19.82 65,940,

. 6.59 7.73 1,011 6.730 16.96 . 105,500,
Rectangular Glycerine A-2 2.58 0.57 0.01802 2.771 14,08 2,362.
Centered Water 4,12 1.40 0.1147 2.673 13,58 3,772.

6.59 3.u44 2.562 6,034,

_La—



TABLE II, (4)

- : : : Force on P P Py NRe
. ~ Impeller N lever arm, Horse- D¥men- Dimen- Dimen-
Cross-Section System No. " revs/sec -~ 1b. power sionless sionless sionless
Rectangular Glycerine- A-3 2.58 2.53 0.07997 1.622 12.48 5,315
Centered - Water 4,12° 6.68 0.5471  1.679 12,93 8,u8u
v 6.59 16.78 2.195 1l.6u48 12.69 13,580
A-4 2.58 - 3.00 0.09483 '3.239 13.29 4,313
4.12 7.91 0.6u478 3.3u49 13.74 6,890
6.59 20.20 2.642 3.3u4 13.72 11,010
A-5 2,58 1.01 0.03193 = 4.868 12,26 2,371
' 4.12 2.44 0.1998 4,611 11.62 3,787
. _ _ - 6.59 5.68 0.7u29:. - 4,192 10.56 6,060
Rectangular White A-2 C4,12 1.12 0.09173 2.913 14,80 293.4
- Centered 0il 6.59 .-2,91 0.3806 . 2,957 - 15,02 469.4
' A-4 '2.58 2.42 0.07650 3.560 14.60 335.6
4,12 6.12 0.5012 3.532 14.48 536.0
6.59 14,91 1.949° 3.362 13.78 857.0
A-5 2.58 0.97 - 0.03066 6.367 16.44 184.5
4,12 2.44 0.1998 6.283 15.83 294.6
6.59 6.07 0.7940 6.106 15.39 471.5

n
?.')
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(W, A, )% = (2.02% =2y (/o o aw
Values of x are set forth in Table III. Overall, x varies from 0,50 to 1.10.
In the transitioh feqion, cross-section has very litfle effect on x;'(fof
white oil, ¥ = 0,95 to\l.lO, and for glycerin-water, x = 0,77 to 0.79).
for the turbulent regime (water), x increases frqm 0.50 to 0.76 to 1.01_
as the. three cross-sections increase in baffling effect, the baffling effect
being determined by an analysis.of tﬁe £low patterns based on the values
éfva as discussed in part B, The value of x = 1.01 for thevrectangular,
impeller centered, cross-section was the only.condition where the mixing
éystem fell.in the furbulent, fully baffled regime.

Power requiremeﬁts qu paddle A-2 (L = 4,98", W = 0,98") and paddle
A-3 (L= 747", W = 0.97“) can be uséd to look at fhe general effect of im-
pellér diameter, L. Because‘Reyﬁoldé ﬁumber is a function of impeller dia-
meter, the values of Np, will be different for like systems with the same
rotational speed. Therefore, the power consumption cannot be difectly com-
pared except for fully baffled éysteﬁs in the turbulent regime where the
. power numbef, Py, is independent of Npe. Paddle A-3 did not have broper
clearance with both dividers inserted, and data could not be attained for
paddle A-3 in fhe furbulent region for the cross-section that produced char-
acteristics'similar to a baffled cylindrical tank._ The other two cross-
sections behaved similarlykto an unbaffled tank in that Po decreased at a
steady, gradual rate with increased Nge. Fof the data taken. for paddle
A-3, values for.the expcﬁent y in.the-expression

(La-3/Ly_5)Y = (1.50)Y = PA-a)PA_2 (15)

‘ranged from 3,53 to 4,02 and averaged 3.78,



Table III. Determination of the effect of blade width on power for flat-bladed paddles A-2

and A-5. Tabulated values are for the exponent x in the ralationship (WA_5/WA-2)X =

p
A-5

/P

A-2

System

White 0il

Glycerin -— Water

" Water

Vessel Cross-section |

: Rectangular 

. _Square _ Off-Center .
l1.10 ~0.95
0.79 - L ~0.79
0.50 0.76

Rectangular
Centered

1.08
0.77

1.01

-0€-
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As anticipated, the power number Po for the different paddles increased

~as the W/L ratio increased. Exceptions were values of P, for paddles A-2(W/L

0.197) and A-4 (W/L = 0.244) which were almost the same for the three systems
iﬁ the turbulent region (A-4 being 0.7 to i.S%Ihigher) and for two of six
systems in fhe transition fegion betweén léminarband turbulent flow‘(A-u
beihg'o;u and 6.2% higher). Increaéing Npe leésened the proportional effect
of the W/L ratio on |

Flat-Bladed Turbines

Experimental déta were recordedvfdr flat-bladed turbines having 2,4,
6 and 8 blades, using watér,,whife oil, and a glycerin-water sblution~in a
closed tank, at impeller speeds of.2,58, u.iz and 6,59 revolutions pef second’,
Removable dividers allowed the tank cross-section to be varied for three
conditions:-squére (;mpeller centéréd), rectanguiar‘(impeller off-center),
and rectangular (impeiler centered). ' The experimental data for lever-arm
force and power consumed are listed in Table IV aloné with certaiﬁ results
calculatedvfrom the data. Equations (11) aﬁd (13) wérevﬁsed to calculaté
tﬁe Reynolds number, NRés and the modified powér number, Py, |

To corfelate the effect of the number of blades, the rélationship

(P,)p = Cgy* (Pw)s . (18)

is used, as discussed in part B. In equation (16) B is the number of blades

and Cp is thevcorrelation factor .

