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Impeller design choice is key 
to stock agitator efficiency 

Axial-flow impeller design is both 
mechanically sound and energy-effi- 
cient for all top- and side-entering 
stock agitation applications 

By TOM C. DEVRIES 

m Although each stock agitator supplier has a design 
with its own unique features, they all have one thing in 
common—a drive design and an impeller design. The 
combination of these designs results in an agitator de- 
sign. To solve a particular stock agitation problem, the 
supplier selects an impeller design and couples this im- 
peller to a motor through a mechanical design consisting 
of a shaft, bearings, and a speed reduction device. Since 
most stock agitators are of the side-entering type, the fol- 
lowing discussion will focus on the differences in var- 
ious side-entering stock agitator designs from a process 
and mechanical standpoint. 

AXIAL VS RADIAL FLOW IMPELLERS. First, it is nec- 
essary to understand that a process result, such as stock 
blending or storage, is a function of the impeller design 
employed and the horsepower delivered by that impel- 
ler. In other words, the key to a successful agitator in- 
stallation is the proper combination of the impeller’s de- 
sign, its diameter, and its delivered horsepower. To 

Mr. Devries is market specialist, pulp and paper, Mixing 
Equipment Co. Inc., Rochester, N.Y. 

FIGURE 1: Top-entry agitator configuration. 

illustrate this point, two extremes of impeller designs— 
the radial-flow and the axial-flow impeller—will be re- 
viewed. Figures 1 and 2 illustrate these two designs in 
terms of discharge flow pattern in the top- and side-en- 
tering modes. 

As can be seen from Figure 1, the radial-flow impel- 
ler generates a “butterfly” flow pattern, wherein the im- 
peller draws material from both the top and bottom and 
discharges radially toward the sides of the chest, as op- 
posed to the axial flow, which draws from the top and 
discharges toward the bottom. In the top-entering mode, 
either design is acceptable, and in fact, the radial-flow 
impeller was used exclusively for years until the advent 
of the more efficient axial-flow impeller. 

Placing a radial-flow impeller in a side-entering 
mode produces a throttled, inefficient, and unacceptable 
flow pattern as depicted by Figure 2, which is exactly 
why radial-flow impellers should not be used on side- 
entering agitators. The axial flow, on the other hand, 
discharges along the chest floor, up the back wall for re- 
turn to the suction side of the impeller. This discussion 
will show that radial flow is an undesirable component 
in an impeller design because of its inherent inefficien- 
cies in the side-entry mode. 

“QUASI-AXIAL” FLOW IMPELLERS. The next step is 
to review the axial-flow concept as it relates to impeller 
design. Building a truly radial-flow impeller is easy, and 
most vendors of agitation equipment manufacture an es- 
sentially identical radial-flow impeller producing the 
same radial-flow pattern. It is not as easy to manufac- 
ture a truly axial-flow impeller. To do so requires accu- 
racy that is only available from a device such as a laser 

FIGURE 2: Side-entry agitator configuration. 
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velocimeter to accurately measure and record the mag- 

nitude and direction of flow leaving the impeller. The 

laser operates from outside the test tank, and therefore 

does not interfere with in-tank flow patterns. Without 

this technology, a truly axial-flow impeller could not be 

developed. What results, then, is a “quasi-axial” flow 

impeller consisting of both axial-flow and radial-flow 

components, as shown in Figure 3. 

Because the radial component does exist, a resultant 

flow is produced that does not parallel the axis of the 

impeller, and as a result, flow efficiency, expressed as 

flow per horsepower, is reduced. Not only does the radi- 

al component inhibit the impeller’s flow efficiency, it 

also creates additional mechanical loads on the entire 

agitator system. 

Through the use of a laser velocimeter, Lightnin Mix- 

ers has developed the truly axial-flow A310/A312 im- 

peller for use with its mixer line. The A312 (the side-en- 

try equivalent of the top-entry A310) has been specific- 

ally developed for use on Lightnin’s Model VS side- 

entry stock agitator to withstand the severe service 

encountered in the paper industry. 

Many “energy-efficient” impellers have been devel- 

oped. When the term “energy-efficient” is used in con- 

junction with an agitator, it implies that an impeller re- 

quires less horsepower to do the process—i.e., the flow 

per horsepower is higher. There are two ways to render 

an impeller energy-efficient (lower the horsepower re- 

quirement): (1) develop a truly efficient axial-flow de- 

sign that is different in design to other axial-flow impel- 

lers and that indeed requires less horsepower at the 

same diameter, or (2) increase the impeller diameter to 

lower the horsepower required to make the impeller en- 

ergy-efficient. 

