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I. Introduction 

It is established practice to aid heat transfer to process materials with 
applied motion both within the bulk of the material and proximate to the 
heat transfer surfaces. The applied motion enhances the rate of heat transfer 
beyond that provided by natural convection in the case of mobile fluids and 
that provided by conduction in the case of granular solids and very viscous 
materials. For most process situations this motion is promoted by either 
pumping or displacement by agitators of the material past fixed surfaces. For 
the case where the motive agency, such as a pump, is exterior to the heat 
exchanger, the heat transfer area can be predicted for surface geometries 
found in practice by the use of well-established relations to be found in works 
such as McAdams (M5) and Kern (K2). This chapter is concerned exclusively 
with heat transfer where agitation is provided by mechanical devices, viz., 
agitators, within the unit. Progress in this area has been considerable, especially 
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for heat transfer to mobile fluids, despite the many variables required to 
describe the geometry of a typical agitated system. 

II. Heat Transfer in Agitated Vessels 

To facilitate the organization of this subject, the types of agitators are 
categorized as proximity1 when the blades sweep close to or scrape the vessel 
wall and as nonproximity when the outer edge of the agitator blades rotate 
some distance from the wall. By far the greater proportion of the published 
investigations and the industrial applications are for the nonproximity types, 
viz., propellers, turbines, and paddles, which are ordinarily used for mobile to 
medium-viscous (0.1 to 1000 cp.) fluids. These smaller, generally higher speed 
agitators also facilitate heat transfer to the surfaces of coils immersed in the 
vessel as well as in jacketed vessel walls. The proximity type can either be 
close clearance as in the anchor or a wall scraping design; and these are used 
for very viscous, non-Newtonian, semisolid or granular solid materials. 

A . NONPROXIMITY AGITATORS 

The nonproximity agitators which are selected for heat transfer are the 
propeller, the various turbines, and the paddles, all of which provide a high 
circulation rate and allow a minimum of energy to be dissipated initially by 
shear forces in the vicinity of the impeller. Heat is transferred to either the 
vessel wall which is jacketed or to the walls of an immersed tube coil. The term 
"jacketed" will be considered to include a variety of constructions such as 
coils or half-coils welded to the vessel wall and coils cast in the wall. These 
will be discussed in Section IV,C and are illustrated in Fig. 16. 

1. Heat Transfer to Jacketed Vessel Walls 

Typical equipment is presented in Fig. 1, which also serves to present the 
symbols for the geometric parameters. A summary of conditions used in tests 
where paddles, turbines, and propellers were used to promote heat transfer is 
presented in Table I. Correlation constants from the results of these tests are 
given in Table II. These tables should be carefully studied; particular atten-
tion should be accorded information such as vessel sizes, range of fluid 
viscosity, and the range of Reynolds numbers, so that the scope of work to 
date can be fully comprehended. 

Dimensional analysis has provided a basis for successful correlations. For 
purposes of this development, the general case will be first presented and then 
the simplifications will be introduced which are needed to reduce the relation 
to the form of the available correlations. As might be expected, the general 

1 Although the word "proximity" is a noun, it and "nonproximity" are used here as 
adjectives, e.g., in "proximity fuse." 
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FIG. 1. Jacketed vessel with pitched-blade turbine. 

case is expressed by an equation similar to that used for forced convection 
heat transfer to conduits. However, in addition to the Nusselt, Reynolds, 
Prandtl, and "viscosity ra t io" numbers, the general equation will contain a 
great number of ratios of linear dimensions to describe the effect of the com-
plex geometry on the fluid motion. Such an equation, ascribed to Pursell (P6), 
for a given type of impeller and tank geometry is 

However, it can be seen from a careful perusal of Table II, that almost all 
the studies listed were successfully correlated by a relation of the form 

Note that despite differences in impeller and tank geometry for Eq. (2), the 
values of Κ fell within the relatively narrow range of 0.36 to 0.74. This fact 
demonstrates that for the nonproximity impellers, the critical dimensions are 
the impeller diameter, D, and the tank diameter, T. 

Now a development will be undertaken which will yield the desired relation. 
The reader should be prepared to expect a design relation of the form shown 
in Eq. (2) but with different exponents. In earlier correlations, adherence to 
precedent was more of a factor in determining the exponents a9 b9 and c 
(see Table II) than the best representation of the data. Although the data 
indicated an absolute value of c larger than 0.14, Chilton et al. (C2) admittedly 
applied 0.14 in deference to the well-known use of this value for forced 
convection in conduits in the classic work of Sieder and Tate (SI). Then 

hjT _ ÏÎD2Np\ ÎCJA ίμΛ /T\ Îw\ ίΖ\ /C\ /Β\ ίηΛ / « A L J N 

k [\ μ /, \ k ) 9 \ μ ) 9 \DJ9 \D)9 \D), \DJ, \D), \ X ) 9 \y)r } 

(2) 
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Impeller Vessel 

Investigators Description 
Diam., 
Z)(in.) w/D C\D 

Speed, 
N' Diam., 

(r.p.m.) Material Γ (in.) Ζ/Γ 

Gordon (Gl) Wide paddle 12 0.75 Not 50-150 Copper 23i ca. 
given 0.9 

Chilton et al. Narrow paddle 7.2 0.17 0.33 50-300 Steel 12 0.83 
(C2) 

36 0.17 0.33 70 Steel 60 0.83 

Kraussold (K4) Wide paddle 20 1.4 ca. 1.0 33,64,84 — 40 1.1 

Carroll (CI) Wide paddle 41 0.78 0.78 106 Steel 12 1.0 

Uhl (U2) Narrow paddle 14έ 0.17 0.30 52-255 Monel 23i 1.2 

Pursell (P6) Narrow paddle 5 i -19 i 0.51-0.16 1.7-0.52 32-230 Steel 23i 1.06 
(w = 3in.) (C=10 

in.) 

Cummings and 2 curved-blade 12 0.17 0.83 107-240 Stainless 30 1.0 
West (C5) turbines. See steel 

Chap. 3. 
Fig. 1(d) 

Uhl (U2) Pitched-blade 12 0.17 0.35 52-210 Monel 23i 1.2 
turbines. See 
Chap. 3. 0.94 52-210 
Fig. 1(g) 

Brooks and Su Disk flat-blade 6 0.21 1.1 30-450 Stainless 20 1.0 
(B3) turbine. See steel 

Chap. 3. 
Fig. 1(b) 

Brown et al. Propeller with 24 0.25 0.50 120 Cast 60 ca. 
(B4) 2 blades, 45° iron 0.8 

a For all tests—impeller shaft axis and vertical center lines coincide 
—heating by steam and cooling by circulated water 
—jacket of simple type with no baffles in jacket spaces. 

See Fig. 1. for representation of symbols. 

Table I 

Summary of Test Conditions—Heat Transfer to 
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Jacketed Walls with Nonproximity Agitatorsa 

283 

Type bottom 

Heating 
and/or Type of 
cooling tests 

Test liquids (no. of test runs 
with each liquid where 

reported given in parentheses) 
Appurtenances 

in vessel 

Dished 

Dished 

Dished 

Dished 

Flat 

Dished 

Dished 

Dished 

Dished 

Dished 

H Batch6 SAE10 oil (9); water (9)c SAE30 
oil (8); kerosene ( l ) c; SAE50 oil 
(8) 

H + C Steady state Water (21); A-12 oil (12); 92% 
glycerol (6); LM oil (11); 

Batch* water (21); A-12 oil (11) 
H Batch6 Water (1) ; w-phenylene diamine (1) 
H Steady state Water and 3 oils with μ = 50, 220, 

4000 cp. at20°C. 
Batch6 Oil with μ = 220 cp. at 20°C. 

Steady state Water (10)c; 4 aqueous glycerol 
solutions (20) 

Cylinder oil (20); bodied linseed 
oil (19) 

Water; 96% glycerol; 
72% glycerol 

Η 

H + C Batch6 

H + C Batch6 

None 

Coil 

None and coil 
None 
Coil 

None 

Coil 

None and 
baffles 
None 

Η Steady state Water (4); toluene (1); ethylene 
glycol (1) ; mineral oil (4) ; 
glycerol (4) 

Η Batch6 Bodied linseed oil (6) 

H + C Bodied linseed oil (19) 

H + C Batch6 Water; SAE30 oil; SAE50 oil; 
43 Bé corn syrup 

Coil 

None 

None 

None and 
1,2, and 4 

baffles 

Hemispherical C Steady state Nitration liquor (32) Blowpipe 

6 Unsteady state. 
c Reported results for high Reynolds numbers from these tests appear to be somewhat 
in error; see text. 



Table II 

Summary of Test Results—Heat Transfer to Jacketed Walls with Nonproximity Agitators 

Constants for heat transfer 
equation0 Range 

Investigators Impeller of Comments 
type Κ a b c 

Gordon (Gl)* Paddle 0.17 0.66 1/2 — 600-6 x lO 5 

Gordon (Gl) c Paddle 0.40 2/3 1/3 - 0 . 1 4 600-6 x l O 5 

Chilton et al. (C2) Paddle 0.36 2/3 1/3 - 0 . 1 4 300-3 χ 1 0 5 

Kraussold (K4) Paddle 0.36 2/3 1/3 - 0 . 1 4 1 0 3- 6 x l 0 5 

Carroll (CI) Paddle 0.60 2/3 1/3 — 0.14 1 . 5 x l 0 4- 7 x l 0 4 

Uhl (U2) Paddle 0.415 2/3 1/3 — 0.24 20-4000 Baffled and unbaffled 
Pursell (P6)d Paddle 0.112 3/4 0.44 — 0.25 600-5 χ 1 0 5 

Cummings and West (C5)/Two curved-blade turbines6 0.60 2/3 1/3 - 0 . 1 4 2 x l 0 3 - 8 x l 0 5 

Uhl (U2) Pitched-blade turbine6 0.44 2/3 1/3 - 0 . 2 4 80-200 Low position, C = 4£ in. 
0.53 2/3 1/3 - 0 . 2 4 20-120 Intermediate position, C = 11 in. 

Brooks and Su (B3) Disk flat-blade turbine6 0.54 2/3 1/3 — 0.14 40-3 χ 105 Unbaffled 
0.74 2/3 1/3 - 0 . 1 4 300-3 χ 105 1, 2, or 4 baffles 

Brown et al. (B4) Propeller 0.54 2/3 1/4 - 0 . 1 4 2 x 103 1 point 

b Per Gordon (Gl), and for oil data only. 
0 Per Cummings and West correlation (C5), and for oil data only. 
d For complete equation correlating PurselFs data (P6), see Eq. (4) in text. 
e For description of turbines, see Chapter 3, Fig. 1. 
f Interpretation of Κ = 0.60 is by author. 
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Kraussold (K4), Cummings and West (C5), Carroll (CI), and Brown et al 
(B4) did likewise, all more or less influenced by Chilton et al Uhl (UI , U2) 
found that c should be —0.24 for nonproximity impellers and this has been 
confirmed by the considerable work of Pursell. The precedent of 2/3 for a and 
1/3 for b was certainly due to Chilton etal. Pursell recorrelated all paddle data 
readily available, namely, Carroll (CI) , Chilton et al (C2), Gordon (Gl ) , 
Uhl (UI) , along with fresh data of his own to produce this general relation 
which is considered to represent more closely the test data from available 
sources. 

k 

Further support for an exponent, a, greater than 2/3 was given by Kraussold 
whose work indicated a to be 0.72. 