As expected, the addition of more blades incréaséd the power consump-
tion for a giQen systeh, but with diminishing effect, For water, increas-
iﬂg the blades from 2 to 4 increases the powér consumption 60%, while an
increase‘from 4 to 8 blades only increases the power 32%. For the glycer-

ine-water solution power increased 82% for a change from 2 to 4 blades, and



. TABLE IV, POWER CONSUMPTION FOR FLAT BLADED TURBINES IN SINGLE-PHASE SYSTEMS

Impeller
No.

.
Revs/sec.

N

Cross-Section System -

Square Water

Square : _ Glycerine

Water

Square ' White
: 0il

R-0

R-1

R-0

R-1

4,12
6.59
2.58°
4,12
6.59

2.58

4,12

. 6.59
2.58
4.12
6.59
2.58
4,12
6.59
2.58
4.12
6.59

. 2.58

4,12
- 6.59
2.58
4,12
'6.59
4.12
6.59
2.58
4,12
6.59

-~

Force on P P w/Ce Re
lever arm, Horse- Dimen- Dimen- Dimen-
1b. Power sionless sionless sionless

0.66 0.05405 5.824 11.83 66,210
1.60 0.2093 ~ 5.516 11.02 105,900
O.ul . 0.01391 . " 9.724 12.10 41,460
1.01 . 0.08272 8.912 11.00 66,210
2.46 0.3218 - 8.u48u4 10.39 105,900
0.54 - 0.01707 12.15 12.158 41,460
1.22 0.09992 10.76 10.76 66,210
3.02 0.3950 10.42 10.42 105,900
0.54 0.01707 12.15 10.90 41,460
1.33 - 0.1089 11.74 10.70 66,210
3.35 0.4382 ©11.55 . 10.61 105,900
0O.41 ~ 0.01296 7.820 17.86 2,381

" 1.00 0.08190 7.484 16.82 3,802
2.33 0.30u48 - 6.812 15.06 6,082
0.69 0.02181 13.16 17.22 2,381
1.70 0.1392 12.72 "16.51 3,802
4.02 0.5258 11.75 15.13 6,082
0.91 .0.02876 17.35 17.35 2,381
2,23 0.1826 16.69 16.69 3,802
5.15 0.6736 15.06 15.06 6,082
:1.10 0.03477 20.98 17.98 2,381
2.83 0.2154 19.68 17.05 3,802 .
6.11 0.7992 - 17.886 15.61 6,082 .
0.69 0.05651 7.036 ' 295.1
1.69 0.2210 6.736 u73.2
0.52 0.01644 13.52 185.2
1.25 -0.1024 12,74 295.1
3. . 0.u4251 12.95 473.2



TABLE IV,  (2)

. Force on - P ; P ¥/Ce NRe
- _ 3 R ‘ Impeller ‘N lever arm, Borse Bgmen- Dimen- Dimen-
Cross-Section System No. Revs/sec. 1b. Power sionless sionless sionless
Square vhite ‘R-2 - 2.58 0.71 0.02244 18.46 185.2
-0i1 - 4,12 1.77 0.1450 ~ 18.05 295.1
‘ 6.59 4,72 0.6174 18.81 473.2-
R-3 2.58 - - 0,77 0.02434 20.20 185.2
- 4,12 2.15 - 0.1761 - 21.92 "295.1
D . ~ 6.59 5.9Y4 0.7770 . 23.63 _ - : 473.2
Rectangular - Water R-0 4,12 - 0.63 0.05160 - 5,580 11.30 . 66,210.
‘off-center - 6.59 1.58 0.2067 5.448 7"10.89: 105,900.
- R&1 2.58 0.42 0.01328 9.4592 11.76 - 41.460.
' 4,12 1.00 0.08190 8.824 10.89 66,210.
, 6.59" '2.58 0.3375 8.896 10.89 105,900.
R-2 2.58 2.981 0.09423 11.92. 11.92 41,460,
- 4,12 . 2.846 0.2331. 11.38 11.38 66,210.
6.59 2.793 0.3653 11.17 11.17 105,900.
R-3 2.58 3.375 0.1067 13.50 12.20 41,460.
‘ 4,12 3.132 0.2565 12.58 11.46 66,210,
E o 6.59 3.086 0.4036 12.34 11.34 105,900.
Rectangular Glycerine R-0 2.58 0.uy " 0.01391 8.392 ©19.17 2,381.
" of f-center water 4,12 0.97 0.073u44 7.260 16.31 3,802.
S ’ 6.59 2.28 - . 0.2982 6.664 14,73 6,082.
R-1 2.58 0.68 0.02149. 12.96 16.93 2,381,
4,12 1.74 © 0.1425 13.02 16.90 3,802.
6.59 4,41 0.5768 12.89 16.60 6,082,
R-2 2.58 0.91 0.02876 17.35 17.35 2,381,
4,12 2.19 0.1794 16.38 16.38 3,802,
6.59 5.11 0.6684 14,94 14,94 6,082.
R-3 2.58 1.05 .0.03319 20.02 17.21 2,381.
' 4.12 2.50 0.2048 18.70 16.20° - 3,802.
5.88 0.7691 17. 15.02 6,082.

