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ABSTRACT 

Experiments were conducted to determine the power required 
to drive disc type agitators and to observe the flowpattern 
and type of agitation produced in a baffled tank. 

Power was measured by determining electrical energy input 
to a motor and subtracting motor transmission and friction 
losses previously established by calibration. Impellers 
were operated at speeds from 600 to 3700 RPM. 

Power requirements in the turbulent flow region were correl-
ated by the equation HP = PoLN3ρ/550 gc  

which was de- 
rived theoretically. 

Reports of previous work on agitator power are discussed. 

The Power Numbers (Po) established for the turbulent range, 
were all less than one. This is considerably lower than the 
Power Number for most common commercial Impellers in baffled 
tanks, other than propellers. This means that at correspon-
ding Reynolds numbers, discs absorb less power than paddles 
or turbines. 

Effective agitation throughout the entire vessel was only 
obtained at peripheral speeds substantially above the 700 
ft. per min. recommended in the literature. 

Some of the impellers used went through a narrow critical 
speed range which caused vibration. Above and below this 
range there were no operating difficulties. These impellers 
should be adaptable and useful for industrial applications 
and may be directly connected to a standard motor without a 
speed reducer. 



PREFACE  

This paper deals with the horsepower required to 

drive disc type high speed agitation impellers mounted on 

a vertical shaft in a cylindrical vessel. Depth of impel-

ler (parallel to shaft) to diameter of impeller ratios were 

all 10 to 1 or less for the impellers tested. The quality 

of agitation obtained is briefly described. 

This investigation was undertaken because of a lack 

of information concerning these impellers in the literature 

and because of the possibility that these impellers would 

be suitable for direct connection to standard electric 

motors thus eliminating the gear mechanisms normally used to 

reduce impeller speeds. 

The writer wishes to acknowledge the encouragement 

and help offered by Dr. Salmone and to express his appre-

ciation to the management of Industrial Process Engineers 

for supplying the necessary equipment and space for conduct-

ing the tests. 
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TABLE I NOTATION 

Symbol  Definition  Dimensions  

D Diameter of Vessel ft. 

H Liquid Depth ft. 

K Constant 

L Impeller Diameter 
(also used as symbol 
for unit of length) 

ft. 

M Radial length of im- 
peller projection, 
such as, turbine blade 

ft. 

N Rotational speed Revolutions per 
minute, or revolutions 

per second 

P Impeller power ft-lbs/sec 

R Number of baffles 

T Thickness of impeller 
disc ft. 

a,b,c,d,e, f,g,i,j,l,m 
Exponential constants 

b Baffle width ft. 

f Frequency of electric 
power supply cycles per second 

g Acceleration of 
gravity 32 ft/sec2 

gc Force-Mass Conversion 
Factor 32.2 

H Constant 

s Slip 

w Impeller width 
(dimension parallel 
to shaft) 

ft. 



Symbol, Definition Dimensions  

y Height of Impeller 
above vessel bottom ft. 

ac Constant 

µ Liquid viscosity lbs/ft.sec. 

Liquid density lbs/ft3 

Fr Froude Number Dimensionless 

HP Horsepower (550 ft-lbs/sec. 
or 760 watts) 

Po Power Number Dimensionless 

Re Reynolds Number Dimensionless 

0 Power Function Dimensionless 

Symbols Used For Basic Units in Dimensional Analysis 

Farce 

Mass w M 

Length - L 

Time - 



I - INTRODUCTION 

The use of agitators in chemical reaction and pro-

cessing vessels is wide spread. The agitators used have 

many forms and many purposes. This paper deals only with 

agitators where the impeller is mounted on a vertical shaft 

on a center line of a vertical cylindrical vessel. 

The problem of agitator design may be divided into 

two parts. First, it is necessary to select an agitator 

which will produce the required processing results such as, 

mixing, blending, heat transfer, etc. Second, it is neces-

sary to determine the power required to drive the agitator. 

The selection of the correct agitator and the optimum type 

of impeller is still largely an art. No mathematical 

treatment of degree of mixing is attempted herein. The power re-

quired to drive disc agitators was investigated for reasons 

given below. 

There has been a fair amount of information published 

during the last seven years on horsepower demands of various 

types of agitator impellers such as, propellers, paddles, 

and turbines. All of those impellers used commonly in indus-

try, operate at speeds well below those of standard induction 

motors (1750 and 3500 RPM). It is necessary to use a mechan-

ical speed reduction device (generally gears or belts and 

pulleys) between the motor and the impeller shaft for these 

applications. 



These speed reducers, while expensive, are less 

costly than reducing the speed of the ordinary alternating 

current motors. The formula for the rotor speed of an in-

duction motor is: 

where, N is rotor speed in rpm, f is frequency of power sup-

ply (cyles per second), and s is slip. 

Neglecting slip, Table II gives the corresponding rotor 

speed and number of poles for an induction motor operated 

on a 60 cycle per second power supply. 

TABLE II  

Number of Poles for 60 Cycle Motor Speeds 

Number of Poles  Rotor Speed RPM 

2 3600 
4 1800 
6 1200 
8 900 
12 600 

Most impellers in industrial use operate well below 

the speeds in the above table. Turbines and pitched blade 

impellers generally operate between 50 and 200 r.p.m. Pro-

pellers run from 200 to 600 r.p.m. 

The cost of building motors, especially in the small 

sizes becomes prohibitive over 8 poles. This is often aggra-

vated in the chemical industry because of the frequent 



necessity for explosion proof motors. The greater the num-

ber of poles, the bigger the size of the motor and the 

heavier the explosion proof casing becomes for N.E.C.* Class 

I Group D motors. Consequently 1750 RPM motors (1300 RPM 

Synchronous speed) with gear reducers are commonly used to 

drive agitators. 

Direct current motors can of course, be operated over 

a varying speed range by providing a variable resistance in 

the field circuit. This, however, would require in most 

industrial plants, the installation of an AC-DC motor generator 

set. 

To provide an approximate picture of the cost of an 

acceptable industrial speed reducer Table III was prepared. 

An impeller speed for each motor horsepower was assumed, so 

that a standard AMA** speed reducer model could be picked. 

The list price as of April 1955 of a right-angle motor-

reducer built by a well-known manufacturer, was given. This 

unit is illustrated in Figure No, I. 

The cost of the corresponding 

motor is then listed in Table 

III and finally the approxi-

mate "List Price" of the gear 

reducer. 

* National Electrical Code3 
** American Gear Manufacturers Association 



TABLE III  

Gear Reducer Costs 

HP 

Assumed 
Impeller 
Speed-RPM 

AGMA Class 1* 
Motor Reducer 
List Price 
Dollars 

Motor 
List 
Price 
Dollars 

Gear Reducer 
Approximate 
List Price 
Dollars 

1 190 518 117 401 
1 1/2 190 581 138 443 
2 175 640 160 480 
3 155 768 178 590 
5 125 920 21.2 708 7 1/2 100 1191 278 913 
10 84 1548 351 1197 
15 68 1847 422 1425 
20 56 2025 555 1470 

Discounts from list price for these items, as of the 

date of this paper. is about 40 to 50%. depending on the 

purchaser and quantity. 

Obviously if a suitable impeller were available which 

could operate at say 1750 rpm, without excessive vibration, 

a considerable saving in cost would result by eliminating 

the speed reducer. 

For the experimental work reported in this paper. 

impellers were chosen and operated at higher speeds so that 

the power requirements fox these types of impellers could 

be determined, with the hope that the data obtained could 

be used for industrial applications, and also to determine 

if any particular operating difficulties would occur. 

* Class I - for 8 hr/day operation 



II Theoretical Considerations  

A relationship may be derived by Dimensional Analysis 

for the power required to move a solid impeller through a 

fluid medium in a container of given geometry. Using the 

procedure as outlined by McAdams,22 the basic dimensional 

units of force, mass length and time (F,M,L 40, and based on 

the physical arrangement shown in Figure II, we have: 

In this equation, the power P required to drive the impeller, 

is assumed to be a function of all the variableson the right. 

TABLE IV 

Units and Symbols used in Dimensional Analysis 

Dimensions 
Symbol,  

P 

Quantity  

Power input 

Units 
ft-lbs-force  

sec 

Symbols LF/θ 

 
N Impeller Speed rev 

sec 
1/θ 

L Impeller Diameter ft. L 

w Impeller width ft. L 

ρ Liquid density lbs-mass/ft3 
s- 

L3 
M 
M µ Absolute viscosity 

of liquid 
lbs-mass  ft-sec Lθ 

9 Acceleration of ft/sec2 L 
Gravity 

θ2 

Y Height of impeller 
above vessel bottom ft. L 

H Liquid Depth in 
vessel ft. L 

b Baffle width ft. L 



R Number of bafles  -- 

Force-Mass 

Conversion Factor 

AFL 

D Tank Diameter 



FIG. II 
DIAGRAM OF TYPICAL 
AGITATED VESSEL 



Replacing the function (.0 ) by an infinite series, 

we have: 

Substituting the dimensional symbols for each factor 

The product of the dimensions in each term of the 

above infinite series must bow- 
z/r 

in order for the equation 

to be correct. We can therefore neglect the terms after the 

first and solve for the values of the exponents a, b, c, d, 

e, etc. so  that the equation is dimensionally sound. 