Lightnin chose the first approach through the devel- 

opment of the A312. This impeller design generates at 

least 30% more flow per horsepower when compared 

with the next most efficient axial-flow impeller of the 

same diameter. 

APPROACH TO ENERGY EFFIGIENCY. Because the radi- 

al-flow component exists in quasi-axial impellers, its re- 

sultant flow is at an angle to the impeller axis and is 

herefore less flow-efficient. The axial-flow component 

is the component that does the work. The radial compo- 

nent wastes energy because this component recirculates 

back to the suction side of the impeller. To bring the effi- 

ciency of the alternate design (approach No. 2) impeller 

“up” to that of the A312 impeller, the diameter of the al- 

ternate impeller is increased at the same horsepower so 

that the axial-flow component has a magnitude of 1.0 

(Figure 4). Then both agitators have theoretically equal 

process capacity at the same horsepower. 

The two equal-horsepower agitators in Figure 4 will 

have equal process capacity only if the impellers are lo- 

cated properly with respect to the chest wall. To draw 

the proper horsepower and to pump the necessary flow, 

a side-entering impeller must be located no less than 

one half of its diameter from the wall on which the agi- 

tator is mounted. As an example, an impeller located 

one third of its diameter from the wall will draw 75% of 

the power and deliver 60% of the flow of the same im- 

peller located one half its diameter from the wall. This 

is a significant reduction in performance and is analo- 

gous to throttling the flow from a pump by restricting 

the available volume on the suction side of the pump. To 

provide for proper off-wall clearance for larger-diameter 

impellers, a longer shaft is required. This longer shaft, 

combined with a larger-diameter impeller, results in a 

more mechanically demanding system, as shown in the 

following discussion. 

MECHANICAL REVIEW. To illustrate the effect of in- 

creasing the diameter of a particular impeller design at 

the same horsepower to create an energy-efficient de- 

sign, a review of the mechanical loads on the agitation 

system follows. First, two basic process relationships 

must be described: 

Horsepower, Hp = N°® D° 
N, Speed 
D, Diameter 

Process capacity = Hp X D, or 
Momentum, M = N2 D* 

FIGURE 4: Eftect of increasing impeller diameter. 
FIGURE 3: “Quasi-axial” flow impeller. 
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a side-entering impeller must be located no less than 
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As an example, assume the process capacity required 
of a side-entry agitator is 5,000. Either a 100-hp, 50-in. 
impeller or a 75-hp, 67-in. impeller of the same design 
will satisfy a process capacity of 5,000. Table 1 shows the 
relative comparison of speed and momentum for these 
two selections. Table 2 reflects the mechanical relation- 
ships of torque and fluid force based on the following: 

Torque, T = Hp/N (in./Ib) 
Fluid force, F = Na Db (Ib) 

N, Impeller speed 
D, Impeller diameter 

Each different impeller design incorporates its own flu- 
id forces—i.e., those forces reacting on the impeller and 
shaft as a result of displacing stock. The greater the radi- 
al component a particular impeller design has, the high- 
er the fluid forces generated by the impeller and the 
greater the mechanical loads on the agitator. 

To mechanically compare the two equal process ca- 
pacity machines of Table 1 on a relative basis, the fol- 
lowing parameters will be used: 

* Bending movement 
* Bending stress 
® Torsional stress 

 Deflection. 
The definition of these terms is as follows: 

F = Fluid force (Ib) 

Wanae L ) 
Wi = Weight of impeller (Ib) 
Wonen = Weight of shaft from inboard bearing to impeller (Ib) 
L = Distance from inboard bearing to centerline of impeller 

Bending moment, Mg = (F + Worop + 

Bending stress, a, — Mac 

C = Shaft radius (in.) 

| = Moment of inertia at shaft (in.*) 

Torsional stress, gy = To 

T = Torque = Hp X 63025/N (in./Ib) 

Deflection, A = £X (2L + 3Lx = ) 
P = Fr+ Wpp + WTM 

X = Distance from inboard bearing to point in question (in.) 
a = Bearing spacing (in.) 

E = Modulus of elasticity (psi) 

TABLE 1: Relative comparison of speed and momentum. 

