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I. Introduction 

The.scope and volume of published literature on agitator impeller power 
available for study and correlation has assumed awesome proportions in re-
cent years. It would be most convenient, in writing this chapter, simply to set 
forth abstracts of the more prominent available data. But this would certainly 
compound confusion, for many of the works are so conflicting in viewpoint as 
to be somewhat uninstructive. The temptation with subject matter of this sort 
is to confine the scope in some arbitrary manner to just the areas where agree-
ment is good—thus avoiding confusion and controversy—but this would 
scarcely act as a stimulant for further work. 

Prior to discussing power we must first define impeller charcteristics and 
establish nomenclature. A classification of impeller types will be presented 
based partly on physical form and partly on category of operation. As dimen-
sional analysis provides a sound basis of correlation a complete section is 
devoted to the development and interpretation of the important relationships. 
Power correlations are presented covering a multitude of impeller and vessel 
configurations with a wide range of fluid properties. The discussion of power 
in this chapter, however, is not to be construed as implying that power can 
ever be a sole criterion for determining the extent of mixing accomplished. 
A section is therefore included to outline the basic principles of impeller and 
process selection and serve as an introduction to more detailed discussion in 
later chapters. Finally, as an aid to experimenters, a section is included on the 
mechanical design of small-scale agitator drive assemblies. 

II. Impeller Description 

It is often stated that any impeller can be adjusted in performance to handle 
a given job—but such a generality ignores good engineering practice which 
demands economy. On the other hand, the core of truth in the statement does 
serve to emphasize the importance of understanding the performance of the 
basic types. Only in this way can the variables of selection and application be 
evaluated. 

Little attempt has been made in the published literature to present data on 
impellers or processes by reduction to basic performance categories. Some 
use has been made of the knowledge of the existence of the distinct areas of 
laminar and turbulent flow but usually only to show the action of a particular 
impeller—often to disadvantage. The fact that any impeller can be adjusted 
in design to vary the balance of flow and head can often be utilized to advan-
tage for characterizing impeller action, but it is not a generally useful method 
for classification. It is also possible to group impellers by peripheral speed 
since the three common types—propeller, turbine, and paddle—normally 
fall into distinct ranges, but again this is a somewhat terse classification. 
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Traditionally impellers have been classified by physical form although numer-
ous conflicts of nomenclature have developed. 

It develops naturally that some impeller types are best described by physical 
form and others by their category of operation. The multitude of impeller 
configurations can be grouped into five distinct categories, of which only the 
first four are of commercial importance. 

A. PROPELLERS 

Essentially high-speed impellers of the axial flow-type (discharge flow 
parallel to the agitator shaft) propellers may be used in low viscosity liquids 
almost without restriction as to the size and shape of the vessel. The circulat-
ing capacity is high and, as with a jet, entrainment of surrounding liquid 
occurs. Circulation rate is very sensitive to an imposed head and care must be 
exercised when applying propellers to a draft tube or circulating pump 
system. 

1. Design 

The modified marine-type propeller is in almost universal use today in the 
three-blade style. Older literature treats the two- and four-blade style and a 
few current applications (such as pulp stock agitation) still use special four-
blade designs. But no real case for other than the three-blade style has been 
made since Froude (F5) in 1886 stated he is "inclined to think . . . not much 
to choose between 2, 3, and 4-bladed screws . . . " Total blade area is usually 
stated as the ratio of developed or projected area to disk area and typical 
values range from 0.45 to 0.55. It should be noted that the driving or operat-
ing face of a blade is flat or concave while the back side is convex. 

2. Pitch 

Individual blade slope varies continuously from root to tip but specification 
of pitch of a propeller is on the basis of its being a segment of a screw. Pitch 
is the advance per revolution. In general, industry has standardized on a 
"square" pitch, i.e., a pitch value equal to the diameter. When an odd pitch 
is used it is stated as the second term, such as 8 χ 12 in. for a 1 J : l pitch. 

3. Hand 

Definition of the way the blades are pitched is related to a viewpoint and 
direction of rotation. Marine practice derives from screw thread nomenclature 
and defines a left-hand propeller as one which thrusts the fluid downward when 
rotating clockwise viewed from above. Conversely, a right-hand propeller 
would thrust upward under the same operating conditions. This definition will 
be used throughout this text where pitched impellers are described. Un-
fortunately, not all manufacturers of propeller agitators have standardized 
on this designation. 
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B. TURBINES 

The term " turbine" has been applied to a wide variety of impellers without 
regard to design, direction of discharge, or character of flow. The A.I.Ch.E. 
"Standard Test Procedure for Impeller-Type Mixing Equipment" (A3) de-
fines a turbine as "an impeller with essentially constant blade angle with re-
spect to a vertical-plane, over its entire length or over finite sections, having 
blades either vertical or set at an angle less than 90° with the vertical." Blades 
may be curved or flat. The number of blades is not important and can be two 
or more. 

There are two basic physical forms of the turbine, the flat-blade radial dis-
charging style and the pitched-blade axial thrust type. All others are modifica-
tions of these and, in most cases, performance is affected in only a minor way. 
Serious alteration of performance must come from changes in geometry. 
Figure 1 illustrates the conventional turbines and the more popular modi-
fications. 

a. Flat blade. Also termed a "straight blade turbine," this impeller dis-
charges radially, deriving suction from both top and bottom. Customary 
operation is in a peripheral speed range from 600 to 900 ft./min. Blade widths 
are generally one-fifth to one-eighth of the diameter. 

(a)FLAT BLADE (b)DISK FLAT BLADE (c) PITCHED VANE 

B - f F - n 
(d) CURVED BLADE ( . ) TILTED BLADE ( f ) SHROUDED 
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b. Disk flat blade. This turbine is widely used industrially and has been 
employed in many investigations. While it has essentially the same perform-
ance characteristic as the flat-blade turbine, the difference in power consump-
tion is marked. This design characteristic will be treated in detail later in the 
chapter. 

c. Pitched vane. This turbine is termed by Brumagin (B l l ) a "radial pro-
peller' but is simply an adaptation of the disk type with the area reduced by 
pitching the blades to the vertical plane. Its advantage is the ability to ob-
tain a high ratio of DjT and a high speed (for drive economy) without high 
power consumption. Very little quantitative power or performance data have 
been published on this impeller. The paper of Yarham and Sigler (Yl) con-
tains scattered data. 

d. Curved blade. Also termed the "backswept" or "retreating blade" tur-
bine, the blades curve away from the direction of rotation. This modification 
of the flat-blade style is commonly thought to reduce the mechanical shear 
effect at the impeller periphery—industrial usage in suspensions of friable 
solids is widespread. 

e. Tilted blade. Mounting of this turbine is described by Lyons (L4)— 
in reference to the curved-blade style as having the effect of increasing the 
depth of the flow pattern and generally improving performance without in-
crease in power, but no quantitative support is given. 

/. Shrouded. Addition of a plate, full or partial, to the top or bottom 
planes of a radial flow turbine is made to control the suction and discharge 
pattern. In Fig. lf the upper unit has annular rings on top and bottom. The 
lower design is fully shrouded on top to restrict suction to the lower side. The 
impeller used by Cooper et al. (C8) in gas dispersion was this latter style and 
was called a "vaned disk." A full shroud on the lower surface of an impeller 
which is located near the liquid surface will increase the vortex considerably 
e.g., for gas re-entrainment. 

g. Pitched blade. This impeller has a constant blade angle over its entire 
blade length. Its flow characteristic is primarily axial but a radial component 
exists and can predominate if the impeller is located close to the tank bottom. 
The blade slope can be anywhere from 0° to 90°, but 45° is the commercial 
standard. This impeller is also known as a "fan type" and in the early valu-
able works of Hixson and Baum (H4) and Miller and Mann (M10) is labeled 
a "propeller." 

h. Pitched curved blade. Sloping the blades of a curved-blade style to com-
bine the effects of Figs. Id and lg is possible and has been practiced occasion-
ally. No performance or power data are available and the high cost of con-
struction of this impeller would eliminate it from consideration in all but very 
special applications. 

i. Arrowhead. This mixed flow (axial and radial) impeller was studied by 
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FIG. 2. Paddle impeller designs. 

Foust and co-workers (F4) and Olney and Carlson (04) but apparently never 
achieved commercial significance. 

C. PADDLES 

The paddle in its basic form holds a fundamental place in industrial 
mixing practice by virtue of its antiquity of use—although considerable 
conflict of nomenclature exists. In its basic form a common description 
would consist of usually two blades, horizontal or vertical, with a high 
DjT ratio. Actually, by both physical form and power correlation the basic 
paddle is simply a turbine-type impeller, but-it is worthwhile to retain the 
distinction for two reasons. First, the bulk of the technical literature treating 
the basic paddle is based on operation in the laminar range, or in the transi-
tion and turbulent range without baffles. Turbine impellers are not normally 
considered for either of these conditions so, to avoid added confusion, the 
term "paddle" will be retained in referencing the applicable literature. Second, 
an impeller of the basic paddle design is not particularly effective for many pro-
cess operations involving high viscosities. For this reason numerous other 
impeller configurations have evolved from it. It is thus convenient to consider 
these designs as a group, as shown in Fig. 2. 
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a. Basic paddle. The simplest form is a single horizontal flat beam. The 
ratio of impeller diameter to tank diameter is usually in the range of 0.5 to 
0.9. The peripheral speed range is generally 250 to 450 ft./min. Paddles used in 
the United States have generally had ratio of width to diameter (w/D) from 
one-sixth to one-twelfth, but European practice is in the neighborhood of 
one-fourth to one-sixth. 

b. Reverse pitch. To improve the top-to-bottom turnover characteristic of 
a simple paddle, the reverse pitch design in Fig. 2b is used. The 45° blade 
angle is reversed at a diameter of approximately three-fourths of the im-
peller diameter and rotation is generally set to produce up-flow in the outer 
section. 

c. Glassed steel. This impeller is the three-blade style common in glass-
coated vessel applications. Blade form is either a pitch of about 30° from the 
vertical, or curved. Usually, DjT is from 0.55 to 0.65. In many instances in 
low viscosity fluids its operation is definitely in the turbine category, but the 
difficulty of achieving a fully baffled condition in a glass-lined vessel causes it 
to perform like a paddle in many cases. 

d. Anchor. Contouring a simple paddle to the shape of a tank bottom 
gives the anchor or "horseshoe" style. Extent of the blade may be limited to 
the lower vessel tangent line or the blades may continue upward along the 
straight side. Clearance between blade and vessel shell may be from \ to 3 in., 
depending on tank diameter and heat transfer needs. 

e. Leaf. An extreme w/D ratio for a paddle, this geometry occurs frequent-
ly in European practice. This design and many other unusual shapes are well 
described in a publication of Société Auxiliaire d'Industrie (M 13). 

/. Gate. A multiple arm paddle with connecting vertical members, this de-
sign is often adopted for structural reasons in large tanks. 

g. Finger. Also known as a "paste mixer," this combination of vertical 
blades meshing with stationary baffles has been in use for many years but no 
data on power or performance have been published. The application is re-
stricted to small batch sizes (less than 1000 gal.) because of structural design 
difficulties. 

h. Double-motion. Here, a gate and anchor and a multiple-pitched paddle 
are combined. Rotation of the two assemblies is countercurrent. Since a special 
drive with concentric counterrotating output shafts is required, use of this 
paddle is restricted to a few problems requiring intensive mixing of very vis-
cous or very non-Newtonian fluids. 

i. Helix. By physical form this configuration least resembles the basic 
paddle. It does, however, operate in the laminar range at normally high DjT 
ratios and is an important member of the paddle group. One traditional use 
of a helix or screw is in a vertical draft tube—an arrangement familiarly known 
as a "crutcher" in the soap industry. That impeller usually occupies one-third 
to one-half of the tank diameter and pumps downward. A helical ribbon with 
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a diameter nearly equal to the vessel diameter (Fig. 2i) was seldom used in the 
past except for blending solids. But this impeller was revived by Nagata (N5) 
in 1957 and has rapidly found widespread industrial application. 

The addition of scrapers to paddle impellers is a feasible way of eliminating 
a static film adjacent to the vessel shell and often results in a marked im-
provement in heat transfer in jacketed installations. Scrapers are usually 
hinged, with spring or hydraulic loading. 

D . HIGH SHEAR IMPELLERS 

Deferring explanation of the area of application to Section VII, we can put 
these impellers in perspective by stating that they operate in the high Reynolds 
number range, DjT is low, speed is high, and blade area is small. They may 
be briefly characterized as low-flow high-velocity impellers. Most of them 
are radial discharging. Equipment available for high shear agitation includes 
devices adapted from colloid mills or homogenizers, such as the rotor-stator 
type, but only the open impellers will be covered here. 

a. Disk. The plain disk can be operated at high peripheral speeds with 
relatively low power requirement, but it has a poor circulating capacity and 
can be expected to perform well only at very low viscosities. 

b. Modified disk. The sawtooth design on the rim of a disk is shown in the 
upper right-hand corner of Fig. 3. Contrary to popular opinion, the modi-
fication does not enhance the hydraulic shear characteristic but simply magni-
fies the circulating capacity of the disk. 

c. Modified cone. A frustrum of a cone, open at both ends and supported 
concentrically on a shaft, has been widely used for dispersion. Discharge is 
radial through side slots. A typical commercial model is shown in Fig. 3. 

d. Modified turbine. Tapering the blades of a standard flat-blade turbine 
produces the design shown at lower right in Fig. 3. This modification lowers 
circulating capacity to the desired level—which economizes on power—but 
retains the required peripheral shear characteristic. 

E. RECIPROCATING IMPELLERS 

Impellers in this class are seldom encountered. In the United States they 
have found utility in small autoclaves where a solenoid-type integral drive 
can be adopted to eliminate a shaft seal. Snyder et al. (S4) discuss this appli-
cation. The Vibro-mixer manufactured by Chemie Apparatsbau, Mannedorf, 
Switzerland features a perforated plate on a reciprocating shaft which is 
purported to be capable of producing both intensive mixing and good circu-
lation by operation at a high frequency. A reciprocating impeller of a sort is 
described by Mohle (Ml 2)—the impeller is a large vertical leaf pivoted at the 
top and oscillation is obtained by rocking the vessel. 

Information on performance and power characteristics of this class of im-
peller is too scant to justify treatment in the other sections of this chapter. 
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FIG. 3. High shear impellers : (Λ) disk; (b) modified disk ; (c) modified cone; (d) modified 
turbine. 