Pursell's work further included the effect of four of the dimensional 
variables in Eq. (1) which have been tabulated with his results in Table III. 

Table III 

Effect of Dimensional Variables on Rate of Heat Transfer in Jacketed Agitated Vessels* 

Dimensionless 
Variable Symbol6 ratio for Range of ratio Effect of 

correlation Max. Min. variable 

Blade width in direction parallel to w w/D 0.51 0.16 (w/D)013 

axis of rotation 

Vessel diameter Τ T/D 4.1 1.3 (Γ/Ζ))0 40 

Clearance of impeller above tank C C\D 1.7 0.52 None 
bottom indicated 

Fluid depth in vessel Ζ Z/D 4.2 1.3 None 
indicated 

a From Pursell (P6). 
b See Fig. 1 for representation of symbols. 

Note from Table I that he used only one size kettle and although he varied the 
paddle diameter, D, the paddle width, w, was fixed at 3 in. His work resulted 
in this correlation 

'f-«»(T'r(?)irr(?)j" <« 
Pursell also recalculated the data of all work used to establish Eq. (3) to the 
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form of Eq. (4) as shown in Fig. 2. This scheme provides for somewhat im-
proved correlation in the lower Reynolds number range. It is felt that the high 
values of the ordinate at large values of the Reynolds number from both 
Carroll and Gordon could be explained by the enhancement of the film 
coefficient by surface boiling since steam was being used to heat water or 
kerosene at atmospheric pressure. 

Some of the other variables which have been investigated are commented 
on below. 

Type of Impeller. With all variables the same but the impeller type, turbines 
were found to provide rates of heat transfer (as gaged by value of K's listed 
in Table II) about 30% greater than the paddle of the same diameter, D 
[Uhl ( U l , U2) and Brooks and Su (B3)]. 

More Than One Impeller. The heat transfer rates from Cummings and 
West (C5) for two curved-blade turbines running on a single shaft are about 
15% greater than the rates for single turbines found by other investigators. 

Clearance between Impeller and Tank Bottom. Pursell found no effect for 
paddles as indicated in Table III , however, Uhl found for a pitched-blade 
turbine, that a near-central location gave 20% better rate of heat transfer than 
a near-bottom location. Similarly, Rushton et al. (R2) found that a central 
location was optimum for a disk-type flat-blade turbine for heat transfer to 
vertical pipes. This phenomenon is commented upon again under heat trans-
fer to coils. 

Baffles. Brooks and Su (B3) found that with a disk-type flat-blade turbine, 
vertical baffles improved thermal transfer rates 37% for Reynolds numbers 
from 1000 to 300,000. The improvement appeared to diminish from 37% to 
negligible as the Reynolds number was reduced from 1000 to 200. These 
results of Brooks and Su held for one, two, or four paddles. They appear 
somewhat contradictory to test data by Uhl (U2) with a flat-blade paddle, 
with and without four baffles for Reynolds numbers from 3000 to 300, 
which showed no improvement with baffles. The discrepancy may be explained 
by the difference in flow patterns produced by the agitators used in each case. 
Certainly these limited data suggest baffles as an expedient to promote heat 
transfer with turbines, with no increase in speed for cases where the Reynolds 
numbers are greater than 1000. Of course this improvement would be at the 
expense of considerably greater power input (see Chapter 3). 

Gassing. Kraussold and Pursell both found, as would be expected, that the 
dispersion of considerable quantities of gas in the fluid reduced the rate of 
heat transfer. Kraussold found the gassed condition from air induced by the 
vortex gave rates of heat transfer about one-third of those in nongassed condi-
tion. The effect of gassing is also discussed later under heat transfer to coils. 

2. Heat Transfer to Immersed Coils 

An immersed coil in an agitated vessel for heat transfer is generally in one 
of two forms, the helical shown in Fig. 3 or the vertical baffle type depicted in 
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FIG. 3. Agitated vessel with immersed helical coil for heat transfer. [After Oldshue and 
Gretton (01).] 

FIG. 4. Agitated vessel with vertical baffle-type coils for heat transfer. 

Fig. 4. The known heat transfer data for both forms of coils are summarized 
in Table IV. The manner of presentation of this subject takes into account 
both that there is no over-all correlation of the available data and there are 
fragments of information giving the effects of many variables which need to 
be summarized. The correlating equations of each separate work are tabulated 
in Table V. Here note that in general the Nusselt number used by Rushton 
and associates (Ol , D l ) is hcdjk, whereas that used by other workers is hcT/k, 
where d is coil diameter and Τ is vessel diameter. Table VI presents the re-
ported and recommended effects of key variables which were included in the 
equations presented in Table V. 

The range of test conditions in Table IV yields several items of special 
interest. The size range of vessels varies from 12 in. to 48 in. diam. with one 
point for a 60-in. vessel. Although Pratt 's (P5) work embraced a wide range of 
dimensional variables, the unlikely values for some of the exponents in Eqs. 
( 6 ) and (7) introduce some question concerning the advisability of using his 
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FIG. 5. Plot of test data from Dunlap and Rushton (Dl) which shows limiting heat trans-
fer rates at higher speeds due to vortexing with gas induction and at lower speeds where 
natural convection is controlling. 

can be overshadowed by free convection and with increasingly higher speeds 
the heat transfer rates will level off because of the induction of gas from vortex 
formation, as demonstrated in Fig. 6(a). This latter effect was noted by many 
investigators. Vortices can be effectively minimized by the use of vertical 
baffle-type coils [Figs. 4 and 6(b)] or plate baffles (Fig. 3). Oldshue and Gretton 
(Ol) have shown that the vertical baffle-type coil will have a value of hc 13% 
higher than for a helical coil in a baffled tank at conditions of comparable 
power input. In this connection, Oldshue and Gretton report that the baffle-
type coil draws 7 5 % the power of the helical coil with plate baffles (Fig. 3) 
at the same impeller diameter and speed. This and other power information 
for systems with immersed coils are given in Chapter 3. 

Some analogy can be drawn between the fluid regime with immersed coils 
and the shellside of baffled shell and tube heat exchangers. For the latter case 
the magnitude of the fluid velocity varies over a wide range with position in the 
shell and the velocity direction ranges from normal to parallel with the tubes. 
For coils in vessels these velocity and direction range variations are indicated 
by the streamlines shown in Figs. 6(a) and 6(b). The important difference 

relations directly. Very little of the other work was directed toward finding 
the effect of dimensional variations. This is very apparent, from some of the 
studies (see Table V) where not even the coil tube diameter, d, was included in 
some of the correlations. Of the dimensional parameters only the effect of 
D, Γ, and to an extent, d, were indicated (see Table VI) and none could be 
considered to be firmly established. 

Figure 5 demonstrates that at low impeller speeds, the effect of agitation 
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Impeller Coil 

Tube Tube 
Investigators Description Diam., w/D C\D Speed, Material diam., gap, 

Z>(in.) N' (r.p.m.) </(in.) <^(in.) 

Helical 

Chilton et al. (C2) Narrow paddle 7.2 0.17 0.33 50-300 Copper i i 

36 0.17 0.33 

Pratt (P5)* 

Oldshue and 
Gretton ( 0 1 ) c 

Single narrow 
paddle 

2-5 paddles on 
one shaft 

Disk flat-blade 
turbine 

70 

5.5-14. Various Centrally 130-400 Stainless 
located steel and 

lead 
14 

12,16, 0.2 ( C = 1 6 52-230 Copper 
20, 24, 

28 
in.) Stainless 

steel 

not reported 

2-1.5 0.48-2.0 

î 
1.75 

* 
1.75 
5.25 

Cummings and 
West (C5)<* 

2 curved-blade 
turbines on one 
shaft 

12 0.17 0.83 107-240 Stainless 
steel 

1.0 

1 curved-blade 12 0.17 0.83 107-240 Stainless 1.0 i 

turbine steel 

1 pitched-blade 12 0.17 0.83 107-240 Stainless 1.0 \ 

turbine steel 

Kraussold (K4) 

Rhodes ( R l ) 

Skelland and 
Dabrowski (S3) 

Wide paddle 

Propeller within 

draft tube 

Propeller 

Rushton etal.(Rl) Disk flat-blade 
turbine 

20 1.4 ca. 1.0 33,63,84 — 

8 — ca. 1.5 250 Wrought 
iron 

3 , 6 , 9 — 5.0-0.33 — Copper 

12 — Various 43-226 Galv. iron 
16 pipe 

1.05 

Î 1.25 

Vertical Baffle-

1.31 1.5 

Dunlap and 
Rushton ( D l ) 

Disk flat-blade 
turbine 

8, 12, 16 ( C = 2 4 39-312 Galv. iron 
in.) pipe 

1.90 1.90 

4 , 6 , 8 , 1 2 — ( C = 1 2 41-660 Galv. iron 
in.) pipe 

0.84 est. 
1.06 

a See Figs. 3 and 4 for representation of symbols. 
b This work embraces a wide range of size variables: 3 square tanks, 2 cylindrical tanks, 3 stainless steel coils, 2 
lead coils, 10 sizes of single blade paddles, 15 arrangements of more than one 14 in. paddle and with varying 
paddle widths. 

Table IV 

Summary of Test Conditions—Heat Transfer to 
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Vessel 

Test liquids 
Coil Coil Heating Type (No . of test runs with each 

diam., height, Other Diam., Type and/or of liquid where reported 
Dc (in.) Lc (in.) description Γ (in). Ζ IT bottom cooling tests given in parentheses) 

Coils 

9.6 

7.75 

5.75 

18-28 

Lower edge of coil 12 0.83 Dished H + C Steady Water (21); A - 1 2 oil (12); 
at same level as state 92 % glycerol (6); LM oil 
bottom of straight (11) 
side of vessel C Batch Water (5); A - 1 2 oil (5) 

60 0.83 Dished C Batch Water (1) 

Square ( Z = 33-41 Flat C Steady Water; isopropanol 
14, 18, 24 in.) state 

Cylindrical 
18, 23.5 

Coil centered in 
vessel 

35.1 
34.2 

24 

24 

24 

13 

31.5 
31.5 

23 

23 

23 

15 

Combination coil 
with alternate 
turns for heating 
and cooling 

Lower edge of coil 
2 in. above 
bottom of straight 
side of vessel 

Vertical helix 

Type Coils 

— 60 Each baffle con-
sisted of 4 
sections of pipe. 
See Fig. 4. 

— est. 30 Each baffle con-
sisted of 3 sec-
tions of pipe. 

— est. 15 

48 

30 

30 

30 

40 

21 

48 

24 

1.0 Flat 

1.0 Dished 

1.0 Dished 

1.0 Dished 

ca. 1.1 

ca. 2.5 

( Z - 2 0 
in.) 

