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PREFACE
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inch long heat exchanger. Heat transfer coefficients, agitator power
requirements, and axial thermal diffusivity parameters were obtained
experimentally and general correlations for each weré obtalned.
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CHAPTER I
INTRODUCTION

The industrial applications of mechanically-agitated }luidhprocess—
ing equipment (MAFPE) are many and varied. The familiar unit operations
of mixing,'chemical reaction, heat transfer and mass-trans}er are fre-
quently effected in such equipment. Here we shall be concerned only
with those process deSign parameters which are necessary to design an
agitated heat exchanger. These parameters are:

1. Agitator power requirement

2, Heat transfer coefficient

-3. Mean temperature difference

There ére many different types of MAFPE. This investigation is
‘concerned with MAFPE which may be classified as "small-clearance,"
Typical "small-clearance'" MAFPE are depicted schematically in Figure 1.
"Small~clearance is used to describe the classﬂéf fluid processing.
equipment which employs agitatoré (anchors, scrapers, helical fibbons,
extruders, etc.) that sweep practically the entire vessel volume.

Thus not only is the clearance between the agitator and vessel "small"
but -also the agitator length is approximately equal to the vessel
'length. "large-clearance" equipment employs agitators (propellers,
turbines, paddles, etc.) that sweep only a small fraction of the
vessei volume. For this latter class the clearance between agitator

--and the vessel wall iS»generally large and the agitator length is
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small compared to the vessel length.

Much of the equipment which is here called "small-clearance" has
heretofore been called "scraped-surface." This term is really a mis-
nomer as almost invariably a film of liquid does exist between the
agitator and vessel wall. "Scraped-surface" will only be used here to
indicate the condition when the vessel wall is scraped clean.

Small-clearance equipment employs a myriad of agitator configura-
tions. From a predictive standpoint, it is convenient to classify
these configurations as either fixed-clearance or variable-clearance.
Fixed-clearance equipment employs rigid agitators. In variable-clear-
ance equipment the agitators are forced toward the vessel wall by
springs, centrifugal action, hydrodynamic action of the fluid on the
agitator and/or by the fluid friction between the agitator tip and the
vessel wall. The "slipper bearing effect" acts to hold the agitator
off the wall; thus, in general, the clearance varies with operating
conditions.,

The reason for discussing all the widely different devices just
mentioned under the single classification of '"small-clearance' arises
from the need to generalize design correlations. In many cases a de-
sign method developed for one small-clearance device can also be used

to design other small-clearance equipment.

Objectives of this Investigation

The primary objective of this investigation was to develop methods
for calculating agitator power requirements, heat transfer coefficients
and mean temperature differences for Newtonian fluids in MAFPE in

which the clearance is small and fixed. Only liquid-full systems are



considered,

Other investigators have conducted research aimed at these same
ends. They have not been very successful. One of the major reasons
for their lack of success i1s that they, for the most part, have inves=-
tigatedva particular piece of industrial apparatus. Industrial equip-
ment has two serious shortcomings as research equipmehto Industrial
equipment is generally not instrumented to measure the parameters
necessary to obtain a design method from first principles, and uéually
_there are so ﬁany,variables which affect equipment performance that it
is very difficult to isolate the effect of any ﬁarticular variable,

A sounder approach would be to first determine with some certainty
the effect of the most important variable or varilables 'and thenuse this as
a foundation for correlating the effect of variables peculisr to a
particular industrial apparatus.

With this in mind we have chosen to restrict this investigation to
study directly only three variables: (1) the clearance between the
agitator and the vessel wall, (2) agitator speed, and (3) axial flow
rate,

The geometry of the experimental apparatus was the simplest
possible = a flat knife-edged blade rotating in a cylindrical vessel.
The agitator to tube wall clearance could be.changed by disassembling
the apparatus and adjusting the arms of the blade.

Design methods developed for this simple geometry should be at
least approximately extendable to the more geometrically complex

industrial equipment.



CHAPTER IT
LITERATURE SURVEY

In a recent publication (36), Penney and Bell have presented a
general réview and analysis of the literature on power requirements,
heat transfer coefficients and mean temperature differences for fluid
processing equipment employing small-clearance agitators. The most
pertinent parts of this review will be included here along with sub-
sequent work and work which they did not adequately cover. This inves~
tigation is concerned with liquid-full systems. The literature on

thin=film systems will not be covered here.
Agitator Power Requirements

Excellent treatises on agitator pbwer requirements in general have
recently been published by Bates, Fondy, and Fenic in Chapter 3 of
reference (46) and by Chapman and Holland in reference (12). They have
summarized previous work on agitator power requirements. Penney and
Bell (36) summarized and analyzed the work on power requirements for
small=clearance é,gi‘tators° These studies will ﬁot Ee reiterated in toto
vhereo The emphasis here will be placed on correlating techniques which
appear to be fundamentally sound. Non-Newtoniah work and work with a
vortexing free-liquid surface will not be considered here.