III. Power Theory 

In the beginning, the impracticability of a direct mathematical attack on 
agitator power correlation led to employment of an empirical approach. 
The subject however has much in common with the well-substantiated meth-
ods of analysis in fluid dynamics and, with the aid of dimensional analysis 
and the theory of models, a framework has been developed which satisfactor-
ily encompasses most of the variables. Many of the difficulties experienced in 
correlating power appear to result from lack of understanding or apprecia-
tion of the basic concepts. 

Power theory has been discussed in detail in several papers (R5, R7) but 
must be reviewed here as preamble to a critical analysis of its capabilities and 
limitations. 

A . HISTORICAL 

In the late nineteenth century we find the first evidence of work on the power 
characteristics of rotating impellers. Thomson (Tl) was apparently the first 
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to study the friction of rotating disks. Unwin (U4) extended work on disks and 
summarized the effect on frictional resistance of changes in speed, diameter, 
surface roughness, fluid viscosity, and ratio of disk diameter to tank. These 
early papers are commendable for their insight and experimental ingenuity. 

White and co-workers (Wl , W2, W3) were the first to point out the possi-
bility and advantage of correlating impeller power by dimensional analysis. 
To them goes credit for originating the drag coefficient grouping of terms now 
known as the power number (NP). Hixson and colleagues, in their classical 
series of papers on agitation, substantiated and elaborated on the theory in 
several reports (H4, H5, H6, H7). There are several pertinent comments which 
should be made about these pioneering studies. Their experimental facilities 
were somewhat crude by present-day standards, and the power data are not 
reliable. Also, the existence of a transition flow range and the effect of swirl on 
the correlation were not fully appreciated. The tendency then, in attempting 
to write a "power equation," was to select average exponents for the various 
variables—which really reflected operation under several flow conditions. 
However, these works did consider many shape factors including impeller 
blade width and liquid depth. Unhappily, some works in recent years have 
tended to ignore effects of geometry, permitting the widespread but mistaken 
opinion that power number, Reynolds number curves established for "stand-
a rd" conditions are universally applicable in all geometries. 

B. DIMENSIONAL ANALYSIS 

L General Equation 

The general dimensionless equation for agitator power was derived by the 
early investigators using dimensional analysis. They considered that impeller 
power should be a function of the geometry of the impeller and the tank, the 
properties of the fluid (viscosity and density), the rotational speed of the im-
peller, and gravitational force. The Buckingham pi theorem gives the follow-
ing general dimensionless equation for the relationship of the variables: 

D = impeller diameter, 
Τ = tank diameter, 
Ζ = liquid depth, 
C = clearance of impeller off vessel bottom, 
w = blade width, 
ρ = pitch of blades, 
η = number of blades, 

0 (1) 

where 
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/ = blade length, 
Ρ = density, 
μ = viscosity, 
Ρ = power, 
Ν = impeller rotational speed, 
g = gravitational acceleration, 

gc = Newton's law conversion factor. 

The background and development of the equation has been well presented 
by Hixson and Luedeke (H5), Johnstone and Thring (J2), and Rushton et al. 
(R5) and will not be repeated in detail here. 

2. Similarity 

Equality of all groups in Eq. (1) assures similarity between systems of differ-
ent size. The types of similarity of interest here are geometric, kinematic, and 
dynamic. 

a. Geometric similarity. The last seven terms in Eq. (1) represent the con-
dition of geometric similarity which requires that all corresponding dimen-
sions in systems of different size bear the same ratio to each other.The refer-
ence dimension used is the impeller diameter. The last term in Eq. (1) is not a 
linear dimension relationship but is required to account for change in number 
of impeller blades—the handling assumes use of reference to some standard 
condition. 

Equation (1) assumes a single impeller centered on the axis of a vertical 
cylindrical flat bottom tank. To be fully inclusive, the equation would have 
to be expanded to include: 

a. off-center impeller positions, 
b . multiple impellers, 
c. baffle width and number of baffles, 
d. tank shape. 

b. Dynamic and kinematic similarity. Given geometric similarity, two sys-
tems are dynamically similar when the ratios of all corresponding forces are 
equal. Kinematic similarity requires that velocities at corresponding points 
be in the same ratio. These two similarity criteria are presented together since 
they are interrelated in a fluid system. 

Confining the discussion to geometrically similar systems, Eq. (1) may be 
stated as 

Equality of the groups in this expression insures dynamic and kinematic 
similarity. This relationship was derived by dimensional analysis, but the 
same dimensionless groups may also be obtained from the Navier-Stokes 

(2) 
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equation of motion. A complete discussion of the derivation and application 
of the Navier-Stokes equation is given in standard references such as Bird et 
al ( B 8 ) and Schlicting (S2) and will not be presented here. For the complex, 
three-dimensional flow in a mixing system an analytical solution to the Navier-
Stokes equations cannot be obtained. However, the equations may be stated 
in dimensionless form as follows: 

\ μ Lg pV2J 

where ν = velocity, 
L = a characteristic length, 

Δρ = pressure difference. 

The groups in this equation are the same as those of Eq. (2), as will be demon-
strated below, and a definite physical significance may be attributed to each 
group. 

3. Physical Significance of Dimensionless Groups 

a. Reynolds number, NRe. The first group in Eq. (3), pvL/μ, is the Rey-
nolds number and represents the ratio of inertial forces to viscous forces. 
Since this ratio determines whether the flow is laminar or turbulent, Reynolds 
number is a critical group in correlating power. 

In similar systems, any convenient velocity and length may be used in 
the Reynolds number. For agitation, the following are the ones generally 
employed: 

L = D 
(4) 

ν = ND 

Substitution gives 

(p)(ND)(D) D*Np 
N*< = μ = — (5> 

which is identical to the group derived by dimensional analysis. 

b. Froude number, NFr. The group v2jLg is known as the Froude number 
and represents the ratio of inertial to gravitational forces. Substituting Eq. 
(4) into this group gives for an agitator: 

(ND)2 DN2 

Ν¥τ = ~ r ^ - = (6) 
r Dg g w 

This is identical to the Froude group obtained from dimensional analysis. In 
many fluid flow problems, gravitational effects are unimportant and the 
Froude number is not a significant variable. The reason it is included here is 
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that most agitation operations are carried out with a free liquid surface in the 
tank. The shape of the surface and, therefore, the flow pattern in the vessel, 
are affected by the gravitational field. This is particularly noticeable in un-
baffled tanks where vortexing occurs; the shape of the vortex represents a 
balancing of gravitational and inertial forces. 

c. Power number, NP. The term, Δρ/ρν2, is the "pressure coefficient" in 
Eq. (3), and represents the ratio of pressure differences producing flow to 
inertial forces. For mixers, ND is again used as a reference velocity; Δρ is 
related to power consumption since the pressure distribution over the surface 
of the impeller blades could, in theory, be integrated to give torque acting 
on the impeller. Power could then be calculated directly from the total torque 
and the r.p.m. of the impeller. 

In practice, the pressure distribution is not known, but in dynamically simi-
lar systems it can be shown that Δρ and power are related by 

Making this substitution into the pressure coefficient together with the refer-
ence velocity ν = ND gives 

Δρ _ kP/ND* _ kP 

~pv2 " P(NDf ~ PN*D* (8' 

Power is usually expressed in ft.-lb.f/min. units and density in lb . m/ f tA To 
make the power number dimensionless, pound force is reduced to units of 
( lb . m · ft.)/sec.2 by multiplying Ρ by gc. The unknown constant k serves no 
purpose and is omitted so that the pressure coefficient for agitators (power 
number) is expressed as 

The power number derived from dimensional analysis is the same. 
An understanding of the physical significance of the power number is en-

hanced by considering it as a drag coefficient or friction factor. The drag co-
efficient of a solid body immersed in a flowing stream is usually defined as 

C* = MA (10) 

where CD = drag coefficient, 
FD = drag force on the body, 

ν = velocity of flowing stream, 
A = cross-sectional area of the body. 
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For a mixing impeller, NP can be shown to be analogous to CD from the 
following arguments: 

v OC ND 
A OC D2 (geometrically similar impellers) 
Ρ OC NFDD 

Introduction of these relationships into Eq. (10) gives 

D p(ND)2D2 UU 

Simplifying, 

PN
ZD5 

or 

C D OC NP ( 1 2 ) 

The analogy of CD to TVp is a useful observation since correlations of drag 
coefficients and power number bear many relationships to each other; some 
of these will be noted below. For pressure drop in pipes, the use of friction 
factor is analogous to NP for impellers and CD for immersed bodies. 

C . USE OF EQUATIONS DEVELOPED FOR CORRELATION OF DATA 

7. Power Equation in Correlation Form 

Equation ( 1 ) may be written in the following form: 

* , - W (Γ)· (D' ( f ) ' ( * ) ' (=) ' ( I ) " cn, 
For geometric similarity, this reduces t o 1 

NP = ^ ( i V R e)
a ( 7 V F R)

B ( 1 4 ) 

In presenting data graphically, the usual technique in fluid flow is to use the 
Reynolds number as abscissa in a logarithmic plot. To facilitate this, Eq. ( 1 4 ) 
can be rewritten as 

Φ = ( j J ^ B = * i M u ) a (15) 

For a fully baffled tank, the exponent b on the Froude number generally equals 

1 The use of the constants A'and Kx in Eqs. (13) and (14) is'not rigorous since Α'and Kx do 
not have single values for all values of the dimensionless groups. However, over specific 
ranges of operation (i.e., laminar or turbulent), a single value can be assigned to AT or Kx and 
data can be correlated by the use of the equations. 
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0 and φ = NP. There is disagreement among investigators on the effect of 

NFr in unbaffled tanks; this will be discussed below. 

2. General Characteristics of Correlation Curves 

Typical curves of φ vs. NRe are shown in Fig. 4 for configurations often 

used in practice. For fully baffled conditions, and in the laminar range, φ can 
be assumed to be NP. 

a. Turbulent regime. At high Reynolds numbers in fully baffled tanks 

NP = K! (16) 

This is illustrated by curves DE and / / in Fig. 4. Substituting Eq. (9) and 
solving for P: 

P = —p NZD5 (17) 

Thus in the turbulent range with geometric similarity, power can be stated to 
be proportional to density, to impeller speed cubed, to diameter to the fifth 
power, and independent of viscosity. 

Drag coefficients of bodies in flowing streams also become constant at high 
Reynolds numbers. 

b. Laminar regime. Lines A-B and H-B in Fig. 4 represent the viscous 
range of flow and the slope shown is typical for all types of impellers. Evi-
dence for a slope of —1 is plentiful and, since Froude effects are unimportant 
in this range, 

NP = K"(NReyi (18) 
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Substituting Eq. (9), 

ρ = — μΝ2Ώ3 (19) 
Se 

Purity of this case demands that inertial effects be negligible compared to 
viscous effects. The best demonstration and validation of the slope of — 1 in 
Eq. (18) is presented by Mack and Uhl (M3), in which stirrers constructed of 
piano wire were used to almost completely eliminate inertial effects. 

The drag coefficient of a sphere in viscous motion can be derived analyti-
cally from the Navier-Stokes equations by neglecting all inertial terms in the 
equations. This is Stokes' law, and is discussed in detail by Schlicting (S2). 
The drag coefficient for a sphere, like the power number, is found to be in-
versely proportional to Reynolds number which again illustrates the analogy 
of this case to mixing impellers. 

c. Transition range. Early researchers generally assumed that a critical 
value of Reynolds number must exist for mixing impellers analogous to pipe 
flow. That a gradual change from laminar to fully developed turbulent flow 
does exist—and in variable form for different system geometries—is now well 
known, but little interest has been evidenced in why. Nagata et al. (N4), in the 
last paper of an excellent series of studies on power, considered this area 
briefly in connection with an unbaffled vessel. They concluded that the flow 
pattern is a composite of a cylindrical rotating zone in the impeller and a free 
vortex zone outside the blades and that the shift in balance of these due to a 
change in viscosity is gradual as in F to Β in Fig. 4. This does not explain 
why the curve for the transition range should be of such different shape and 
extent for various impellers, particularly in baffled systems, but the concept 
of the zone of flow in the impeller influenced by a secondary zone outside 
seems to hold promise for better understanding. 

In Fig. 4, it should be noted that the shift from turbulent to transition range 
for the radial flow turbine (D-B) is not necessarily at the same Reynolds num-
ber as for the axial flow turbine. This "critical" Reynolds number is not only 
different for the two styles of flow but can also fluctuate with either class of 
impeller by changes in system geometry. The value of NRe = 104 (point D) 
and NRe = 10 (point B), so often referred to in the literature, should be 
accepted only as approximate limits for the transition range. 

3. Analysis of the Correlation Method 

The preceding theory and equations can be accepted as fundamentally 
sound and, while some gaps remain to be filled, the basic concepts should 
provide a framework within which all power data can be fitted. However, the 
following comments and precautionary notes are included to avoid misuse 
of the correlation approach. 

a. Similarity. The widespread use of a plot of NP vs. NRe to correlate im-
peller power has led many to believe that all that is required for a specifica-
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tion of similarity of mixing- systems is equal Reynolds number regardless of 
geometric configuration. Dynamic similarity is obtained only when NFr and 
NRe are the same and geometric similarity exists. In many cases NFt and some 
geometric parameters are unimportant, but neglect of these factors can only 
lead to erroneous conclusions. 

b. Froude number. In the development of the general equation (1), it was 
theoretically correct and logical to consider gravitational effects. These 
effects are generally considered to be unimportant for baffled tanks and for 
laminar mixing but would be expected to be a factor in unbaffled tanks where 
swirl exists. However, Nagata and Yokoyama (N2) obtained good correla-
lations without NFr9 using only NP as the ordinate. They state that the correc-
tion for Froude number is so negligible as to be indeterminable except with an 
extremely accurate dynamometer. They conclude that the observed values of 
Rushton et al. (R5, R6) in which NFt was used in correlation include errors 
caused by static friction in equipment. 

This leads to another aspect of the subject. The frequent statement by re-
viewers to the effect that " the data by . . . are for swirling conditions and 
therefore not useful for industrial application" has created the feeling that 
unbaffled tanks are to be avoided in all cases. It is then with some surprise 
that investigators in the area of mass transfer, such as Johnson and Huang 
(J l ) and Laity and Treybal (LI), have noted better performance in unbaffled 
systems. Less disdain for swirl would seem to be in order. 

c. Geometry. In correlating variations in geometry, many investigators 
have included geometry effects as simple factors directly in the power number 
expression. This can be done as a matter of convenience, but there is no 
theoretical reason for doing so, and the practice has many possibilities for 
error. This may be seen by considering the general equation (13). The expo-
nents in the equation are not constrained to be constants by dimensional 
analysis, and in the general case any given exponent can depend on all of the 
dimensionless variables. Therefore, including one of the variables directly 
in the power number without a variable exponent requires that its effect be 
the same on power regardless of the values of all other variables. The possi-
bility of this occurring would appear remote. 