6.59

19




TABLE IV, (3)

‘ Force on P
Impeller N Lever Arm, Horse-
Cross-Section System No. Revs/sec. 1b. Power
Rectangular,  White R-0 4,12 0.65 - 0.05324
Off-Center 0il 6.59 '1.70 0.2224
R-1 2.58 0.52 0.016u44
4,12 1.27 0.1040
6.59 3.23 . 0.4225
R-2 2.58 0.74 0.02339
’ 4,12 1.80 0.1474
6.59 4,58 . 0.5991
R-3 2.58 0.87 0.02750
4,12 2.16 0.1769
. , 6.59 5.71 0.7469
Rectangular, Water R-0 4,12 0.63 - 0.05160.
Centered ' , - 6.59 1.61 0.2106
R-1 2.58 0.46 . 0.01u454
4,12 —  1.08 0.08845.
6.59 : 2.76  0.3610
R-2 2.58 - 0.58 0.01833
4.12 1.34 0.1097
'6.59 3.uh4 0.4500 -
R-3 2.58 0.64 0.02023
_ 6.59 3.90 0.5101
Rectangular, Glycerine R-0 2.58 . 0.36 0.01138
Centered - Water 48,12 - 0.86 0.07043
S 6.59 . 2.19 0.2864
R-1 2.58 0.68 0.02149
4,12 1.66 - 0.1360
6.59 4.00 0.5232
R-2 2.58 - 0.86 ©0.02718
4,12 2.15 0.1761
6.59 5.11 0.6684
~R-3 2.58 1.00 0.03161
4,12 2.44 0.1998 -
- 6.59 5.87 0.7778

14,99

Pw _ PY/CS NRe
Dimen- Dimen- Dimen-
sionless sionless sionless
6.628 285.1
6.776 473.2
13.52 185.2
12.85 295.1
12.87 473.2
©19.24 185.2
18.35 295.1
18.25 473.2
22.62° 185.2
22.02 . 295.1
22.75 . ‘ 473.2
5.560 11.30 66,210.
5.552 11.09 105,900.
10.35 12.88 41,460.
9.528 11.76 66,210.
9:516 11.65 105,900.
13.05 13.05 41,460.
11.82 11.82 66,210.
11.86 11.86 105,900,
14.40 "13.02 41 ,460.
.13.45 12.36 105,800.
6.864. 15.68 2,381.
6.752 15.17 3,802.
6.400 14,14 6,082,
12.97 16.98 2,381,
12.42 16.12 3,802.
11.69 15.05 6,082.
16.40 16.40 2,381.
16.09 16.09 3,802.
14,94 14,94 6,082,
19,07 16.39 2.381.
18.26 15.82 3,802.°
17.16 - 6,082.

]
w -
T
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TABLE IV. )

Cross-Section

Rectanguiar,
Centered

Force on P

Impeller N Lever arm, Horse-

System No revs/sec 1b. power
White R-0 4,12 0.66 0.05405
0il 6.59 1.64 0.2145
R-1" 2.58 0.49 ‘0.01549
’ 4,12 1.19 0.097u46

6.59 3.08 0.4029
R-2 2.58 0.71 0.022u4

4,12 1.78 0.1458

6.59 4,34 0.5677 .

R-3 2.58. 0.83 0.02624

4,12 2.10 0.1720

6.59 5.48 0.7168

21.84

P
D¥men- D%ﬁen
sionless sionless sionless
6.728 295.1
6.536 473,2
12.74 185.2
12.13 295.1
12.27 473.2
18.46 185.2
18.15 295.1
-17.830 473,2
21.58 - 185.2
21.41 295.1
473.2

1
w
Y
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47% for 4 to 8 blades.

2. Two-Phase Data

~Flat paddle A-4 was used for the.two?phase ﬁixing'studies, with speeds
of 4,12 and 6.59 revs/sec for w;ter-air mixtures, and 6.59 revs/sec for white
oil—éir mixtures. Table V and VI present the data for these two mixtures
along with calculations made from the data, ‘Thevforce on the lever arm and
the resultant power consumed are sthn with the correlation v;lues of_modified

power number, equation (13), and the reduced power number, Pw/Pw*, where P_% is

W
‘the value for single-phase (100% liquid) mixing,

The horsepower réquireﬁeﬁts»decfease as more‘liquid is réﬁlaced by .
air in the closed vessel with a corresponding.arop in modified power number,
Pw,and‘the reduced power‘number, Pw/ﬁw*. Thevlargest'arOP in power‘requife- '
ments is for the conditionvwhere the flow pattern'resémbles'a baffled cylin-

drical tank in the turbulent regime, the rectangular cross-section with im-

peller centered for the water-air mixtures.



TABLE V.  POWER CONSUMPTION FOR WATER-AIR MIXING USING FLAT BLADED PADDLE A-4

N Volume Force on Pw

Cross-Section revs/sec % water lever arm, 1b, Power H.P. Dimensionless
Square 4,12 100 3.74 0.3063 (7.900)**

- 97.5 3.82 - 0.3128 7.827

95 3.71 0.3038 7.602

92.5 3.28 0.2686 6.721

90 2.76 0.2260 5.655

'~ Square 6.59 100 9.48 ~1.240 7.585

' 97.5 9.42 1.232 7.544

95 8.09 1.058 . 6.478

92.5 6.35 0.8306 - 5.085

90 5.68 0.7429 - 4,548

85 4,97 0.6501 3.980

Rectangular, 4,12 100 4,12 0.3374 8.433

Off~Center - - 97.5 3.97 0.3251 8.134

' 95 4., 84 0.3964 9.917

92.5 2.95 0.2416 6.045 .
90 " 2.69 0.2203 5.512
85 2.74 0.2244 5.614
#* Extrapolated value

Py

P (100% 11quid)

COQOOO - C OO0

cCoOmROmM

.000
.991
.962
.851
.716

.000
.994
.853
.670
.599
.524

.000
.964
.175
.716
.653
.665

_Lg_



TABLE v, (2)

N ~ Volume ~ Force on P - Py
Cross-Section revs/sec % water lever arm, 1b. Power H.P, Dimensionless  P{(100% liquid)

Rectangular, 6.59 100. 10.32 "1.350 8.257 1.000
Off-Center - 97.5 9.74 1.274 7.800 0.944
: 95 11.43 . 1.495 ©9.153 1.108
92,5 6.42 0.8397 5.141 0.622
90 : 6.20 0.8110 4,965 0.601
85 - 5.12 0.6697 4,100 0.496
Rectangular, 4,12 100 _ - 7.04 0.5766 . 14.41 1.000
Centered : ©97.5 ©6.65 . 0.5446 . 13.62 "0.945
' : ' 95 = 6.35 1 0.5201 ' 13.04 0.902
92.5 5.00 0.4095 N 10.24 0.710
90 3.81 - 0.3120 o - 7.80 0.541
-85 - 3.15 0.2580- 6.454 0.447
Rectangular, 6.59 100 17.45 .. 2.284 - . 13,96 1.000