Early workers on agitator power requirements developed a fundamen~



. tally sound method of predicting the effect of fluid properties on
agitator power consumption, Dimensional analysis or non-dimensional-
ization of the Navier-Stokes equation can be used to show for an incom-

pressible, non-vortexing, Newtonian fluid that, given geometrical

similarity, the conventional power -gumber ( /:;%s ) depends only.upon
the rotational Reynolds. number (%%%g . =Thi$ simple felationship

has been used quite successfully. to correlatevpower for agitators in
liquids. The form of this correlation gives us much insight into

the fluid flow phenomena in an agitated vessel because changes in.the
nature of the fluid flow are manifested by changes in the form of this
correlation. Let us discuss the form of this correlation -- for a
fixed geometry -- as we go from very low Re to very high Re. Generally
. below Re = 30 the curve of P vs. Re is a straight line with a slope of
-1 this relationship can be obtained for an incompressible, Newtonian
fluid by neglecting the inertia terms in the Navier-Stokes equations.

Creeping flow regime is the term commonly used to describe that range

of Re where inertia forces are negligible. .This‘términology shall be
used here.

In the range 30<Re« 10,000 the slope of P vs. Re gradually changes
from a slope of -1 to zero. In this region both "viscous" and "inertia™
forces affect the agitator power requirement. Generally above Re =
10,000 the curve of P vs. Re is essentially flat; thus, the agitator
. power requirement is independent of Re and, therefore, independent of
fluid viscosity; so the agitator power requirement is dependent totally
upon "inertia! forces.

Obviously from the description above the fluid flow phenomena in an

agitated vessel are analogous to those for fluid flow in a rough pipe



with the friction factor replaced by the power number. However, there
is one very important difference: In a pipe the inception of turbulence
is responsible for a rapid increase in the friction factor as Re is
increased; whereas, in an.agitated vessel P changes very gradually as
the fluid flow becomes turbulent. In fact, P changes so gradually. that
it is not possible to get even a rough estimate of whére turbulence
starts, ' As far as heat transfer and backmixing are concerned. it iéA
very important to know and describe quantitatively the conditions under
which turbulence starts and where the last vestiges of laminar motion
cease, For later discussion.it is desirable here to establish criteria
for laminar and turbulent flow in terms of Re. Developing turbulence
has a much greater effect on heat transfer in.an agitated vessel than
.1t has on the agitator power requirement; we may anticipate some of
the heat transfer results of this investigation at this early stage in
this work and use these results to establish criteria for the following

fluid flow regimes: the laminar regime, the transition regime and the

turbulent regime. We should note here that the criterion (Re<730) for

the creeping flow regime was established in the preceding paragraph:.

If the reader will turn to the final correlation for heat transfer
for this investigation givenvinFigures 18,19,20,‘and 21, we shall de-
‘fine these flow regimes. The orainate of these graphs is proportional
to .the heat tranéfer coefficient. These correlationsfindicate that
turbulence, which has a significant effect on the heat transfer, starts
about.Re = 150, The effect of developing turbulence, especially- for
the small diameter blades, causes the heat transfer to: increase rapidly
with increasing Re up to about Re = 700 where there is a rather sharp

break in the curve. Above Re = 700 the slope of the heat transfer



correlation becomes essentially constant indicating that the random
fluctuations of turbulent flow overshadow any remaining traces of
periodic laminar motion. Based upon these observations, we shall use
here the following criteria for the various: flow regimes: creeping

flow regime: Re<30; laminar regime: Re<150; transition regime:

150<Re «700; and turbulent regime: Re >700,

‘The following investigators have used the fundamentally sound
technique of plotting log P vs., log Re for a particular agitg.tor
geometry for correlating power requirements of sma.ll-cleamn‘ce’ agita~-
tors: Uhl and Voznick (48) for anchors; Nagata et 8, {34) for anchors,
paddles, helical ribbons and augers; and Hpogendoo_rn and den Hartog
(20) and Gray (18) for helical ribbons and augers. These correlations

are only correct if complete geometrical similarity is retained from

the experimental apparatus to the designed apparatus. Certain geome-
trical parameters may have very little effect on power but direct
experimental evidence must exist before a geometrical variable can be
neglected.