Substituting these values of m, d, a, and b in equa-

tion (2) we have: 

Since all the terms of the infinite series will have 

the same exponents, we can factor out all the terms except 

c‹.04"oe".-- . Let the sum of theoC terms be K. Re-.  
writing equation 4 by combining terms with common exponents, 

we have • 

The exponential form may be converted to: 

The individual groups in this equation are all 

dimensionless. 

The term at the left has been referred to as the 

Power number in the literature. =  P.,9c  
,VI, 

The first two terms on the right have also been 

assigned names 
AizA1 

/ep (Reynolds Number) 

A/ '2 
9 (Freud. Number) 



The Reynolds Number although different in form from 

that encountered in fluid flow in pipes characterizes the 

effect of viscosity of the liquid on the system. Viscous, 

transition and turbulent regions of flow are observed. The 

Froude Number characterizes the effect of gravity on the 

system. 

The remaining terms on the right are all linear 

ratios, which define the geometric boundaries of the system►. 

If these ratios are held constant, then equation 6 can be 

written as 

(7) Po s K [0(Re)(Fr)j 

Other geometric factors could also have been included 

in the above derivation such as, number of blades on the im-

peller, impeller pitch, baffle height and others. The result 

would have been additional terms in equation (6) which would 

have further defined the geometry of the system. 

Equation (6) establishes the relationships which must 

be met in order to obtain geometric and dynamic similarity. 

Consequently, based on equation (6) it is possible to conduct 

experiments in which geometric and dynamic similarity are 

maintained except for one variable factor and the effect of 

varying each term can be determined. 

This permits scale up of equipment from pilot plant 

scale to production scale if the relations of the factors on 

the pilot scale equipment have been established. 



The above derivation is based on a single Newtonian 

liquid phase. If two liquid phases are present or a liquid-

qas or liquid-solid system is under consideration the den-

sity and viscosity terms can frequently be taken as "averages" 

and satisfactory predictions of power requirements -lade. 

(See discussion of paper by Olney & Carlson,25 p. 25). If 

non-Newtonian fluids are under consideration, the variation 

of viscosity with work applied, becomes an important factor 

and equation (6) should not be used without determining the 

relation between viscosity and power input. No non-Newtonian 

liquids were used in this experiment. 

A derivation similar to that above is given by Push-

ton, Costich Everett,'28 who did a considerable amount of 

work on convential paddles, turbines and propellers. The 

work of these authors, as well as that of White & Brenner,35  

O'Connel and Mack, 24  Lyons19 and others, prove that for 

those cases where the surface 

of the liquid is substantially 

level (no cavitation), which 

result is obtained by "com-

plete" baffling and the elim-

ination of most of the swirl 

in the agitated liquid, the 

value of the Froude Number 

term in equation (5), 

is substantially unity. 



Conversely when cavitation occurs as illustrated in Figure 

III, the effect of gravity and the value of the Froude Number 

become important. No runs were made in the experiments here-

after- reported in which any appreciable cavitation occured and 

consequently we will deal with equation: 

(8) Po 0 ) or 

(8a) W
p 

71o
gs_ • K 0 (L2N ) 
51.  

where the value of the Froude number is one (1). 

This same equation in an exponential form is: 

(8b) Po =  K (Re). or Pqg  = K gr 

This equation plots in a similar manner to the fric-

tion factor vs Reynolds Number graphs, in fluid flow in 

pipes. A wide range of Reynolds Numbers is required in order 

to obtain a reasonable plot. 

At high Reynolds Numbers, e  approaches zero, the 

Power Number Reynolds Number curve becomes a horizontal 

straight line, and (8b) becomes: 

(Cc) p fra.N319 or /70 =  ;0,42 
gc x gc 

Examining equation (8c), it may be seen that if all 

factors except impeller speed are held constant, this equa-

tion reduces to: 



This is also useful but more limited correlation for one 

particular impeller. It is however, much easier to determine 

experimentally. 



III Review of Some Previous Reports 
on Agitator Horsepower  

It is interesting to note that although mixing and 

agitation are as old as the chemical industry, no chemical 

engineering text book, of fairly wide use in this country, 

gave any practical information on the subject until "Unit 

Operations" by Brown et al 9 was published (1950). Badger 

and McCabe 4 in "Elements of Chemical Engineering" (1936) 

devote a chapter to "Mixing". They describe a few pieces 

of the available equipment and give one equation for the 

horsepower of paddles based on the work of White et al,32, 35, 36 

described below. They deplore the lack of information and 

theory on this unit operation. 

Walker, Lewis, McAdams and Gilliland in "Principles 

of Chemical Engineering", McGraw Hill (1937) do not deal with 

the subject at all. Neither do Coulson and Richardson in 

"Chemical Engineering", Pergamon Press, London (1954); nor 

H. McCormack, editor of "Applications of Chemical Engineering", 

D. VanNostrand, New York (1940). 

The second edition of the "Chemical Engineers 

Handbook",1 J. H. Perry, editor (Published 1941) in section 14, 

by Valentine 8, MacLean, entitled "Mixing of Materials", gives 

correlations for two types of impellers. The first is for 

long arm paddles in unbaffled tanks based on the work of White 

and Summerford 34 in which they found that: 



(10) P KL3N2D1.1w0.3H0.6 

The second is for curved blade turbines. A basic curve is 

given (Page 1553, Fig. N) for impeller diameter vs horse-

power at 700 ft/min peripheral speed. Supplemental curves 

are then given for various peripheral speeds vs % of horse-

power  shown on the first curve and % of horsepower shown on 

the first curve vs liquid viscosity. 

It is not stated why 700 ft. per min. was chosen as 

a basic peripheral speed. It is not clear from the test in 

Perry what type of baffling was used. It would seem that the 

baffling was in the form of a stator or stationary deflecting 

blade ring. 

The values given in Fig. N. mentioned above, are in 

good agreement with work performed by later experimenters and 

collected on Figure 477, page 507, of Brown's "Unit Opera - 

tions"9 (See curves 3. 4, and 5) for Reynolds Numbers over 

10,000. 

The third edition of the "Chemical Engineers Handbook"2 

(J. H. Perry, editor, published 1950) in Section 17, entitled 

"Mixing of Materials" repeats the information given in the 

second edition. The work of White and Summerford 34 it is 

claimed, predicts 30 to 60% higher power than actually absorb-

ed by long arm paddle impellers. 

"as Reynolds Number increases from 1000 to 100,000 



(Zarber M.S. thesis in Ch.E. University of Kansas (1943)" 

The third edition mentions the derivation of an equa-

tion such as, (8a) above, by Dimensional Analysis, but gives 

no correlation based on this equation. Mention is made of 

the work of Hixson and Baum 17 and Mack and Kroll 20 on the 

power absorbed by flat paddles in baffled tanks. Mention is 

also made on the work by Olney and Carlson 25 and Bissel 5 

on power absorbed by turbines in baffled tanks, and of the 

work by Miller and Ruston for several marine propellers. A 

nomograph based on this last work for propeller horsepower 

requirements operating in water, are given. Another nomo-

graph is provided based on the work of Olney and Carlson 25 

who used a generalized equation: 

Values of α are given for 6 different impellers. 
DwHL Values or ranges of L — L D D are stated for which the 

nomograph is applicable. 

The earliest work consulted for the preparation of 

this paper was that of A. McLaren White and his associates 

at the University of North Carolinea. They ran experiments 

on sand and water using paddle agitators. The results were 

reported in a number of papers. White, Summerford, Bryant 

and Lukens (1932) 32 described how they withdrew samples from 

the tank and plotted lines of equal sand concentration (mg 

sand/100 cc H2O) for various paddle positions. Maximum 



suspension of solids was reported when the paddle was near 

the bottom of the tank. White and Summerford 33,34 (1933 

and 1934) gave curves for sand distribution in water vs 

paddle speed. No power correlations were given in these two 

articles. White, Brenner, Phillips and Morrison (1934) 35 

report extensive work on the power required to drive paddle 

agitators in several different size tanks and in several 

liquids. A dynamometer was used to measure power. This work 

is then correlated in a paper by White and Brenner.36 These 

authors give the following theoretical equation for agitator 

power: 

which they state was derived by dimensional analysis. Using 

the data of the previous article, White and Brenner then pro-

ceed to evaluate the exponents a, b, c, and d, and the con-

stant K. This is done by plotting the data so that all fac-

tors except one, remain constant. For example, by plotting 

log Power vs log RPM for a given paddle, they obtained a 

straight line: 



The slopes of these lines they found to deviate little from 

the value 2.9. Referring to equation (10) it is seen that 

N, the agitator speed occurs in two dimensionless groups, 

where all other factors being constant, we have: 

Equation (14) should be a straight line on a log-log plot 

as was found by the authors, in which (3-a) should be the 

slope of the line. As the slope was found to be 2.9 then 

"a" must equal 0.1. 

By similar analysis the other exponents and the con-

stant K were evaluated resulting in the final equation: 

White and Summerford 37 in a subsequent paper (1936) 

reported further work on the sand-water system. In this 

paper they show that maximum amount of sand is kept in sus-

pension for a. given paddle speed when the paddle length is 

approximately equal to the tank radius. 

MacLean and Lyons (1938) 21 give a nomograph for com-
puting the theoretical HP required to bring water to a given 

velocity with a turbine impeller. 



Bissel (1938) 5 deals with side entering and off cen-

ter top entering propeller agitator power. 