Dished 

Conical 

Flat 

H + C Steady Water; turbine oil (0.4-400 
state cp.) 

Steady Water (5); toluene (5); 

state isopropanol (1); ethylene 

glycol (2); mineral oil (4); 

glycerol (4) 

Steady Water (1); toluene (1); 

state glycerol (1) 

Steady Water ( 1 ) ; toluene ( 1 ) ; 

state glycerol ( 1 ) ; ethylene 

glycol(1) 

Steady Transformer oil 

state 

Batch Water 

Batch Water 

1.0 Flat H + C Steady Water 
state 

1.0 Flat H + C Steady Water; 2 oils (0.4-55 cp.) 
state 

1.0 Flat H + C Steady Water; 2 oils (0 .4-55 cp.) 
state 

c Vessel equipped with four baffles, 4 in. wide (see Fig. 3). 
d Test work also includes media consisting of solids suspended 
e One coil gap, dg, opposite turbine was 3 in. 

in toluene, and water-oil mixtures. 

Immersed Coils, Helical and Vertical, in Agitated Vessels0 
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Investigators 
Impeller 

type Correlation 
Eq. 
no. 

Range of 

Chilton et al. 
(C2) 

Pratt (P5) 

Narrow hcT 
paddle ~~k 

Paddles, Square tanks: 
one to hj 
five on k 
one shaft 

Helical coils 

= 0.87(ΛΓΕ β)
0 β 2(Λ^ρΓ)^(Κ/5)-0 14 

39(ArRe)°-*(iVPr)o-3 ^ -te)' 

(5) 300-4 x l O 5 

2 x l 0 4 - 5 x l 0 5 

Oldshue and 
Gretton 
(Ol) 

Cummings 
and West 
(C5) 

Cylindrical tanks: 

^ = 3 4 ( ^ B e) » 5 ( i V p r ) » a 

= 0.17(JVEe)°
e< 

(r(i)" 

(6) 

0ία3Γ ¥ = 0 . 1 7 ( ^ ) - ( ^ r ) » " 

turbine 

2 _Waded" ¥ = 1 . 0 1 ( i V E e)
0 6 2( i V P r) H ( ^ ) - 0 14 

turbines 

1-curved- Same as above 
blade 
turbine 

1-pitched- Same as above except that value of Κ is 
blade 0.91 
turbine 

(7) 

400-2 x lO 5 

(8) 

(9) 2 x l 0 3 - 7 x l 0 5 

Kraussold 
(K4) 

Skelland and 
Dabrowski 
(S3) 

Rushton et al. 
(R2) 

Dunlap and 
Rushton 
(Dl) 

Paddle Same as Eq. (9) 

= 0.345 (ΛΓ^)0·62 ( Γ / Ο 0 2 Propeller hcd_ 

3 χ 1 0 M 0 5 

(9a) 2 . 5 x l 0 5- 1 0 6 

Vertical Baffle-Type Coils 

Disk flat- (D = 16 heating, hc = 0.00285 NRe (10a) 
blade in.) cooling hc = 0.00265 i V Re (10b) 105-5 x 10s 

turbine (D = 12 heating, hc = 0.00235 (JV R e)° 7 (10c) 
in.) cooling hc = 0.00220 (NRe)°

7 (lOd) 

d a t" X = 0' 0 9( N * * ) 0 65 33 1 0" 2 X 1 06 

Table V 

Summary of Correlations—Heat Transfer to Immersed Coils in Agitated Vessel 
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RETARDED VORTEX 

(a) (b) 

FIG. 6. Liquid motion patterns with: (a) helical coil, but with no baffles; (b) vertical 
baffle-type coils, adapted from Dunlap and Rushton (Dl) . 

between these related geometries is that one would expect d and dg to have a 
much greater influence on hc for coils because variations in d and dg affect the 
flow distribution through and around the coil or the degree of bypassing, 
whereas for shellside, variations in d and dg do not affect the flow distribution 
and consequently hc to a marked extent. The analogy with shellside flow and 
the qualification of greater potential bypassing for a coil in a vessel were taken 
into account in making the recommendations in Table VI for the effect of d 
and dg on hc. 

Now the influence of the other factors which were not included in the cor-
relations will be discussed. 

Type of Impeller. Cummings and West (C5) demonstrated that when all test 
conditions are the same, a pitched-blade turbine gave heat transfer rates about 
10% less than a curved-blade turbine. 

Number of Impellers. Cummings and West were unable to discern any 
change in rate of heat transfer with two curved-blade turbines installed on the 
same shaft as compared with only one turbine. More data are needed to estab-
lish more definitely the effect of this variable. 

Reverse Direction of Pitched Turbine. Cummings and West found that 



Table VI 

Comparison of Correlations—Heat Transfer to Immersed Coil in Agitated Vessels 

[Values tabulated are for χ in hc α (variable)*] 

Variable 
Helical coil 

Chilton Oldshue and Pratt 
etal.(C2)a Gretton {0\)b (P5) 

Vertical 
baffle-type 

coil 
Skelland and Dunlap and 

Dabrowski (53) Rushton (Dl) 

Comment Recommended 
exponents for extrapolation 

Helical Vertical 

D 

Ν 

Τ 

1.24 

0.62 

-1 .0 e 

1.43 1.20 

0.67 0.5 

-0.60 - 0 . 9 

- 0 . 0 4 ' 0.80 

1.24 

0.62 

0.27 

- 0 . 5 0 - 0 . 3 0 ' - 1 . 0 e 

1.63 Values fairly consistent. This means 1.43 
larger impellers more effective. 

0.65 Values provide reasonable check. 0.62 

— 0.33 As shown, one would expect less effect —0.60 
for baffle-type coils. 

—1.0' Absolute value should be close to but —0.50 
larger than — 0.40 which holds in shell 
and tube exchanges [McAdams (M5)]. 

— Value by Pratt seems much too high. Roughly 
However, from some similarity with 0.3 
flow across tube banks, effect of dg 

should be positive and marked 
[McAdams (M5)]. 

1.63 

0.65 

-0.33 

-0.50 

Roughly 
0.3 
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- 0 . 2 9 
- 0 . 1 4 

- 0 . 3 0 
- 0 . 2 5 ' 

- 0 . 2 0 — 0.35 All values reasonable. 
— 0.14' Comments in notes. 

- 0 . 3 0 
- 0 . 2 0 

- 0 . 3 5 
- 0 . 2 0 

a These values also hold for Cummings and West (C5) and Kraussold (K4). 
b Baffles present besides helical coil. 
c Here Τ only used for dimensional consistency, not as a variable. 
dOnly one size coil used; therefore, d introduced only to provide dimensional consistency. 
e Here d only used for dimensional consistency. Although two tank sizes were used, geometric similitude was closely approximated. 
' A s interpreted by author from data in reference (Ol). However, in view of comment in text, exponent of —0.04 appears unlikely. 
* From an interpretation by author of data by Oldshue and Gretton (Ol). They claim hc = Κ'" {μνΙμ)ηι where m varies from 0.2 for high 

viscosity to 1.0 for water tests. The higher figure of 1.0 is most unlikely and is probably due to strong natural convection effects for the water 
tests. 

h Pratt's correlation, which is Eq. (6), would have satisfactorily correlated the data for higher viscosity fluids from Chilton et al. (C2) if a term 
for (μ„Ιμ)€ had been included. 

'Dunlap and Rushton actually show hc a ^ / f t ) - 0* 4 . However, according to published discussion (Dl) 

The exponent of —0.30 for d was deduced as a reasonable value by Pratt (P5). 
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reversing the rotation of a pitched-blade turbine made no discernible differ-
ence on hc. 

Agitator Location. Pratt (P5) stated that, for a paddle, vertical displacement 
between the top and bottom levels of the helical coil had no appreciable effect 
on the heat transfer coefficient. On the other hand, Rushton et al. (R2) demon-
strated conclusively for a disk-type flat-blade turbine with vertical baffle-type 
coils that the optimum rate of heat transfer occurs when the impeller is located 
in the center of the coil. It is to be recalled from Table II that with jackets, the 
pitched-blade turbine was about 20% more effective in an intermediate than 
in a low position. Obviously, the average circulation past the heat transfer 
surfaces and hence rate of heat transfer is better for intermediate positions. 

Variation in Depth of Liquid. For variation of liquid depth from 33 to 41 in., 
Pratt found no variation in hc. These are the only known data on the effect of 
depth of liquid and certainly cannot be considered to be conclusive because 
of the narrow data range. 

Shape of Tank. Pratt found that a " squa re" 2 tank with side dimension, /, 
gave 15% better heat transfer rates than a cylindrical tank where the vessel 
diameter, Γ, was the same as /. This was explained by marked observed turbu-
lence (baffle effect) for the square tank in contrast to practically uniform swirl 
produced in the cylindrical tank. 

Two Insoluble Phases. The effect of the presence of mineral oil in water on 
the heat transfer rate for two curved-blade turbines run at 182 r.p.m. can be 
calculated from the data of Cummings and West to be as given in the accom-
panying tabulation. The batch temperature was 122°F. for all cases. In the 
two-phase systems, oil was dispersed in water and water wetted the coil. 

Vessel charge hc 

Water 600 
25% mineral oil, 75% water 360 
75% mineral oil, 25% water 190 
Mineral oil 60 

Effect of Suspended Solids. For operating conditions similar to those for 
the two insoluble phases as noted above, Cummings and West report the 
data given below for an ion-exchange resin of 16 to 50 mesh suspended in 
toluene : 

Solids content (%) 0 9.8 24.8 
hc 291 219 208 

2 Often the qualification "square" is applied to a cylindrical tank, where the liquid height, 
Z, equals the tank diameter, T; viz., Z/T = 1.0. As used above, "square" connotes a vessel 
having a horizontal cross section which is square in shape. 
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3. Heat Transfer to Particles in Fluids 

Hixson and Baum (H3) measured the heat transfer coefficient between 
liquid and solid phases of the same material in a series of geometrically 
similar agitated vessels by putting frozen pieces into the liquid and observing 
the rate of melting. Materials were water, benzene, acetic acid, and nitro-
benzene and approximately 1-in. cubes, blocks, and cylinders were used. The 
vessel size ranged from 6 to 24 in. with a single run in a 47-in. i.d. vessel. The 
agitator was a pitched-blade turbine, where D = T/3, rotated at speeds from 
200 to 400 r.p.m. Reynolds numbers ranged from 2 χ 104 to 106. Based on a 
method of calculation which allowed for the reduction in size of the melting 
solids, the data were correlated by 

This relation did not correlate the data as well toward the end of a run as at the 
beginning, probably because of the change in particle shape from the assumed 
original shape as the process continued. 

Hixson and Baum point out that the analogy between heat transfer and 
mass transfer is direct and therefore data for one process could be used to 
predict rates for the other. 