Other investigators have not been content to let geometrical vari-
ables be handled as parameters on a graph of log P vs. log Re. .They
“have attempted to empirically correlate their effect by regression
analysis and curve=fitting. The following :'.n'vestigé.tors have used
this approach: Foresti and Iiu (17), Calderbank a.nd-Moo-Young (10)
and Beckner and Smith (1) on anchors; Chapﬁan and Holland (11) on
augers; and -Bourne and Butler (8) on helical ribbons.

Several of the references listed in the two preceding paragraphs
are not sufficiently pertinent to this inveétigation.to be covered in

more detail here. In general the references which will be cowered in



more detail are those concerned with all work on anchor agitators and
the theoretical work on screw extruders. Anchor agitators are the only
agitators previously tested which are sufficiently akin, geometrically,
to the flat blade tested here so that data taken with them can be mean-
ingfully compared with data for the flat blade. The theoretical work
on screw extruders is pertinent here because it will be helpful in
developing correlating techniques,

Foresti and Liu (17) have attempted to correlate the agitator
power requirements for a particular anchor agitator (i.e. the agitator
geometry was fixed and only fluid properties were varied) by plotting
the convenfional‘power number (P) vs. a rotational Reynolds number
which included ratios of geometrical. parameters, This method is. first
of all unnecessary because it has already been pointed out that for-a
fixed geometry a plot of P vs, Re will correlate the data, and in the
second place it is unsound because a Reynolds number should be based
upon.a single characteristic length.

Uhl and Voznick (48) conducted tests with anchor agitators.in a
10 inch and a 24 inch diameter vessel. The four agitators tested in
the 10 inch diameter vessel were not geometrically similar with the
three agitators tested in the 24 inch diamter vessel. Two geometrical
parameters were varied: the clearance between the agitator tip and

the vessel wall (C) and the width of the anchor verticél arsms (w,).
The variation of wy had a negligible effect on the agitaﬁor power
consumption. Correlations of log P vs. log Re with C/D as a parameter
were obtained for each vessel dlamter. .The data for the 10 inch
diameter vessel did not coincide with the data for the 24 inch diameter

vessel, but Uhl and Voznick noted that the data could be made to coin-
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cide if P were multiplied by the ratio of D to the "effective peripheral
length” (BPL = L + D/L) of the agitator. They did not, however, re-
correléte the data using this suggestion. The data for the 10 inch
diameter vessel are almost entirély,in the creeping flow regime, but
the data for the 24 inch diameter vessel extend well into the transi-
tion regime (to Re = 2,000). The data for both vessels show that C
‘has & pronounced effect on the agitator power requirement in the éreep-
ing flow regime; however, the data for the 24 inch diameter vessel .in-
dicate that C has a much less pronounced effect on the agitatér power
requirement in the mid-transition regime because these data for all
.three clearances almost coincide on the plot of log.P vs. log Re near
Re = 2,000,

Calderbank and Moo-~Young (10) have used data of Uhl and Voznick
(48) and Foresti and Liu (17) with their own data to develop a general
correlating method (including non~Newtonian behavior and all geometri-
cal variables) for anchor agitators. Only the Newtonian case will be
considered here., A very important correctidn.to this paper appeared
in a later volume of the journal in which it was published; the ref-
erence to this correction is given in (10) here and Bates et al. (46)
give the correction. Their corrected method for the Newtonian case
has a power number (P') given in equation 2-1 below, which is only a

function of the rotational Reynolds number.

. [
it De X D /2
= ==X nn ( -
P P (_L’e )( s) ) (2~1)
where
n = number of blades or arms on the agitator, 2 for an anchor.

ng = number of effective blade edges on the agitator, 2 for an
"anchor,
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L! L

= = h(ﬁg) + 1/ng. = the equivalent vertical arm height to dia-
De e meter ratio.