Gunness and Baker (1938)13 deal with performance of 

agitators rather than power. 

Hixson and Baum 14,15,16,17 in a  series of papers 

(1941 & 1942) discuss both a criterion for quality of agita. 

tion and the power requirements of turbine agitators. They 

used liquid-solid systems and measured the rate of solution 

of the solids. They found that different/equations applied 

above and below the Reynolds Number 6.7 x 104. In their ar-

ticle on power requirements of turbines 20, they review pre-

vious work in the field and compare the accuracy of the re-

ports on the basis on which the data was obtained as follows: 

1. Best - Data based on dynamometer readings. 

2. Next Best - Data based on power input to motor 
corrected for efficiency of motor and speed re-

ducer at operating load (Power reported at high 

speeds they state should be fairly accurate) 

3. Third Best - Data based on power input to motor 

corrected for no load readings at the same speed, 

4. Poorest - Power requirements based on calculated 

pumping capacity. 

Hixson and Baum found that in the turbulent range 

(above Re = 4 x 104) for turbines: 
10N2.8804.7;0  0.88f 0.12 (17) HP = 1.50 x 10' 



in an unbaffled vessel. Maximum power input is obtained just 

before the vortex reaches the impeller. Reference to a tur-

bine in this paper means a flat blade set at an angle to the 

shaft centerline. Their blades were generally set at 450. 

At high Reynolds Numbers they found that reversing the direc-

tion of rotation of the turbine had no appreciable effect on 

the power consumption. They found little deviation in power 
1 requirements fox turbines located between -yr- 0  2to 0  -4. 

No equation for horsepower in a baffled tank is given. 

Stoops and Lovell (1943) 31 report on the power re-

quired to drive propeller agitators of the marine type in un-

baffled tanks. They also start with an equation similar to 

(5) page 9 above and evaluate the exponents. Their result 

was: 

(18) P • 0.56L3•7N2.2 

Bissell (1944) 6 discusses various problems connected 

with a research program on agitation. No correlations are 

given. 

Coopers  Fernstrom and Miller (1944) 11 in an article 

on gas-liquid contacting deal principally with absorption 

of oxygen in water and oil. However, they report the power 

drawn by a vaned disc impeller with a W/L ratio of 0.1. Be-

tween Reynolds Numbers of approximately 102 to 10 they ob-

tained a constant value of the Power Number equal to 3,0. 

This curve has been replotted in Brown's "Unit Operations"? 



This was the first reference found which dealt with power 

for impellers which approached the type used in the experi-

ments reported below. The discs used were 2.44", 3.31", 

3.88" and 6.88" in diameter and had 16 radial vanes attached 

to the lower face of the disc. Each vane originated at the 

periphery of the disc and extended about two-thirds of a 

radius toward the center. 

Bissell, Miller & Everett (1945) 7 discuss the mini. 

mum vessel and impeller sizes which will permit reasonably 

accurate extrapolation of data from pilot plant to produc-

tion set up. 

The criteria to be established for impeller size and 

type are: 

a. Geometrical similarity to production unit 

b. Circulation pattern in vessel 

c. Discharge velocity from impeller 

d. A Reynolds Number relation 

Based on experience, they state: 

a. D/L should be between 3 and 4 ),M-- > 400. 

Smaller impellers than this mould not provide 

enough velocity to create turbulence throughout 

the tank, while larger impellers would cause a 

large energy loss at the tankwell. 

b. The most desirable tank shape gives . 1.0. 
c. They recommend 700 ftimin as the peripheral speed 



of the impeller for mixing immiscible liquids, 

gas absorption and dispersion and suspension of 

solids. 

d. "It has been difficult to obtain satisfactory 

'scale up' results for impellers smaller than 

4 inches". 

e. At D/L a  3.5; ID a 3.5 x 4 = 14 inches as a mini-

mum pilot unit size where agitation measurements 

will be made for "scale up". 

In order to evaluate experimental results, the authors 

suggest plotting log #7  vs. log Re. 

Other details of vessel construction and arrangement 

are discussed. For power studies a dynamometer is recommended. 

Miller and Mann (1944) 23 present a considerable 

amount of information on agitation of one phase and of two 

phase systems of immiscible liquids. 

They state: 

"It is shown that laboratory tests of 
the agitation of two phase liquid mixtures 
can be scaled up successfully by designing 
larger equipment which is geometrically sim-
ilar to that used in the laboratory by apply-
ing equal power per unit volume in both sizes." 

Power measurements were made by dynamometer. (The 

torque required to prevent vessel rotation was measured. 

The vessel was set on a table supported on ball bearings.) 



The power data was plotted as 0 vs. Re. For paddles 

running in water, they obtained: 

(19) P • 4.33 x 10" 60.52N2.78/0 dA4 
0.78 0.22 

with a 9.1;a average deviation. 

They then attempted to correlate two liquid phase, 

power data using the viscosity of either phase and an arith-

metic average density but were unsuccessful. However, by 

calculating 0 and Re based on an arithmetic average density 

and a geometric mean viscosity they were able to obtain sat-

isfactory results. 

where x and y are volume fractions. 

On this basis they were able to correlate the power 

data for  two phase systems by one line on a log 0 vs. log Re 

plot with one exception. This exception was that at values 

of Re = 105 and higher, different power consumptions were 

obtained depending on which direction the point was approached 

from, for certain oil-water concentrations. This the authors 

interpreted as being due to an emulsion formation at these 

concentrations above impeller speeds corresponding to Re • 105 

with a consequent increase in fluid viscosity. 

The authors report the power consumed by seven dif-

ferent impellers operated in the same tank at the same loca-

tion and with the same liquid height. Plots of 0 vs. Re for 



these seven impellers shows practically parallel lines for 

each impeller. The authors therefore calculated a "shape 

factor" which is independent of Reynolds Number for a consid-

erable range (the range is not specified) which relates the 

power consumed by one impeller to that of another. For ex-

ample, at H/D = 1.33 a four-bladed flat paddle (four arms out 

from the shaft) will require 1.22 times the power of a two-

bladed paddle at the same Reynolds Number. 

The authors then report data on power variation for 

a given impeller with liquid depth. The data obtained showed 

that the power consumption was proportional to the liquid 

depth to the 0.66 power. (P K(H)0.66) Power to a two-

phase system will vary with depth in the same manner as long 

as conditions are such as to allow no emulsion viscosity ef-

fects. 

Little power variation was found in impeller locations 

between Y/H =  a .1 to  w .6 although there was a consistent 
11" 

drop in power input as the impeller was raised. Above a loca-

tion equivalent to 77 r .6 the power required was consider-

ably less. 

The remainder of this paper deals with agitation per-

formance as determined by a sampling technique based on the 

Hixson-Tenney mixing index. 

The authors draw the conclusion that maximum contact-

ing performance was obtained above 200 foot pounds per minute 



per cubic foot power application by the impeller. 

Ruston et al (1946) 27 reports a method fox measur-

ing the volumetric flow of water produced by a marine type 

propeller. Results are given for several propellers 4" to 

12" in diameter and one 6" turbine. 

Chaddock (1946) 10 reviews previous work in agitation. 

No new data is presented. 127 references are given. 

Olney and Carlson (1947) 25 in an interesting paper, 

present data on an arrowhead turbine and on a spiral turbine 

with stator ring in one-phase and two-phase liquids. They 

then went back over the then existing literature and presented 

graphs for similar impellers operated under the same condi-

tions. They compare in this manner the data of White and 

Brenner, Miller and Mann, and Hixson and Baum for paddles and 

also that of Hixson and Baum, and Miller and Mann and their 

own data, on turbines. Finally they present a nomograph for 

calculating AP . This was later included in the third edi-

tion of the Chemical Engineers Handbook and has been des-

cribed above. 

E. S. Bissel et al (1947) 8 discuss good practice in 

the use of fittings, coils, baffles, draft tubes, steady 

beams and other details of vessel, impeller and auxiliaries 

construction in agitated vessels. The following table is 

given for the relation of Power absorption to number and 



width of baffles. Percent power is based on four full length 

baffles each 8.3% of tank diameter in width as 100%. Turbine 

impeller operated at one turbine diameter off bottom. 

TABLE V 

Baffle Width vs Power Consumption 

Baffle Width 
% Tank Diameter Power for one to six Baffles 

1 2 3 4 5 6 

2 30 52 63 72 76 78 
5.5 40 64 78 87 92 94 
8.3 50 78 92 100 102 104 
10.0 58 82 95 103 105 106 

Mack and Kroll (1948) 20 reported in some detail the 

effect of various baffle conditions on power consumption 

using a flat paddle impeller and measuring power with a 

dynamometer. They found that in all cases a condition which 

they called, "fully baffled" could be obtained. A tank may 

be considered fully baffled when an increase in baffle size 

does not appreciably increase the power which the impeller 

will draw at a given speed. They concluded that with any 

impeller 1/4 to 1/2 of the tank diameter in length and with 

3 to 4 baffles 1/10 to 1/12 of the tank diameter in width, 

fully baffled conditions would be obtained. Further that in 

the fully baffled condition the equation for power drawn 

could be reduced to /45c -7k/v -S'  

E. J. Lyons (1948) 19 discusses the flow patterns of 

the 6 types of commonly used impellers (paddles, propellers, 



turbines, radial propeller, and discs). No horsepower cor-

relations are given. The following is quoted from the para-

graph on discs: 

"Commercial varieties are characterized 
by high shear and attrition in a limited batch 
volume for such services as viscous dissolving, 
emulsions, circulation and disintegration of 
low density fibrous solids." 