"Centered : 97.5 16.73 2.188 . : 13.40 '0.959
.95 14.05 1.838: e 11.25 0.805
92.5 10.65 1.393 - - -~ 8.528 0.610

90 - . 8.84 1.156 _ 7.079 0.506 -
0 0.392

85 - 6.84 .8947 5,477

g€~



TABLEfVI. - POWER CONSUMPTION FOR WHITE OIL-AIR MIXING USING FLAT BLADED PADDLE A-4 AT 6.59 REVS/SEC

P ' P

Volume % : Force on =~ = - w A A

Geometry white oil lever arm, 1b. Power, H.P, Dimensionless Px (100% liquid)
Square _" 100 14,18 ' . 1.855 _ 13,12 1.000
- 97.5 12.70 1.661 ©11.75 ' 0.896
95 9.21 1.205 ‘ 8.523 0.650
92.5 8.19 - 1.071 7.579 0.578
90 - ‘ 7.74 1.012 _ 7.162 . 0.546
85 ' 7.14 .0.9339 6.607 0.504
Rectangular, 100 ' : - 14.75 1.929 13.65 1.000
Off-Center 97.5 12.74 1.666 11.79 0.864
95 9.63 - '1.260 8.912 0.653
92.5 8.44 1.104 : 7.810 . 0.572
90 8.04 1.052° : . 7.440 0.545
85 - — . 7.42 0.9705 - . 76.866 0.503
Rectangular, B 100 _ 14,91 1,950 : 13.80 1.000
Centered 97.5 12.87 1.672- 11.91 0.863
: o : 95 - 9.50 1.243 8.791 0.637
92,5 8.39 1.097 ’ 7.764 . 0.563
90 : o 7.96 1.041 7.366 0.534
0 0.504

85 ’ ‘ 7.52 .9836 6.959-
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B, DISCUSSION

1. Sing;e-Phase Data

| The Frou&e number will have no effect in single-phase power correlations
of this study, because the closed';iquid-phase system contains no pﬁase boun-
dary. Gravitational forces, therefore, hévevnq chance to ihfluence’the
surfaée level or shape of the.agitated fluid.'

Four-Bladed Flat Paddleé

The effect of blade width upon power numbér has been reported by num-
erous investigators, thé reéults_of several are listed here;. 0'Connell and
Mack (Oi) fduhd that for the relation P§,= K(W/L)& the constant K and ex-
ponent g varied with the number of blades., ‘for a four4bladed paddle K was
19.4 and g was 1.15, However, Rea and Vermeulen (R1) ‘found the exponent -
g to be 1.0 for four-bladed paddles in both baffied and unbaffled conditions.
From the theoretical relationships in equations' (2) and (#), the power,
and hence the power ﬁumber, is directly affééféd by thg'blade.width.

Table VII shows the values of thé exponent g>déférmined from the ex-\
perimental data of this -study. Figure 7 presents these data graphically.
and as expected the effeéf of fhe blade width variés with Npo in the transi-
tion region as well as with vessel geometry. Later on in this‘seétidn if
is determinedvthat thé flow-pattern for the‘becfangular cross~-section withblr
impeller cehtéred (curve.l in Figure 7) largely eliminates swirl énd fesembles
a fﬁily baffled‘cylindrical tank, and the flow pattern for the square (curQe |
3) and recfangular with impeller off-center (curve 2) cross-sections involve
swirlvand more closely resemble an unbaffled cyclindfical tank.. For the latter

two cross-sections (curves 2 and 3), the value of g approaches a constant



'TABLE VII.

- . . ) g
VALUES OF EXPONENT g FOR THE RELATIONSHIP Po o (W/L)”

NRe
Dimensionless

Tank Geometry

Sqﬁare
(no dividers)

Rectangular
Impeller off -
Center (1 divider)

Réctangular
Impeller centered
(2 dividers)

470
6,000

110,000

+ g
1.091 _ '0.056

+

0.813 _ 0.053

0.706 ¥ 0.02

A

I+

1.052 0.039

+

0.840 T 0.032

0.811 ¥ o.01

1.017 Y o0.024

0.937 * 0,082

1.167 t 0.082

—'[1-(—



I I I I | o I i
JAN Rectangular tank, impellericentered
[0 Rectangular tank, impeller off-center

O

Square tank, impeller centered-

dimensionless

B

1.0

0.7

—a-'-(-

108 1ot B . 10°

Reynolds number, NL%f>/}L

Fig., 7. Values for the exponent g for the relationship P_ = K(W/L)&
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value independent of N, in the turbulent region, -Although all three curves

Re

pass through a point where the value of g in (W/L)& is 1.0, in the transi-

tion and turbulent region the more'nearly baffled the system the closer the

‘curve remains to a value of g = 1,0,

Even though the data point (on curve 1 of Figure 7) for which the mix-
ing system was in the fully baffled turbulent regime has.é value of 1.167,
the power consumption, aﬁdvhence‘Po, for paddles A-2 an& A-3 in the same
system has been shown in part A. of this sectioﬁ to be dependent upon the
first power of blade width.

The expréssion\j(W/L)g is for the general condition in which both im=-

peller width W and diameter L vary. Equation (14) is a special case of

v comparing (W/L)gvfor two paddles that have equal diameters, but unequal’

widths. . Therefore, the resultant exponent x for (Wp_s/W,_,)*has the same
meaning as the e#ponent g in the general éxpression (Ww/L)8.