De =D -w,

L =L - W,

w_ .= width of side~arm on the agitator,
w, = width of the bottom crossmember on an anchor -agitator,
The Newtonian data are correlated very well By this correlating
method for wide range of‘Re (0.2« Re<4,000)., However, there is a
question about the validity of including‘geometrical ratios raised to
powers in the power number. The data of Uhl and Voznick (48) indicate
that C has a different effect on .the agitator power requirement in the
creeping flow regime than in the transition regime; if this be the
case, then C raised to a conétant power would not represent the data
in both the creeping flow regime and in the transition regime. Bates
et al. (46) have the following to say -about this practice: "In
correlating variations in geometry, many investigators have included
geometry effecté as simple factors directly in the power number ex-
pression. This can be done as a matter of convenience, but theré is no
theéretical reason for doing so, and the practice has many possibilities
for error." .They continue to explain that the most important reason |
;this practice is not sound is that a geometrical parameter may not
have the same effect in different flow regimes.

Also the correlating method of Calderbanka:miMoo—Young (10) does
not include the thickness of the anchor side arm .(t) as a correlating
. parameter, As C—0 the thickness of the anchor side arm would be
expected to have a very pronounced effect on the agitator power require—v‘

ment.
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Beckner and Smith (1) have taken anchor agitator power data in a
22,9 centimeter diameter vessel with both Newtonian and non-Newtonian
fluids, Only the Newtonian case will Be considered here. Several
anchors of different diameters were tested. The data were correlated
on.a plot of log P vs. log Re with C/D as a parameter, All data were
in the creeping flow regime; therefore, for each clearance a separate
straight-line curve of slope of approximately -1 resulted.  The data

were curve-fitted with the following equation:

4 g2
C \#*
- = o. (2-2)
1
One could define a new power number P' = P(C/D)* from this

.relationship; therefore, the previous comments about the validity of
including geometrical ratios raised to constant powers in the power
number would apbly to the above equation. This correlating method also
does not include the anchor side arm thickness as a correlating para-
meter, nor, in faét does it include the length of the agitator (L),
which Calderbank and Moo-Young's (10) correlation indicates has a
pronounced effect on the agitétor power requirement.
Penney and Bell (36) have proposed a new correlating method
which considers all geometrical variables and in particular it includes
the effect 6f the agitator thickness (t). This method draws heavily
- from previous theoretical work on screw extruders which is well
summarized by Squires (3, 42) and Booy. (7).
The power requirements of the extruder screw are assumed to be the
sum of three processes, which are separately analyzed:
1. Power consumed between the flight edge and the extruder

barrel (called clearance effects hereafter in this paper).
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2. Power dissipated by viscous shear in the screw channel (call-

ed bulk effects hereafter).

3. DPower required to raise the fluid pressure,

Only clearance and bulk effects will be considered here since the
third effect is usually not present to any appreciable extent in other
small-clearance equipment where the agitator does not function as a
pump .,

The clearance effects are calculated assuming the clearance is so
small that the barrel and flight edge approximate two flat plates. One
plate of width L and infinite in length is assumed statienary; the
other plate of width L and length t is assumed to move parallel to the
infinitely long plate with a velocity equal to the peripheral velocity
of the agitator tip:7xdxN, End effects are neglected and the fluid
motion is assumed laminar. The gap between the plates is assumed to be
filled with a Newtonian fluid of viscesity 4 . Using the familiar
Newtonian expression relating shear stress in the fluid to the velocity
gradient in the fluid the follewing expression for the power dissipa-

tion in the clearance is obtained for a two-blade agitator,

e

Booy (7) has done the most recent work on predicting the bulk

2 2/M
R = 2mdN (52

power dissipation. He has considered screw channel curvature, whereas
previous investigators had approximated the curved channel with a
straight channel. He assumed that the channel depth is small cempared
to the width. Mohr and Mallouk (3) have obtained a solution which
takes into account the effect of the clearance on the channel power,

Although all these solutions are approximate, they do give the pertinent
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dimensionless parameters and suggest the correct functional form of
correlation. These solutions result in the following relationship for

bulk power:

g = trUW L)%, %, ) e

Penney and Bell (36) have put these relationships in the follow-

ing dimensionless forms:

p - &Z (%)

c.. - PRe for .clearance power (2-5)
Fb)l. = -gé- f(%) d%/ /7/a/> for bulk power -~ (2-6)

These relationships contain a new power number which includes dhL
rather than d5, These relationships were developed by neglecting ..
inertia forces; it shall be shown in Chapter 5 that they also hold for
turbulent flow. This has very important consequences. This power
number correlatés the effect of agitator length in all flow regimes.
Thus geometrical ratios involving the agitator length are eliminated
from consideration.