Hooker (1948)18 presented a paper which again re-

viewed the past data by plotting the Power Function 0 against 

Reynolds Number. Then in order to simplify agitator selec-

tion and design, Hooker describes the flow pattern obtained 

with different impellers and tank conditions. He then replots 

the data in general as Power Number (Po) vs. Re and provides 

two additional graphs for taking into account various geomet-

rical dissimilarities. 

 30 
Serner (1949) discusses disc agitators. He states 

that they are good for agitating viscous liquids or solids 

bearing material but gives no power correlations. 

O'Connell and Mack (1950)24 reported data on 2, 4, 

and 6 bladed flat turbines (paddles) in fully baffled tanks. 

Power measurements were made by dynamometer. They plotted 

their data and determined the necessary exponents and con-

stants in a manner similar to White and Brenner. In the tur-

bulent region they obtained the general equation: 



with the following value of the constants 

No. Blades K .11. 
2 13.8 1.23 

4 19.4 1.15 

6 23.7 1.09 

An equation for the viscous flow region was also given. 

Rushton, Costich and Everett 28 in two consecutive 

articles (1950) present considerable data on the power char-

acteristics of mixing impellers including propellers and 

many types of turbines. Power measurements were made by 

dynamometer. They give a dimensional analysis derivation 

similar to that given in Section II of this paper. They 

present their data in the form of Po vs. Re plots (not 

equations). 

In the viscous flow region (at Re < 10), they found 

the exponent 'e' of equation (8c) to be equal to -1. This 

equation then reduces to: /61!50c 
2 a 

In the turbulent flow range (at Re> 104) e s  0 

for most impellers. The power consumption is then indepen-

dent of viscosity in this range. 

The authors present values of the Froude number ex-

ponents (for use in unbaffled tanks). 

A considerable amount of valuable additional informa-

tion is given in this article which can not be dicussed here. 



Quillen 26 in a general review of mixing (1954) 

gives illustrations of disc agitators made by the Cowles Co. 

and the H. E. Serner Co. He claims that the disc is unique 

in providing 100% radial flow with a low degree of shear. 

He claims that discs find applications in mixing thin pastes 

and slurries. No power information is offered. 

Ryder 29 (M.S.Thesis, N.C.E. - 1952) presents some 

data on power consumption of simple paddles. He did not 

take into account the difference between motor losses at no 

load and at operating load. 



IV Selection and Description of Equipment   

An 18" outside diameter by approximately 1/4" wall 

by 21" high glass vessel with an essentially flat bottom was 

obtained which permitted observation of the type of agita-

tion resulting throughout the experiment. The bottom of the 

glass jar was convex upward with a rise of about 1/4" from 

outside to center. 

The choice of impellers was the critical decision. 

The impellers were to be run at an average speed of 1300 RPM. 

This is 4 to 3 times the speed of normal impellers. In order 

to keep the power consumption within reasonable limits the 

diameter could be reduced (P is proportional to L5). Very 

small impellers however. would produce high local shear but 

little movement throughout the tank. The work of O'Connell 

& Mack 24 and others shows that power consumption is almost 

directly proportional to blade width. Since most convention-

al impellers have a W/L ratio of .2 to .8, it was decided to 

use discs where W/L < 0.1. 

For the 18" diameter tank 3" to 6" discs were con- 
‘531,1,0  

sidered. Equation (8c) /7"b.- was used to 

predict the maximum horsepower of the impellers to be used, 

From the work of Cooper, Fernstrom and Miller 11 a 

constant power number, Po * 3.0 was obtained for the range 

of Reynolds Numbers 103 to 1062 The horsepower consumption of 



3", 4" and 6" discs was then estimated. 

Assuming operation in water Equation (8c) then be- 

comes 

TABLE XVI  

Anticipated Maximum APCalculation 

L 
in. 

L 
ft. 

N 
RPM 

N 
RPS N3 

L5 
x10'3 (Re) 

V 
ft/Min HP 

3 .250 1800 30 27,000 1.02 174,000 1413 0.29 

4 .333 1800 30 27,000 4.12 309,000 1883 1.18 

4 .333 1200 20 8,000 4.12 206,000 1255 0.35 

5 .416 1800 30 27,000 12.5 483,000 2352 3.38 

6 .500.  900 15 3,350 31.25 305,000 1413 1.11 

6 .500 1800 30 27,000 31.25 700,000 2826 5.87 

A one horsepower motor was available and it was de-

cided to limit the impeller sizes to 3" and 4" for shapes ap-

proaching that of the one reported by Cooper et al and to use 

larger impellers with caution. Three different styles were 

tried. These are illustrated by drawings. See Figures IV, 

V, and VI. Figure IV shows a simple flat disc. Fig. V shows 



a disc with teeth somewhat analogous to a circular saw blade. 

This disc was used because of ease of manufacture. The third 

type of disc shown in Fig. VI is a vaned disc turbine some-

what similar to that used by Cooper et al., but with a ratio 

of of only .085. 

The motor used was an Allis Chalmers Model No. 51-669-

943-46. The name plate data is as follows: Induction Motor, 

1 HP, 3 Phase, 60 Cycle, 1730 RPM, 220.440 Volts (3.6-1.8 

amps) Type GZZ, Frame 1320, 24 hours, 550C rise. 

The motor was mounted on an adjustable base so that 

the motor shaft center line to impeller shaft center line 

could be easily adjusted by turning a crank. 

Attached to the motor shaft was an Ideal Variable 

speed pulley, Model No. 49-031, 7" Nominal. This pulley has 

an effective speed range of somewhat more than 2 to 1. The 

speed is changed merely by changing the motor to impeller 

shaft center line distance. With the variable speed pulley 

on the motor shaft, the impeller speed could be changed from 

about 800 RPM to about 1900 RPM. With the variable speed 

pulley on the impeller shaft, the impeller speed range was 

approximately 1600 to 3700 RPM. 

The impeller shaft was one inch diameter drill rod 

steel. The bearing spacing was 8" and the overhung length 

of the shaft was 21". 



Fig. IV Flat Disc Impeller 



Fig. V SMooth DIsc Impeller 



Fig. VI Six (6) Bladed Turbine Disc 



These items were assembled on an angle iron and plate 

steel frame as shown on the attached drawing, Fig. VII and 

may be seen in the attached photograph, Fig. VIII. 

Four baffles each 2-5/8" wide (15% of 17-1/2" I.D.) 

by 1/4" thick were hung from the steel plate which supported 

the bearing assembly and projected down to within 1/8" of the 

tank bottom. 

The glass tank was raised into place with the baffles 

installed and supported on a wood stand. The tank was cen-

tered and then leveled with wedges using a straight edge 

across the top of the tank and a spirit level. 

Power was measured with a General Electric Co. Model 

P-3, three-phase watt meter. The scale was divided into S 

watt intervals. The reading could be estimated to within one 

watt ± 1/2 watt. The scale had a correction factor of 2.0, 

so it was necessary to multiply all readings by 2. 

The temperature of the liquid was measured by a glass 

thermometer with a division of one degree Fahrenheit. 

In addition to the above equipment, a prong brake and 

platform scale were used in calibrating the motor. These are 

described in the next section. 

Shaft speed was measured by a Starrett Co. tachometer 

with 100 divisions per tachometer revolution. The tachometer 

was placed into center holes on the appropriate shaft. 



Fig VII 



Fig VII Equipment 

Assembly Photographs 



V CALIBRATION OF MOTOR AND  

DETERMINATION OF FRICTION LOSSES  

It was evident that in order to ascertain the power 

actually used by the impellers, the motor losses and friction 

losses would have to be determined. With the motor in place, 

a special flat pulley 4" in diameter by 3" long was placed 

on the motor shaft. Several no load readings were taken. A 

prony brake was then mounted on the pulley. The details of 

this brake are shown on an attached drawing, See Figures IX 

and X. The brake consisted of two blocks of wood fitted a-

round the 4" pulley with a lever arm extending ten inches out 

from the motor shaft centerline. By turning the wing nuts 

shown on Figure IX, the friction between the pulley and the 

wood blocks could be increased or decreased. The lever arm 

of the brake was attached by maths of a flexible copper wire 

to a weight set on a platform scale. The platform scale was 

made by Fairbanks-Morse Co. The tare arm was graduated in 

one-ounce intervals. The scale had a range of 75 lbs. The 

weight used in the tests was 28 lbs., 12 ounces. For a dia-

gram of the motor calibration test assembly, see Figure XI. 

The motor shaft rotated so that it tended to lift the weight 

on the scale. The decrease in scale reading was then the 

force of the torque couple exerted by the motor on the brake. 



Fig X Scale - 3" = 1' - 0" 



Fig XI Prony Brake Test Assembly 



The keyway of the four inch pulley after being placed 

on the motor shaft was sealed with pipe dope and with the 

motor running, water was added into the hollow top of this 

pulley. This kept the wood blocks of the prony brake cool 

enough so they did not burn. Readings were taken during the 

calibration runs only when the pulley was steaming, indica-

ting that a constant temperature had been reached. 