An example of the improper modification of the power number is the use 
of the blade width w in place of a D in NP to give 

N" = ( 2 0) 

This implies that power varies directly with blade width, which is approx-
imately true in the turbulent case but is certainly not so in the laminar and 
transition range. In the laminar range, it would be well to remember that 
Ρ oc 7V2Z)3-a w a; a is found experimentally to be about 0-5. In the transition 
range, as might be expected, a variable relationship exists. 
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There are many ways of treating the shape factors in correlating power. 
The full general equation could be used but is cumbersome. Frequently, 
enough geometric similarity exists to cause several terms to drop out, and the 
remainder are noted as "condit ions" of a curve on a standard NP-NRe plot. 
This procedure seems acceptable provided that the possible interaction of the 
remaining variables is recognized. The interaction of w/D with Reynolds 
number, for example, could be handled by varying w/D experimentally at 
very low and very high Reynolds numbers, i.e., in the fully laminar and fully 
turbulent regimes. In these regimes the general flow pattern is reasonably 
independent of Reynolds number, and the effect determined would be expec-
ted to be constant within the regime. 

Interactions can also occur between different geometric variables. The 
interrelationship between the effect of DjT and baffling in the turbulent 
regime as reported by Bates et al (B6) is an example and will be discussed in 
a later section. 

IV. Power Correlations 

With certain limitations, we are now able to make a reliable estimate of the 
power required to turn an impeller of a standard design at any speed in any 
environment. There is not the space available here to encompass a presenta-
tion of all power data collected on all types of impellers, nor is it probably the 
most useful method of handling the subject. Martin (M5), Brown and associ-
ates (BIO), and Hooker (H8) have graphed data of many investigators on 
various impellers, but the lack of uniformity in test conditions and in impeller 
design requires more interpretation and judgment on the part of the reader 
than is desirable. The collection of power data by Valentine and McLean in 
the Chemical Engineers Handbook (VI) is too heterogeneous and unqualified 
to be useful. 

Here we will use a basic representation for the essentially standard impeller 
styles and geometries, as free from environmental effect (other than standard 
fluid property) as possible. Then the design factors to account for dissimilarity 
from "standard conditions" will be covered. The effect of variations in impel-
ler and system geometry will be included in discussion of the basic correla-
tions, but the external factors of flow pattern and special fluid properties will 
be treated later. 

A . PROPELLERS 

Considering the popularity of this impeller it comes as a surprise to find 
that only one study specifically on propeller power occurs before 1950. The 
paper of Stoops and Lovell (S6) is consequently often cited. However, this 
work has several deficiencies which prevent it from being of more than his-
torical interest: the propeller pitch and area design used are not stated; the 
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φ at Reynolds No. of 

Curve Source pId DjT 5 300 105 

I e (R5) 1.02 0.33 8.3 0.60 0.22 
2 « (R5) 1.0 0.31 8.3 0.60 0.25 
3 (B5) 1.0 0.40 9.7 0.75 0.30 
4 (B5) 1.0 0.33 9.7 0.82 0.35 
5 (B5) 1.4 0.33 9.7 1.04 0.54 
6a (R5) 2.0 0.31 8.7 1.00 0.52 
1 (R5) 1.8 0.30 9.7 1.27 0.86 
8 (R5) 2.0 0.31 8.7 1.10 1.0 

a No baffles. 

2 . Impeller Geometry 

a. Propeller pitch. This has its maximum effect on power at high Reynolds 
numbers as reference to Fig. 5 will show. Rushton et al. (R5, R6) report an 
exponent of 1.7 for / i n Eq. (13) for baffled operation; comparison of curves 
4, 5, and 7 shows the power to vary as (p/D)1'5. The disparity is possibly in the 
design factor of area ratio which has been a variable. 

dynamometer used for measuring power was of a type that introduces a 
dynamic no-load friction error; the tank was apparently unbafHed; operation 
was over an impeller Reynolds number range from 93 to 652. The exponents 
which they assigned to the various functions in their power equation reflect 
the fact that their data were taken in the transition range. 

1. Power Data 

Figure 5 is a correlation for modified marine propellers of the three-blade 
style. The data are for a single impeller and are taken from Rushton et al. (R5) 
and Bates (B5). Blade shape and area ratio for the propellers from these two 
sources differ and thus there is an expected difference in power level. Where 
baffling is indicated, it can be assumed that the angle mount used to eliminate 
swirl is an equivalent design. 

For convenience in evaluation, the power function, φ, is shown in Table I 
for three representative values of impeller Reynolds number. (Note that 
φ = NP for the baffled case and also in the laminar regime.) For these im-
pellers, fully developed baffled turbulence is considered achieved at NRc = 105. 
While the unbaffled power function continues to decrease past this point, it is 
a reasonable limit for useful operation. 

Table I 

Values of φ for Three-Blade Propellers (Data from Fig. 5) 
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As the Reynolds number decreases, the effect of pitch becomes less notice-
able. The data of Rushton (R6) show a dislocation of the curves in the 
laminar range but the more recent data of curves 4, 5, and 7 show no pitch 
effect below 7VRe = 7. 

b. Blade area. This is a variable which is not yet correlated and investigation 
of it, in conjunction with a change in pitch, is needed. It is suggested that 
specification be by ratio of developed or projected blade area to disk area. 

3. System Geometry 

a. Impeller position. For all curves of Fig. 5 ; this was one impeller diameter 
or greater off the tank bottom. For baffled tanks, any location between CjD = 1 
and the submergence required to prevent a vortex is presently considered 
sufficient to realize full power consumption. Position in an unbaffled system 
will have a more marked effect on power. In a given design, power investment 
can be increased until the vortex reaches the impeller, then power decreases 
due to aeration. More data are needed to evaluate the exponents in Eq. (13) in 
both baffled and unbaffled vessels. 

b. Effect of DjT. This is appreciable only at high Reynolds numbers. 
Reference to curves 3 and 4 show a significant decrease in power with an 
increase in D/T, but data are not sufficiently extensive to accurately evaluate c 
in Eq.(13). 

c. Multiple impellers. In low viscosity fluids, nearly five diameters of space 
between two propellers is required to obtain power equal to twice a single 
propeller. The effect of spacing is appreciable, as will be noted in Fig. 6 from 
Bates (B5). This curve is for high Reynolds numbers and the effect would be 
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S/D, PROPELLER SPACING RATIO 

FIG. 6. Dual propeller power effect. 
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expected to become less noticeable as operation moves towards the laminar 
range, the SID effect becoming minimal or nil in the laminar range. 

B. TURBINES 

The turbine impeller in a baffled vessel has steadily gained in importance 
and frequency of use and since about 1940 it has been the tool of the majority 
of researchers in studies of almost all applications of agitators. In most cases 
though, the reports have failed to fully describe the geometry of the impeller 
and the vessel to allow comparison of absolute power consumption. Fortu-
nately, there have been a number of papers devoted explicitly to power of 
turbines in which the authors were fully cognizant of the effect of all variables. 
References (B6, H4, M10, O l , 0 4 , R6) are complete studies, representing 
several different types of impellers. 

1. Power Data 

Figure 7 from reference (B6) is a correlation for the several types of turbines 
which have characteristically different curve forms in the transition and turbu-
lent range. All impellers are seen to have reached a constant value of NP at 
slightly above NRe = 104. In the laminar range a nominal slope of —1 is 
typical for all types. The flat-blade turbine, curves 2 and 4, shows a dip below 
the fully turbulent value, but the transition range extends only from NRt = 15 
to 1500. The d i s k a n d curved-blade styles, curves 1, 3, and 5, extend the 
transition range tç about 104 and also show a similar dip below the fully 
turbulent range. Curve 6, for pitched-blade turbines, has a shape like that of 
propellers in Fig. 5, as would be expected since they are both axial flow 
types. 

For the disk style as represented by curve 1, Rushton et al. (R6) report 
NP = 6.3 in the turbulent range; this value is now generally considered to be 
high—possibly because of frictional error, as discussed by Nagata and 
Yokoyama (N2). Calderbank (CI) reports NP of 5.5 instead of 6.3; other of 
his data (C2) show a range from 4.8 to 5.5. The more recent data of curve 
1 indicate the best value to use is about 5.0. 

Noteworthy is that a difference in power requirement exists between the 
disk style of construction and the flat-blade turbine in the turbulent range. 
Curve 2 is the open flat-blade style with a full blade originating at the hub. 
Though it has a longer blade than the disk style, it consumes approximately 
25 % less power. With reduced w/D ratios, curves 3 and 4, the difference is 
approximately 15%. 

In Table II the power function at three representative Reynolds numbers is 
shown for the curves of Fig. 7. Values for several other turbine styles are also 
included but since the data cannot be resolved to a condition of identical 
geometry in every case, the information is being offered as the best available. 
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Table II 

Values of φ for Turbine Agitators 

φ at Reynolds No. of 
Db D C Baffles 

Type Source w η Τ D (No.) r/w* 5 300 105 

Flat Blade (4)α (B6) 8.0 6 0.33 1 (4) 12 10.0 2.1 2.6 
Flat Blade (2)α (B6) 5.0 6 0.33 1 (4) 12 14.0 3.4 4.0 
Disk, D/l = 4 (l)a (B6) 5.0 6 0.33 1 (4) 10 14.0 3.4 5.0 
Disk, D/l = 2 (3)a (B6) 8.0 6 0.33 1 (4) 12 10.0 2.0 3.0 
Curved Blade (5)a (B6) 8.0 6 0.33 1 (4) 12 10.0 1.9 2.6 
Curved Blade Disk (R6) 5.0 6 0.22-0.31 1 (4) 10 14.0 3.4 4.8 
Pitched Blade, 45° (6)α (B6) 8.0 6 0.33 1 (4) 12 10.0 1.5 1.3 
Arrowhead (R6) 5.0 6 0.31-0.47 1 (4) 10 14.2 3.4 3.9 
Arrowhead (04) — 6 0.44 — (4) 8.7 — — 2.4 
Flat Blade (Ml) 4.1 2 0.23-0.37 0.35-2.5 (4) 8&10 — — 1.83 
Flat Blade (M2) 3.6 2 0.31-0.52 0.55 (4) 11 — — 2.32 
Flat Blade (Ol) 5.0 2 0.36-0.63 0.5-1.2 (3) 21 9.7 — 1.94 
Flat Blade (Ol) 5.0 6 0.36-0.63 0.5-1.2 (3) 21 17.4 — 4.1 
Flat Blade (Ol) 8.0 6 0.36-0.63 0.5-1.2 (3) 21 14.5 -- 2.5 
Flat Blade (N3) 1.5 2 0.3 — (4) 15 18 7.0 8.8 
Flat Blade (N3) 1.5 2 0.5 — (4) 15 10 4.2 6.0 

β Refers to curves on Fig. 7. 
* For pitched turbines, based on horizontally projected w. 



3. Impeller Characteristics and Power 135 

2. Impeller geometry 

a. Blade width, length, and number. Most investigators have assumed that 
these parameters are independent variables and have evaluated them separ-
ately. 

For flat-blade turbines, Rushton et al. (R6) obtained the following for disk 
turbines : the blade length effect was obtained by studying data from a number 
of impellers, all with a constant value of 1.25 for the ratio l/w, and based on 
the observation that a change in DjT did not affect power. By this method, 
the exponent h in Eq. (13) was found to be 1.5. Blade width as a variable was 
not investigated or reported. Effect of number of blades is shown by refer-
ence to six blades for nl9 and the exponent / iri (n^n^ is 0.8 for less than six 
blades and 0.7 for eight to twelve blades. 

In the fundamental study of O'Connell and Mack (01) flat-blade turbines 
were used and the blade width and number evaluated as dependent variables. 
They correlated data by the relation NP = K(wjD)8 and found that both the 
constant Κ and the exponent g varied with change in number of blades. For 
two-blade turbines, Κ is 13.8 and g is 1.23; for four blades, Κ is 19.4 and 
g is 1.15; for six blades, Κ is 23.7 and g is 1.09. A rewritten form of this equa-
tion which shows the relation of the variables using the four-blade turbine as 
an example, is 

Pgc = 19APN*D3*5 wiA5 (21) 

Note that the exponents of D and w total five, to satisfy the D5 relationship. 
It must be emphasized that these relationships are known to hold true only 
for flat-blade impellers of the open style and cannot be safely applied to disk 
turbines. 

The study of Bates et al. (B6) covers a wide span of wjD ratios. The ex-
ponent g was found to be 1.25 for four-blade turbines and 1.0 for six-blade 
turbines. The impellers were of open style construction similar to that used 
to derive curves 2 and 4 of Fig. 7. 

b. Pitch of blades. The universal use of the 45° blade angle for pitched-
blade turbines has resulted, until recently, in a complete lack of data on the 
effect of blade angle on power. The two frequently cited sources (H4) and 
(V2, V3) are for unbaffled vessels and thus not applicable here. Since turbine 
impellers have a constant blade angle, as contrasted with the heliocoidal de-
sign of propellers, the term "pi tch" has no real significance. Thus, the corre-
lation of power with pitch should be based on a function of blade angle 
rather than the (p/D) term of Eq. (13). 

In reference (B6) a blade angle range of 25° to 90° w^s studied with the 
projected blade width (w sine Θ) held constant. The angle Θ was measured 
from the horizontal. For four-blade open-style pitched-blade turbines it was 
found that the {pjD)f'm Eq. (13) can be replaced by (sine θ)2·5 in the turbulent 
range. 
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c. Curvature of blades. This had a negligible effect on power at high Rey-
nolds numbers in the study of reference (B6) (see curve 5 of Fig. 7). The only 
other investigation of this effect is that by Van de Vusse (V3). He found NP to 
vary with (sine </>)°"23> where φ is the angle between the blade tip and a tangent 
to the periphery. However, these data were taken with a stator ring present 
and thus the curvature is not isolated as an impeller variable. 

d. Shrouds. The shrouded impeller included in the power runs of Rushton 
et al (R6) was a special type similar to a centrifugal pump impeller, and the 
separate influence of the shroud is not obtainable. Lee et al. (L2) used a 
shrouded disk turbine in their high viscosity work and presented power data in 
the laminar and transition range indicating that shrouding requires as much as 
50% greater power. That their two sizes of turbines did not correlate was 
attributed by the authors to experimental error in reading temperatures and 
viscosities. In reference (B6) data are reported for the two most common 
shroud modifications. In the turbulent range with shrouded plate fully cover-
ing the top of the turbine the power increase was found to be 30 %. With a 
full bottom shroud a 47 % increase was reported. 

e. Tilted-blade mounting. This type of mounting of an impeller is reported 
(L5) to have power consumption identical to straight bore mounting, inas-
much as the discharge area of the impeller periphery is unchanged. 