4. Heat Transfer to Boiling Fluids 

The effect of agitation in increasing boiling heat transfer coefficients over 
nucleate, transition, and film boiling ranges was investigated by Pramuk and 
Westwater (P4). Methanol was agitated at 200 to 1000 r.p.m. by a 3-in. diam. 
three-blade propeller located 1 in. above the heating element which was a 
f-in. diam. by 6-in. long horizontal steam-heated copper tube. Their results 
show that the agitation must be intense to produce even a slight improvement 
for nucleate boiling. However, speeds of 1000 r.p.m. increased the max-
imum film coefficient at the critical temperature difference by 2 5 % and in 
film boiling speed had a noticeable effect, increasing the flux by up to 100% 
at the maximum 1000 r.p.m. speed. An interesting point is that agitation did 
not change the critical temperature difference, which was about 51°F. 

B. PROXIMITY AGITATORS 

When Metzner and Taylor (M3) rotated a disk-type flat-blade turbine in a 
viscous corn syrup and an aqueous solution of sodium-carboxy-methyl-
cellulose (CMC), they noted, and the photographs of the exposed surface 
would indicate, that only the material in the vicinity of the impeller was 
displaced or turned over to any practical extent. This reported information 
serves to emphasize that the less expensive, more convenient, nonproximity 
impellers cannot impel or turn over very viscous fluids for any significant 

(12) 
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distance. This example makes evident the role of the slowly rotating, large 
area agitator, namely, to circulate high-consistency materials to all sections of 
a vessel by the only practical action, positive displacement. For heat transfer 
operations it is desirable that this displacement be most marked adjacent to 
the heat transfer surfaces, therefore, the need for the proximity agitator. 
Blades which scrape the transfer surface are found to be necessary for the 
pseudoplastic types of non-Newtonian fluid, which have a flow behavior 
index3 less than 1.0, and for situations where material accumulates on or 
tenaciously adheres to the wall surfaces. Besides the proximity sweeping 
feature, the agitator must generally incorporate blade elements which circulate 
the bulk of the material to and from the wall essentially by displacement 
action. The sections below deal with these three functions which pertain to 
heat transfer to high-consistency materials: close-clearance sweeping, wall 
scraping, and bulk mixing. 

1. Close-Clearance Sweepers 

The most common form of close-clearance sweeper and that for which 
data have been obtained is the anchor or horseshoe agitator as shown in 
Fig. 7. Other forms are the helical ribbon [see Fig. 2(i) in Chapter 3] and the 
full helix, also called the helical screw, as is found in screw conveyors. 

For the anchor, the known test conditions and sources are given in Table 
VII and the experimental data have been correlated satisfactorily by 

(13) 

FIG. 7. Jacketed vessel with anchor agitator. 

3 For an explanation of the use of a flow behavior index to characterize non-Newtonian 
materials, consult Metzner (M2). 
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where Κ = 1.0; a = | for NRe from 10 to 300 (viscous regime) 

Κ = 0.36; α = f for NRe from 300 to 40,000 (turbulent regime). 

This can be seen from the plot of the data in Fig. 8. Note that the test equip-
ment listed last in Table VII is a flat-bottomed pan dryer, for which the fluid 
depth is shallow (Z/T = 0.5). It can be seen from Fig. 8 that despite wide 
difference in geometries, the correlation used satisfactorily represents the data. 

For each system tested, the clearance, C, was varied and the results 
unexpectedly show that the film coefficients for the common range in practice, 
namely, CjD of 0.01 to 0.03, are 20 to 30% less than at smaller or somewhat 
greater clearances. Note that for the data of Brown et al (B4), CjD are 0.017 
and 0.08 with 20% better rate of heat transfer at the larger clearance. This 
phenomenon is considered in detail by Uhl and Voznick (U4). Note that the 
data were not obtained for values of CjD greater than 0Ό8. However, at values 
of CjD greater than 0.08, h} would be expected to again decrease. 

Almost all the work in the 23J-in. diam. kettle used by Uhl and Voznick 
had a blade width of 2 in. However, a few runs made with a 3-in. blade 
showed no measurable difference in the heat transfer rates, which is not 
surprising. 

Published information for other close-clearance sweepers is extremely 
limited. Over-all coefficients are presented for several materials for straight 
ribbon, helical screw, plows, and varieties of the anchor in Tables VIII and 
IX. Note that the services listed in Table VIII are indirect drying, melting, 
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FIG. 8. Heat transfer correlation for anchor agitators (close-clearance sweepers). The 
solid line represents Eq. (13). Note that the data from Uhl (U2) and Uhl and Voznick (U4) 
are representative and not complete, and the manner of plotting does not serve to show vari-
ation due to clearance, C, and heating versus cooling. The data from Brown et al. (B4) are 
for the 5-in. clearance only, which gave 18% better rates of heat transfer than with the 1-in. 
clearance. 



Table VII 

Summary of Test Conditions—Heat Transfer with Anchor Agitator* 

Impeller Vessel 

Diam., 
Investigator D 

(in.) 
H/D w/D C/D 

Speed, 
N' 

(r.p.m.) 
Mat-
erial 

Diam., 
Τ 

(in.) 
Z/T 

Appur-
, * tenances 
bottom . 

in vessel 

Heating 
and/or 
cooling 

Fluid 

Brown et al 
(B4) 

49J ~0 .88 0.06 0.08 40 Cast iron 60 0.7, 
0.85 

Hemi- Blowpipe 
spheric 

C Sulfonation liquor 
μ = 20-200 cp. 

58 ~0 .76 0.05 0.017 40 Cast iron 60 0.70 Hemi- 6 in. baffle 
spheric plate hung 

from cover 

C As above 

s 

s 
s Uhl (U2) 22f 0.93 0.09 0.019 50, 75 Monel 23i 1.26 Dished None H + C Bodied linseed oil; 

cylinder oil. 
μ = 100-10,000 
cp. 

i 

Uhl and —22 J 
Voznick (U4) 

0.93 0.09, 
0.13 

0.011-0.044 22-75 Monel 23i 1.26 Dished None H + C Cylinder oil. 
μ = 100-4000 

cp. 

Uhl and ~ 9 f 
Voznick (U4) 

0.50 0.10 0.01-0.077 9-66 Steel 10i 0.50 Flat None H + C Cylinder oil. 
μ = 100-4000 
cp. 

a See Fig. 7 for representation of symbols. 
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Table VIII 

Over-all Coefficients for Close-Clearance Proximity Agitators 

Speed Over-all 
Type of agitator Charge Duty Shaft 

axis 
Agitator 
diam., D. 

range 
N' (r.p.m.) 

coefficient, 
U 

Reference 

Helical screw,* solid flight type, Not specified Indirect drying6 Hor. 6-24 in. 2-20 2-12 Perry (PI) 
jacket only —continuous 200 25-30 

Helical screw, hollow-flight type Poor to wet Sensible heat Hor. c c 6-20 Perry et al. (P3) 
with jacket conductors transfer, granu-

lar to wet solids 
Double-shaft helical screws, Sulfur ore Drying Hor. 70 mm. 1.9-20 3-34 

hollow shaft with jacket. Sulfur ore Melting Hor. 70 mm. 0.6-20 0-49 Kasatkin et al. (Kl) 
Blades of adjacent screws fit Sulfur Melting Hor. 70 mm. 1.5-20 6-55 
into space between screws 

Plows, T-blades Various, see 
references 

Indirect drying 
—continuous 

Hor. 4-72 in. 4-140 5-50 Uhl and Root (U3) 

Anchor modification Various, see 
references 

Indirect drying 
—batch 

Vert. 36-96 in. 2-27 10-50 Uhl and Root (U3) 

Helical screw (screw conveyer) Wax distillate Crystallization 
—continuous 

Hor. 6 in. c 7-10 Nelson (N2) 

Straight ribbon Wax distillate Crystallization 
—continuous 

Hor. 6 in. c 8-15* Nelson (N2) 

None specified Wax distillate Crystallization 
—continuous 

Hor. c c 4-8 
20 max. 

Dunstan (D2) 

a Screw conveyor design; also termed spiral conveyor. 
b In indirect drying, the heat needed to vaporize the water or other liquid is transferred through a wall or barrier, as compared to so-called direct 

driers where the heat transfer media, usually air or combustion gases, are in direct contact with the surface of the material to be dried. 
c Not specified. 
d Using direct expansion of ammonia in the annulus. 
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Table ΓΧ 

Comparison of Heat Transfer with Scraping vs. Close-Clearance* Agitation* 

Operation 

Double-motion agitation 
Av. diameter kettle—2.25 ft. 

Material Character 
of fluid 

Viscosity 
range for 
test (cp.) 

Speed of outer agitator—15 r.p.m. 
Speed of inner agitator—25 r.p.m. 

Initial Final Approx. increase 
condition condition in rate of heat 

Temp. hj Temp. hj transfer, scraping 
(°F) (°F) over close (%) 

clearance 

Heating Medium motor oil Newtonian 10-100 Close clearance 100 32 210 24 14 
30 p.s.i.g. Scraping 105 43 220 21 
steam 

Paraffin-base aircraft oil Newtonian 10-300 Close clearance 110 34 255 22 25 
Scraping 110 55 252 27 

Mixture of aluminum oleate Non-Newtonian 400-2500 Close clearance 110 9 265 1.6 500 
and oil Scraping 120 13 260 13 

Cooling Chocolate syrupc Assumed — — — 50 
Newtonian 

No. 3 cup grease Non-Newtonian — — — 400 

a For close clearance, clearance was 7/16 in. 
* Data of Huggins (H5) essentially as summarized by Uhl and Voznick (U4) 
c Essentially a sugar syrup. 
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and crystallization (wax chilling). For indirect drying, the heat transfer mech-
anism at the wall is essentially the same as for sensible heat change, however, 
the material experiences the consistency history from a slurry through a 
plastic mass to a free-flowing granular solid (U3). Often with crystallization 
and certainly with wax chilling, solids deposit on the wall and provide a more 
or less continuous resistance layer, which is sometimes limited by attrition. 
Note that some of the data included in Table IX are for the scraping blades; 
this subject is discussed in the next section. 

2. Surface Scrapers 

Two types of scrapers attached to a sweep frame are shown in Fig. 9. 
For hinged, follower-type scrapers, the value of the clearance, C, is a function 

FIG. 9. Two typical scraper arrangements. Fluid pressure on the hinged-blade (a) forces 
the scraper to contact the container wall. Spring action forces blade (b) against the wall. 
[From Uhl and Voznick (U4).] 

of the fluid viscosity and the pressure exerted by movement on the flat sur-
faces of the scraper. Scrapers in the form of spring-loaded flat or slightly 
helical ribbons are also used in small diameter (6 in. pipe) equipment operated 
continuously such as wax-distillate chillers and some crystallizers (see Fig. 10). 
The Vota tor 4 (Fig. 11) blades are of the "floating" type and are pressed to the 
wall by a combination of centrifugal force and fluid kinetic pressure as the 
shaft revolves. 

Huggins (H5) has clearly demonstrated that scraping action is efficacious 
for very viscous and non-Newtonian materials. His work, which is summarized 
in Table IX, compared rates of heat transfer for various materials in a Dopp 
kettle equipped with a double-motion agitator both with and without scrapers. 