With the equipment assembled as described above and 

shown in Figure XI, several runs were made to calibrate the 

motor. Readings were taken of watts, shaft speed (RPM) and 

platform scale reading. 

The horsepower measured by a Prony Brake is given by 

the formula 

where: F force (lbs) - decrease of platform scale 
reading 

A lever arm length - 10" or 0.833 ft. 

N shaft speed - - - RPM 

hence: HP = 0.000159FN 

for this installation. 

The mechanical horsepower calculated by this equation, 

divided by 746, gives watt output. This, -- divided by watts 

input, is the efficiency. The data and the calculated values 

were given in the Appendix. A plot of watts input vs watts 

output, is shown on Figure XII. This curve can be used to 

determine motor losses. 



Fig XII Calibration of One Horsepower Three Phase Motor 



The prony brake pulley was then removed from, and 

the variable speed pulley placed on, the motor shaft. This 

was connected by the belt to the impeller shaft and a set of 

runs made from approximately 800 to 1900 rpm with no impeller 

on the shaft and the shaft running in air. Watts input and 

speed readings were taken. The position of the pulleys was 

then reversed and readings taken from about 1700 to 3700 rpm. 

With the watts input thus recorded, the watts output from the 

motor was determined from Figure XII. This was taken as the 

losses due to friction and windage. There is one possible 

fallacious assumption in this procedure, namely that the 

friction and windage losses are a function of RPM instead of 

load. However, as the belt and pulley used are capable of 

transmitting three times the load actually applied, the pro-

cedure used would result in a negligible error. A plot of this 

loss in watts vs impeller shaft speed, is given in Figures 

XIII and XIV. 



VI TEST PROCEDURE  

The test procedure was relatively simple after the 

equipment was assembled. An impeller was placed on the 

shaft. The glass tank was then positioned and filled with 

17-1/2" of water so that H/D = 1.0. The impeller was then 
 

run at various speeds and readings taken of watts and im-

peller speed. The temperature of the water was also checked. 

The motor output watts was read from Figure XI. From 

this was subtracted the windage and friction losses for the 

corresponding impeller shaft speed from Figure XII, or XIII, 

the result being the horsepower consumed by the impeller. 

In order to aid the visual observance of fluid flow 

and degree of agitation in the tank, several different mater-

ials were tried. The final materials used were a dozen pieces 

of white vinyl plastic 600 volt insulation, 1" long stripped 

off of #14 copper wire, as a cylinder, and a dozen pieces of 

black rubber covered lamp cord with two multiple strand con-

ductors also cut into 1" lengths. These were designated W.I. 

and B.I. for white insulation and for black insulation, res-

pectively, although the black pieces contained copper as well 

as insulation. The height to which the white and black pieces 

were lifted, was recorded periodically. 



Fig XIII Friction, Windage and Pulley Losses Variable Speed Pulley on Motor Shaft 



Fig XIV Friction, Windage and Pulley Losses Variable Speed Pulley on Impeller Shaft 



VII RESULTS  

1. Experimental Runs  

Eight runs were made altogether, over the range of 

speeds available with the pulleys described. Six different 

impellers were operated in water. These were a 4", 5", and 

6" flat disc; a 3" and 4" saw-tooth disc; and a 4" six-bladed 

turbine. In addition, the six-bladed turbine was operated 

in a 20% and a 40% sugar solution in order to extend the 

Reynolds Number range. The original data is given for these 

eight runs in the Appendix. The data is condensed in Tables 

X to XVII, inclusive. 

2. Calculations  

Tables X to XVII are calculation sheets for each run. 

The average values of the observed data for each run are given, 

as well as the height to which the indication pieces of insu-

lation were lifted. These columns axe followed by watts out-

put from the motor (from Figure XII) then by the friction 

losses (from Figure XIII or XIV). The difference between motor 

output and friction losses gives the next column, which is 

impeller power in watts. This is then converted to horse-

power by dividing by 746. The Reynolds Number and Power Num-

ber were then calculated. A sample calculation may be found 

on page 113in the Appendix. A column of values for N3 is 

given to facilitate checking of the calculations. 



3. Horsepower vs impeller speed correlation  

A plot was made of log HP vs log N for each of the 

eight runs. These are shown in Figures XV to XX inclusive. 

The range of horsepower measurements was from 1/100 to almost 

1.0. Power points below 3/150 HP while plotted were not con. 
sidered in drawing the curves. Above 3./100 HP the correlation 

is very good and results in an obvious straight line in all 

cases. The slopes of these lines are as follows: 

Table VII 

Slope of log HP vs log rpm curves 

Fig.No. Impeller  Slope, 

X17 4" flat disc in water 2.475 5" " " " " 2.430 6n n n n n 2.470 
XVI 3" saw tooth " " 3.04 
XVII 4" " " " " 3.16 
XVIII 4" turbine " " 2.65 
XIX 4" " in 20% Sucrose 2.97 
XX 4" " " 40% " 3.08 

4. Power Number vs Reynolds Number Correlation 

The Power Number vs the Reynolds Number was plotted 

for each set of runs. These are shown in Figures XXI to XXVI 

inclusive. Figure XXI shows the results for the 4" six bladed 

turbine in water, 20% and 40% sugar solution over a range of 

Reynolds Numbers from 25,000 to 440,000. The points fall 

along a straight horizontal line at an average value of Po 

0.9. Neglecting the five highest points which are at the 

lowest observed speed (about 780 RPM) and subject to the 



greatest error, the average deviation is .060 or 6.7% for 

the other 61 points. The Power Number in this case can 

then be assumed to be a constant over the range of Reynolds 

Numbers observed. 

For the other impellers the Power Number vs 

Reynolds Number plot produced in general, a graph where the 

value of Po increased with decreased Reynolds Number below 

a given value of Re. The prints above this value of Re fell 

in a cluster similar to that for the six-bladed turbine. An 

examination of the data sheets shows that in each case the 

rise in Power Number starts at impeller horsepowers of 0.02 

to 0.04 or occurs in the region of poorest accuracy of mea-

surement. Consequently these points were disregarded and the 

Power Number taken as the average of the clustered points. 

The results are as follows : 

TABLE VIII  

Power Number of Impeller at High Reynolds Numbers 

Impeller Power Number 

4" Flat Disc 0.055 
5" " " 0.045 

6" " " 0.035 
3" Sawtooth Disc 0.037 
4" " " 0.340 
4" Six-bladed Turbine 0.900 

5. Quality of Aqitation  

No quantitative deduction can be made from the obser-

vations on type of flow and agitation occurring. Certain 

qualitative results can be reported. All the impellers 



were located low in the vessel (about 2-1/2" off bottom, Y/H 

2.5/17.5 0.14). Because of this the agitators were not effec-

tive in mixing the material near the top of the vessel at low 

speeds. At higher speeds all the agitators produced fast►  

violent agitation throughout. As a means of comparing the 

type of agitation obtained, the following table is given: 

TABLE IX  

Comparison of Effectiveness of Impellers 
(W.I. white insulation; B.I. black insulation) 

Impeller 

Flat Discs 

Liquid WI lifted 9" BI lifted 9" 
RPM Peripheral 

Speed 
Ft/Min 

RPM Peripheral 
Speed 
Ft/Min 

4"  water 2180 2280 3700 3880 
5"  water 1800 2360 2800 3670 
6"  water 1450 2290 2500 3950 

Saw-Tooth 
3"  water 1800 1410 3350 2600 
4°  water 1250 1310 1700 1780 

Turbine 
4"  water 1200 1260 1600 1680 
4" 20% sucrose 1100 1150 1450 1520 
4" 40% sucrose 1000 1050 1250 1310 

The motion of the one-inch pieces of insulation in 

all casts was out radially from the impeller toward the wall 

of the vessel, up the vessel wall, then in toward the shaft 

and down with a progression in the direction of impeller ro-

tation. 

No appreciable vortexing occurred at the shaft at any 

time, the maximum being 1/2" to 3/4" at 3600 rpm. During the 

most violent agitation a liquid head of from 1/8 to 3/8 of an 



inch would build up on one side of the baffles relative to 

the other side. 