3. System Geometry 

a. Position. The proximity of a turbine to the free surface of a liquid batch 
would have a negligible effect on power as long as full baffling existed and the 
location were not so abnormally high as to permit a vortex. The clearance 
beneath the impeller, however, is of importance. For the two-blade turbines 
of Mack and Kroll (Ml ) no change in power was noted for locations over the 
range of C\D values of 0.35 to 2.5. The data of Miller and Mann (M10), 
although taken on unbaffled vessels also indicate a minimal effect of bottom 
clearance for flat-blade turbines. This same work notes a reduction in power 
for a pitched-blade turbine below CjD = 0.75. In a more complete study 
(B6) the proximity to the vessel bottom was found to be significant for flat-
blade, disk-type, and pitched-blade turbines. The disk-type impeller was found 
to exhibit a reduction in power with decrease in clearance while the opposite 
effect was noted with a pitched-blade turbine. The flat open-style turbine 
displayed a variable effect with minimum power consumption measured at 
CjD = 0.70. The results are shown in Fig. 8. The effect of wall baffling for 
two conditions is also shown. The impellers were six-blade styles with all 
data taken in the turbulent range. 

b. DjT and baffles. The studies of Rushton et al. (R6) indicate no effect on 
power over a range of DjT ratios of 0.15 to 0.50. References (M2) and (Ol) 
also note no influence of this parameter. The effect on power of variation in 
the number of vertical side-wall baffles and baffle widths has been presented 



in two contemporary works, although the findings are not in agreement. 
Bissell et al. (B9) tabulated, without supporting data, the per cent power 
based on four baffles of width Γ/12 and show an increase in power above four 
baffles and above Γ/12 width. Mack and Kroll (Ml ) found a limiting condi-
tion of number and width of baffles, above which no increase in power 
occurred. 

The more recent work of Nagata and associates (N3) shows that the power 
for a given number of baffles reaches a maximum and then decreases some-
what as width increases. An approximation of their results gives the relation 

ψ = 0.5 (22) 

for maximum power consumption. This result, however, was based on a 
study involving a two-blade impeller in only one vessel diameter. 

Bates et al. (B6) report that an effect of DjT ratio on power exists with an 
open-style six-blade flat-blade turbine and that this effect is interrelated with 
the extent of baffling present. Their results are shown in Fig. 9 with data 
points omitted for clarity. The baffle ratio on the ordinate is the form pro-
posed by Nagata, although maximum power consumption occurs at some-
what less than a baffle ratio of 0.5. It was found that at low baffle ratios the 
power decreases with increasing D/T while the converse was found at high 
baffle ratios. All data were taken in the turbulent range. 

c. Multiple impellers. The way power is affected by spacing is shown in 
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NP 
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BAFFLE RATIO ^ 

FIG. 9. Effect of baffling and DjT on power. 

α β 1.0 

Fig. 10 from (B6). Spacing, S, as used here is the vertical dimension between 
the bottom edges of the two turbines and thus a spacing of 0 indicates com-
plete coincidence of the two impellers. In the ratio Ρ2/Λ> the reference power 
Px is a flat-blade turbine in all cases. The pitched blade then falls lowest and 
the combination of the two styles is intermediate. Within a spacing of four 
impeller diameters, it is seen that dual pitched-blade turbines do not yet 
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C. PADDLES 

After the work of White and Somerford and their contemporaries there 
was a span of about fifteen years in which the paddle was de-emphasized in 
power studies. The papers of Hirsekorn and Miller (H3), Magnusson (M4), 
and O'Connell and Mack (Ol) were the first to scrutinize the laminar range 
specifically for paddles. The recent comprehensive studies by Nagata and 
associates (N l , N2, N3, N4) have greatly improved our theoretical and 
quantitative knowledge of paddles, particularly in unbaffled systems at high 
Reynolds numbers. But still, most data are only on the basic paddle or minor 
modifications of it. Only scattered power data on the more complicated styles 
are available and that from sources where the main interest was in functional 
performance; e.g., the heat transfer studies with anchors by Uhl (U2) and 
Uhl and Voznick (U3). 

For convenience, paddle power data will be presented in a different manner 
from that used for propellers and turbines. The typical NP-NRe plot is applic-
able, of course, but in the laminar range a few equations will suffice for the 
basic paddle. In the turbulent baffled range the data cannot be compressed in-
to a reasonable space and retain usefulness. The various modifications of the 
basic paddle require too much qualification to allow tabulation of design and 
power characteristics so they will be discussed in as much depth as possible. 

1. Laminar, Basic Paddle 

a. General equation. For a basic multiblade paddle, correlating width and 
diameter, the general equation is 

Pg. 
PN

3D 

or 

= κΆ' (24) 

equal twice the power consumption of a single turbine. The combination of 
two types, the pitched above the flat, reaches a level of the sum of the two at 
about one diameter spacing. But it will be noted that two flat-blade turbines 
actually develop a total power almost 25 % greater than the sum of the two 
when spacing vis less than one diameter. This is attributed to an effect in 
which the proximity is such that the space between the blades approaches 
the condition of a continuous blade. 

d. Direction of rotation. This is not important with a flat-blade turbine 
but with a pitched-blade style it may have an effect. The only data on this are 
by Hixson and Baum (H4). They show that power consumption is identical 
at a Reynolds number of 106 but below that the standard down-thrust style 
(which they term "reversed rotation") shows a lowering of power and a 
gradual divergence from the up-thrust style. 
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where g is a function of the number of blades. For the two-blade form the 
experimental data of O'Connell and Mack (01) yield the power equation 

/> = — μΝ
2Ό2Λ* w™2 (25) 

Se 

This is checked remarkably well by Hirsekorn and Miller (H3) who found 
Ρ oc D25 w 0 , 5. Their value of K is in agreement with O'Connell and Mack at 
NRe = 1 but decreases to a constant value of 95 in the range from NRt = 0.2 
to 0.004. 

b. System geometry. Although the data of reference (01) were taken over 
a range of system variables, no indication is given of any effect. In reference 
(H3) the DjT function was studied in the range of 0.25 and 0.51 and a negli-
gible effect demonstrated. 

c. Multiple impellers. In the viscous range both Lee, et al. (L2) and 
Metzner et al. (M8) report that two impellers will draw twice the power of a 
single paddle, provided spacing is greater than one diameter and DjT is less 
than 0.8. On the other hand, Nagata et al. (N3) state that the spacing of 
paddles has negligible effect on power and they are able to equate two paddles 
with no space between them to a single paddle of double blade width. 

2 . Unbaffled, Basic Paddle 

Above a Reynolds number ranging from 10 to 100 the position and shape 
of the curve in the NP-NRe plot is a function of both impeller and system 
variables and it is not feasible to present a single curve and supplement it with 
correction factors. The publications of Nagata and co-workers (N l , N3, N4) 
are very detailed in treatment of all variables and it is recommended that 
these references, particularly the last two, be consulted. (The Memoirs of the 
Faculty of Engineering, Kyoto University are printed in English.) 

3. Paddle Modifications 

a. Pitch. Van de Vusse (V2, V4) made a few tests with a three-blade 
pitched paddle, unbaffled, which correlated with some of the four-blade data 
of Hixson and Baum (H4) to give NF oc (sine 0) 2 , 5. The range of Reynolds 
number over which this was found valid is 9560 to 28,950. Hixson and Baum 
(H4) found pitch to affect power only between JVRe = 200 and 104—at higher 
and lower Reynolds numbers, on a plot of power function vs. Reynolds 
number, the curves converged. Nagata et al. (N4), who ran a series of im-
pellers over a blade angle range of 15° to 90° and DjT ratios from 0.15 to 0.5, 
did find convergence below a Reynolds number of about 5. But at TV^ = 106 

the curves were still diverging and it must be assumed that the high Reynolds 
number data of Hixson and Baum (H4) are in error. Since the pitch effect is 
dependent on both DjT and DjZ, in addition to Reynolds number, Nagata 
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L — W d 

with D the anchor diameter, 
wL the width of the side-arm blade, 
wD the width of the cross member. 

The relative complexity of the procedure proposed by Calderbank and Moo-
Young occurs because their method is for almost any impeller operating in 
the laminar region. 

In Fig. 11, from Calderbank and Moo-Young (C4), the use of prime nota-
tion for Reynolds number follows a generalized nomenclature to include non-
Newtonian fluids and in this case is synonymous with the conventional 

incorporates the pitch effect in a rather complicated equation which is general 
for the entire range above laminar. But above NRe = 100, NP oc (sine 0 ) L 2. 

b. Anchor. The articles by Uhl (U2), Uhl and Voznick (U3), Calderbank 
and Moo-Young (C4), and Moo-Young (Ml4) provide the most complete 
power data on anchors published to date. Uhl and Voznick found that data 
on different anchor geometries could be correlated using a modified form of 
the conventional power number which assumes that viscometric drag accounts 
for most of the power consumption. This is accomplished by multiplying the 
conventional power number by the ratio of an equivalent length of shearing 
edge to a diameter term. Uhl and Voznick used the sum of the total lengths of 
the two vertical arms plus one-fourth the length of the cross member and 
divided this by the tank diameter. 

The recent work of Calderbank and Moo-Young presents a more compre-
hensive modification of the power number in which all shearing edges are 
included and in which a term to account for vessel wall proximity is involved. 
Their full equation is 

N'p = {pTPD*) ( i f ) ((nnsr> {ΔΟχ/) ( 2 6) 

where η = number of blades or arms, 
ns = number of effective blade edges (i.e., 2 for anchors, 1 for impel-

lers generally), 

A C = (TID) _ 1 f 0r T' D ^ L 3 

L'JD'e = the equivalent vertical arm height to diameter ratio and is given 
by 

L; _ 4nsLe + De 

D}
e - nsDe

 (27> 
where 

Dp — Ό — wL 

W D 

2 
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FIG. 11. Power characteristics of anchors in Newtonian fluids : (α) Γ and Le fixed ; (b) Γ and Le varied. From Calderbank and Moo-Young (C4). 
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Reynolds number. Curve (a) refers to the cases where Τ and Le were held 
constant but D was varied; (b) covers cases where T, D, Le, and TjD were all 
varied. The validity of their modified form of power number would seem to 
be amply demonstrated by the excellent agreement of data representing a 
wide range of variables. 

c. Glassed paddle. No power data have been published in the technical 
literature on this impeller, and since it is known that geometric similarity does 
not exist in the commercial sizes it would not be advisable to translate data 
from field tests. Also, the state of partial baffling existing in glass-lined tanks 
adds to the potential for dissimilarity. 

A model impeller representing a composite of the blade geometries and 
shapes, resembling Fig. 2c, would have three upswept curved blades with 
D/w of 6.4, D\T = 0.5, and ratio of thickness to blade width of 0.5. This last 
factor does not appear in most impellers but is appreciable in this style and 
has been found to be a variable in power consumption. This typical impeller 
has a value of 1.0 for NP above NRe = 104 in a fully baffled regime. In a 
partially baffled regime—approximately corresponding to custom—NP is 0.89. 

A full NP-NRc curve furnished by the Pfaudler Co. (PI) for their 3-blade 
retreat-curve impeller shows a relationship like curve H-J of Fig. 4. At 
^ R e = 5, Ν ρ = 0.97. Above a NRe of 115 the curve splits into two repre-
sentations, one for two "finger" type of baffles, and a lower curve for one 
"finger" type. At 105, the higher value of NP is 0.55 and the lower is 0.42. 

d. Leaf and gate. Power equation constants for the leaf-type paddle are 
presented by Milon ( M i l ) for unbaffled tanks and for several helical coil 
emplacements. The leaf, gate, and several unusual blade forms are treated in 
reference (Ml3) but it should be noted that the data represent empirical 
correlation of field tests and should be used only for estimation of power. 

e. Helix. Nagata et al. (N5), in a study of high viscosity mixing, investigat-
ed several ribbon forms but published power data only on a helix with 
D/T = 0.95 and p\D = 1.0. Below a Reynolds number of 100, Pgc = 
300 pN2D*. Gray (Gl ) , using a helix design similar to that of Nagata, reports 
limited data approximately 40 % above that of Nagata. 

D . HIGH SHEAR IMPELLERS 

The only published power data on these impellers is that of Fondy and 
Bates (F2). For convenience in use, their data have been recalculated as power 
number values above a Reynolds number of 104. Although the application of 
this class of impeller will generally be at high Reynolds numbers, it is note-
worthy that the NP-NRt curve shape is similar to an axial flow impeller 
indicating a continuing sensitivity to viscosity. Only on the modified turbine 
is the full curve known —NP increases gradually below NRe = 104. 

1. Plain disk. NP is approximately 0.1 at NRe = 104. 
2. The modified disk shown in Fig. 3 has a power number of 0.5. There are 
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a number of commercial configurations similar to this but not necessarily with 
the same power characteristic. 

3. The modified cone is the "duplex" style and also has a power number of 

4. The modified turbine of Fig. 3 has a D/w at the blade root of 10 and at 
the tip of 40. Above NRe = 10 4 this particular geometry has a power number 
of 0.5. As root width is increased and amount of taper decreased, the power 
characteristic approaches that of a conventional flat-blade turbine. 

Power data for single liquids are so plentiful that, by comparison, informa-
tion on two-phase mixtures seems very scarce. But workable average effective 
viscosity and density effects for Newtonian liquids have been fairly well 
established by a few investigators. Gas-liquid operation has been involved in 
many mass transfer studies, but only a few works specifically involving power 
relations are available and they are quite recent. Non-Newtonian technology 
was completely ignored until a few years ago, but a concerted attack on the 
subject by a few able researchers has put us well along toward a state of 
knowledge commensurate with other areas. 