Process Dia Relative N Relative M 
capacity Hp (in.) (impeller speed) (momentum) 

5,000 100 50 179 1.0 
5,000 75 67 1.0 1.0 

Table 3 reflects the comparison of the two agitator de- 
signs, assuming both agitators incorporate equal diame- 
ter shafts of the same material and have equal bearing 
spacing. (Shaft length reflects one-half-dia-off-wall plus 
12 in. for wall thickness so that the units remain equal 
on a process basis.) Table 3 demonstrates that increasing 
impeller diameter to reduce horsepower results in a sig- 
nificantly more demanding mechanical system. This 
analysis highlights the fact that equal process capacity 
machines using the same impeller design are not a le- 
gitimate approach unless the mechanical capabilities of 
the machines are equal. To produce mechanically equal 
machines, the following review will show the shaft di- 
ameter required on the “energy-efficient” selection to 
yield the same shaft stress as the “standard” selection. 

First, the shaft diameter required to provide equal 
bending stress is as follows: 
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TABLE 2: Mechanical relationships of torque and fluid force. 
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capacity ~ Hp 
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Dia Relative N Relative T Relative* F 
(in.) (impeller speed) (torque) (fluid force) 
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67 1.0 1.34 1.16 

*Based on empirical exponential values of a = 1.5, b = 3.5 in the fluid force equation. 
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Because the shaft diameter required for equal bend- 
ing stress is greater than that required for equal tor- 

sional stress, the diameter for equal bending stress con- 

trols the selection. 
Therefore, the alternative “energy-efficient” selec- 

tion must have a shaft diameter that is 20% larger than 

the shaft diameter of the standard selection in order to 
make the two selections equal for both the process and 
mechanical designs. Anything less will result in a pre- 
mature shaft failure as compared with the “standard” 

selection. 
To summarize the essence of this analysis, two facts 

are evident: (1) within the same impeller design (same 

blade shape, angle, etc.) the horsepower required to 

properly agitate a stock chest can be reduced by increas- 

ing the diameter of that impeller design, but (2) the me- 

chanical demands imposed by the larger-diameter im- 
peller necessitate a larger shaft to maintain the same 

degree of mechanical integrity as that of a higher-horse- 

power/smaller-impeller design. 
Remembering that the above analysis was done sole- 

Iy to explain the process and mechanical considerations 

involved in the alternative approach of increasing im- 

peller diameter to lower horsepower, it is now necessary 

to understand the basis for the design of Lightnin’s A312 

impeller and the VS agitator. 

AXIAL-FLOW IMPELLER. Large-diameter impellers 

are often used to decrease connected horsepower re- 

quirements. This approach is taken solely for the pur- 

pose of increasing the axial-flow component (the work- 

horse of a side-entry impeller). Lightnin’s laser-de- 

veloped A312 has the advantage of being a purely axial- 

flow impeller. 
Figure 5 shows a comparison of alternate impellers at 

diameter D and diameter D + X to an A312 of diameter 

D to show the proportionality of the axial-flow compo- 

nent (Qa). 

Because the A312 generates pure axial flow, the im- 

peller horsepower can be reduced as well as the impel- 

ler diameter. In essence, the Lightnin VS agitator can, 

based on laboratory analyses and comparisons, offer the 

power savings equal to or greater than other “energy-ef- 

ficient” selections, in addition to offering a less demand- 

ing mechanical system. 
For the alternate energy-efficient selection to be of 

mechanical integrity equal to the Lightnin VS machine, 

the alternate shaft must be 23% greater in diameter per 

the same analysis done above. Anything less will result 

in premature shaft failure due to excessive bending 

stress. 

FIGURE 5: Axial-flow components of various impeller designs. 

AGITATOR PROCESS EVALUATION. When evaluating 

stock agitator proposals based on pumping capacity (the 

value of Q in Figure 5), caution must be taken to be sure 
that the basis for the pumping rate is understood. 

First, only the primary pumping capacity should be 

considered—that is, the flow that is actually leaving the 
impeller, not the total pumping capacity, which includes 
the estimated and immeasureable secondary or induced 
flow. The primary Q that is ordinarily reported is that 
flow that is associated with the resultant vector Q in Fig- 

ure 5. 
However, because only the axial flow contributes to 

stock motion, the proper value of Q to be reported 
should be the axial portion (Qa) of Q. In the case of the 
A312, these are the same. However, for the alternate im- 
peller, Qa is certainly less than Q because of the radial 

component. The approximate ratio of Qa/Q for the al- 
ternative impeller is 0.9, which deduces the fact that the 
ratio of the radial component, Qg, to the primary flow, 

Q, is 0.44. 
This means that more than 40% of the total flow is in 

the radial direction—an undesirable condition from a 
mechanical standpoint, as previouly noted. To properly 
evaluate any agitator’s reported pumping capacity, docu- 
mentation should be presented that substantiates the 

axial-flow component. 
The use of hp x D, or momentum, for evaluation is 

only valid when evaluating impellers of the same de- 
sign. As stated earlier, each impeller design incorporates 
its own characteristics in terms of flow efficiency. 
Therefore, to evaluate the process capacity of a stock 
agitator, documentation must be presented that substan- 
tiates any claims of flow efficiency. - 

TABLE 3: campa[lson of equal-process-capacity agitators 

Diameter D + X Diameter = D X 
‘Alternate impellers - / 

having alternate impellers of the same design. 