4 Registered U.S. trade-mark. Votator Division, Chemetron Corp., Louisville, Kentucky. 

(a) (b) 



FIG. 11. Cross section of Votator unit. Courtesy Votator Division, Chemetron, Corp., 
Louisville, Kentucky. 
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FIG. 10. Spring-loaded scraper for 6-in. pipe shell. Courtesy R . M . Armstrong Co., 
West Chester, Pennsylvania. 

Τ l l l l l l l l l l l l l l i i l l l l T 

Physical arrangement of equipment 

Concentric mounted shaft 
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Without scrapers the agitator might be considered to be equivalent to an 
anchor, but with good mixing of the entire charge. The clearance without 
scrapers was 7/16 in., which with an average vessel diameter of 2.25 ft. gives 
a clearance factor, C/D, of 0.016, which is within the clearance range that gives 
the minimum rate of heat transfer as noted in the preceding section. The 
improvement of the rate of heat transfer by the scrapers for the Newtonian 
fluids was one-seventh to one-half over the rates without scrapers, and as 
might have been expected, the use of scrapers enhances the rate of heat trans-
fer to the non-Newtonian fluids (presumably pseudoplastic; flow behavior 
index less than 1.0) to a much greater extent, namely, four or five times. 
Sufficient information for heating of viscous materials was found in the 
Huggins article to calculate roughly the film coefficients, hj9 for different 
temperature ranges. The initial and final values given in Table IX show that 
in all cases hj decreases as the temperature rises. The explanation may lie in 
a mitigated shear and reduced radial exchange of material (or mixing) with 
increased fluidity of the thin layer at the wall. The data from Huggins were 
also reduced to the correlation basis established for the anchor agitator data 
and plotted in Fig. 12. 

The other scraper designs are long units with relatively small diameter 
which operate continuously. The only information available for equipment of 
the type shown in Fig. 10 is the common knowledge that for wax chilling, the 
over-all coefficients, £7, are in the range of 25 to 35 or over twice the values 
without scrapers as shown in Table VIII for this service. 

The information for high-speed scrapers (Votator) is limited to Houlton 

I TTTTTTTj—I I I I M111—I I I IIIIIJ—I I I IIIIIJ—I I I 11 l l l j 

χ VOTATOR WATER HOULTON (H4) 
• VOTATOR WATER (SINGLE PT) SKELLAND (S2) 

Ô NORSTRAPERS M E D I UM M 0 T 0R 0 il HUGGINS(H5) 
« SCRAPERS /PARAFFIN BASE\ g i i r n M C, u , , 
Δ NO SCRAPERSUlRCRAFT OIL I HUGblNb IHDJ 
. SCRAPERS /ALUMINUM-OLEATEU . r r m* (u*\ 
• NO SCRAPERS\0\L MIXTURE JHUGGINS (H5) %̂ Ç ^ % 

NOTE: SOLID LINE IS CORRELATION 
FROM FIG.8 , EO. (13) 

I Mill ι ι ι ι m i l n i l ι i n m i l ι ι 1 ι 1 
ι ι ι ι ι II 

IO"1 10° 10 I 0 2 I 0 3 I 0 4 I 0 5 I 0 6 

N R e 

FIG. 12. Comparison of scraping agitators with nonscraping (close-clearance sweeping) 
agitators. 
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(H4) for water and Skelland (S2) for water, medium viscosity oil, and glycerol. 
Yarham (Yl ) reports that the manufacturer of the Votator gives U of 100 to 
250 B . t .u./hr.-ft. 2-°F. for continuous processing of aluminum stéarate and 
lithium greases. The data of Houlton were reduced to the correlation basis of 
the anchor agitators and are also plotted in Fig. 12 where they are found to 
fall on the average 20% below an extrapolation of Eq. (13). Skelland was able 
to correlate his work in two sizes of Votators for cooling glycerol, water, and 
two similar glyceride oils (about 60 cp. for test conditions) by the following: 

Note that because of scraping, D and T a r e equivalent. The range of variables 
for this work are as given in the accompanying tabulation. 

A comparison between the exponents on the groups DNjv and Dvp/μ 
indicate that the rate of heat transfer is not dominated by the mutator speed 
and the contribution offered by the linear flow velocity through the Votator 
may be considerable. When Skelland's data are reduced to the plotting basis 
of Fig. 12, which does not include the axial velocity, v9 for the runs with 
glycerol and the glyceride oils (NRe of 50 to 2000), the values of j are 2.5 to 5 
times higher than the curve. However, the one point for water in the smaller 
Votator with a Reynolds number of 29,000 which is plotted fell 40% below 
the curve of Fig. 12 and is in line with Houlton's data. 

3. Bulk Mixing Devices 

The subject of mixing per se has been thoroughly handled in Chapter 4. 
Nevertheless, there are special aspects of this topic which apply to heat transfer 
to viscous materials which must be taken up here. 

For the lower viscosity ranges (1000 to 10,000 cp.) sufficient mixing action 
is generated by the proximity blade if it is an anchor or a straight ribbon. 
However, if the material is highly pseudoplastic or more viscous than 10,000 
cp., blade elements must be provided for mixing the bulk of the material 
radially from the core to the wall and back again. The auxiliary devices or 
schemes which have been used are listed in the order of increasing complexity 
and along with references where, in some cases, additional information can be 
found. 

(14) 

Mutator (inside shaft) diam. 
Tube i.d., D 
Length of unit, L 
Speed range, N' 
Axial velocity range, v, ft./sec. 

2.25 in. 3.25 in. 
3.00 in. 4.00 in. 

10.5 in. ca. 4 ft. 
450-900 r.p.m. 740 r.p.m. 
0.03-0.08 0.63-1.16 
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a. Vertical arms on anchor agitator (Gate type). 
b . Pitched crossarms on anchor agitator. 
c. Pitched crossarms on anchor agitator as described under b above except 

that the crossarms, pitched 45° out from the shaft, are abruptly twisted to 
a reverse 45° pitch two-thirds of the distance from the shaft to the wall. 
The outer portion of the crossarms tend to move the vessel charge up-
ward, and the portion near the center tends to move the material down-
ward [Yarham (Yl)] . 

d. Helical ribbon agitator. Nagata et al (N l ) and Gray (G2) have shown 
that this is a most efficient device for mixing viscous fluids. The 
maximum viscosity for the work of Nagata et al was 40,000 cp. The flow 
pattern produced is shown in Fig. 13. 

e. Double helical ribbon agitator (see Fig. 14). This device produces the 
same flow pattern at the wall as the single helix but in addition provides 
positive displacement in the core in the return direction. 

f. Double-motion agitator (see Fig. 15). According to Yarham (Yl) for 
double-motion agitators for grease processing, the space between the 
agitator bars should be about equal to the projected area of the bars in 
a vertical plane. 

FIG. 13 . Flow pattern produced by helical ribbon mixer. [After Nagata et al (NI).] 

FIG. 14 . Double helical ribbon agitator. Courtesy Bethlehem Foundry and Machine Co. 
Division, The Bethlehem Corp., Bethlehem, Pennsylvania. 
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FIG. 15. Double-motion scraper agitator with speed reducer. Courtesy Buflovak 
Equipment Div., Blaw Knox Co., Buffalo, New York. 

g. Votator with eccentric mutator. This modification of the Votator is 
described by Lineberry (L2). This design has the advantages of prevent-
ing shaft build-up and of promoting better heat transfer because of 
the mixing action which it generates. 

The need for effective radial mixing is inherent in the theoretical model for 
scraper agitation which has been proposed by Kool (K3) and for which 
Crosser (C4) and Harriott (H2) present suitable simplified expressions. The 
basis for these models is well expressed by this excerpt from Kool : 

"The transfer of h e a t . . . takes place by conduction through the adhering 
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film. The increased rate of heat transfer is not due to any turbulence set up 
by the scraper since this is negligible with liquids of high viscosity. The 
increased heat transfer depends on the fact that the adhering film, which is 
heated or cooled by conduction, is scraped from the wall and mixed with 
the bulk of material, and at the same time, clean heat transfer surface is 
exposed to fresh material." 

Note that the mechanism is repeated cycles of unsteady state heat transfer by 
conduction to a semi-infinite plane between sweeps of the scraper agitation. 
When the blade passes a point on the surface, complete mixing is postulated 
so that at that instant the temperature from the wall to the vessel axis is 
equalized. This mechanism is analogous to the Higbie penetration theory for 
mass transfer (H2). Kool reports that his model can be calculated with an 
error of less than 1% with: 

hj = 1 . 2 4 A , ( J - 1 . 0 3 ) ( 1 5 ) 

where s = hs yjtjkcp, when s is between 0.2 and 30. 
The Kool penetration model or its simplifications provided the basis for an 

analysis of the role of bulk mixing using available Votator data (all for cool-
ing) and also the heating of a high-consistency material in a Dopp kettle. 
The analysis, which is presented in tabular form in Table X, permitted these 
general observations: 

a. At high values of NRe (turbulent regime) this model predicts hj fairly well 
(see water and oil data). Note that flow rate does not affect h} for these 
cases. [Figure 12 also demonstrates that Eq. (13) very well predicts the 
Houlton water data.] This good correlation is somewhat surprising; on 
the other hand, the experimental values would be expected to be some-
what higher because the turbulent eddy penetration into the heat trans-
fer layer would promote a better situation for heat transfer than that 
postulated by the model. 

b . For the transition regime (values of NRc roughly from 100 to 1000), the 
experimental values of hj were as low as one-half the value from the 
model. Although flow rate through the unit, v, was not a variable in the 
penetration model, the transition range data showed that it improved the 
degree of mixing and hence the rate of heat transfer markedly. This is 
consistent with Eq. (14) which Skelland used to correlate his data. Also, 
hj (experimental) was proportional to TV0 17 [see Eq. (14)] and not i V 0 5 as 
the penetration model predicts. 

c. Only the heating data in the Dopp kettle were completely in the viscous 
regime and since this was a batch run, the effect of flow rate was not 
tested. Here the fact that hj (experimental) varied with N° 5 [see Eq. (13)] 
confirmed the penetration model ; however, the experimental values were 
only one-third the predicted values which indicated poor mixing in terms 
of the model requirement. 



Table Χ 

Analysis of Heat Transfer Data in Terms of Penetration Theory Model 

hj (exp.)/Ay (model) 

Test unit Service Fluid Viscosity 
(cp.) 

As speed of 
For av. of agitation 

all data increases 

As flow rate 
through unit 

increases 
Source Analysis 

of data by 

3 in. i.d. Votator Cooling Water 0.51 60,000-400,000 1.15 Per model 

3 in. i.d. Votator 

4 in. i.d. Votator 

3 in. i.d. Votator 

3 in. i.d. Votator 

3 in. i.d. Votator 

3 in. i.d. Votator 

Kettle with double-
motion agitator 
equipped with 
wall scrapers. 

Cooling 

Cooling 

Cooling 

Cooling 

Cooling 

Cooling 

Heating 

Water 

Glyceride oil Β 

Glyceride oil A 

Glycerol* 

Oil 

Carrot puree 

Mixture of 
aluminum oleate 
and oil 

0.71 

61 

56 

310 

37 

100-200 

400-2500 

29,000 

1700-2000 

130-670 

44-175 

930-3900 

200-920 

0.3-3.0 

No effect 
400-1000 lb./hr. 