One other point concerning the quality of agitation 

may be noted. To make the 20% sugar solution about 33 lbs. 

of sugar were added to the water. The 4" turbine was run one 

minute at 1800 rpm and stopped. A clear solution resulted 

as soon as the air bubbles rose out of the liquid. To make 

the 40% sugar solution, about 46 lbs. of sugar were added to 

the 20% solution. The agitator again ran for one minute and 

stopped, with the same result -- a clear solution. 
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27 288 1164 110 04 . 46 0-_-.4 8  , -, z.,D3 15'60 . I 03 

.,:d 304 1928 1°4 5 38.5 . 0516 ono 3.a. 0 .137 

29 306 1400 125 90 .., .2,J .046? .,,..,, , o '740 . 0323 

30 318 1 el. -411 137 91 43 . 061 349 2,7•Fr,0 .1094 

342 1637 157 10.2.5 54,C . 0730 3 ,-;c) •; ; - I 0 . 0813 

32 340 16 52 156 103 53 . 0710 .103 451.0 . 0771 

33 370 1335 l c. 10') ........_ 61 .17 447 . _:.5„ .0643 

Variable  Speed Pulley on 

35 363 1E330 
34 .340 1600 125 

.yellow Shaft 
156  
17' 1  :.'il 

--z 1 - 
45 

I 

.0415 

.0603 
409 
/2.46 

4740 
6'120 

0. 430 
.04c. ')  

36 383 1916 195 7:5 60 (,-,nr, ........, 467 7020 . 0..161 
37 418 211 5 227 1.46 ,`::'.1 1 n,  ,:, ..,..,..,.) 515 cid 50 . 0566 
38 467 2445 270 166 104 . ' 2 596 10460 • .065=d 

39 534 2714 ...... :;.) 137 143 .1917 662 20000 .0470 
40 640 3109 425 ,-,nr 41,3 200 . 263 7',?. 30000 , 0433 
41 865 375 3 6on ( ...e... 306 316 .423 - , i0 :... ° 000 . 03;s1 
42 734 3534 557 275 282 .373 862 41000 .0421 
43 634 3252 466 240 226 .. '' 79.?.. '",4300 04 . 2 .3 • — I  

2 

44 ...) ...)°,3 r r ••• 2353 350 200 150 .201 696 2°300 .--,..9-.) 0 0,[._..),  
45 486 '%('Prs d... r,-1,- 237 169 118 . ilia 606 . 15:30 . 0504' 
46 440 2290 . 245 1 56 89 11 ,-...1  ..-......• 55q 12000 . 04 36 
47 434 9276 240 1 ''', 85 .114 r I.:. c- „' ,) J 1  :.1.7C0 . 0474 
4 F z ' 394 2010 205 1 40 65 . 0 --'70 il c. 0 ry1 0 .057 
49 372 13 1 9 135 130 ;,, r 3 ..., . 0736 441  5940 . 060.3 

Water Temperature = 590F 

TABLE XI 

DATA AND CALCULATED VALUES for 5" FLAT DISC IN WATER 



Run catt s 'fr•rnite ?L c.: 
No. Int.rt-, RP:, insulation In.7;11 at ion 

Li-ftej 

Motor 
Cutnut 
',:a .t. -L ........______ 

Losses 
l';att s 

rmel 1 ex 
Po

• 
 iue.r 
..c.-L.L., _ 

Impeller 
He ::: se- 
oovJer. 

Feyr.ol. 
:iu,.:0er 

 --, ) , 
i, 

(-;:1t 61 _____Zurer 
Power 

Vaxiab Speed Pu 1 Iev  on i:,otor Sna 
50 ,37q 163:3 10 to 11" Tumbled 191 c ,, A  .2, 651  4790 .0463 
5:I .7 .. 4 1550 167 97 65 .070 59'7.; 3710 .0462 
52 J :3C.) 1450 CAI nu 

,:., .-.';, No ine;" 0 ii 147 q9 t). . 0736 560 3050 ,n476 
53 316 .12Ei2 13-.) ' 4,3 .0643 495 2110 .0600 
r, 

cl01 -6" .)-+ 300 1 1,1E-) 20 36 .04:7') 442 1500 n!--le) 
.0,0,--)L. 

55 034 990 106 80 3 . C348 -,,,, Jo_ 965 , .07in 
2.60 807 Tum1)10(21 ) 0',) . 75 ,. .0362 -;10  nr, 5,:_, .10 €,5 

57 20S 1020 n o .1. 29 .03,6%3 394 1060 .0702 
5d 304 1222 124 U6 -, .0509 472 1 30 ' .054? 
59 25 1450 ,A ,) .t.4 ..) Q? 51 .0633 560 3050 .0441 

60 363 1665 1_';1 105 76 .1 02 644 4600 ..; 0437 
61 , 9 1 346 209 i r.,  ......- 1 86 .115 713 6730 , 0360 

Variable Speed 1't1'1 , on i.rnpe 11.e1: .1-ia:.' -1-. , 
62 -,2,..) .p..-.) 1710 10" 
63 428 i cw.,-)  .i., ,., . 

1 /-,) II ---/ - .199 
r:.--, r7 ,,..7i.) 

io -..° 
1 sA 

73 
101 

.099 

.135 
660 
734 

5000 
6810 

.0390 

.0390 
' 64 437 1944 11.-12" 1f-' to 2" 237 137 100 .1 34 751  TZ0 .0360 

65 470 2105 , - - 145 127 .170 313 9350 .0.253 
66 538 2393 334 1 63 171 1  .229 925 13700 .0330 

67 641 2665 12" 
,0 802 3000 13" 
69 1090 3499 

7" 
10" 

426 
572 

765 

.._ -, 
r)14 
270 

243 
358 
495 

• 
J 
I. , 
4 

30:., 
. .-- rs j  

106C,  ' 
1 160 
1350 

19000 
27000 
47300 

.0333 
'350 

, 0306 
70 1034 3406 14-15" 14-1...5" 763 258 505 : 

.66
/
4
6 1335 39500 ;0333 

71 1082 3360 762 ,-,,-, ,.....,r;e,.. 510 ,, 6E4 1300 38000 , 0354 

72 1225 3636 
73 704 2319 

314 
434 

.2:-35 
196 

r •-, r J40 
2..i ,J 

*
7 ,,. 

.336 
1400 
1090 

48000 
27400 

. 0r,)':?0 

.0340 
74 536 2350 332 1 60 172 , 230 903 130r)0 Q  0349 
75 498 1 974 235 138 97 l 130 , 763 7650 .0335 
76 366 .1.o 1,-p., .,/ 17-0 125 55 .3736 651 4800 , 0302 

iiater Temperature :: 700F. 

TABLE XII. 

DATA and CALCULATED  

VALUES for 6" FLAT 

DISC IN WATER 



p.un 
. 

',"atts 
...n-;_..., ' , ....-..-.* 

,Mit 
1:1,57.:lation _-- ;t-: 1,i --,d -.--.......-...........--...------- 

Dlco:: 
Insulation 

L12-'.' 

itor 
mut 

1.cs;,:,es 
•':fatts 

im,7,e11 
, 2Jowez. 
• 4 s.. I.• ,. .., 

_ '' P :'-'::: 
T, ,. ,0...,..,... 
nr:. i  

. ' 
( - 

?T„, . 
- - 1 

vie27 
• .. . 

Variat.le 0 eed Pul1ey on :,',o - _,t ct 

-..-- 

77 323 1807 (.7, , No :-..otlon . 119 or, •.074.: ,-9 !:-.). 3 .',72 
73 316 1678 134 106 ,..)-, _-.5 .0:76 !--.,,:i -.- 4700 .,.,70 
79 300 1510 ,-!, ,.., 120 94 26 -,-,,1 ,1  .L.:,(1.- 124  :4':30 .639 
80 290 1361 111 7n 
1_  200 J204 , u fl , -.; 17 

O  r;'").; 99.'...: 1750 

3? 276 1062 ° to 3" 77 0 .0295 i',7•(1 _200 - r--, 1.5- 
- .-i 2613 90%3 9 73 13 .C241 74 750 r)  

1 270 (105 motiori , 73 o- -u .02.63  1 n Ir., ....r.=.0 

85 27,-3 1072 00 32  13 .0241 ...,,., '-, 1230 1 -,1 
_,,.. 

36 280 1227 101 : lr-, __ 
00,-,1 .,.),...0., 301  n C,‘, 

87 294 1372 114 39 r)r 4.3 225 112 2590 , 
83 300 iro-,  120 ;.4. 26 0,--,,:-:, 25 7,400 .645 ,,,, %.0 306 1578 125 27 .0266 30 . .2910 mon -'- 

Va- ±ale Speed Fulic:y 'on Imve11 r.J.7 naft 
..0 0,-,  .34,  :3 1711 0'2" . Jiggln9 14.3 ,n,  17 .022'3 141 5000 ,,r), .,_...,t. 
91 3,1 f; l 't-A4 l'o Lo- 132 30 .0402 lr.,  

A J -:: 6r". 0 ,405 
92 362 2035 9,,fl ,.. Tumbled 175 141 .0456 163 '2:00 .3/12 
Q3 393 2274 0,-, .......),) 15'‘ :,. r-,---1,. ...../..t... 1 -r 

94 442 2572 12 Lo 14" 2 4
Lu 
, 

- 
.-• 11 
, 246 176 7 .0933 212 17000 .:;48 

513 2884 3 5 1 ,-)nn 
i.....)..1 1 ln .....Le.. 0 '11 :3 ,...- 24000 

96 630 32,8 17 ÷o 16" cu . 417 249 168 
Q 

 ,...nr .- • 279 31000 .334 
97 760 3647 12 to 1(" 12 , %17 .L.IC 1 

J.r..) 335 290 245 .323 301  41500 10; .,....,.3 
526 3046 ..3 .^,-1 1.. 212 113 , imlm L.., 251. 2r...;200 ,,, .._ ...Jr  .4 

99 442 2520 246 177 69 n^,--,: . 100 .241 

100 460 26e16 ?en -u- 122 3) .1 035 213 1 3500 ,370 
101 396 r),-)nO ..:..QC.: ?06 156 50 .0670 1';9 12000 .7,mo („.,-- 
102 416 2368 0,-vi 1(1 63 0T-345 125 13250 rr,i ,,,,.. 
103 360 2106 174 145 29 .0332 1 9350 c°,::,4 
104 333 1331 / i: r ..) ..—.. 134 21 .0231 1 55J  6650 , ,266 

Viate,- Temper tu:e 57:%?. 