Penney and Bell (36) have recorrelated data for anchors, ribbons
.and augers. They calculated that the clearance power is for all
practical purposes negligible for data in. the literature, Thus, tﬁe
power is not a function of the agifator.thickness (t). The data of
Uhl and Voznick (48) indicate that agitator arm width for commonly
used anchors has little effect on the agitator power requirement. With
this knowledge a plot of Pyj vs. Re with ¢/D as a parameter.correlafes
the data of anchor agitators. For ribbens and augers in addition to
C/D there are three other geometrical parameters which must be con-

sidered: h/C, dy/D and w,/D. For agitators in common use Penney and
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Bell (36) expect ds/D and w,/D will have less effect than C/D on the
agitator power requirement. They plot P,y vs. Re with C/D and h/D as
parameters. This correlafing method is fundamentally sound.

Bulk and clearance power requirements have not been shown experi-
mentally to be independent. Also no investigator has even taken experi-
mental data which could be classified as either bulk power onlﬁ or

clearance power only..
Heat Transfer Coefficients

Uhl in Chapter 5 of reference (46) and Chapman and Holland in-
reference (12) have presented summaries of all work on heat transfer in
agitated fluid processing equipment. Penney and Bell (36) have recent-
ly summarized and analyzed the work on heat transfer in small-clearance
equipment,

Huggins (21) was probably the first researcher to publish data
demonstrating that scrapers were effective in improving heat transfer
from a vessel wall to a viscous liquid but not Veryﬁeffective for
. thin liquids., Laughlin (28) also presented early data on heat transfer
in a "scraped-surface" vessel.

Brown, Scott and Toyne (9) conducted plant tests in the turbulent
regime on two anchor agitators (1 inch and 5 inch clearance between
the outer edge of the anchor and the vessel wall) in a 5-foot diameter
_pot-type vessel. At 40 r.p.m. the 5 inch clearance anchor gave about
20 percent higher heat transfer coefficient than the 1 inch clearance
anchor. For practical correlating purposes only viscosity was varied;
however, by taking the exppnent on Re from a previous work on paddles “

by. Chilton, Drew and Jebens (13), they proposed the following correla~
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tion:

o3

Nv  or# _
2 "= 0.36 Ke (2-7)

Uhl (47) and Uhl and Voznick (48) have conducted tests on anchors
(10 inch and 24 inch diameter vessels) inthe transition regime. . The
Nv.  ove
data are correlated on a log-log plot of f%XS ¢9 .vs. Re, The follow-

ing relationships .represent the data;

0.24 )3

M = L3¢% Ke '/+ ¢°”‘ [ Kz < go0] (2-8)

Mv = 0.27 /eeo'7ﬁ..)'3¢”"9 [ Fe > #o0] (2-9)

The data are more scattered for Re« 400 than for Re>L400. An interest-
ing phenomenon was discoevered which did not appear in the final correla-
tion: An intermediate clearance gave the highest heat transfer coeff-
icients.

Kapustin (24) has conducted tests with an anchorvaéitator in the

laminar regime. The suggested correlation isj

szg (2-10)

Mv = /.3¢ /?e/zfor

Considerable research effort has been directed toward developing
design methods for the Votator. Houlton (22) in 1940 cooled hot water
in a Votator and published his data. Bolanowski and Lineberry (6),in
1952 conducted tests on a number of food products.

From 1958 to 1962 Skelland and co-workers (38,39,40) conducted a
lengthy investigation aimed at developing a general design method.for

the Votator. Their work culminated with the following correlation;

U8 /(D - /.0 0-62/3 \O.55
,/lf-: o< (545 & Moswp) 7et) (gs) 3

(2=11)
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For cooling viscous liquids &X = 0.0lh,andlz§»= 0.96; for cooling
‘thin mobile liquids o = 0.039 and -,€1= 0.70. No criterion is given
for "viscous." The funetional dependence of h on the parameters of the

correlation is as follows:
1.0 0.55 0.38 0.62 0.53,R& 4
(D=0s) "D 7V E ) 234 0 ~

00'93 % /~L

Penney and. Bell (36) have pointed out that this.relationship is

h o (2-12)

only applicable for the range of experimental data because h should not
approach zero as D, (D-Dg) and U approach zero and that it is most
unlikely that hoc k004 in the viscous regime. They also point out
that the dependence on axial flow velocity predicted by equation\(Z—ll)
probably arose because backmixing was ignored when the data were
reduced. Axial flow only affected the heat transfer coefficient in-
directly through its effect on the mean temperature difference (MTD).
Unl (46) has recently recorrelated the Vgtator data of Houlton
(22) and Skelland (40) and the data of Huggins (21) for scraping and

non=scraping counterrotating sweep and paddle agitator by plotting
Nv 0.8
Iz7he

regime (Re >»400) than in.the laminar regime (Re<400)., The data in-

vs, Re. The data. are correlated better in the turbulent

dicate that the clearance between the agitator edge and the‘vessél wall
has a considerable effect on the heat transfer‘coefficient in the
laminar regime but has little effect in the turbulent regime.