0.6 (Only one point) 

Houlton Latinen 
(H4) (LI) 

Harriott 
(H2) 

Skelland Latinen 
<S2) (LI) 

0.5 (Only one speed) Increases* ^ 
3800-7000 lb./hr. 

1.0 Decreases 

0.5 Per model 

0.7 Per model 

0.85 Increases 

0.33 Per model 

Increases6 

180-430 lb./hr. 
Increases6 

180-360 lb./hr. / 

No effect ^ 
30O-900 lb./hr. 

Increases 

1000-4000 lb./hr, 

(No flow) 

Skelland Latinen 
(S2) (LI) 

Harriott Harriott 
(H2) (H2) 

Huggins Author 
(H5) 

a The center of the transition region corresponds roughly to iVRe of 300 (see Fig. 8). 
6 This trend is also expressed in Skelland's correlation of his result presented by Eq. (14). 
c The glycerol contained a small amount of water. 
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III. Heat Transfer Resistance of Heating and Cooling Media 

Besides the resistance to heat transfer of the vessel charge, there are the 
"other resistances" lumped into hs which include that of the heat transfer 
medium such as condensing steam or cooling water, the solid wall, and fouling 
on both sides of the wall. For experimental work, values of hs are obtained by 
one of these three methods : 

1. Measurement of the temperature of the heat transfer barrier by imbedded 
thermocouples ( G l , C2, K4, O l , D l ) . 

2. Use of modified Wilson plot represented by Eqs. (16) and (17) below 
(U2, P6, C5, B3). 

3. By calculation, using Eqs. (18) and (19) below (CI , C5, R2) or other 
methods (B1,B4). 

Two variations of the Wilson plot technique were employed to secure hs. 
For the first method, it was recognized that 

U ~ hs
 + K'NX ( ' 

where 

and 

hjOThc = K'N* 

For test conditions which insure a fairly constant value of hS9 a plot oil/U vs. 
I IN* on rectangluar coordinates will indicate a linear relationship with a slope 
of 1/K' and a j - intercept of l/hs. Experimental results from the use of this 
technique are given in Table XI . The second variation of the Wilson plot 
technique was successfully used by Cummings and West (C5) only for cooling 
with coils for which the working relation was 

Jj = hc
 + R m + R f + K"V08 ^ 

where the slope is \/K" the intercept is \jhc + Rm + Rf and K"V°'S = h 0 c. 
Here the agitator geometry and speed were constant and the temperature of 
the vessel fluid did not vary markedly, so that hc could be considered constant. 

A. HEAT TRANSFER IN JACKETS 

Test information for jacket heat transfer are for condensing steam and cir-
culating fluid media. An analysis of the data from three sources for condensing 

This analysis emphasizes the need for good mixing for heat transfer to viscous 
materials, but it also indicates that the mechanism is complicated and will be 
difficult to model satisfactorily. 



Table XI 

Comparison of Predicted Jacket Side Heat Transfer Coefficients with Values Calculated from Test Data 

Heat Heating Exptl. Exptl Calculation of h0j Method Fluid 
transfer or method Uhs • from pre- of velocity 
media cooling of finding experi- dicted predicting in jacket AT d 

- < vR e Investigator 

A , zlkm *, 1/Λο, ment hj K((ft./sec.) 

Condensing Heating T.C. in 0.0034 0.0013 0.001" 0.0011 900* ca. Est. fair value Chilton et al. 
steam wall N 1500 (C2) 

Condensing Heating Wilson 0.0033 0.0012 0.001a 0.0011 900* ca. Est. fair value — Uhl(Ul ) 
steam plot 1500 

Condensing Heating Wilson 0.005 0.0016 Negligible 0.0034 300 200-500 Est. fair value, — Brooks and 
steam plot noncon- Su(B3) 

densables present 
Water Cooling Wilson 0.010 0.0012 0.001a 0.0078 129* 112 Eq.(18) with 0.05 620 Uhl (Ul) 

with plot K"' = 0.15 
flow 114 Martinelli and 
down- Boelter(Ml) 

Water ward Wilson 0.0075 0.0016 Negligible 0.0059 170 180 Method not — — Brooks and 
plot given in ref. Su (B3) 

Water Testc 
— 0.0055 Negligible — 112-130 111-135 Eq. (18) with 0.03-0.11 500-1900 Brown et al. 

# " ' = 0.15 (B4) 
— 0.0055 Negligible — 140-220 None* See text 0.13-0.20 2200-3300 

Dowtherm Heating Calculated Inform- Negligible — 40-55' 26% Eq.(18) with 0.04-0.05 800 Barton and 
A with from U 0.0055- ation higher' K'" = 0.15 Williams 

flow by using 0.0021 not (Bl) 
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Heat trans-
fer oil 

up-
ward 

calc. 
value 
for A, 

given Negligible 14-20* [Individual 0.025-Ό.06 
values checked 
closely by 
method of 
Martinelli and 0.05 
Boelter(Ml)] 

100 Barton and 
Williams 
(Bl) 

Tetracresyl 
silicate 

up-
ward 

calc. 
value 
for hs 

given Negligible 28-36* 
26% higher' 

250 Barton and 
Williams 
(Bl) 

a Combined fouling factor for both jacket and vessel side estimated to be 0.001. 
b Since the value of hQj is dependent on the estimated size of the fouling coefficient, h0j from experiment are only of-the-order values. 
c Tests indicated that for heating by steam in jacket, the film coefficient for water in the vessel was about 900. Assuming the same film coefficient 

for cooling, values of h0j shown were calculated from the experimental values of U. 
d In calculating the Reynolds number, the equivalent diameter was taken as twice the inside width of the jacket space. 
e Sieder and Tate (SI) equation gives 26-46 for i V Re of 2200-3300 which is obviously not useful. 
'Predicted h0j is 26% higher than from experiment in dowtherm, heat transfer oil, and tetrcresyl silicate media. 
8 Summarized from test data for case of mean film temperature of 390°F. and temperature difference across fluid film, δ/, of 18 to 54°F. 
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steam given in Table XI shows that the value of hoj is generally very high, 
and because of the method of calculation, very rough. The low value of 300 
for hoj from the data of Brooks and Su is expected because noncondensables 
were not purged from the steam. 

Relations which apply for the correlation of hoj for circulating fluid media 
are from Colburn and Hougen (C3) and Martinelli and Boelter (Ml ) . The 
former, based on water flowing at velocities less than 0.1 ft./sec. in a 3-in. 
vertical pipe, is 

where K'" = 0 . 1 5 for upward flow of heating fluid or downward flow of 
cooling fluid, 

K!" = 0.128 for downward flow of heating fluid or upward flow of 
cooling fluid. 

The Martinelli-Boelter relation is analytical but confirmed by experiment 
and unlike Eq. (18) which only includes the effect of free convection, it also 
reflects the influence of forced convection. Because the Martinelli-Boelter 
relation is too involved to present here, the reader is referred to the source 
paper or McAdams (M5). 

Values of jacket coefficients for sensible heat transfer derived from test 
work are also presented in Table XI. Besides sources for cooling water from 
work summarized in Table I, there are also data on heating with Dowtherm, 
heat transfer oil and tetracresyl silicates from Barton and Williams (Bl). 
Their vessel was about 15 in. i.d. and the jacket space was 5/8 in. wide. These 
data in Table XI confirm the usefulness of the Colburn-Hougen and the more 
involved Martinelli-Boelter relations for predicting hoj where the velocity in 
the annular space does not exceed 0.11 ft./sec. and the Reynolds number is less 
than 1900. 

The fact that the considerable test data of Barton and Williams showed 
that the values of h0j were 80% of that predicted by Eq. (18) is reasonable when 
it is realized that the considerable surface in the bottom head is not vertical 
but almost horizontal. 

Note that for flow beyond the viscous and in the nominal transition range 
with Reynolds numbers from 2200 to 3300, Brown et al. found that the values 
of h0j were increased to 140-200, which happens to be about four times that 
which would be predicted by the Sieder and Tate (SI) relations. 

B. HEAT TRANSFER IN COILS 

Rates of heat transfer, h0c, for fluid flowing in the straight lengths of the 
vertical baffle-type coils have been expected to follow the well-established 
relations for flow inside conduits by Sieder and Tate (SI). 

(18) 
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The case of media flowing inside helical coils is another matter because the 
curvature enhances the heat transfer rate. The test equation which has been 
used was developed by Jeschke (J2) to correlate data for rates of cooling air 
in two helical coils of l j - in . steel tubing, one of two turns having a coil 
diameter, Dc, of 24.8 in. and the other of six turns having a coil diameter of 
8.3 in. The flow was always turbulent with Reynolds numbers varying up to 
150,000. The results show that the curvature of the coil increases the value of 
h0c by the factor ( l + 3.5rff/Z)c). When this is incorporated into the Dittus-
Boelter equation, the relation is 

Data by Pratt (P5) for water in five different-sized coils and by Cummings and 
West (C5) for isopropyl alcohol demonstrate that Eq. (19) will predict h0c 

within a few per cent for turbulent flow. 

A . SCALE-UP 

Scale-up is inherent in the application of available information mostly 
from small scale tests to equipment design. It should be recognized that for 
heat transfer, available correlations, v/z., Eqs. (3), (4), (8), (11), and (13), 
provide the basis for scale-up for most design situations. However, when there 
are no appropriate correlations, one needs to rely on related plant-scale data 
or extrapolate to plant scale the results of laboratory tests run in vessels of 
different sizes. The latter procedure is discussed in Chapter 3. The treatment 
here will be limited to situations for which existing heat transfer correlations 
apply. 

Perhaps the most important single step in a scale-up procedure is the 
establishment of the process criterion. For heat transfer, this might be the 
same process fluid film coefficient or the same power consumption per unit 
volume of process fluid. It is impractical to maintain some process criteria. 
For instance, it would be impossible to maintain the heat transfer rate per 
unit volume as the size of a jacketed vessel is increased because the surface 
area increases at a lower rate than the volume as scale is increased. On the 
other hand, this would be a reasonable criterion if coils were used. 

Besides the two conditions established above for scale-up, namely, know-
ledge of the extrapolation relation and définition of the process criterion, 
there is a third, the maintenance of geometric similitude. This last is not 
absolutely essential as are the first two conditions, but one can scale up with 
greater certainty, if geometric similitude is roughly observed. 