As already'sfatéd, two paddles of eq@al width,‘A-2 and A-3, weré_used
for the cross-sections that‘beﬁaved similar t§ unbaffled tanks, to explore
the effeét of impeller diameter L on power consumption. When Qalues of
Po for.paddles A-2 and A-3 afe compared for systems with the same physical
conditions (including rotational speed), thé only variables on the pight.
side of equétion' (10) are‘the power consumed P and fhe impeller diameter.
L. FTor an impelier Po decreases gradually but uniformly fqr unbaffled
vessels.wifh’incfeasing Npoe Throughout, at equal speeds, paddle A-3 will

have a value of Ngpe 2.25 times greater than A-2. Thus, when comparing data

- for paddles A-2 and A-3 to determine the'exponent y in equation (15). the

“calculated values of y would be expected to be lower than the exact depen-

dency.because these unbaffled systems have a small dependency upon the
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Reynolds number. In view of this, it is not unreasonable to consider the"
calculated value of y = 3,78 to be within thevexberimental'accuracy of
y = 4,0, indicating Po to be dependent upon L4,

Although (L/W)1+0 cannot be shown to bé'an exéct correlation, it is
a good general approximation for'the data of this stﬁdy, agreeing with other
investigators'and‘with_the theoretiéal_expectétions. Equétion (13), uses
the (L/W_)l'O ratio to define the modified power number, Pus
| P, = PO(L/w)l'?_ - P‘gc/(')ON3L“w)' o o (13)
which is also tabulated in Table II for thesflat-bladed paddles.

When the'effect of the Fréude number is_hegligible, as it is with closed. 
vessels; impeller power data are presented similarly.to Figure 8 which‘shows
the modified power number as a function of Reynolds number. The reference
curves 4 and 5 in‘Figure 8 were éaken from the data.of Rushton, Costich,
aﬁd Everett (R2) .for a'circuiar cross-section With‘twofbléded flat paddles
adjusted for tﬁe §addie width-tq-diaméter ratio and for tﬁe number of blades;.:
curve 4 is for four vertical béffles,_each 0.1 of the taﬁk diameter; curve
5 is for an unbaffled vessel, The thbée experimental curves of this étudy,
curves 1,2, and 3, and the reference ¢ur9es{converge at low Réynoldé npmbéré,
in the viscous or laminar flow fegion, confirming earlier obsefvations that
baffling has no effect inrthe laminar region, In the transition and turbu-~ 
lent regions the data for the three cross-sections of this sf&dy, 6ufves
_ 1,2, and 3, fall_bétween the unbaff;ed and fully baffled COﬁditions_of the
reference curvés depending upén the baffling effectrﬁf.the_particular crﬁss- |
section.

The term "fully baffled" refers to a flow pattern in which the swirl

of the unbaffled vessel is almost eliminated, normally accomplished by placing
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Fig. 8, ‘Modified power number vs. Reynolds number for flat paddles in different tank geometries.
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four or more evenly spaced baffles perpendicular to the vessei wall, The
high radial and axial velocities produce several partially independent flow
patterns which eliminate the depression around the impeller shaft and flatten
out the surfacé level of open vessels. Inba cylindrical tank where four
evenly spaced baffles create a fully baffled condition, thefe'wouid'be four
similar and symmetrical flow ﬁatterns. The change of flqw direction of the
jet leaving the'impeller from radial to axial consumes more power by providing
more momentum transfer. For avgiven impeiler and téﬁk geometry, increasing
the size and number of baffles will increase the power input to a maximum
value beyond whichva still larger number of baffles will cause tﬁe power
consumption to decrease by>impeding the éxial fiow. _ |

Flow patterns and velocity éomﬁonénts wére not‘observed in this stﬁdy,
bﬁt can be postulated to resemble the bneé found in the.egperimental studies
of Nagata et al. (N1;N2,N3) -using unbaffled and fully baffled cyiindrical'
tanks. A brief account of their findings is included in Section II,

Experimental curV§s 2 and 3 in Figure 8 have power numbers which
continue to decrease with ihcreasing Reynélds numbers in the same manner as
an unbaffled cyiindrical tank. However, in the turbulent region, the nega-
tive slope is not as gfeat and the values‘of power number are greater than
that of an unbaffled tank, Curve 3, paddle centered in a square cross-section,
behaves more like the unbaffled'conditiohs than does curve 2,bpaddle off--
centered in a recfangular cross-section, The lack of baffling allows the
liquid to have high tangential velocitiés and swirl around the impellef
éhaft. |

The square cross-section has some balling effect becauée the midpoint

of the walls are closer to the rotating impeller tip than the corners., The.
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smoothed wall does not have thé same effect as a baffle in a cylindrical
- tank which protrudes perpendicularly‘away:from the wall, and largely or
completely eliminates the swirl.. Eddyhg in the corners of the square vessel
- does, to some degree, impede the tangential swirl , allowing a greater power
input than for an unbaffled tank. |

.'Off-center mounfing has often been used to reduce éwirl, ahd can give
powér consumptidn nearly'equal to that of the fﬁlly baffled condition for
an optimum agitator locatioh.' The rectangular cross-section with impeller
off—cénter, curve 2, creatés an unbalanced condition between two opposite
walls. The resulting flow pattern appearé to retain considerable swirl,
* but evidence of increased eddying (relativebto thé square cross-section)
is provided.ﬁy thé highér power consumption.