: “Energy-officient” 
Relative “Standard” selection seloction . 
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N 1.79 1.0 
T 1.0 1.34 
F 1.0 1.16 
Woeo 1.0 170 
a 1.0 1.0 
X 1.0 1.0 
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Wit 1.0 124 
Ms 1.0 1.73 
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mature shaft failure as compared with the “standard” 
selection. 

To summarize the essence of this analysis, two facts 
are evident: (1) within the same impeller design (same 
blade shape, angle, etc.) the horsepower required to 
properly agitate a stock chest can be reduced by increas- 
ing the diameter of that impeller design, but (2) the me- 
chanical demands imposed by the larger-diameter im- 
peller necessitate a larger shaft to maintain the same 
degree af mechanical integrity as that of a higher-horse- 
power /smaller-impeller design. 

Remembering that the above analysis was done sole- 
ly to explain the process and mechanical considerations 
involved in the alternative approach of increasing im- 
peller diameter to lower horsepower, it is now necessary 
to understand the basis for the design of Lightnin’s A312 
impeller and the VS agitator. 

AXIAL-FLOW IMPELLER. Large-diameter impellers 

are often used to decrease connected horsepower re- 
quirements. This approach is taken solely for the pur- 
pose of increasing the axial-flow component (the work- 
horse of a side-entry impeller), Lightnin’s laser-de- 
veloped A312 has the advantage of being a purely axial- 
flow impeller. 

Figure 5 shows a comparison of alternate impellers at 
diameter D and diameter D + X to an A312 of diameter 
D to show the proportionality of the axial-flow compo- 
nent {Q ‘A)- 

Because the A312 generates pure axial flow, the im- 
peller horsepower can be reduced as well as the impel- 
ler diameter. In essence, the Lightnin VS agitator can, 
based on laboratory analyses and comparisons, offer the 
power savings equal to or greater than other “energy-ef- 

ficient” selections, in addition to offering a less demand- 
ing mechanical system. 

For the alternate energy-efficient selection to be of 
mechanical integrity equal to the Lightnin VS machine, 
the alternate shaft must be 23% greater in diameter per 
the same analysis done above. Anything less will result 
in premature shaft failure due to excessive bending 

stress, 

AGITATOR PROCESS EVALUATION. When evaluating 
stock agitator proposals based on pumping capacity (the 
value of Q in Figure 5), caution must be taken to be sure 
that the basis for the pumping rate is understood. 

First, only the primary pumping capacity should be 
considered—that is, the flow that is actually leaving the 
impeller, not the total pumping capacity, which includes 
the estimated and immeasureable secondary or induced 
flow. The primary Q that is ordinarily reported is that 
flow that is associated with the resultant vector Q in Fig- 
ure 5. 

However, because only the axial flow contributes to 
stock motion, the proper value of Q to be reported 
should be the axial portion (Qa) of Q. In the case of the 
A312, these are the same. However, for the alternate im- 
peller, Qa is certainly less than Q because of the radial 
component. The approximate ratio of Qa/Q for the al- 
ternative impeller is 0.9, which deduces the fact that the 
ratio of the radia] component, Qr, to the primary flow, 

Q, is 0,44. 
This means that more than 40% of the total flow is in 

the radial direction—an undesirable condition from a 
mechanical standpoint, as previouly noted. To properly 
evaluate any agitator’s reported pumping capacity, docu- 
mentation should be presented that substantiates the 
axial-flow component. 

The use of hp xD, or momentum, for evaluation is 
only valid when evaluating impellers of the same de- 
sign. As stated earlier, each impeller design incorporates 
its own characteristics in terms of flow efficiency. 
Therefore, to evaluate the process capacity of a stock 
agitator, documentation must be presented that substan- 
tiates any claims of flow efficiency. a 

TABLE 3: Comparison of equal-process-capacity agitators 

having alternate impellers o! of the same design. 

FIGURE 5: Axial-flow components of various impeller designs. 
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