It has been found most convenient to use power per unit volume, π, as the 
variable as the size or scale is increased. Subscripts 1 and 2 are used to desig-

(19) 

IV. Design Considerations 
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nate model and prototype, respectively. Because, for power and heat transfer, 
the fundamental relations include size factors, generally the impeller diameter, 
Z>, and the tank diameter, T, it is possible to express the relative power 
intensity, as a function of scale, D2ID1 or T2/Tv Following a develop-
ment by Jordan (J4), a relation will be found for the power intensity variation 
with scale for heat transfer to jacketed vessels. To simplify the development, 
the system will be considered to be baffled and the regime to be turbulent. The 
heat transfer relation is 

hjT 

which can be found in the summary of heat transfer relations in Table II. 
For the conditions stated above, a = 0.67, b = 0.33, and c = —0.14. The 
power intensity is 

Ρ I P\ 
volume 

where TZ\K' = volume of process fluid in the vessel. Using the power relation 
(see Chapter 3) 

and the fact that geometric similitude holds, i.e., D/T is constant, it follows 
that 

π = K'"N3+eD2+2epl+ep-e (23) 

Since for the turbulent regime, baffled, e = 0, 

7Γ = K'"NzD2p (24) 
The relation sought is 

Π 1 

If the process criterion is that h2 = hx and the liquid properties remain 
unchanged, by dividing Eq. (20) for the prototype (subscript 2) by that of the 
model (subscript 1), the result is 

Since TjD is a constant when geometric similitude applies, 

or 

Ν. ΙΏΛΟ^Λ 
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From Eq. (24) 

(29) 

Substitution for Ν2ΙΝχ from Eq. (28) gives 

"Λ = (Βλ ^ 

For the case in question, a = 0.67, or 

(30) 

0 5 

This procedure was used to develop power intensity ratios as a function of 
scale, D2IDl9 in terms of the expression 

To carry out this procedure the following values of the exponent e for the 
power relation, Eq. (22), were used: viscous regime, baffled and unbaffled, 
— 1.0; turbulent regime, baffled (includes presence of coils), 0; turbulent 
regime, unbaffled, —0.15. 

Values of the scale-up exponents, m, for Eq. (31) for common situations 
are tabulated in Table XII . These apply for the process criterion that h2 = hv 

Note with the result for the viscous regime that m = 0, there is no power 
penalty with diameter scale-up. However, it must be recognized that for the 
process criterion h2 = hl9 the heat transfer area per unit volume is inversely 
proportional to linear size for jacketed surfaces. The fact that coils have poor 
scale-up characteristics is related to the fact that some of the friction loss from 
flow across the coils is accounted for by form drag which does not contribute 
directly to the rate of heat transfer as does skin friction. The various results 
given for turbulent flow with jacketed vessels serve to emphasize the impor-
tance of knowing the correct value for a. Since an a of 0.75 is based on PurselPs 
statistical analysis of the work of five investigators, this exponent appears most 
reliable and incidentally predicts favorable scale-up relations. For scale-up 
involving more than one regime, or where the transition regime is involved, 
the heat transfer rates and power input must be solved individually for model 
and expected prototypes, using cut and try. 

For more information on the scale-up background and procedures, 
Johnstone and Thring (J3) should be consulted. 

(31) 

B . HEAT TRANSFER ON VESSEL SIDE 

For Newtonian fluids with viscosities less than the 1000- to 5000-cp. range, 



Table XII 

Scale-up Relation for Heat Transfer, Agitated Vessels, Where hx (Model) Equals h2 (Prototype) 

Value of Value of Value of 
Agitator Regime Baffled Coil or Jacket exponent a in exponent e in exponent m in 

Eq. (20) Eq. (22) scale-up Eq. (31) 

Nonproximity Turbulent Yes Jacket 2/3 (B3) 0 0.5 

Nonproximity Turbulent Yes Jacket 3/4 (P6) 0 0 

Nonproximity Turbulent N o Jacket 2/3 (C2, K4, U2) - 0 . 1 5 0.27 

Nonproximity Turbulent No Jacket 3/4 (P6) - 0 . 1 5 - 0 . 2 0 

Nonproximity Turbulent No Helical coil 0.62 (C2, C5) - 0 . 1 5 0.60 

Nonproximity Turbulent In effect Baffle-type coil 0.65 (Dl ) - 0 . 1 5 0.38 

Proximity Viscous No Jacket 1/2 (U2) - 1 . 0 0 
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either a paddle or turbine can be used. Although propellers, often with draft 
tubes, have been widely used, no recommendations are made for propellers 
because of insufficient published information. An analysis of the test data by 
Uhl (U2) shows that for a given power input the rate of heat transfer to jackets 
is about the same for paddles, turbines, and incidentally, also anchors. 
Obviously, however, the anchor is not used if the nonproximity impellers are 
as effective because the higher speeds permit the use of the less expensive, 
lower torque, speed reducers. There is evidence for helical coils that power is 
used more effectively in promoting heat transfer with larger turbines rotating 
more slowly [see Fig. 7 of Oldshue and Gretton (Ol)] . This principle is 
probably also applicable to jacketed surfaces. But here again the higher cost of 
the slower output speed reducer is a deterrent factor and would in most 
cases offset the power efficiency advantage. 

For jacketed vessels with paddle agitators, Eq. (4) is recommended but with 
some reduction in the constant 0.112 for intermediate Reynolds numbers as 
would be indicated by the concentration of data points below the curve in 
Fig. 2. For turbines, Eq. (3) should be used with values of Κ from Table II, 
noting that the Κ selected depends on the type of turbine, clearance, and 
baffling. It is obvious from Table II that pitched-blade turbines should be 
centrally located (viz., C/Z=0.5) , and radial flow turbines and paddles also are 
probably best located in a central position from vessel bot tom unless at 
times the vessel is only partly filled. For Reynolds numbers above 1000 with 
the disk-type flat-blade turbines, the film coefficient would be increased about 
3 5 % by one or more vertical baffles, and some increase might also be expected 
for paddles above Reynolds numbers of 5000. For Reynolds numbers below 
200, baffles have no effect. Note that baffles are often used at higher speeds to 
obviate vortexing with its attendant gassing and consequent reduced rate of 
heat transfer. Unfortunately no correlations have been published which 
indicate when the critical vortexing occurs in unbaffled systems. A limitation 
for hj at lower speeds would be expected because of free convection which 
can be readily calculated for vertical walls by methods given in sources such 
as McAdams (M5) and Kern (K2). 

Immersed coils are used to provide heat transfer surface in a process 
vessel, sometimes to augment available jacketed surface, but often in prefer-
ence to jacketed surface because of lower cost and the ability to accommodate 
higher pressures in a coil or circulate fluids at higher velocities and hence 
attain higher heat transfer coefficients. Coils offer the only practical heat 
transfer surface for ceramic-lined vessels in corrosive service. Because of the 
wide possible variation in geometry for a system with a coil and the lack of a 
general correlation, test systems described in Table IV should be used as 
prototypes, and corresponding equations tabulated in Table V used. For 
extrapolation to other geometries, recommended exponents are presented in 
Table VI. Because of their basis in a wider range of variables and reasonable-
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ness of form, Eq. (8) is recommended as the basic relation for helical coil 
systems with baffles and Eq. (11) should be followed for vertical baffle-type 
coils. Note that at higher power inputs vortexing with its debilitating effect on 
heat transfer can be eliminated by using either of these systems, the vertical 
baffle-type coils or plate baffles with helical coils. For the effect of baffles and 
coils on power requirements, consult Chapter 3. When a series of concentric 
helical coils is needed to provide large surface area, the designer must use 
judgment to reduce the value of hc, because of the added resistance to flow 
with a series of coils as compared to one coil. 

It is generally assumed that forced convection completely overshadows the 
effect of natural convection in agitated systems. This is not always the case, 
for with mobile fluids for high Reynolds number it is found that the effect of 
natural convection is noticeable and in some cases governing. The information 
given in the accompanying tabulation extracted from the work of Dunlap 
and Rushton ( D l ) and applicable to their test systems is pertinent. Where free 

Reynolds number at which 

Viscosity natural natural 
Liquid for test convection convection 

(cp.) is noticeable predominated 

Water 0.4 9.5 x 105 2 χ 105 

Oil (0203) 10 6.0 χ ΙΟ4 104 

Oil (60) 52 1.5 χ 104 5 χ 102 

convection must be calculated, the available correlations for vertical plates 
found for instance in McAdams (M5) and Kern (K2) should be considered to 
apply for vertical baffle-type coils. However, for helical coils the designer 
can increase hc as calculated for natural convection on the outside of a single 
horizontal coil by about 50%. This factor is based on the work of Inglesent 
and Storrow (11) who found that heat transfer for about eight turns of 3/8-in. 
diam. tubing with a gap of 5/8-in. gave 70% better heat transfer than predicted 
by the available relations for a single horizontal tube. 

Proximity agitators are desirable for fluids with viscosities greater than 
1000 to 5000 cp. range. As shown in Fig. 12, Eq. (13) can be used for 
Newtonian fluids with close clearance and for materials plastic in character 
if walls are scraped. For Newtonian or dilatant materials (flow behavior index 
of 1.0 or more) a clearance ratio CjD of the order of 0.08 is recommended. 
For very viscous materials, especially if mixing or turnover must be assured, 
pitched-blade crossarms may suffice for Newtonian fluids; however, the 
helical ribbon mixer is recommended; this is described in references (NI , G2) 
and its flow pattern is delineated in Fig. 13. The double-helical ribbon (Fig. 
14), an anchor with pitched-blade crossarms with reverse pitch or the 
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double-motion agitator (Fig. 15) are preferred for plastic materials (flow be-
havior index less than 1.0) like grease. 

Very viscous materials which have apparent viscosities from 105 to 106 cp. 
are invariably non-Newtonian and often can only be handled in kneaders, 
masticators, and mullers, which equipment is treated in Chapter 8 (Vol. II). 
A significant recent entry into this field described by Jensen and Talton (J l ) 
is the cone-vertical mixer which has two intersecting Helicone5 blades nested 

(a) (b) ( c ) 

FIG. 16. Types of jacket construction: (a) plain jacket; (b) dimpled jacket [Halbach 
(HI)]; (c) jacket with spiral baffle; (d) coil cast in wall, known as Frederking or Thermo-
coil [Soit (S4)]; (e) coil welded to shell, known as Samka (HI) or Coil-O-Clave; (f) half-
pipe welded to shell. 

in a bowl formed by the intersection of two cones. An advantage of the con-
ical configuration for heat transfer is the ability to vary clearance, C , readily. 

C JACKET AND COIL HEAT TRANSFER RATES AND CONSTRUCTION 

1. Jacket Construction 

For the sake of simplification the broad term "jacket" will be applied to the 
various constructions which provide for heat transfer through the vessel shell 
as illustrated in Fig. 16. The plain jacket design is used for steam or where 

Registered U.S. trade-mark, Atlantic Research Corp., Alexandria, Virginia. 
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cooling film coefficient is not important because of low values of hj (40 or less). 
The dimpled construction as shown in Fig. 16(b) [Halbach (HI)] is really a 
staybolt-type design for pressure service which permits thinner shells. This 
construction may prove desirable in large vessels because of weight reduction 
and in medium and large vessels made of stainless steel or other expensive 
metals because of saving in metal cost. The dimpled jacket is generally used 
for condensing vapors such as steam or Dowtherm; however, horizontal 
baffles can be provided to direct favorably the circulation of heat transfer 
fluids. 