The.veései having rectangular cross-section with the'impeller centered,
(curve 1), behavés similar to a fully béffied fank, in that.the power number
eyentually riseé above its value in the‘transition region and reaches a
constant value in the turbulent regidn. The lineal distance between the
impeller tip and horizontal midpoint of the two parallel dividers rangeé
from one-fifteenth to one-fourth the impeller length and, in effect,_éreafés
two compartments of'similar but almost indepeﬁdent flow patterns. This
compartmeﬁtation‘intﬁoduces large eddy currents,>eliminating swirl‘and in-
creasing the powér gonsumption of this cross-section over the other two in
this study; waever, the power consumed.is still not as great as in a fully
baffled cylindrical tank in the turbuieﬁt_fegion. ' The behavior of this cross-
‘section is likely to be more similar to that of_é cylindrical %ank with

two baffles 180° apart, so far unstudied.
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Flat-Bladed Turbines

Figure 9 shows a log-log plot of modified power number against Reynolds
number for the flat-bladed turbine data, as listed in Table Iy, For a given
turbihe, power consumptién is nearly identical for all tﬁree cross-sections,
indicating tﬁe flow patterns to be similar. The curve in Figure 9 for the
four-bladed turbine‘R-ivhas power number values that are élose‘to those of
curve 2 in Figure 8 for a four-bladed paddle in the rectangular cross-section
'hith impeller off-center, In thé rectangular cross-section with impellef.
centered, the flat-bladed turbihes'éstéblish_a flow pattern‘contaihing swirl
that has the characteristics of a pérfially.béffledvcylindrical fank.' Evi-
dently the turbines do ﬁot préduce the two geometrically similar flow patterns
in each end of the vessel that are created by the flat paddle and that allow
for greater power consumption. In coﬁtrast.the.tufbiné performé better than
the péddle in the square cross-seétioﬁ,vand about the same as the péddle
in the rectgngular‘crosstection with impeller off-center.

‘Bqth-paddles A-2 and A-S.Have impellér lengths épproximafely‘the same
-as . turbine R-1, so the cléaraﬁce bétween the impeller tip and the vessei
wall is not a factor,

Rushton,'Costich,'aﬁd Evefett (R2)‘plotted log of power>af.a given
speed vs. log of numbef ofiblades B, and COrreléted the effect of the number
of blades by two straight lines which intersect near B.= 6. They chose thev
six-bladed turbine as a basis and made the»corrglation using the-ratio B/6
to the- 0.8 power for six blades and less, aﬁd B/6 to the 0.7 power for eight
to twelve blades; Figure 10 shows this corrélation for an impeller speéd

of 6.59 rev/sec, using the log of Py vs. log of B,
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Impeller centered '
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Fig. 10. Power number as a function of the number.

of turbine blades at 6.59 revs/sec; showing the correlation
proposed by Rushton, Costich and Everett(R2).
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A spinning flat-bladed turbine with no blades would merely be/é disk
which could impart énly friction energy to fhe fluid 6f a mixing system.
As blades are first added, there is a sharp rise in the power input which
starts to level off markedly after reaching avCerfain point. As more blades
afe added,. they are spaced closer together, causing each blade's efficiency
to be affected by the b;ade immediately preceding it. gltimately so many

blades will have been added that the impeller is, in effect, once again a

solid piece imparting very little motion or power to the fluid. Somewhere

between these two extremes an optimum number of blades B 4 occurs, at which

pt

_point.the mixing will achieve the maximum power number (Pw)max for the given

systemﬁ

This study undertook to improve the correlation of Rushton et al, for
the effect of the number of blades upon powef input, with the.addifional
goal of finding_a éorrelation whiqh would enable the prediction of biade
optimization (maximum power input). To do this, a least-squares computer
prégram was used to test‘severél possible.gorrelating'functiops against

the data., These functions were all selected to give a maximum power number

.(Pw)max at the optimum number of blades Bopts and to give zero power as B

goeé to zero. Of the equations tested, the relation

=245 on 1nP_ = a, +lnB-ayB | ooan

Pw = a_Be W i

3
gavé the.best'least-SQUaresVfit. In this equation Py is the modified pdwer |
number,‘B is ‘the number-éf blades,_and al,az;a3; and a# are constants at
any one Reynolds number. Figures 11, 12, and 13 show the fit of equation
17 to.the data. Table VIII iists‘the original and smoothed values for co-

efficients a; and.az, gnd for the smoothed values of (PW)ma# and Bépt‘

To adapt the foregoing solution over a wide range of Reynolds numbers,
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Table VIII. Solutions for the relationship 1ln P, =2, *+ 1n B - a,B for flat bladed turbines

‘Coefficients from

‘ - Computer solution values obtained from smoothing computer soiution
':Systém ’ revz}sec ' 1 2 _ | él a2 BOPt (Pw)max-
GlyceroldWaferb | - 2.58 1.476 0.07107 "1.456 0.06812 . 14.57 . 23.01
4.12 1.2y 0.07016  1.426 0.07224 13.87  21.25
6.59  1.362 0.07284 1.305 0.07639  13.20 s
Water | 2.58 1.207 - 0.09784 1.269 0.0933173'10,80 13
| 4f12 1.238 0;10210 12s38. . 0.09744 10.28 | ©13.05

6.59  1.195 0.09526 - 1.207 0.10158 - 9.786 - 12.08
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the parametric values determined by.equation .l7 ‘were plotted against
Reynolds numbér as in Figures 14 and 15. 'For ahother system wifh dynémic.
and kinematic simiiarity as discugsed in the introduction of thié éection,

a designer could usé Figures 14 and 15 to choose the optimum number

of blades for a flat-bladed turbine of like design.

Because the flat-bladed turbines in uSe %bday often have six blades,
the six-bladed tﬁrbine in this study was used as the referenée value for
cbrrelating the effect of the number of blades upon modified power number:

(Pw)B = CB'zPW)B | . '.‘, : . (lé)'
Vélues for the ratio CB as determinéd‘ffom the data, are shpﬁn on Figure
16 as a.functidn of Reyholds ﬁﬁmbef. Thé interpolated values f§r_thevtwelve
bladed turbine decrease more rapidly than values for the gight bladed tur- -
bine because'at_NRe above iS,OOQ the optimum number of blades is_beloQ
twelQe and decreésing steadily. This pﬁts the twelve biaded turbine on the
dowp side of the P, vs. B dufve above Np of 15,000 instead of on the up-
| side like the eight bladed turbine.