A. TWO-PHASE FLUIDS 

1. Liquid-Liquid 

The test for adequacy of methods used for calculating average viscosity and 
density has been the agreement with single-phase data on the NP-NRe plot. 
For Newtonian liquids this is perfectly satisfactory. 

a. Average density. The average density of a mixture was first used by 
Miller and Mann (M10) as 

This arithmetic average has since been used by many investigators and seems 
to be satisfactory with single-phase power curves. 

b. Effective viscosity. The effective viscosity of a mixture as a geometric 
mean 

worked reasonably well for Miller and Mann (M10) but has since been found 
valid only for miscible low viscosity fluids. 

Vermeulen and associates (V6), for emulsions, recommended the use of 

0.5. 

V. Fluid Property Effects 

(28) 

(29) 

(1 .5 ) (^) ( /x , ) -
(30) 
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where subscripts c and d refer to continuous and dispersed phases. This re-
lationship was obtained in runs with completely filled vessels and, as work by 
others in such a system indicates, it may not be completely satisfactory where 
a free surface exists. 

In unbaffled vessels with no air-liquid interface, Laity and Trey bal (LI) 
found modification of Eq. (30) necessary and obtained two equations for 
water-organic mixtures. For water < 40 % by volume, Vermeulen's equation 
is used with organic as the continuous phase. With water > 40%, their equa-
tion is 

μΧ 6 .0 rx] 

where subscripts ο and w refer to organic and water phases, respectively. 
Vanderveen (V5), in an extension of the work of Vermeulen et al., suggests 

an equation of the form 

= + (32) 

2. Gas-Liquid 

N o data at all are available on gassing of viscous liquids, and the treatment 
of the effect on power of gas sparging here will assume operation at high 
values of Reynolds number. 

a. Background. The early publications on gassed liquids which show an 
effect of gas on power used impellers which have little commercial significance. 
Cooper et al. (C8) used a vaned disk and Foust and co-workers (F4) studied 
an arrowhead disperser. Kalinske (K l ) presented data on a radial discharg-
ing turbine impeller but of a design unlikely to replace the conventional flat-
blade style. In the light of recent knowledge, it can be stated that the curves 
presented in the preceding references should not be used for any other 
impeller—even for an approximation. 

Scattered data on impeller power as a function of gas rate are available 
from work in antibiotic fermentation. The publications of Bartholomew et al. 
(B2), Karow et al. (K3), and Nelson et al. (N7) are particularly useful in this 
respect. 

The first scientific approach to correlating power for gassed liquids was by 
Oyama and Aiba (05) . They used two-blade impellers only and apparently 
operated in unbaffled tanks so no helpful conclusions can be drawn. To 
correlate data, a modified power number was plotted against the conventional 
Reynolds number. The very bad scatter of data would indicate that the change 
in fluid density due to aeration was not taken into account. 

Karwat (4) attempted several methods of correlating gassed power. A ratio 
of gassed to ungassed power (PJP0) was plotted against superficial gas velocity 
(Vs) based on the tank cross section, but no correlation could be obtained 
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FIG. 12. Effect of gas on turbine power consumption. From Calderbank (C2). 

among several impeller geometries. He also approached the problem by 
calculating an apparent density from the conventional power equation, 
assuming that all factors would remain constant except density and that 
any change in Reynolds number would not register since the reduction in 
apparent viscosity would compensate for reduction in apparent density. In 
spite of a large number of measurements (about 1200) no well-defined rela-
tionship of impeller design and speed with air rate was established. 

b. Recent correlations. A logical approach to correlating power is to relate 
impeller pumping capacity to gas rate. Use of an ND3 term in some function 
will handle the variables of impeller speed and size; the only qualification 
being a strict requirement of geometric similarity for both impeller and system. 

Oyama and Endoh (06) used such a method, plotting PJPQ against the 
dimensionless term, Q/ND*, on a coordinate graph. They studied three radial 
discharging turbine styles and obtained excellent correlation of data. The 
data of reference (C8) and (F4) were also recalculated and plotted with their 
experimental points and agreement was good. However, their curve for a 
flat-blade disk turbine does not concur with the later data of reference (CI). 
Part of the explanation must be that Oyama and Endoh used an eight-blade 
design instead of the conventional six and the remainder of the answer may 
lie in a difference in sparger design. 

Calderbank (CI) used this same correlating method with good success. The 
correlation from this work has been revised somewhat (C2) and is reproduced 
in Fig. 12. This correlation has been found to hold well for vessels of several 
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thousand gallons. Its use should be restricted to a DjT range from one-fourth 
to one-third and is specific for a radial discharging turbine of the disk flat-
blade style. 

Some recent studies have criticized the method of correlating power con-
sumption of gassed impellers using the QjND3 group. Michel and Miller (M9) 
obtained data on disk style turbines operating in a variety of liquids. They 
found that their data could not be correlated using a simple plot of PgIP0 vs. 
QjND3. Instead, they proposed the following empirical relationship: 

where Κ is a constant. This equation was also applied to the data of Bimbenet 
(B7) and Sachs (SI) with limited success. 

Equation (33) is a dimensional one and cannot be reliably applied to large-
scale equipment. As pointed out by Michel and Miller, it also obviously fails 
at extreme values of gas rate. It is not recommended for use in predicting 
power consumption. 

Clark and Vermeulen (C7) have also proposed an alternate method for 
correlating power data in gassed systems. They obtained data on a variety 
of impellers and liquids and found that plotting PgjP0 against QjND3 gave a 
different curve for each speed studied. They used the Weber number and the 
measured gas hold-up as a basis for correlating Pg/P0. However, their method 
of gas introduction was unusual in that a perforated plate covering the entire 
bottom of the vessel was used to distribute the gas. Most investigators have 
used the more practical method from a commercial standpoint of introducing 
the gas with a sparge ring underneath the impeller. Therefore, comparing 
Clark and Vermeulen's results with those of other investigators is difficult. 

It is apparent that the problem of predicting power consumption in gas-
liquid systems has not been satisfactorily resolved. The curve given by Calder-
bank is sufficient for estimation purposes in many practical applications. The 
correlation approach of Clark and Vermeulen appears to have the most merit, 
and an attempt to apply a modification of it to the data available in the litera-
ture would be a valuable study. Accurate data on larger scale equipment than 
has been employed in the literature is also needed. 

c. Sparger design. Little of a quantitative nature can be offered on this 
subject since the manner of introduction of gas has not been a serious vari-
able in any published work. The several investigators (C2, C5, H9, 0 2 ) who 
have observed no effect on power by change in method of gas introduction 
have worked with a disk style turbine in which there is the effect of shrouding 
the gas from the liquid above the impeller. 

In general, it can be stated that the ability of an impeller to handle greater 
gas flow at a given speed—or to have a higher power for a fixed gas rate—is 
improved by designs which distribute the gas around the periphery of the 

(33) 
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impeller rather than by introduction through a single pipe at the center. Com-
mercial practice is to use a sparge ring beneath the impeller, perforated on the 
top side, having a mean diameter equal to or slightly greater than that of the 
impeller. 

d. Multiple impellers. When gas is introduced beneath the lower impeller 
only, in a multi-impeller system, it would seem likely that the reduction in 
power should not be applied equally to all impellers. But such a system has 
not been studied and design data are not available. A conservative estimate 
of the power consumption of the two impellers would be to use Fig. 12 to 
determine the power consumption of the bottom impeller and assume that 
the top impeller draws its ungassed power. 

3. Solid-Liquid 

The meager information available indicates that single-phase power corre-
lations are satisfactory if an appropriate density and viscosity can be obtained. 

Densities of suspensions should be determined by test rather than calcula-
tion. Viscosity of dilute slurries will be near enough to that of the liquid to be 
safe for use. But in general, high solids slurries will tend to behave like non-
Newtonian liquids. Dilute suspensions of some solids, such as paper pulp, 
also behave thus. The work of Leibovic (L3) and Head and Durst (HI) on 
paper stock indicate that high consistency suspensions can be handled best 
by the methods now being applied to homogeneous non-Newtonian liquids. 

B. NON-NEWTONIAN FLUIDS 

Seven publications since 1952 constitute the total worthwhile endeavor in 
attempting to correlate impeller power for non-Newtonian fluids. But because 
of a relatively concerted approach by the various well-qualified investigators 
and the effective use of the established background in correlating Newtonian 
liquids, an over-all physical understanding has materialized rapidly. The 
subject can be conveniently presented by chronological development. 

1. Magnusson (M4) was first to offer a simple direct method of correlating 
power for non-Newtonian fluids. He proposed use of the conventional 
NP-NRe plot using a calculated apparent viscosity in the Reynolds number. 
A standard impeller is used to prepare the NP-NRe plot for a Newtonian liquid. 
The non-Newtonian liquid, for which apparent viscosity is to be determined, 
is then agitated with the same impeller and the power number calculated. The 
apparent Reynolds number is then read from the Newtonian liquid curve and 
an apparent viscosity calculated. This method was basic in the works which 
followed and has been the technique used to establish constants for more 
comprehensive relationships. 

2. Lee and associates (L2) studied high viscosity non-Newtonian solutions 
of polystyrene, following the method of Magnusson (M4), but were unable 
to obtain good correlation of data. As they state, their solutions acted as 
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Newtonian liquids at low shear stresses but became very non-Newtonian at 
high shear stresses and this undoubtedly then introduced the effect of other 
variables such as impeller diameter. 

3. Metzner and Otto (M6) were the first investigators to propose a useful 
procedure for prediction of power consumption in non-Newtonian fluids 
using fundamental viscometric data. They started by calculating an apparent 
viscosity (μα) by the technique of Magnusson. Reference to the equation re-
lating viscometric properties 

enables calculation of the mean shear rate under the particular conditions of 
agitation. By analogy to viscometric theory it was then assumed that the fluid 
motion in the vicinity of the impeller could be characterized by relating shear 
rate to impeller speed as 

If such a relationship were validated and the constant established, it is obvi-
ous that it becomes a simple matter to predict power consumption from the 
rheological data. One would need only the viscometric curve (shear stress vs. 
shear rate) for the fluid under study and μα could be calculated directly for 
substitution in the Reynolds number to be used in an NP-NRt plot. 

For the disk flat-blade turbine used in their study, a value of 13 was pro-
posed for the proportionality constant Κ and, in general, their approach was 
found to be a workable one for pseudoplastic fluids. 

4. Foresti and Liu (F3) correlated their data by empirical modification of 
the Reynolds number. Their agreement was good, particularly in view of the 
fact that they included such dissimilar impeller types as turbine, anchor, and 
cone. Their expansion of the Reynolds number to describe the entire system— 
impeller and vessel—is possibly not as convenient a correlating approach as 
reference (M6) but it does recognize the variables encountered when geo-
metric similarity does not exist. They found a dilatant clay suspension could 
not be correlated by the same method as their pseudoplastic fluids. 

5. Calderbank and Moo- Young (C3) studied a wide variety of sizes and 
types of impellers in Bingham, pseudoplastic, and dilatant fluids and con-
firmed the conclusion of Metzner and Otto that the shear rate at an impeller 
is directly proportional to the impeller speed. However, they found the con-
stant Κ to be 10 for pseudoplastics rather than 13. Their complete data for 
two impeller styles with both pseudoplastic and Bingham fluids is reproduced 
in Fig. 13. The dashed lines in the figure are for the same impellers operating 
in Newtonian fluids. 

For dilatant fluids the relative size of impeller and vessel influences the 

(35) 



FIG . 13. Power consumption of impellers in non-Newtonian fluids. From Calderbank and Moo-Young (C3). 
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shear rate. Equation (4) in reference (C3) representing this effect is in error 
(Ml4) and is correctly: 

6. Metzner and associates (M8) extended their work to cover a broader 
range of impeller and system variables and included study of multiple im-
pellers. For the disk flat-blade turbine they have revised the value of Κ in Eq. 
(24) to 11.5 i 1.4. For a six-blade 45° pitched-blade turbine, a Κ of 13 ± 2 is 
recommended. For marine propellers AT was 10 ± 0.9. All these values are for 
fluids with a flow behavior index less than unity (Bingham plastic and pseudo-
plastic) and, of course, apply to- the laminar and transition range of flow. 

This study is very comprehensive for the three impeller styles studied and 
the accuracy of the proportionality constant has been greatly improved. The 
minor variations in the values of Κ noted are of little practical importance 
in predicting power consumption since errors in Κ produce proportionally 
much smaller errors in power consumption. 

7. Calderbank and Moo- Young (C4) have presented a general correlation 
for power consumption of agitators in both Newtonian and non-Newtonian 
fluids. They have correlated data on a wide variety of impeller designs and 
configurations by using a modified power number and a generalized Reynolds 
number. Their generalized Reynolds number uses an expression for shear rate 
derived from an analogy drawn between pipe flow and agitator operation 
giving2 

where K' is a constant for a particular geometric configuration and fluid type 
(i.e., pseudoplastic or dilatant). They state that the group [4/I'/(3/I' + 1 ) ] Λ / (1 ~~ w ) 

is fairly insensitive to the value of n' so that Eq. (37) is a further confirmation 
of the expression proposed by Metzner and Otto. In Table III their values 
for K' are shown for several impeller types with both pseudoplastic ( « ' < 1 ) 
and dilatant ( « ' > 1 ) fluids. 

8. Comments 

a. The relatively rapid development of a concept and the availability of 
usable data should not be construed as meaning that knowledge of power 
consumption in non-Newtonian fluids is now on a par with that for Newtonian 
liquids. The prediction of power in non-Newtonian fluids does not now possess 
an over-all reliability better than ± 2 0 %. 

b. While not mentioned earlier, it is assumed that the sphere of interest 

2 In Eq. (37), η refers to the exponent on shear rate in the power law relationship com-
monly used to characterize the flow properties of non-Newtonian fluids: τ = k{du\dr)n'. 