TABLE XIII 

DATA and CALCULATED 

VALUES for 3" SAW TOOTH 

DISC IN WATER 



LL-. t - Insulat:1 
Plac:: :':otor 

) insula.aon 1:-„4:-)1_:t , , 
1,,ssesL'1er  

;(iwr!i: 
,.zitts , 

Am17.0 ' ,1-,-- 
...- ._ _..„ 
r  ..- , • , ,. - 

7.0,:1--!cls 
. .,.._ 1.11:y. ,.- 

„ , . . i _—__ 

Power 

faria le Speed 7'111_ , on ' (.,:r.- 3ha 

---_-----„_ --- 

rv: -.„ , o l'P;20 r)(.•7‘ „:...,..:. 1
.
2r1 el:)'.  6130  

. 106 71 1 r.f,7:1 1-1A J ,Ju 
/ "„ /  

f 
:.7.4n 750 1 .329 

107 • 340 1552 15',-.: • ' .  
e't -7. - .- •'!.. 

• j i . • - 
lr ,,,. •-.: r) - D 1337 1 ,,, rr ..- n 56 ' n 750 _. 
109 322 1377 .-,11 ., 140  , __ 0.., ,,. -4f- 1;7 2600  

110 '302 1263 (..)" tumbled 123 36 4? j .0564 131 ..:040 - 
iLi _0. t..) 1137 107 ,'In , ,-"N', ,‘.

r) 
. 

1 69 4,)0  

112 279 1039 (-1,-,,.  . 00 1 . .37 , 1020 p = • . I 3 

113 
9/.0 -,J.,_ 7,.:Ii?, .,.„ .-,,u 

...,u , mot:, . ,,_, ,,/ 77 10 .• •r-Ni/ 125 6::30 .294 
1 1 ei 253 813 22 75 7 .0034 106 540 . 294 

115 254 932 3 -ri 10 , .0134 in 810 250 
1 16 ,),;),-) ..._, 1.096 104 o 

C.,
n
.-.. 29 - .0295 757 1 1 0 -,:135 

117 336 1462 152  22 60 .0305 clog ..1,,,1,,:...,r,  
112 ..ioc,  1573 ..-p -, 

170 ,,, ,,, , .0965 '';':_ 390C  „369 
119 392 1696 201 10:s 10r,. 242 -- 60 C 382  

Variable SD' 14 Pulley On Ir: p11er  
120 or A 

/ ..-l'r 2917 1;:at er Cpacuo 630 205 475 .636 41 
. 

6 24600  
121  1130 31 00 wo .L,-.L4tw-s, ., r.-7( ..../...) .784 414 ",cr.-7n,),-,  .,..,„ -ol ,... 
122 '.410 1761 12-14" 219 123 91 ,-19 1-,-- • 

nr,,-.) 
1.73 137 1964 24.:-.z. 1 ̂ ,3 110 .143 266 6450 .342 
124 LIFJO 2012 2C:1 140 iQn ......,,, 2.32 0150 ;346 

1.25 1.07 1724 1, /I / 217 126 cl .1. J.22 246 5100  
.1.—..J tO % 
131 Thesereadth not 1 d Lecau e of ;hftvibration.  

1.2 --,- 
f  .)::) 7420 Wato CCue PI r .1.4 351 oc,-,  ......,.. 414 14100. .137 

1 33 ffT2. 2427 3rn4..,:r-, 1' 5 63 •771 A -) 14200 .295 
334- nO 2701 626 196 440 .590 462 19700 'Ar 
1.-,.- ; ._, 890 2800 . 1 195 44‘=, .5ai 47? 2000 396 
1 -r, ....._,_ 330 2732 595 194 401 .r-,  275 21500 ,$73 
137 1140 2910 7E7/ 205 522 .730 4()8 24,00 72 
138 1250 3050 520 21,1 606 .314 521 *4 ,234.0 .t: '.'.4 

'.'later Tempera.:.te a 55°F for '77un numhers 105 through 17,1.  
Vlater Temperaturetc= 67°-,C 4:o.,-- Tuns 132 to 138.  

TABLE XIV 

DATA and CALCULATED 

VALUES FOR, 4" SAWTOOTH 

DISC IN WATER 



TABLE XV DATA and CALCULATED VALUES for 4" SIX-BLADED TURBINE IN WATER 
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' '• .: c  
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.._ ,....: 4 . -. Fit"; r Sf3 - , . 

_.........___ - ._ ___._ ............. ....____ .................: ............. — 

V' .r.  :;.. :! i c r. 0 C: ,.t . .   C.; ... •;!1:31 - 

1 :C; '- 7f..? 
'.• ':: :}'''' .c .. • 

, • -, - 
:):—.% 7 0 • 

i., _Li_ ; tt ''' , , i 1r) , -..., 
... .) ; (_ 7 :1 ,•  

1.41 ,1] ) 1,1".-  1. . •", (:0  
1 : 

-2; ' 1 n .7,.. ',--.•;.) ‘-,, '''',- -,'(..) :- i . ,,..... 

1..1 2  :Is. :::. (-) 1.7...1'... ..!. f.)'' (.. (i 2. r: r.., _',...--:. 
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.- • 

310 97 1J . • c-...-1 .1 :' ; ,•.... 

..- 
'- ( -..z e .... 'I 

1 i rl r.  
• • .,! •4-e . .`..) 

3. 4 () 
•-% 1 ,: :1 ' . s  t.) 1_ C? ; 1 1:-:,  ..,,, 

1_ :, '.. . 
1.47 - P. - ,1:),.1 1. ::-/ ,-1. . _. 

•,'"29 "LI ::; '.-, .  -N -, --:, 1 .. f .  
14 q .3..7-.--,, 1 - .. r.f.. .11  7 . -..... . 

a:ri3.!-.1e -:c i 
1 Rn ,,,,. ..., , -7. ,-, ... , . , i if . 1 •.--,it ".6 '2.C( -lc); • .. -- - . 
1:7...2. (.-., ,..•.1 '"-,'.-.)(7,  7 ';`...' 77 -.. 

. 1 - 
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^. ^ • 
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1 . ' i -s. 7 ' f.) -,— r--  • — -.) 



TABLE XVI DATA and CALCULATED VALUES for 4" SIX-BLADED TURBINE in 20% SUCROSE SOLUTION 

7!112-...e ,- 1:3r....* 
11:.,..".: ui.1 ..:.:: -..:,...C; _ '.,.„..- 

''.., '. c.....-.7.• 
.-..;.';i::;;'... 

T.. 0 
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-.. r..:(,...7 c , ---.--, ,— 

Th ,-01.1.c.:.r  
),, ' '... Ir. 

 - • 
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i ....IC, _ .. f• . -7 .,' 1-"'"' 1 0 '''.: 1p : r. " '..... ':','  

7 • .. 
!. . '_ 7.;. ' ' 7  ::h :./?...1.0  

1 „----.,, 7. ,r-:, 7- :. Cs; .1.:.!:.:•!...,7 , -, .., . -, i 11 ".(-.) : ' -.17 1 ,.; -. -7 ..' (- 
1 - . . 1-11.-4 " c= ..:)r..) ,----,.7  

. .. , 
..,_ 3c, 7-'  

(... :.' .' ..: .i ' ' I ..-',C -.) t: , -- 
. S_ 1 , • -2.57 212'.: . ' 5 

12!0 '7'71 ,:.:, , _ ,.. .115 
1, ,:, . __._, -1-7--7,--1 __ .. ....-...90 

... ' • 

2..','-::.,  7 :if.) 11  . /2 - c  ,..: .., .. -I'  ,L --..•,:: D•1;-!.. : . !'' 4:"...) 
1 , .. i'. )  

......_ 

; ....)C-Y-' !." ,1'.r.,  

1,12r. 22.0  
•L'71 ,.".12'.'..' 7._!.:, ;0 • ,:i•. 2 .- -. 7.. Y -.' : (r.'...  ',:1-,  ; .273 

1T20 ',::?:..) 1 LO ' --,.--, -,,,, 4 2..) 2 ="13 5 )c.  0 0 7,74 .!5 
1'73 `.7..) ,:".2'• 177.2. `.3.".z,!'; L.'..i 241  
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TABLE XVII DATA and CALCULATED VALUES FOR 4" SIX-BLADED TURBINE in 40% SUCROSE SOLUTION 
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Fig. XV 

  

ALL TESTS  RUN IN WATER 



Fig.XVI  
3" SAWTOOTH TEST RUN IN WATER 



Fig. XVII 

4" DIA.. SAWTOOTH IMPELLER IN WATER  



Fig. XVIII 

4" DIA. 6 BLADE TURBINE IN WATER 



Fig. XIX 



 4"- SIX BLADED TURBINE IN 40% SUGAR SOLUTION 

Fig. XX 



4" - SIX BLADED TURBINE 

4" - SIX BLASED TURBINE 
 Fig

. XXI 



4" - FLAT DISC IN WATER  Fig. XXII 



5" FLAT DISC IN WATER 

Fig. XXIII   



6' FLAT DISC IN WATER  

Fig. XXIV  



3" SAWTOOTH DISC IN WATER 

Fig. XXV 
 



4" SAWTOOTH DISC IN WATER 

Fig. XXVI  



VIII DISCUSSION AND CONCLUSION  

1. Power Number - Reynolds Number correlation for 4" six-

bladed turbine: 

The horsepower consumed by the 4" diameter six-bladed 

turbine over the range of Reynolds Numbers 104 to 106 , can be 

correlated by the equation: 

/740  = 0.9L5N3 = 5.08x10-5L5N,(2  
550 gc 

This equation can be used to predict the horsepower of simi-

lar impellers in vessels of geometrically similar construction. 