For a given imbeller in a given system Reynolds nuﬁber isvoﬁly a func-
tion of the impelier speed. The féster the impelier fotétes the quicker
the second'bladé sweeps the area.vacated by the firét blade, The fluid
has more velocity and, hence, more kinetic enérgy when it comes in contact
with the second blade. For tﬁis reason the second blade is able to impart
less energy,'ér power, to the fluid and is less efficient than it would Be
at slower speeds. 'Fof the same reason, addingvblades'has-relativély lesé
effect>atvhigher Reynolds numbers. From Figure 14 the pptimum nuﬁber
of blades decreases from 15 at N = 2000 to 10 at NRe = 100,000. .As pre~

Re
dicted the values of Cp in Figure 16 move toward 1.0 at higher Reynolds
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numbers, possibly indicating a léssehreffect of additional blades and the
decreased efficiency of all biades when more are édded,

Figure 17 presents the correlated data of this study with reference
curves from Rushton et al.(R2) for a six-incﬁ diameterbturbine with six
flat blades in a open circglar tank for both béffled énd unbaffled condi-
tions. The chéracteristics of chQe 3 are the séme as.previously discuss-
ed for the experimental curves of Pigure 9.

Ifithe same'mathemafiéél and gfaphic approach presentedvin this study
to determine thé effect ofvthe numbef of Sladeé was applied to a baffled
cylindrical veésel the genéral solutibns'would be similar to the findings
of this study although spec1f1c values would differ. Fér example, the valués
of power number would. be hlgher for the baffled than the unbaffled vessels,

"and the baffled system would still have an optimum number of blades (max-
imum power input) which would decrease at hiéher Reynolds numbers. ,Itvis
anticipated that the optimum number of blades for baffléd cylindrical vessels
would also be in the range of 10'to’16; In most. instances a de31gner would .
choose the most eff1c1ent 1mpeller whlch would have a number of blades equalk
to or close to the optlmum value of 10 to 16. _The number of blades for the
reference impeller fbr cofrelating the effect of the number of blades should
also be near the optimum;_say eight or twelve, depending upon the results

of the fully baffled cylindrical tank study.
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2. Two-Phase Data

When a liQuid system is in contact with a gas phase in a closed
vessel, the gas phase will tend to be introduced downward into the liquid_
during agitation, and may.cause réductioh in the power input (and thereforé
in the power number). |

Rushton, Costich; and'EQerett (R2) report tﬁat any shape of
impeller operating on a vertical centerline of a smooth-walled unbaffled
cylindrical tank will produce rotary and circular laminar flow, resulting
in a swirl, br vortex, withithe“minimum of'vértical flow_currentsg_ Taylor
and Metzner (T1,M2) found.that systems which are baffled‘at.higﬁ Réynoldé
numbers produce .flow p;tterns thaf-exisf in whigh therevére‘regiohs'of high
shear where fluids flowing in opposite directions meet. It is always atvv
the upper ridge or seam madelby.this higthhéar region that air is intro-
duced infé the’liquid, ﬁeing cérried downward inté the impeiler and éaﬁsing
a decrease in the power nuﬁber;

Rushtpn et al.(R2) andFC;ark and Verméulen (C1) suggest the use of
the Froude number to correlafe the power number énd surface phenomena of
this type, since N2L/g giQeé the ratio‘of inertial to gravitational forces.
Clark and Vermeulen found that fhe impgllér depth was important, due to
an increase in upperfsurface velocity compenents as‘the impeller is brought
closer to the top of the liquid.

Figure 18 shows the correlation as proposé& by Clark and Vermeulen
for liquid-air mixing in a baffied cylindrical tapk,balong'with selected
data from this study. These data, as shown in Table IX,are for flét paddle

A-4 in the rectangular cross-section with paddle centered using speeds of
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TABLE IX. EXPERIMENTAL DATA FOR FLAT PADDLE A-4 IN WATER-AIR MIXTURE

USING A RECTANGULAR CROSS-SECTION, IMPELLER CENTERED

.N Volume _Pw 0.452 G ’ NZL s L2W¢Tf‘(g) 0.6
revs/sec % water _ BO.9Z-C)€] 8 4T1T2Z Z
4,12 . 100 - _ 14.50 0.01427
97.5 13.76 0.01489
95 . 13.22 0.01555
92.5 . . 10,46 0.01614
90 . - 8.026 . 0.01702
85 6777 0.01874
6,59 . 100 - . 14.04  0.03653
) 97.5 13.53 . : 0.03809
95 11.41 ' 0.03978
92.5 ' ' 8.707 L -'0,04129
90 . ' 7.284 o ‘ 0.04354

8 5.719 ' _ 0.04794
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4.12 and 6.59 revs/sec in watef-air mixtures. If iévnecessary to modify
the geometrical factor of the abscissa term to account for the recfangular
cross-section. This impeller-to-tank-volume ratio then bécomes(TTL2W)/‘
(4 TlTQHO, where T1 and T2 are the tank cross=section dimenéioﬁs.

Table V .lists.the data of this study for the water-air systems
while Téple.VI gives the‘data for ﬁhe white oil-air systems; The
reduced power number,.Pw/Pz,,is used to present the data graphicaliy-in

Figures 19, 20, and 21. P* is the power number for 100% liquid mixiﬁg

=

for each particular system.