When the heat must be transferred to or from a circulating medium 
such as water or molten salt, high velocities are often desirable to realize 
reasonably high film coefficients of the order of several hundred. These higher 
velocities can be realized in the plain jacket by the installation of so-called 
"agitating nozzles," developed by Pfaudler Permutit, Inc. [Greene (G3)]. 
These nozzles are placed at one or several levels in the jacket and introduce the 
medium at a high velocity tangentially and horizontally and thereby rotate the 
media already in the jacket in a spiral toward the outlet. 

High velocities are also assured by using one of many coil constructions or 
baffled jackets, one form of which is obtained by welding a spiral of angle iron 
to the shell. This construction does not meet ASME code requirements and 
has been reported by Baum (B2) to warp the shell seriously unless carefully 
welded. In a more satisfactory design, approved by the ASME code, the spiral 
baffle is welded to the jacket shell or to the vessel wall [see Fig. 16(c)]; some 
clearance needs to be provided so the jacket can be assembled after fabrica-
tion. It is better to weld the baffle to the jacket so that the clearance and there-
fore bypassing occurs at the vessel wall where it is efficacious. A sure seal can 
be secured between the jacket sections by use of a rubber insert.6 

Elements with small sections such as coils need to be used where very high 
pressures must be handled, and this scheme also assures positive circulation of 
media. Several designs, such as the Frederking or Thermocoil 7 and the Samka 
or Coil-O-Clave8, are shown in Fig. 16(d), (e), and (f). Instead of ahalf-pipe 
welded to shell as illustrated in Fig. 16(f), channel sections have been used. 
The advantages of this design and stress analysis are reported by Feichtinger 
(F l ) . A recent development of note is the use, with coils, of heat transfer 
cements of high thermal conductivity which are troweled or calked into the 
space between the coil and the outside of a vessel (P2). 

Other methods of heating through jackets which can be used are direct 
fire and electrical, both with heating elements and by electrical induction. 
These will not be treated here. 

6 Available from F. R. Gross Co., 3926 Woodthrush Road, Akron 13, Ohio. 
'Registered U.S. trade-mark, The Bethlehem Corp., Bethlehem, Pennsylvania. 
8 Registered U.S. trade-mark, Erie Iron Works, Erie, Pennsylvania. 
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2. Jacket Film Coefficients 

For condensing steam, film coefficients of the order of 1000 to 1500 are 
reasonable. The actual value is affected by several factors such as the 
presence of noncondensables, vapor velocity, and descending condensate in 
the turbulent regime for vessels several feet high. 

For fluid flowing in plain jackets, Eq. (18) reduced by 20% should be used 
for velocities up to 0.1 ft./sec. or NRe to 2000. The reduction of 20% takes into 
account the fact that Eq. (18) is for vertical surfaces, and the considerable 
area in the bot tom head is almost horizontal. At somewhat higher velocities 
in jackets, which give Reynolds numbers greater than 2100 there is no proved 
relation, however, the actual values of h0J are much higher than predicted by 
the Sieder and Tate relation. 

For agitating nozzles Greene (G3) recommends that the power expenditure 
be 0.01 hp./sq. ft. of surface which, it is estimated, will give an average velocity 
in the jacket of 3 ft./sec. and water jacket film coefficients of about 500. 

For jackets with spiral baffles which completely seal, Eq. (19) should be 
used; however, even slight clearance will considerably reduce the value of 
h0j so calculated. Values of h0j for coils outside the vessel for construction in 
Fig. 16(d), (e), and (f ) also need to be calculated by Eq. (19); however, the 
resistance of the metal wall offers special problems which can be solved by use 
of relaxation or mapping methods for conduction through special shapes and 
materials (such as cements) and an awareness of contact resistance where 
solid surfaces touch but are not completely bonded or fused together as by 
welding. Because of the relatively low coefficients for the vessel fluid in most 
cases, one can generally estimate the value of Rm with engineering accuracy. 

3. Coil Film Coefficients 

For vertical baffle-type coils, the Sieder-Tate (SI) relations should be used, 
while for helical coils when the fluid is in turbulent flow Eq. (19) will closely 
predict h0c. 

V. State of Knowledge and Problems to Be Solved 

A. NONPROXIMITY AGITATORS 

Despite the great range of possibilities in geometry [see Eq. (1)], in types of 
impellers (see Fig. 1 in Chapter 3) and in disposition of heat transfer surfaces, 
the relatively small amount of published information provides correlations 
for most of the more common systems and at least an indication of the cor-
relation forms for the other systems. This is in large measure the case because 
of the limited or negligible influence of all geometric parameters except D, the 
impeller size. The common surface dispositions are only jackets and coils, 
for both of which there is information. Most of the data available are for 
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paddles and turbines of pitched-blade and disk flat-blade types. There is 
little data for propellers. Actually the other impeller types are not important 
for heat transfer systems. Some of the gaps in our information which appear 
to require filling are listed below: 

a. More heat transfer studies for systems with propellers, including some 
investigation of the effect of a draft tube. 

b . More test work to ascertain effect of the impeller position on hj and hc. 
The optimum position would obviously vary with impeller type. 

c. Studies to determine for what viscosity the nonproximity impellers 
become ineffective for heat transfer. 

d. More information on the improvement in heat transfer resulting from 
the use of baffles in jacketed vessels. 

e. Investigation of different coil arrangements, including concentric helical 
coils. 

f. Information which would permit prediction of the vortexing stage which 
induces gassing. 

g. Heat transfer rates by free convection only to jackets and coils. 
h. The optimum system design for common services. These designs would 

involve cost factors. 

B. PROXIMITY AGITATORS 

Except for the anchor and the Votator there is little published information 
for the variety of proximity designs. Based on an analysis of available data, 
neither empirical correlations (Fig. 12) nor the penetration theory model 
are satisfactory for prediction of heat transfer rates. There appear to be no 
published data for materials having viscosities greater than 100 poises, no 
interpretation of the effect of non-Newtonian fluid behavior, and only very 
limited information is provided for granular solids and operations such as 
melting and crystallization. Although there is a considerable body of such 
data in the files of equipment manufacturers, very little of it appears to be cor-
related. Since such data if released will be generally incomplete and at best 
piecemeal, the real hope of more information appears to lie with the universi-
ties. When more data become available, it would appear that they might be 
correlated by a semiempirical modification of the penetration theory model to 
take into account the effect of flow rate, degree of mixing, and non-Newtonian 
character of the fluid. This is a large order. 



5. Mechanically Aided Heat Transfer 325 

List of Symbols 

Β baffle width (radially), ft. 
c specific heat, B.t.u./lb.-°F 

C for nonproximity agitators, the distance from center of impeller to 
vessel bottom, see Fig. 1 ; for proximity agitators, the clearance between 
the outer edge of the agitator blade and the vessel wall, see Fig. 7; ft. 

d outside diameter of tube in immersed coil, ft. 
dt inside diameter of tube in immersed coil, ft. 
dg gap between individual turns of the coil, ft. 
D impeller diameter, ft. 

Dc diameter of coil at tube center, ft. 
/ function of 
g acceleration due to gravity, ft./sec.2 

gc conversion factor, ft.-lb./sec.Mb. (force) 
h coefficient of heat transfer, vessel liquid, B.t.u./hr.-sq. ft.-°F. 

hc coefficient of heat transfer, vessel liquid to coil wall, B.t.u./hr.-sq. 
ft.-°F. 

hj coefficient of heat transfer, vessel liquid to jacket wall, B.t.u./hr.-sq. 
ft.-°F. 

h0 coefficient of heat transfer, heat transfer medium, B.t.u./hr.-sq. ft.-°F. 
h0c coefficient of heat transfer, heat transfer medium to coil wall, B.t.u./ 

hr.-sq. ft.-°F. 
h0j coefficient of heat transfer, heat transfer medium to jacket wall, 

B.t.u./hr.-sq. ft.-°F. 
hs coefficient of heat transfer which includes all resistances for jacket or 

coil side. (It includes film coefficient for heating or cooling medium, 
fouling and metal wall.) B.t.u./hr.-sq. ft.-°F. 

k thermal conductivity, B.t.u./hr.-sq. ft.-°F./ft. 
Κ, Κ', Κ", Κ'" constants 

/ length of horizontal side of square tank, ft. 
L length of Votator units, sum of length of units if operated in series 

[Eq. (14)], ft. 
Lc over-all height of helical coil, ft. 
nb number of baffles, Eq. (1); number of vertical tube baffle-type coils 

[See Fig. 6(b)], Eq. (11) 
ttj number of blades in impeller 
Ν impeller rotational speed, r.p.s. 

N' impeller rotational speed, r.p.m. 
Ρ power input, ft.-lb. (force)/sec. 

Rm coil or jacket wall resistance to heat transfer, 1 
B.t.u./hr.-sq. ft.-°F. 

Rf resistance to heat transfer due to fouling of both sides of heat transfer 
surface, 1 

B.t.u./hr.-sq. ft.-°F. 
t time interval between two successive scraping actions, hr. 

Τ vessel diameter, ft. 
U over-all coefficient of heat transfer, based on vessel (inside) surface, 

B.t.u./hr.-sq. ft.-°F. 
ν average axial velocity through vessel, ft./sec. 
V velocity of coolant (heat transfer media) in coils or jacket, ft/.sec. 
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w blade width for nonproximity impellers in direction parallel to the 
axis of rotation, see Figs. 1 and 4; for anchor and ribbon-type impellers 
in direction normal to the axis of rotation, see Fig. 7; ft. 

w' same as u>, except if more than one blade on shaft, equals sum of widths 
[Eqs. (6) and (7), Table V]. 

χ reference number, number of baffles, Eq. (1), dimensionless 
y reference number, number of impeller blades, Eq. (1) dimensionless 
ζ thickness of vessel wall, ft. 

Ζ fluid depth in vessel, ft. 

β coefficient of thermal expansion of heat transfer medium, 1/°F. 
8t log mean temperature difference, bulk jacket fluid to vessel outside 

wall, °F., Eq.(18) 
JJL bulk fluid viscosity, lb./ft.-sec. or lb./ft.-hr. 

μί fluid viscosity at mean film temperature, lb./ft.-sec. or lb./ft.-hr. 
μ„ fluid viscosity at wall surface temperature, lb./ft.-sec. 

ρ fluid density, lb./cu. ft. 
π power intensity, power input/unit volume of process fluid; ft.-lb. 

(force)/sec.-cu. ft. 

a exponent for Reynolds number 
b exponent for Prandtl number 
c exponent for "viscosity ratio" ( Vis) 
e exponent for power equation, Eq. (22) 
x exponent for individual factors (Table VI), Eq. (16). 
m exponent for scale-up equation, Eq. (31 ) 

b baffle 
c coil 
/ at average film temperature 
ι impeller 
j jacket wall 
1 model 
2 prototype 

m metal wall 
w at wall 

Note: This term only used for proximity agitators. 

SUPERSCRIPTS 

SUBSCRIPTS 

j ( A W 

DIMENSIONLESS GROUPS 

-M (Vis)0-1* 

Ni 
hjT 

N u k 

c/x 

k P r 

D2Np 

Viscosity ratio, 

(Vis) 
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