The geometric ratios to be maintained are: 

Vessel Diameter  a  al * 4.5 
Impeller Diameter 

Liquid Depth  ......- 
' Vessel Diameter 

c) Baffle Width 
-
b .15 

Vessel Diameter TT 

a) Impeller Depth = .085 
Impeller Diameter 

et
aurbine Blade Length M t .19 

Impeller Diameter 

2. Power Number - Reynolds Number Correlation for the other 

impellers used. 

For the other discs used, the following equations would 

appear to be applicable over the same Reynolds Number range: 

(Hip = 1, b/b = .15 in all cases) 



Impeller Equation D/L w/L 

4" Flat Disc 1p  =  .055L5N3,  
550 go 

4.5 .0208 

5" Flat Disc ,'P s A0451.5N30  
550 gc 

346 .0208 

6" Flat Disc /Ps •035LM.°  
550 gc 

3.0 .0208 

3" Sow Tooth Disc AP = 137001 14.19  
550 gc 

6.0 .091 

4" Saw Tooth Disc bo • .340/.51ke47  
550 do 

4.5 .091 

In Section VII, Pesults, it was noted that the Power 

Numbers for the above five impellers were selected on the 

belie of the cluster of points which occurred in each case. 

For the three flat discs and the 3" saw tooth disc, a number 

of points were disregarded because they occurred below 0.04 

horsepower, in the region of least accuracy of measurement. 

The location of these points follows a definite trend in all 

four cases just mentioned, and it therefore can not be assumed 

that these points are in error. Examination of figures XXII, 

XXIII, XXIV, and XXV would seem to indicate that a pseudo-

viscous or transition type of fluid flow was encountered. This 

actually took place, for at those values of the Reynolds Num-

ber where the Power Numbers rise above the cluster of points, 

the impellers under consideration did not produce turbulent 

flow throughout the vessel. This was borne out visually. At 



low speeds the flat discs and the 3" saw tooth disc did not 

move the pieces of white insulation at all. This indicated 

that while the nature of the fluid flow immediately adjacent 

to these impellers may have been turbulent, a considerable 

portion of the liquid in the vessel was in viscous flow. On 

the other hand, an examination of the remarks column on the 

data sheets, will show that the 4" saw tooth and 4" six-bladed 

turbine impellers lifted the pieces of white insulation six 

to seven inches at the lowest speeds observed, and for these 

impellers there was no appreciable rise in Power Number as the 

value of the Reynolds Number decreased during each run. At 

the Reynolds Numbers observed, the power consumption of the 

flat discs in the lower speed ranges used, is probably of 

academic interest only, as they did not produce agitation, 

which would normally be useful in an industrial application. 

3. Horsepower - Speed Correlation for Flat Discs. 

The three flat discs used gave slopes on a Horsepower 

vs RPM plot which were almost identical as shown by Fig. XV. 

It therefore, should be possible to predict the location of the 

HP vs Speed line for a flat disc of different size. The equa-

tion for the HP vs Speed line is: 

AC)  2  KNa 

or 
= a log N plus log K 

Where tal is the slope determined above (2.46 average), 'K' is 

the intercept of the logic )̀  vs 199 N plots and should be a 



function of the impeller diameter 'L'. In order to deter-

mine the relation between 'L' and 'K' it was decided to plot 

the values of N for the three discs when ho = 0.1 (rather 

than determine K at log N # 0) on log-log coordinates. The 

values of N at 19° • 0.1 are: 

Impeller N 
4"  2970 
5"  2070 
6"  1660 

This plot is shown on Fig. XXVIII. The points fall in almost 

a straight line and the line drawn can probably be used be-

tween L • 3.5" to L • 7" with sufficient accuracy for indus-

trial application to predict the location of "P vs N lines 

fox other flat discs. 

Fox example a 444/2" disc from Figure XXVIII would 

consume .10 HP at 2450 RPM. This point can be plotted on Fig. 

XV and a line drawn through this point with a slope of 2.46 

(or parallel to the other curves). The horsepower can then 

be read from this plot for other speeds. 

If the disc is being operated in a fluid other than 

water, then this curve can still be used for predicting the 

horsepower, provided the Reynolds Number is over 104. As shown 

by equation (8c) the horsepower is directly proportional to the 

density of the liquid and in the range of Re > 104  the power 

is independent of viscosity. Consequently the line plotted 

for the 4-1/2" disc on Fig. XV can be read to give horsepower 

demand in water, and multiplied by the specific gravity of the 

actual fluid used, to give power consumed. 



Fig. XXVII 

HORSEPOWER -RPM CORRELATION  
FOR FLAT DISCS 



4. Some Special Uses for Discs 

The flat disc impellers and possibly the turbine type 

discs may be useful in some agitation services where attri-

tion of particles must be kept to a minimum, such as a crystal-

lization operation where it is important that the impeller 

does not break the crystals. It was observed during the runs 

that the pieces of insulation almost never actually touched 

the flat discs used, but moved down the shaft and then out 

parallel and close to the disc surface. The saw tooth impel-

ler on the other hand would catch the pieces of insulation 

with the upward and downward projecting teeth and produce an 

audible ping sound. The pieces of insulation were badly cut 

and nicked after a saw-tooth impeller run. If the pieces of 

insulation had been of a material any less tough, they would -

have been completely shredded. The saw-tooth disc is there-

fore applicable in mixing services where high attrition may 

be required, for example, making an asbestos fiber slurry. 

Most conventional turbines and propellers would give much 

higher attrition than the flat disc and much lower attrition 

than the saw-tooth disc. 

5. Peripheral Speed and Quality of Agitation 

The peripheral speed at which the discs produced sat-

isfactory agitation throughout the mass of liquids was consid-

erably higher than the 700 ft/min reported in the literature 

by many authors for conventional impellers. This may be seen 

in Table IX. Here the RPM and peripheral speed required to 



raise the black and white pieces of insulation 9", are given. 

Generally when the black insulation was raised 9", the white 

insulation was raised to the top of the liquid and the agita-

tion was very violent. When the white insulation was lifted 

about 9", a mild agitation and liquid flow action reached all 

parts of the vessel. In all cases the peripheral speed is 

over 1000 ft/min. For the flat discs, about 2300 ft/min peri-

pheral speed produced mild agitations while about 3800 ft/min 

was required to produce violent agitation. A comparison of 

all impellers on this basis is given by the following table: 

TABLE XVIII  

Peripheral Speeds vs Quality of Agitation 

Type of 
Impeller 

Peripheral Speed 
Producing Mild 
Agitation Throughout 

Peripheral Speed 
Producing Violent 
Agitation Throughout 

Ft/min Ft/min 

Flat Disc 2300 3800 

Saw Tooth Disc 1400 2000 

Six-Bladed Disc 1150 1500 

6. Direct Connection of Impellers to Motor Shaft, Without 

Speed Reducers. 

The impellers used in this experiment can definitely 

be direct - connected to motors without intermediate drives 

or speed reducing devices, and sized to produce excellent agi-

tation. There are two mechanical problems involved in this 

procedure. Most agitator shafts go through a stuffing box and 

the packing must frequently hold pressure. This, however, is 



no worse a problem than encountered in centrifugal pumps. 

The other mechanical problem is that of critical speed or 

natural frequency at which speed the shaft vibratos and can 

destroy itself. This problem is sometimes encountered even 

with propeller and turbine type agitators. Fortunately the 

critical speed of a given agitator assembly can be calculated. 

After a unit is designed to produce a given type of agitation, 

it should then be checked to determine its critical speed. 

If the critical speed and operating speed coincide, then the 

design must be changed and then rechecked for critical speed, 

so that the final operating speed differs from the critical 

speed. A relatively quick method of doing this is given by 

H. C. Hesse in "Product Engineering", Dec. 1950, p. 90. Aside 

from the two problems just discussed, the experiments conducted 

revealed no other problems in direct-connecting a motor to run 

the disc type agitators used. It is suggested that the motor 

be connected to the agitator shaft through a flexible coupling 

and some care be taken to align the motor and impeller shaft. 

7. Method of Power Measurement Used: 

The method of power measurement used in this experiment 

produced results of satisfactory accuracy. The equipment re- 

quired is more readily obtained, built and calibrated than a 

spring dynamometer which requires a stroboscope in order to 

make readings. Certain improvements may be made, as well as 

suggestions, concerning this method of power measurement. They 

are: 



1) Place the prony brake assembly on the impeller 

shaft rather than the motor shaft and determine 

all the losses at one time. 

2) Using a spring scale of finer subdivision than 

one ounce for the prony brake test and shorten 

the lever arm. 

3) Keep a voltmeter in the power supply line. (This 

was done in this case) Take readings only at the 

same input voltage, otherwise the copper losses 

in the motor will vary considerably. 

8. Conclusion. 

The results obtained from the experiments made, show 

that disc impellers may produce excellent agitation, that 

they can be direct-connected to standard motors without speed 

reducing mechanisms and that the correlations previously de- 

rived for horsepower of other impellers, may be applied to 

discs. 
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Fig XXVII Photographs of 4" 

Six Bladed Turbine 

in Operation 
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