(36) 

(37) 
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Table III 

Non-Newtonian Fluid Mixing Factor K' 

(Data from Réf. C4) 

Pseudoplastic {ri< 1) Fluids 

T\Da 

Impeller > 1.5 1.184 1.111 1.072 1.047 

Anchor* 19 39 51.5 71.5 84 
6-blade turbine 11.6 — — — — 
2-blade paddle 10 — _ — — 
3-blade propeller 10 — — — — 

Dilatant {ri > 1) Fluids 

T/D 

Impeller 1.5 2.0 3.0 2.13 

6-blade turbine 50 34.5 25.5 — 

2-blade paddle — 27 22.5 — 

4-blade propeller — — — 23.5 

a Wall baffles: wb = 0.1 Γ and nb = 4. 
b No baffles. 

with non-Newtonian fluids—insofar as power is concerned—lies only in the 
laminar and transition range. Beyond that, in the turbulent range, viscosity 
has no effect on power. It should be noted though that the shape of the transi-
tion curve and the point of transition to turbulent flow do not coincide with 
the Newtonian curve (see Fig. 13). 

c. Calculation and interpretation of viscometer data are a necessary first 
step in the determination of a modified Reynolds number. Couette (rotational) 
viscometer equations given by Krieger and Maron (K6) were used by Metzner 
and Calderbank and references (C3) and (M6) are a convenient source for 
them. Severs and Austin (S3) give equations for Poiseuille (extrusion) viscom-
eters. 

VI. Flow Pattern and Power 

The emplacement of the impeller in the tank and the type and arrangement 
of enclosure and internal obstacles control the power draw by the way they 
affect flow pattern. Our understanding of this area of agitation is far from 
complete—peculiar behavior of impellers has been observed in situations of 
low power per unit volume, zone uniformity applications, and partially 
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baffled designs. Power fluctuation and shaft deflection are well-known indica-
tors of random flow pattern cycling. Continuation of the studies of velocity 
distribution and energy dissipation such as those in references (Al , A2, M7) 
will undoubtedly ultimately lead to a fundamental comprehension which will 
allow a uniform approach to this subject. But for now we must be satisfied 
with pragmatic handling. Fortunately, there are many facts which can be 
offered to fix the effect of flow pattern control on power in most of the con-
ventional industrial applications. 

A. ECCENTRIC MOUNTING 

By creating an unbalanced flow pattern, swirl can be reduced or eliminated, 
thus increasing or maximizing power consumption. Off-center mounting of 
radial or axial flow impellers is a feasible and often-used alternate to baffled 
tank installations. It is commonly employed with propellers but less frequently 
with turbine agitators because of the design problems created by the lateral 
load imposed on the shaft by the hydraulic unbalance. Eccentric mounting 
can be particularly helpful though in turbine applications in the medium 
viscosity range and with non-Newonian fluids where baffles would cause stag-
nation but yet some countering of swirl is required. 

7. Propeller 

a. Eccentric angle. This type of mounting for top-entering propeller agitat-
ors is shown in Figs. 14 and 15. The logic of the positioning is readily appar-
ent: the propeller is displaced so that its axial discharge will oppose the 
circular motion produced by its rotation. Thus, with a left-hand propeller 
which rotates clockwise when viewed from above, shifting to the right side 
of the centerline will place the thrust against the swirl. For permanently 
mounted top-entering propeller units, displacement Y is set at T/6 and then 
X is usually close to T/4 to T/3 for an α of 10°. Dimension X is, of course, 
limited by a need to keep the nozzle or other tank mounting an appropriate 
distance inside the tank shell. Portable agitators have clamps allowing uni-
versal swiveling and the values of α and β in Fig. 15 can vary from 5° to 20°, 
depending on tank geometry. In all cases of angle mounting it is important 
that the propeller not be located across the center plane of the tank normal 
to the agitator shaft, in the plan view. The shaft angle and propeller position 
are critical if power consumption equivalent to full baffling is desired, but 
such preciseness is seldom necessary in industrial practice. 

b. Eccentric lateral. This type of mounting of propellers with the shaft 
parallel to the tank axis was investigated by Kramers et al. (K5). They com-
pared power consumption with a tank having four baffles of 0.1 Γ width and 
found that a lateral displacement of Γ/8 drew 80 % of full power and T/4 drew 
90%. 



154 Robert L. Bates, Philip L. Fondy, and John G. Fenic 

FIG. 14. Eccentric angle mounting of top-entering propeller agitator. 

c. Horizontal shaft. This type of mounting of side-entering agitators is 
with the shaft parallel to the tank bottom. In large tanks, as is the usual 
installation case, full power of the propeller is realized since it exerts too 
small a turning moment on the batch to develop swirl. In practice though, 
some swirl is deliberately generated to develop a helical flow pattern which 
will rotate the tank contents through the propeller as well as give top to 
bottom turnover. This rotational motion is produced by locating the propeller 
on the side opposite that for top-entering units. Two layouts are shown in 
Fig. 16; they are actually identical mountings but both methods are com-
monly used for specification purposes. 
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FIG. 15. Eccentric angle mounting of portable propeller agitator. 

2. Turbine 

It has long been known that reduction in swirl can be obtained sufficient 
to give power consumption nearly equal to a fully baffled condition if a tur-
bine agitator is shifted far enough off center. It can reasonably be assumed 
that the amount of swirl reduction is mainly a function of the eccentricity of 
the shaft position but is obviously also influenced by the DjT ratio and the 
liquid viscosity. The only mention of this subject known to the author is the 
brief treatment by Kamei et al. (K2). Their conclusions represent only a few 
runs with one flat-blade turbine in three different vessels and are generalized 
in Fig. 17 only to show the qualitative nature of the effect. 
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FIG. 16. Installation of side-entering agitator. 
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FIG. 17. Effect on power of eccentric mounting of turbine or paddle. 

B . BAFFLES 

Unless swirl is desired, all vertical-shaft central-mounted impellers in low 
viscosity liquids must have baffles of some sort. Many means of introducing 
opposed area are possible, but they all aim at converting rotary motion to a 
vertical turnover pattern and allowing application of full impeller power. 

The general statements regarding baffling hold true for both radial and 
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axial flow impellers but there is a different intrinsic effect. Referring to the 
NP-NRG plot, Fig. 4, the axial flow style has the same essential shape of curve— 
baffled or unbaffled—and only the position is altered by eliminating swirl. 
But with a radial discharging impeller it is seen that the introduction of 
baffles causes the power number to become constant at a lower Reynolds 
number. 

The need for baffling as a function of viscosity has not been reported. 
Lyons (L4) states that baffles should be eliminated "somewhere above 60,000 
cps" but if a viscosity value must be used as a limit, it would be safer to antici-
pate reduction of opposed area at a value one-tenth of this. If the impeller 
Reynolds number shows operation to be in the laminar range already, no 
baffles are required—or at least there will be no change in power character-
istic. 

1. Sidewall Baffles 

The phrases "100% baffling" or "full baffling" are commonly used, both 
in academic and industrial parlance, but are variously defined in terms of 
number and widths of baffle plates. These are, of course, assumed to be con-
ditions which give approximately maximum power consumption but at the 
same time it must be remembered that there are various definitions of stand-
ard baffles and the actual impeller power number must be expected to vary 
with changes in total opposed area. 

a. Standard design. Four flat baffles are most frequently used. Many funda-
mental studies have used a baffle width of Γ/10 but industrial practice is 
almost universally Tj\2. The difference in impeller power between the two 
is small, as shown in Fig. 9. 

b. Position. When enough baffling is present to maximize power con-
sumption, baffle position has no noticeable effect on power. Industrial prac-
tice is to provide a clearance at the tank wall of about one-sixth the baffle 
width to eliminate a stagnant fillet. 

c. Pitch. Mack and Kroll (Ml ) found no difference between "with flow" 
and "against flow" pitching of the baffles, the indication being that the pro-
jected width is the effective baffling surface. 

d. Length. As would be expected, maximum power consumption is realized 
when the baffles extend the full liquid depth. In practice they are usually 
terminated above the tank bottom to prevent solids build-up. The most 
effective portion of side-wall baffles is the section in the plane of the impeller, 
particularly with a radial discharging style. Any necessary shortening of 
baffles should take place at the end remote from the impeller, usually at the 
liquid surface. 

2. Special Baffles 

Any stationary object located beyond the axis of rotation of the impeller 
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will act as a baffle. Often, the obstacles of thermowells, coils, etc., must be 
considered in this connection and in some cases special baffle designs are 
dictated by the impeller or tank design. 

a. Helical coils. The paper of Bissel et al. (B9) deals at length with the 
combination of helical coils and side-wall baffles. The quantitative effect on 
power of different arrangements is shown to be different for propellers than 
turbines, but the qualitative effect is the same. Only their data on turbines 
will be mentioned here. The reference system, termed 100% power, is four 
full-length baffles of 7712 width. Helical coils alone add little to the resistance 
to swirl. A coil at the tank wall gave 30 % of maximum power, and a coil with 
an outside diameter of 0.8Γ gave 3 6 % (an unbaffled condition would be 
approximately 21 %) . In adding side-wall baffles to a tank with helical coils 
they can be placed inside the coil, between the coil and the tank wall or split 
between the two. Reference (B9) states that larger baffles are required when 
the area is placed inside the coil. For example, a width of Γ/10 inside the coil 
gives 7 8 % of the power of T/12 outside it. This finding was confirmed in 
general by Oldshue and Gretton (03) , but the difference was less marked: 
using the same baffle width they found that placement inside the coil gave 
83 % of the power of outside baffles. 

b. Vertical Coils. Vertical heat transfer tubes can be arranged in planes 
to act as baffles, but the effectiveness of the design cannot be compared on the 
basis of projected width. Dunlap and Rushton (Dl ) used six banks of coils 
whose projected width per bank was equivalent to Γ/8.5 but they obtained a 
power response only about 75 % of four Γ/10 baffles. However, full baffling is 
not necessarily desirable with this type of heat transfer surface since some 
swirl improves fluid flow between individual tubes and gives a better over-all 
distribution of velocity over the tube periphery. The "Platecoil" type of 
vertical heating surface would be expected to act like standard side-wall 
baffling insofar as power consumption is concerned. 

c. Vertical finger and horizontal baffles. These baffles are used with paddle 
impellers to reduce swirl when viscosity is low or to produce a shearing or 
kneading action when consistency is high. N o power data are available. 

d. Stators. These are a form of baffling located adjacent to a radial dis-
charging impeller. They consist of plates mounted in a ring, the plate form 
being either flat, inclined, or curved concave to the impeller discharge. A 
stator ring has been used in lieu of any other baffling and sometimes in addi-
tion to side-wall baffling. N o power data are available with standard turbines 
to isolate the effect of a stator ring. Relative power consumption of a shrouded 
centrifugal pump-type impeller from reference (R6) taken in a baffled tank 
at NRe = 105 shows an increase of only 4 % by addition of a stator ring. Van 
de Vusse (V3) gives a small amount of data on a stator ring with one design of 
curved-blade turbine. 

e. Cruciform baffle. A cruciform baffle consisting of two crossed plates on 
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the tank bot tom was introduced by Reavell (R l ) for use with axial flow im-
pellers. An unpublished study ( B 5 ) has shown that this baffle design is effec-
tive only when the impeller is located within one diameter of the baffle. 

C . DRAFT TUBES 

The presence of a draft tube has little mitigating effect on the tendency to 
swirl, and baffles in both the tank and the tube are needed to obtain maximum 
power consumption. Draft tubes are usually used with axial impellers to 
direct and control the suction and/or discharge streams. In these installations 
there is always the possibility of introducing a head characteristic which can 
increase power well above the normal baffled value. Too many variables are 
involved in these applications to allow concise coverage here, but most manu-
facturers of propeller-type agitators are able to analyze a design to determine 
the expected head and then predict the power effect. 

D . GEOMETRY BAFFLING 

Practically all power studies have been made in vertical cylindrical vessels 
with a free liquid surface. Data on other arrangements which may occur in 
practice are limited. 

7. Tank Shape 

Square, rectangular, or horizontal cylindrical tanks with vertical shaft in-
stallation show a swirl damping effect intermediate between baffled and un-
baffled cylindrical tank design ( B 6 ) . The amount of side-wall baffling needed 
to achieve maximum power has not been explored extensively, but it is com-
mon to add two baffles at 1 8 0 ° on the tank wall adjacent to the impeller. 

2. Absence of Interface 

This is a condition encountered in continuous flow systems, such as in 
liquid-liquid extraction. The effects on power are unusual. Flynn and Treybal 
(F l ) found that more baffling is required in vessels completely filled with 
liquid than is needed where an air-liquid interface exists, to insure a fully 
baffled condition. This work was extended by Laity and Treybal (LI) who 
confirmed that a 1 6 . 7 % baffle width was required to give the same power as a 
width of 1 0 % Γ having a free surface. 

E . FLOW RATE 

Again with continuous flow systems, Laity and Treybal (LI) found a small 
but measurable effect of flow rate on power number. They obtained an in-
crease in power number linear with the ratio of flow rate to vessel diameter. 
Above a retention time of 32 sec , doubling the flow rate yielded approximate-
ly 1 4 % increase in power. 
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F. STARTING TORQUE 

On large machines it is sometimes desirable to use special starting equi-
ment to reduce initial energy input. On centrifugal pumps, the starting torque 
is minimized by starting in a no-flow condition but with an open agitator im-
peller this is not possible. Various estimates for starting load as a fraction of 
full load ranging from 18 to 35 % have been used in the past in mixer design, 
based on the assumption that the cube law renders the power negligible until 
the shaft reaches full speed. But in the paper by Nagata et al (N3), the 
instantaneous power consumption of paddles was shown to be equal to the 
maximum power obtainable from the impeller. Although their specific data 
were presented for an unbaffled vessel, the maximum power value used for 
comparison was computed for a baffle design. It thus would appear that mech-
anical design should be based on the maximum power level of the impeller. 

VII. Impeller and Process Power Selection 

In previous sections various impeller types have been described and 
data presented to cover power requirements under a multitude of physical 
conditions. We shall now consider the principles involved in selecting the 
proper impeller configuration and process power to satisfy a specific agitation 
problem. The over-all design must consider the nature of the mixing prob-
lem, fluid properties of the regime, and the economics of machine design and 
installation. This is a complex task and here we shall discuss only the general 
considerations which apply to all impellers, particularly for a preliminary 
selection. The designer should become intimately familiar with the factors 
affecting impeller selection prior to the considerations of process power. 

A. IMPELLER SELECTION 

It is a common misconception that the nature of the mixing problem is the 
only important factor in impeller selection. It is possible to use any impeller 
type, whether propeller, turbine, or paddle, to satisfy a wide variety of ser-
vices. However, higher horsepower, higher cost, or loss of over-all perform-
ance will result from incorrect selection of the impeller. Fortunately, the 
primary considerations can be easily stated, understood, and applied. 