Kool (26), Harriott (19) and Iatinen (27) have suggested that the
penetration theory should be applicable to the prediction.of heat
transfer coefficients in the Votator and similar "scraped-surface!
equipment. The heat transfer qoefficient from the penetration theory

is as follows:
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. Lbplc
h=2 77/.9 (2-13)

ILatinen (27) has put this relation in the following dimensionless form

for a two-bladed agitator:

No = 16 ) ke i (2-14)

Latinen (27) checked the penetration. theory with .the data of
“Houlton (22) and Skelland (38). The data of Houlton checked well.but
those of Skelland did not. The data of Houlton were in the turbulent
regime (Re >700) and those of Skelland in the transition regime (150<
Re<700). Ilatinen concluded that the heat transfer mechanism in‘the
transition fegime must be very different from that implied by assump-
tions of the penetration theory. The effects of axial dispersion un-
doubtly confounded the check of Skelland's data., Harriott (19) took
data on carrot puree and oil in a Votator and checked. these data, along
with Houlton's (22) data, with the penetration theory. The penetration
theory predictéd»coefficients up to 50 percent too high for the puree
and oil. Harriott (19) suggested that the penetration theory may have
predicted high coefficients because the viscous fluids did not return
-to the_heat transfer at their bulk temperature,

Penney and Bell (36) have‘notedxthat-the penetration theory only
agrees with experimental data for the Votator in the turbulent regime,
but they go on to point out that the penetration theory predicts that
the heat transfer coefficient is independent of fluid viscosity (which
it is in the creeping flow regime); whereas, it is! known from many
previous experiments that the heat transfer coefficient is significantly
dependent upon fluid viscosity in the turbulént regime. They,thus |

conclude that the penetration. theory is not applicable to the prediction



19

.of heat transfer coefficients in agitated heat exchangers.

.The Votator blades do not wipe the wall of fluid. .The hydro-
dynamic 1ift force keeps the blade off the wall resulting in .a residual
liquid film after the wiper passes. .This residual film would be
expected to affect heat transfer. XKool (26) and Jepson (23) have
suggested that this film might be considered for predictive purposes as
a solid layer on the exchanger wall. They both show graphically how a
stagnant film of liquid Wbuld affect the heat transfer coefficient
predicted by the penetration theory. Bell (2) noted that the stagnant
film~penetration theory model could be approximately expressed. in

closed form as

/

C ' /
7z FclhN
V2

This relationship can also be expressed in the following dimension=

(2-15)

h =

less form:

Mo =

/

/
lre JRe Pr

Penney (37) has checked this model with laminar flow data from a

/- (2-16)

c
D

constant clearance device called the Spiralator. For large clearances,
theory and experiment agreed well but for clearances approaching zero
this model predicted coefficients 100 percent too high. This.check is
only qualitative because the effect of axial flow on the heat transfer
coefficient could not be separated from the overall effect of axial
flow plus agitator rotation. Clearly this model is in error for small
clearance because the axial flow would, if anything, increase the

coefficient above that existing at zero flow.



20

From a practical design standpoint, the correlation of Uhl and

. . Y oug
Voznick (48), which correlates '7§ﬂf3 45 vs. Re, is the only design
method which one could use with any degree of confidence. In the
turbulent regime this method is. probably adequate to predict the heat
transfer coefficient but in the laminar regime there appears to be an

effect of clearance which has not yet been determined,

The Effect of Axial Dispersion of Heat

on the Mean Temperature Difference

Before examining specific literature it seems worthwhile to make
some general comments concerning the effect of axial dispersion of
heat on the mean temperature difference in heat exchangers. In an
agitated heat exchanger there arethree possible mechanisms for the
axial dispersibn of heat: |

1. axial moleculér conduction in the fluid stream

2., axial conduction in the conduit wall and agitator

3. '"backmixing", i.e., convective transport of heat which

tends to level out the axial temperature, (e.g. Taylor
vortices and fully developed turbulence),

Effects (1) and (25 have not been investigated, but there is
a voluminous literature pertaining to backmixing. Much of it is only
.of marginal concern to this investigation, and only that ﬁost pertinént
to this investigation‘will‘Be covered here. ZRecent review articles By
Li (30), Bischoff (4), Klinkenberg (25) and Oldshue (35) have covered
the general field.