Since the impeller poéition re;ative to thé vessel was fhé.same
for all runs, the more air that was placgd in thé system, the closér.tﬁe
impeller was tovthe liquid surface, and the more effect the impeller had
on the surface interface. For small amounts of air (up to 3 - 6%) in the
turbulent region the gaseous phase is most probably drawn into the liquid
by the interaction of the liquid with the veséel cover and diépersed by
the bulk flow paftern. The inability of the disperséd air to coaiescé and
collect at the impeller accounts for the‘lack of effect thatbsmall amounts
of induced air have. upon the power; For gaseous amounts above 3-6% the
reduced power number, PQ/P&, drops off quife rapi@ly,as vortexing begins
~and larger amounts of air come in contact with the surfacevof_the impeller.
After a point the liquid around tﬁe impeller becomes somthat saturated
with entrained air ;nd increasing the volume fraction of air does not

increase the amount of air entrainment as rapidly. This causes the reduced

power. number PwlPﬁ, to decrease at a lower rate.
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jFor the water-air sYstems,theicross—Section.that has the most

baffllng effect, 1mpeller centered in the rectangular cross- section, has

the greatest reductlon of reduced power number The actual values for
power number do behave as ant1c1pated that 1s w1th all other factors.
equal, the more baffllng effect the’ vessel geometry has, the larger the
power number. The‘square cross—sectlcn ‘has the least baffling effect, and

by similar reasoning is least effected by the introduction of air into the

‘agitated liquid,

‘The. white oil ~ air systems are in the lower end of the tranSition
region near the laminar region, where baffling has negligible effect on

power input.“ This isidemonstrated in Figure 8 where the power numbers

converge at lower Reynolds numbers and by Figure 21 which shows the reduced

power numbers for the white 01l~a1r ‘mixtures to be 1ndependent of vessel

cross-sectlon .

)
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V. CONCLUSIONS

1. Present power correlatiéns for radial-flow-impellers use .an impeller
Reynolds number, NL%f’{FL’ based only on impeller length (diémeter). C§n-
sideration should be given to a Reynolds number which includes the total
net flow through or area swept by the impeller, having é form such as Nwap{fL
or (NL2JQ(/L)(W/T) to include the effect of impeller width, o

2. Power requirements for liquid agitationiin a closed rectangular tank
with both four-bladed flat paddles and various flat-blade turbines fall
between the fully baffled cylindrical tank and thé unbaffled cylindrical
tank, the exact’location.depending upon the-specific créSs-section-and the
paddle position: Power requirements»fof créss-sectiohsistudied may be pre-
dicted from general correlations presented in Figures 8 and 9.

3. For a flat-bladed turbine, the optimum number of blades, the number
which produces maximum power input at any giQen rotof'speed, decreases lin-

early with respect to the logarithm of the Reynolds number, from a value of

16 at Npg = 103 to a value of 10 at Npe = 105, The six-bladed turbine in
general use consumes 27.5% ‘less power at_NRer= 108 than a turbine of 12
blades, and 8.3% less power at Npe = 10°, By using a-turbihe nearer the

optimum number of blades, the needed agitation can be achieved at a lower
rotational speed, tﬁereby'increasing the economic life of the.bearing surfaces
~ for both the motor and the drive-shaft. The correlﬁtion developed for the
effect of the number of blades and for the optimum number of blades for

disk turbines should also apply to a cylindrical tank, although theré has
been no éxpebimental confirmation.

4, TFor liquid/air mixing, baffled systems consume more power than unbaffled

S e



systems and experience a greater loss in power input in the transition and
turbulent regimes. As for single-phase liquid agitation, vessel cross-section

has no effect for two-phase mixing in the laminar regime.
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 NOTATION:"
a1, ap, etc. coefficients
a, b, ¢, etc, expéﬁents
B _ ' " number of biades on a flat bladed turbine impeller
Bpt optimum number af blades fér a giveﬁ system
C distance from center of impeller to tank bottom, ft.ﬂ
Cg ' éorfelation factor for turbine_impelleré
d characteristic length (for instance, L), ft.
g gravitational aqceleratién, ft./min,?2
gc qonversion facfor bgtwéen force and,maés, lb.vft./ﬁlbf.‘min.z)
H |  theoretical impeller head; ft. 1bf./1b,
k ' | raﬁio'of tangential fluid velocity at‘the periphery of
‘ an impeller to the peripheral impeller velocity
K o constant
1 : blade lengtﬁ,.fﬁ.
L o ,‘ impellef diameter; ft.
n | number of blades
N : impeller speed, revolgtidns/sec;
Npp Froude number, N2L/g, dimensionless
NQ v impeller discharge coefficient,vQ/(NLs), dimensionless
Nge ' 'Reynolds number, NL2 e / f‘ . vdimen'sa".onlevss
P ‘pifch:of biades
P E o power input to the impeller, ft. 1bf./min,
Py | power numberg ch/(NsLsca), dimensiénless
Pw modified power numbe'r‘,, ch/(NsLuW e), dimenSioﬂless
PR modified power number (100% liquid reference condition)
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maximum power number for turbines at Bopt'

impellef discharge rate, ft.3/min.

radial distance from the cénter of agitator shaft, ft.

tank diameter, ft.

rectangular tank cross-section dimensions, ft.
fluid velocity‘leaving the pefiphery of an impeller, ft./min.
periphérél impeller velocity, ft./min. |
radial veloéity'cémpopeﬁt, ft./min,

fluid velocity relative»to impeller blade tip, ft./min.

axial compohent of fluid velocity, .ft./min,

impeller width, ft.

exponents
fluid depth in vessel, ft.-
angle between velocity vectors, Qc and vp.(see Fig; 1)

angle between impeller tip and velocity vector.vp (see Fig. 1)
fluid viscosity, 1b./(ft. min,) »

fluid density, 1b./ft.S

‘angular velocity of impeller, radians/min.

poWér input per unit masé,.ft.z/min,3

Kinematic viscosity of fluid, t.-/min.
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, "'person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor."
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