L Viscosity and Volume 

The preliminary selection of impeller should be made by an inspection of 
the variables of viscosity and batch size. Figure 18, after Bates (B3), corre-
lates these in a general sense. It must be emphasized that the portrayal is 
relative—the limits for each type can be shifted by other variables and con-
siderable overlapping of ranges can occur. Generally, any style will amply 
handle the requirement of the ranges below it. 
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FIG. 18. I m p e l l e r s e l e c t i o n c h a r t . 

2. Cost vs. Speed 

In machine design, at constant horsepower, it is axiomatic that drive cost 
increases as speed decreases. Cost is further compounded in an agitator by 
the fact that a lower speed means a greater impeller diameter and opposed 
area; a real factor when wetted parts are of some exotic alloy. Referring to 
Fig. 18, note that selection of an impeller type occurring above that dictated 
by the viscosity-volume relationship will generally lead to a larger impeller 
and a lower shaft speed which will often result in a more expensive machine 
than is required. Naturally, there are contingent considerations such as shaft 
design which can alter a choice, but selection of an impeller type should 
always be with the deliberate intent to do the job with the highest reasonable 
speed. 

3. Flow and Head 

The flow rate of fluid discharged from an impeller is related to the theoreti-
cal fluid head which causes this flow by the following equation: 

Ρ = QHP (39) 

where Ρ is power in ft.lb./sec, Q is flow in cu.ft./sec, ρ is fluid density in 
lb./cu.ft., and Η is fluid head in ft. Both flow rate, Q, and fluid head, H, are 
related to fluid velocity; Q is a velocity times the area perpendicular to the 
fluid flowing (Q oc ND3). This subject is treated extensively in Chapter 4. 

The same power consumption can be obtained at high head and low flow 
or vice versa. The parameters DjT, number of blades, and rotational speed 

M o d i f i e d Paddle 
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can be adjusted to produce anything from high flow at low head to low flow 
at high head. A large diameter, high DjT, low r.p.m. turbine is an example of 
the former and a small diameter, low DjT, high r.p.m. turbine illustrates the 
latter case. A high-flow rate, low head impeller provides effective blending 
performance. A low-flow rate, high head impeller provides good dispersion 
and mass transfer in immiscible liquid systems. Various aspects of this sub-
ject are discussed in detail by Rushton and Oldshue (R7, R8). 

4. Performance Characteristics 

There are many miscellaneous facts relating to the performance of impellers 
which are intrinsic in their selection. A brief discussion of the major impeller 
types will more clearly illustrate their area of application. 

a. Propellers. This impeller is characterized by high discharge capacity 
with low head and thus provides effective blending performance. Since pro-
pellers are primarily used for blending, it is significant to note the consider-
able increase in circulating capacity resulting from the use of a lower speed 
and a larger diameter. Under turbulent flow conditions and at constant power 
number and constant power, when N3Db is constant and Q = ND3, it can be 
shown that the impeller discharge rate, Q, is inversely proportional to N*15. As 
an example, the discharge rate at constant power at 420 r.p.m. is (1750/420)4 /5 

or 3.13 times that at 1750 r.p.m. This gain in circulation must be balanced 
against the higher cost of a low-speed unit and the possible process need for a 
high velocity such as for suspending solids. 

Another characteristic of propellers (although not widely appreciated) is the 
sensitivity of axial flow impellers to almost any change in viscosity. In Fig. 19 
the conventional NP vs. 7VRe plot has been modified to illustrate the sensitivity 
of propellers to viscosity ; the power factor is a ratio to a water horsepower 
condition. For example, a 9-in. diam. propeller at 430 r.p.m. in a 1250 cp. 

1 0 0 , 0 0 0 

« n i I I I I I 1 I I I I 1 I 
1.0 1.5 20 ^5 3.0 3.5 4.0 
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FIG. 19. Viscosity and propeller power. 
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and 1.0 specific gravity fluid would have a Reynolds number of 300 and would 
then draw twice its water horsepower. Corresponding to the marked power 
increase with viscosity is a reduction in discharge capacity. For this reason 
propellers are used mainly in low viscosity applications. 

Economics of construction usually dictates the use of propellers with low 
DjT ratios—a 30-in. diam. prop, in a 150-ft. diam. vessel is common. 

b. Turbines. The basic economy of this impeller type allows the designer 
considerable latitude in adjustment of the flow-head relationship. Thus, tur-
bines are used for a wide variety of applications from multiphase dispersions 
to high viscosity blending with proper control of impeller style and DjT 
ratio. A flat-blade turbine with DjT ratio of 20 % represents a good choice for 
many dispersion operations-while a pitched-blade turbine with DjT ratio of 
two-thirds is optimum for certain blending applications of viscous non-
Newtonian fluids. 

Since the sensitivity of axial flow impellers of all types to a change in vis-
cosity has been mentioned, it would be well to call attention to the reverse 
characteristic displayed by radial flow turbines. As shown in Fig. 7, flat-blade 
and curved-blade turbines have a power characteristic curve which renders 
them independent of viscosity at all but low Reynolds numbers. Thus, an 
impeller of this type can be sized for operation at a low viscosity and yet not 
overload with liquids of much higher viscosity (to as low as NKe = 15). 

Some of the turbine styles are particularly suited to certain applications. 
The flat-blade, or disk flat-blade, most universally used for mass and heat 
transfer operations, is especially recommended for gas-liquid dispersion be-
cause of the ability to obtain a high discharge velocity normal to the gas 
flow path. The pitched-blade style is primarily considered for blending because 
of its high-flow characteristic, but its axial component makes it ideal too 
for solids suspension. The curved-blade, considered to have a lower mechani-
cal tip shear effect, is used in suspensions of fragile crystals, pulps, fibers, etc. 
Shrouding a turbine has been done frequently in the past, but no evidence of 
improvement in performance has been published. Lee et al. (L2) show it to 
have performance inferior to an open impeller in the laminar and transition 
ranges. As described earlier the practical use of a shroud is for control of im-
peller suction or discharge. An example is in drilling mud mixer service in 
earth pits, where a full bot tom plate on the impeller prevents erosion of the 
floor of the pit. 

c. Paddles. As discussed earlier, the basic paddle is by physical form simply 
a form of turbine impeller. Its selection in most cases is basically the same as 
a turbine with large DjT ratio such as blending of viscous non-Newtonian 
fluids. As noted for turbines in Fig. 18, the basic paddle is used mainly in what 
may be termed "intermediate viscosities." The anchor is a general purpose 
paddle which finds wide use in viscous agitation. It is used primarily to pro-
mote wall heat transfer in viscous media and the characteristics of operation 
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are treated in Chapter 6 (Vol. II). The helix is unmatched for blending of highly 
viscous materials. It has been used successfully as high as 25,000,000 cp. The 
helix provides a positive and rapid top-to-bottom turnover pattern and, unlike 
other paddle impellers, its blending performance is readily predicted for 
Newtonian materials (N5). The helix is inherently well suited for wall heat 
transfer because of close proximity to vessel wall as discussed in Chapter 5. 

d. High Shear Impellers. High shear agitation here refers to the classes of 
application known as emulsification, dispersion, or homogenization. It is the 
narrow processing area lying between the agitation intensity of conventional 
impellers at high Pj V and the shear forces generated by homogenizers and 
colloid mills. Proper selection of impellers for this service involves maximiz-
ing the impeller head (N2D2) and minimizing the flow (NDZ). This is done by 
using a relatively small DjT ratio, a high speed, and a small opposed blade 
area. For a quantitative evaluation of the performance of various impeller 
types the paper of Fondy and Bates (F2) should be consulted. 

5. Multiple Impellers 

While it often makes little difference in performance, the choice between a 
single and a dual impeller system does affect the economics of an installation. 
In turbulent flow a single impeller provides the most effective use of energy 
for normal batch geometries. And, as pointed out by Oldshue (02) and 
Karow et al. (K3) in studies of gas dispersion, use of multiple impellers can 
result in poorer rate coefficients. Adoption of multiple impellers must be in 
response to environmental factors such as tank geometry (high ZjT) or high 
viscosity, or special process dictated needs. 

In this same vein, the practice of opposed-flow impellers has yielded to the 
knowledge gained from study of flow patterns and multiple axial-flow im-
pellers are now always arranged to operate in tandem. 

B. PROCESS POWER SELECTION 

Within economic limits the designer's job is to minimize the power require-
ments to accomplish the mixing operation. The first step is, naturally, a logical 
choice of impeller type, size, and number as described in the previous section. 
However, the selection of the necessary operating speed and thus power re-
quirements is no simple matter. As a result, many industrial agitators are 
sized by the "case history" approach. Where no previous experience is avail-
able model studies can provide a sound design basis. 

1. Case Histories 

Typical of all empirical subjects, many rules-of-thumb have been developed 
for industrial application of agitators. Because of its convenience, power per 
unit volume has been used almost solely in this method of selection. Much of 
the academic criticism of this approach stems from the fact that P/V is not 
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necessarily a proper way to scale many operations. But with the case history 
analysis, the designer is usually translating from one plant size operation to 
another similar one and the scale factor is relatively small. And because many 
of the selection procedures are based on years of experience and a gradual 
trend toward the minimum, they represent an optimum design. A few of these 
power rules will be given to illustrate typical practice. For applications shown 
the DjT ratios are normally about one-third with turbines and less than one-
fifth with propellers. The power rules have naturally developed by industry 
or field of application and thus will be presented that way. 

a. Edible oil. Blending of raw vegetable oils is usually done in tanks with a 
capacity from 100,000 to 1,000,000 lb. of oil. Side-entering propeller agitators 
are used for this service. Past practice was the use of 2 hp./100,000 lb. but in 
recent years 1 hp./100,000 lb. has become quite common. Hydrogénation of 
vegetable oil is, of course, a gas dispersion operation and is carried out in 
vessels with a high ZjT ratio. Two or three flat-blade turbines invest power 
(ungassed) of 0.6 hp./1000 lb. when commercial catalyst is used. Specially 
treated catalysts with higher activity justify the use of power as high as 
1 hp./1000 lb. Fat splitting to free fatty acids is a homogeneous reaction which 
depends on a high level of over-all agitation. Both propeller and flat-blade 
turbine impellers are used here, the power ranging from 20 to 25 hp./100,000 
lb. of oil. 

b. Metal treating. Quenching of steel in heat treating is a severe heat re-
moval problem in which extreme turbulence is required. Propeller agitators 
are used: when oil is the quenching medium, the net power range is 4 to 6 
hp./1000 gal. for tank volumes from 50 to 50,000 gal. ; for water or brine, the 
range is 3 to 4 hp./1000 gal. Pickling of steel is an application where a rela-
tively small power investment gives a considerable improvement in perform-
ance. The use of f to 1 hp./1000 gal., properly invested by a propeller agitator, 
will often cut pickling time in half. Plating applications cover a broad range 
of service from solution preparation through storage to the actual plating 
tank and the specific agitation intensity will vary. However, this entire process 
is characterized by low power per unit volume. A maximum of 1 hp./1000 gal. 
with propellers is found in the dissolving operation, ranging to as low as one-
tenth of this for the plating tanks. 

c. Petroleum. Blending of gasoline with propellers usually requires a power 
investment of 0.3 to 0.6 hp./1000 barrels (42 gal. standard). The lower value 
is considered a minimum for any design condition, and the latter is the 
selection for a blend time of two to three hours when the density difference 
ratio is 0.02 (typical for tetraethyl lead and gasoline). Crude oil blending and 
suspension of sediment are required for efficient pipeline and refinery oper-
ation. Side-entering propeller units are used and the power application ranges 
from 0.4 hp./1000 barrels at the 20,000-barrel level to 0.25 at 200,000 barrel 
capacity. Drilling mud mixing to prevent settling of solids and floating of gel 



166 Robert L. Bates, Philip L. Fondy, and John G. Fenic 

is an adjunct to most oil well drilling operations. The slurry is non-Newtonian 
and abrasive and large diameter, low peripheral speed turbine impellers are 
used with a power input 0.7 to 1.0 hp./1000 gal. 

d. Pulp and paper. Pulp stock agitation is accomplished with a surprisingly 
low unit power investment considering the high apparent viscosity. Both 
propellers and pitched turbines are used, the design of course adjusted to 
handle a pseudoplastic fluid characteristic. Power investment can vary widely 
with stock type and consistency but, e.g., a 4 % bleached sulfite pulp is kept in 
motion and mixed with power investment of 1 to 2 hp./1000 gal. Clay, used 
for coating and filling paper, is slurried directly to a concentration of about 
70 % by weight by a turbine agitator. Intense agitation to prevent agglomera-
tion and produce good dispersion is accomplished by the use of 10 to 12 
hp./1000 gal. Storage then requires only \ hp./1000 gal. and is invested by a 
side-entering propeller unit. Worth noting on these applications is the high 
fluid specific gravity (1.78) which means that 1.78 times the power for water is 
needed to produce the same results in the more dense fluid. Salt cake dissolv-
ing is one of the several pulping liquor applications requiring agitation. 
Rapid incorporation and dispersion of the fluffy powder is achieved by pitched 
blade turbine impellers investing 3 to 3 J hp./1000 gal. 

e. Water and waste treatment. "F lash" or " rap id" mixing in water treat-
ment is the primary chemical dosing operation. It is a continuous process 
and 2 hp./1000 gal. with pitched turbine is an average selection index for a 
retention time of one minute. Activated carbon slurries of about 1 lb./gal. 
concentration used for water treatment are prepared and maintained in uni-
form suspension by pitched-blade turbine agitators using y to J hp./1000 gal. 
Biological oxidation of waste material, a gas-dispersion-controlled mass 
transfer operation, is promoted by flat-blade turbine agitation. Both absorp-
tion coefficient and oxygen uptake rate are a function of power, but most 
selections range from 0.5 to 1.5 hp./1000 gal. (Contrasted with the 7 to 12 
hp./1000 gal used in antibiotic fermentation.) 

2. Model Studies 

The universal use of power per unit volume in case history sizing has all too 
often been extended carelessly to the results of model studies. The method of 
treating model data has been covered by references (B3, B4, J2, J3, R2, R3 , 
R4) and certainly deserves careful consideration. Both power-oriented studies 
and dimensionless group correlations can be useful tools when properly 
applied. 

a. Direct scale-up by power per unit volume. It is often difficult and un-
necessary to express the desired process result in a dimensionless form. 
Horsepower per unit volume as an index of the conditions required to give an 
acceptable process result is one of the most useful methods available. All too 
often, however, a model study will consist of one impeller configuration in 
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FIG. 20. Power per unit volume for equal process result. From Bates (B3). 

volume being the ordinate and batch size the abscissa. The extent to which one 
should extrapolate this plot is, for one thing, a function of the accuracy of the 
slope, which is dependent upon the increment of batch volume obtainable. 
Naturally, too, the confidence in extrapolation decreases as the slope departs 
from zero which represents constant power per unit volume. In Fig. 20 
curves Β and B' are typical deviations. Curves C and C would be considered 
wide variation from constant horsepower/volume and would indicate a pro-
cess demanding more detailed study. 