There are really three rather distinct problems associated with

developing a design method for the effect of backmixing‘on the mean



21

.mean temperature differenc; (MTD). The gigggﬂproblem is to develop a
: mathematioal:model for the backmixing phenomenon. The second problem
is to develop experimental techniques to megsure the backmixing para-
meters of the mathematical model. The third problem is to correlate
the backmixing,parameters with the operating parameters of the heat

exchanger. |

Historically there have been two approaches to developing mathe-
matical models for backmixing - the "dispersion model'" and the
"equivalent completely mixed stage" concept which has been advanced by
Young (50) and others. The dispersion model is eguivalent to Fick's
- law of diffusion or Fourier's.law of heat transfer with the molecular
transport coefficient replaced by an effective transport coefficient
(ng) due to the backmixing, Thus thé dispersion model is a one para-
meter model, namely‘(CKQ. The "equivalent completely mixed stage"
concept views the backmixing in terms of the number of completely mixed
stages which will give the same performance as the real process; it
has not proven very useful because it has not been possible to obtain
general correlations of the equivalent number of stages in terms of
-the operating parameters. Only. the dispersion model will be discussed
further.

The first solution. of the dispersion model of interest here was
given by Danckwerts (15) in 1953. He solved for the effect of back-
mixing on a first order chemical reaction in a tubular reactor with no
axial dispersion in the inlet and outlet lines. Wehner and Wilhelm
(49) have generalized Danckwerts' solution to include dispersion in
the inlet and outlet lines. Their theoretical results predict that

dispersion. in the inlet and outlet lines does not change the theoretical
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solution for the reactor. .These solutions are exactly the same as the
solutions for the fluid temperaﬁure distribution in a heat exchanger
with constant wall temperature. They are recast in heat transfer terms
in Appendix A fbr sake of‘compléteness here., The final solution for
fluid temperature vs, axial distance in’the heat exchanéer,is given

below:

Tl . o 2 £o- -Le()-
2B s F e ¥ g €07

(2-17)
I= (ra)ie®S _ (ra)ie T 218
(2-19)
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g = we

" ,% - UL | (2-21)

Note that the temperature at any lqcation is a function of only two
"dimensionless parameters;-/é? and Pe. The solution above is also
applicable to extraction when the concentration in one bhase can be
assumed constant. For two parallel flow streaﬁé.in intimate contact
and transferring heat or mass, the solution to the dispersion model
is given by.Sleicher (41), Miyauchi (33) and Miyauchi and Vermeulen
‘(32)0 As far as. this investigation is concerned, the above papers
‘have solved the first problem mentioned above, namely, developing a
.mathematical model for the backmixing phenomenon.

‘Miyauchi and Vermeulen (32) also shed some light on the second
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problem of developing experimental techniques to determine the dis-
persion parameters (for our case Pe). For the case of constant wall

temperature they have shown that only the temperature jump ratio

To-7¢ .
(=) andig? have to be measured in order to determine Pe. The

-7

relationship between ;ghlgg} s ,é? and Pe is derived from the appropri-
(A

ate solutions to the dispersion model inlAppendix A:

Lol ?[0"%604— e ]

. 2=22
Z:’;g é?z75,621492 -/ ( )

Pe can be determined from steady-state tests using this equation. The
temperature just inside the inlet line of the exchanger (Tb)qis‘the
only experimental measurement which has to be made over and above those
normally taken in heat transfer experiments.

A much more widely:used.technique to determine the dispersion
parameter is the use of tracer tests. In this transient method some
property of the inlet stréam is varied and the response of the outlet
stream to this variation is measured. There are three common methods
of pulsing the input stream:

1. A step change is made to some property.

2, A delta-function change is made to some property°

3. A sinusoidal change is made to some property.

The response of the outlet stream to these changes can be determined
analytically from the dispersion model. The dispersion parameter

is determined from experimental data by determining the best fit of
the theoretical solution to the experimental response. Levenspiel (29)
and Bischoff and McCracken (4) have discussed methods of determining

Pe from tracer tests.
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There are two recent references in which axial dispersion was
measured with are pertinent to this investigation. Mixon, Whitaker
and Orcutt (31) have used the transient delta-function pulse input
method (with a radioactive tracer) to measure g%ain a liquid-liquid
spray tower heat exchanger (water as the continuous phase and a light
0il as the discontinuocus phase). They also analyzed earlier oil-water
spray tower data and obtained o, from measurements which were taken using
both the steady state method and the transient method. For equivalent
operating conditions <X« (obtained from both steady state and transient
tests) and P were found to be approximately equal.