Power per unit volume scale-up has been discussed in the literature ; Buche 
(B12) and Hirsekorn and Miller (H3) on solids suspension, Treybal (T2, T3) 
and Barker and Treybal (Bl) on liquid-liquid mass transfer and gas-liquid 
studies in references (C8, H9, K3, K4) are each of particular interest. 

b. Dimensionless group correlations. Dimensionless groups are ratios of 
like quantities (lengths, forces, velocities, etc.) and permit a generalized 
characterization of the interaction of the physical variables in a system. An 
important result of the dimensional method is the ability to study the vari-
ables in a particular system under ideal conditions with model fluids^ then 
predict the results with any other fluids by substituting the magnitude of the 
physical quantities. An example is the NP vs. JVRe curve in Fig. 7 which can 
be easily developed with simple fluids such as water and corn syrup. The re-
sulting correlation can then be used to estimate power requirements with 
toxic, corrosive, or explosive fluids which would be inconvenient for direct 

one vessel size with the results scaled directly on a power basis without any 
appreciation of the underlying mechanism of the mixing operation. If the 
mechanism is not well understood the only safe approach involves use of two 
or more geometrically similar vessel sizes. A log-log plot (Fig. 20) of the type 
shown by Bates (B3) is then used to relate the two variables, power per unit 
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study. Another equally important result of a dimensionless group correlation 
is the inherent features for use in scale-up, although errors in treatment of 
data are common. 

Consider the problem of simple blending of miscible liquids. It is common-
ly thought that data should be correlated as mixing time vs. Reynolds number 
for a particular geometric configuration, and by holding geometric similarity 
in scale-up, equal Reynolds number will yield equal mixing time. This is in-
correct as the mixing time has not been properly expressed. Another incorrect 
analysis would presume that equal power per unit volume would yield equal 
mixing time in scale-up. A more sophisticated but still incorrect approach 
would insist on complete geometric and dynamic similarity in scale-up—but 
similarity does not predict equality of process result. The correct approach 
(B8) is to express the process result, mixing time, in dimensionless form, Nt9 

and correlate this group with the appropriate dimensionless groups of signifi-
cant variables, Reynolds number, Froude number, etc. Scale-up of this re-
sulting correlation follows directly and is covered fully in Chapter 4. It is of 
interest to note that for equal mixing times the power per unit volume in-
creases in scale-up. 

The most significant result of the above example is the importance of ex-
pressing the process result, mixing time, heat and mass transfer coefficients, 
etc. in dimensionless form. Correlations involving heat and mass transfer are 
covered in Chapters 5 and 6 (Vol. II). The existence of these tools is invaluable 
but certain precautions are necessary. Serious error can result, for example, if 
all variables are not included, and many times a significant variable is not intui-
tively apparent. Geometric similarity is not always easily maintained. For 
example, it is often not convenient to scale down particle size in a solid-liquid 
study. This can lead to serious error in scale-up. Further, even with geometric 
similarity the particle surface area per unit volume decreases with scale-up, 
an important consideration for dissolving operations. For further reading, 
Johnstone and Thring (J2) present a systematic development of the concepts 
of modeling and techniques of scale-up. 

VIII. Agitator Drives for Experimental Use 

The extent of data obtainable from an experimental unit for use in scale-up 
is often limited by an inadequate agitator drive. Many bench and pilot plant 
units are not even variable in speed which is one of the primary features of a 
well-designed experimental unit . 

A. DRIVE SELECTION 

Today, many small, variable-speed drives abound—but only a few have all 
of the features desirable for experimental use. The essential requirements are 
wide speed range, power characteristic of at least constant torque, good speed 
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regulation under varying load, availability with an explosion proof motor, 
and compactness and ease in mounting. These spécifications are for a drive 
intended for multipurpose small-scale service and, naturally, all are not 
mandatory for a given application. 

7. Speed Range 

The breadth of the speed range is not dictated by the need to vary power 
investment; with Ρ oc Ν3, a small speed variation will be needed for a given 
impeller. Rather, ample range must exist to allow a shift in impeller size and 
type. Typically, a general purpose \ hp. bench-scale drive should be adjust-
able over a 10:1 range, e.g., 110 to 1100 r.p.m. Pilot plant units usually pre-
suppose operation with only one impeller style or at least a somewhat limited 
flow/shear variation and thus a speed range of 3:1 to 4:1 is common. Because 
of the sensitivity of power and performance to small speed changes, a con-
tinuously variable control is needed. Obviously, multispeed motors have no 
application in this work other than possibly extending the range of a variable 
speed mechanism. 

2. Torque Characteristic 

The torque design of variable speed drives used for experimental work 
must be judged on a different basis than with single purpose agitators. In the 
latter, advantage can be taken of the aforementioned relation of power to 
speed to utilize a low-cost variable torque design. But in experimental studies 
the specific problem and selected impeller system may impose any load at 
any speed in the range. Thus, select a drive on the basis of its capability in the 
particular speed area anticipated immediately, but do not settle for less than 
a constant torque design. 

3. Speed Regulation 

Speed regulation here refers to the behavior of the drive under varying 
conditions of load. If for no other reason than to insure valid and consistent 
data, it is important that the agitator speed not fluctuate with the changes in 
batch fluid properties which often occur during a run. 

4. Classification 

In the light of the preceding requirements, some comment on the commer-
cially available drives should be made. In the approximate order of increasing 
costs : 

a. Small stirrers in a wide variety are found in laboratories but most are 
useless for investigative purposes. 

b. Brush shifting or variable voltage wound-rotor repulsion a.c. motors are 
least expensive but poor load-speed regulation renders them unsuitable for 
experimental work. 
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c. Eddy current clutch drives have good regulation ( ± 3 % ) , a broad speed 
range (1650/165 r.p.m.), and a constant torque characteristic. Unfortunately, 
they are available only with an open enclosure. 

d. Variable pitch pulley belt drives have good regulation and torque 
features but are somewhat bulky and cumbersome for a bench-scale setup. 
Available in both "package" styles and in the form of components, these 
drives are widely used in pilot plant designs in the large fractional and small 
integral horsepower drives. 

e. Metallic traction drives satisfy all of the requirements and have particu-
larly good regulation. Allowance must be made for a transmission loss of 
approximately 25 %. Ideal for bench-scale units, the cost and bulk become 
excessive when considered for larger pilot plant drives. 

/. Direct current motor drives are widely used, employing shunt or com-
pound wound motors with rectifier and transformer control from an alternat-
ing current source. Speed regulation varies from less than 1 % to as high as 
30%, depending on the type of winding and quality of control. Control is a 
separate component and must be located outside hazardous areas or entail 
the considerable expense of a special enclosure. 

B. POWER MEASUREMENT 

For most low viscosity fluids in equipment of conventional geometry, 
power can be calculated directly by using a basic impeller rating and correct-
ing for liquid density. But a more exact method of deriving power data is 
necessary if the liquid is non-Newtonian, if a gas phase occurs, or if unusual 
geometry or flow pattern conditions exist. 

1. Electrical Methods 

If possible, electrical methods of obtaining power data are to be avoided. 
Operation may be below the no-load current rating of the motor. Also, losses 
in transmission components and seals may be included. If wattmeter or am-
meter readings are necessary, the former are preferred and it would be advis-
able to obtain a specific motor performance curve from the manufacturer. In 
the absence of an individual motor curve, the typical relations shown in Fig. 
21 will be helpful. A brief discussion of the accuracy of various electrical 
methods is included in reference (A3). 

2. Dynamometers' 

A paper by Nagata and Yokoyama (N2) deals at length with the various 
methods of measuring power of agitator assemblies, and this reference should 
be consulted for an evaluation of relative merit. 

a. Vessel reaction. The popular design of early workers was a pivoted 
counterbalanced vessel. White et al. (W3) and Hixson and Luedeke (H5) used 
this type and present details of construction. The last reference shows a cross 
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section of the pivot bearing arrangement. The disadvantage of this dynamo-
meter arrangement is the need to keep the tank free of external connections 
such as fluid lines and thermocouple leads. Hippler (H2) in a brief study simi-
lar to that of Hirsekorn and Miller (H3), but using a vessel-reaction setup, 
concluded that their results are low because of use of a " torque table." 
Standart (S5), in a mathematical analysis, shows that the vessel-reaction 
arrangement is suitable only for the special case where the agitator shaft is 
vertical and coincident with the turntable axis. 

b. Drive reaction. A more direct approach to the problem is to permit the 
drive to rotate on its axis and then register the torque via a moment arm and 
scale. Figures 22 and 23 show schematically two setups of this type, using a 
commercial ball thrust bearing. In either, it is necessary to establish the 
bearing friction constant with the impeller in the air. This can be done by 

FIG. 22. Drive reaction dynamometer, balance scale (schematic). 
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FIG. 21. Motor performance curves, (a) 1-3 hp. (b) 5-7£ hp. (c) 10-100 hp. (d) 5-
100 hp. (Courtesy of Westinghouse Electric Corporation.) 
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FIG. 23. Drive reaction dynamometer, spring scale (schematic). 

using the scale to apply a gradual load on the drive arm. Figure 24 illustrates a 
bench-scale setup of this type. The stand is designed to handle vessels as large 
as 16 gal, and is equipped with adjustable legs and a level indicator. Details of 
construction of an extremely sensitive and friction-free design in which the 
motor is supported in air bearings is given in reference (CI). 

c. Deflection. Deflection or torsion dynamometers have the advantage of 
permitting rigid mounting of both vessel and drive but do usually complicate 
agitator shaft support. Many styles of construction have evolved for measur-
ing deflection, but all the devices are based on the principle of registering the 
displacement at a joint in the agitator shaft. Spring types for small units have 
been described by Bungay (B13) and Pocock (P2). Detailed construction of a 
unit suitable for pilot plant and field measurement is given by Uhl (UI) . 

d. Differential gear. Differential gear types have been widely used—for 
one, they can be readily derived from automotive parts—in large-scale studies, 
but the friction of the gear train introduces a serious error when the torque 
readings are small. 

e. Strain gage. Strain gage devices, a form of the deflection type, are manu-
factured by several companies such as Baldwin-Lima-Hamilton, Crescent 
Engineering and Research Co., and Metron Instrument. They are complete 
instruments and easily adapted to this work but are quite expensive. 

IX. Future Needs 

Power correlations are now available to cover most situations of practical 
interest. The major area of study should involve improvement in process re-
sults and power efficiency by improved impeller design and application. Some 
long-term studies are just beginning which will consider the fundamental 
nature of turbulence in agitated vessels. These studies will certainly shed light 
on the mechanism of the mixing process and are to be encouraged. Continu-
ing improvements are also encouraged in all phases of agitating non-
Newtonian fluids, gas-liquid and liquid-liquid contacting operations, and 



3. Impeller Characteristics and Power 173 

FIG. 2 4 . Drive reaction dynamometer with bench-scale agitator. (Courtesy of Chemineer, 
Inc.) 

mixing in continuous flow processes. Few studies can be found which com-
pare process performance and economy of agitated vessel systems with other 
classes of process equipment. For example, many contacting operations 
formerly conducted in packed towers have been handled with low power 
requirements and high economy in multistage agitated columns. 

Very little work has been done in determining which impellers are most 
effective in the various classes of agitation problems (blending, gas dispersion, 
solids suspension, etc.). Establishment of the design features which cause a 
certain type of impeller to be most effective in a given area could lead to 
more efficient designs. 
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In brief, what is most needed in agitation research at the present time is not 

extensive correlations of power consumption of inefficient mixing devices but 

intensive study directed toward design and selection of impellers which will 

utilize the power invested more effectively. 

List of Symbols 

A cross-sectional area 
C impeller distance off tank bottom, measured from lowest side of impeller 
CD drag coefficient [Eq. (10)] 
Δ C D/(T- D), wall proximity factor 
D impeller diameter 
De D — wL9 effective agitator diameter 
D'e equivalent agitator diameter [Eq. 27)] 
dujdr shear rate [Eq. (34)] 
g gravitational acceleration 
gc Newton's law conversion factor, 32-2 (lb.) (ft.)/(sec.2)(lb.f) 
F J mathematical functions 
FD drag force 
H fluid head 
K, Ku K\ K'\ k constants 
/ blade length 
L vertical arm length or a characteristic length 
Le L—wD/2, effective depth of agitator 
L'e equivalent vertical arm length [Eq.(27)] 
η number of impeller blades 
nt number of effective blade edges [Eq. (26)] 
ri flow behavior index [Eq. (37)] 
nb number of baffles 
nv number of vertical arms 
Ν impeller speed, r.p.m., r.p.s. 
NFr Froude number [Eq. (6)] 
Ν ρ power number [Eq. (9)] 
N'p modified power number [Eq. (26)] 
NRe Reynolds number [Eq. (5)] 
N'Re modified Reynolds number [Eq. (10) in reference C4] 
ρ blade pitch 
Δρ pressure difference 
jP power 
Pm&x power, maximum attainable 
Pg power, gassed 
PQ power, ungassed 
Q flow rate, g.p.m., c.f.m., etc. 
S impeller spacing (Fig. 10) 
t mixing time 
u velocity 
Τ tank diameter 
Tb baffle width 
ν velocity 
V batch volume 
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List of Symbols {Continued) 

Vt superficial gas velocity based on cross section of tank 
w impeller blade width 
wb baffle width 
wL side-arm blade width [Eq. (27)] 
wD cross member width [Eq. (27)] 
X, y volume fraction [Eq. (28)] or displacement of propeller agitator (Fig. 16) 
Ζ liquid depth 

GREEK LETTERS 

α angle of agitator shaft from vertical 
β angle of agitator shaft from tank diameter 
ε eccentricity of shaft 
θ angle of impeller blade from horizontal 
Φ Νρ/ΚΝρτΫ] or angle of curvature of curved-blade turbine 

μ viscosity, absolute 
μα viscosity, apparent 
μΜ viscosity, average 
ρ density 
τ shear stress [Eq. (34)] 

SUBSCRIPTS 

g gassed 
x, y components of mixture 
c continuous phase 
d dispersed phase 
w water 
ο organic 
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