Croockewit, Honig and Kramers (14) have measured the effective
diffusivity of mass in an annulus with the inner cylinder rotating by
measuring the response of a sinusoidal tracer input. They have obtained
a correlation for in terms of the system parameters. This correlation
and the conclusions to be drawn from it will be discussed in the next
paragraph., Their mechanical system differed from the system used here
only in the agitator. This is the only system found in the literature
which might be expected to obey the same general correlation as.the
system of this investigation.

Now we move to the third and last problem mentioned previously,
namely, correlating backmixing with the operating parameters of the system.
Taylor (L3,44) was the first investigator to tackle this problem theore-
tically. He solved the axial dispefsion problem for completely laminar
and completely turbulent flow in tubes, He showed that the dimensionless

=

nJ
Ut

Q(
dispersion parameter (G ) was a function of Re and Sc (in fact
ReSc) in the laminar regime and a function only of Re in the turbulent

regime., Levenspiel (29) presents these relationships in

graphical form and shows the typical range of experi-
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mental data. Iater investigators have for the most part used equival-
ent correlating methods., In general a dimensionless dispersion para-
meter is correlated as a function of the pertinent dimensionless fluid
dynamical parameters of the system, For an agitated heat exchanger in
the: turbulent regime one would expect that the dispersion number might
be correlated with the geometrical parameters, the rotational Reynolds
numper and the axial flow Reynolds number. Croockewit, Honig and
Kramers (14) have done just this. For the annulus with the inner

¢cpg CMO-d)d
;7&;:;;;‘ Vs, z 2> -and found that

a1l data fell essentially on the same curve. Thus neither a change in

cylinder -rotating they plotted

axial flow rate (axial Reynolds number) or a change in inner cylinder

4P

diameter (geometry) affected the relationship between ~———=—  and
ad .

Penney and Bell (36) have pointed out that. there is no method to
predict the effect of backmixing on the MID in heat exchangers., In
fact, no investigator of heat transfer in agitated heat exchangers,
except a recent investigation.by Uhl and Root (45) on heat transfer
to agitated particulate solids, has even considered that backmixing
could affect equipment performance. In.some investigations, the effect

of backmixing has been mistaken for the effect of axial flow rate.



CHAPTER IIT
DESCRIPTION OF EQUIPMENT

A photograph and a schematic diagram of the test apparatus are
presented as Figures 2 and 3 respectively.

The apparatus is composed of the following major items:

1. The test heaf exchanger

2. The A.C, éuto transformer'and the nichrome heating element

3. The D.C. motor which rotates the agitator
L4, The test fluid reservoir
5

. The test fluid circulating pump.
Test Heat Exchanger

Figure 4 is an assembly drawing of the test exchanger. The shell
of the exchanger was a 4.058 inch inside diameter and 4.46 inch out-
side diameter aluminum cylinder. The ends of the exchanger were con-
structed from 3/4 inch thick Plexiglass sheet. The aluminum agitator
was a flat knife-edged blade so designed that the clearance between
the agitator blade tip and the exchanger shell wall could be varied,

The exchanger wall temperature was measured in eleven locations
(2 inches apart and 1 inch from either end) with 30 gauge, teflon-
coated, iron-constantan thermocouwples. The thermocouple junctions were
made with mercury bath thermocouple welder. The thermocouples were

inserted into holes drilled almost tangentially into the exchanger wall

26



Figure 2.  Photograph of Experimental Apparatus
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as shown in Figure 4. The thermocouple leads were brought out in a
groove in the exchanger wall. The leads were covered in the groove
with a strip of sheet aluminum which was peened into the groove so
that it was flush with the outside of the wall. The thermocouple
junctions in the drilled holes were approximately 1/16 inch from the
inside wall. |

Thermocouples sheathed in stainless steel were inserted through
the endpiates in order to measure the temperature Jjust inside the
exchanger inlet and just inside the exchanger outlet. Slots in the
agitator prevented these thermocouples from striking the rotating
agitator,

The fluid temperature just outside the exchanger at the outlet
was measured by inserting teflon-covered thermocouples into the ex-.
changer outlet port. The thermocouple wires were led out between the
Tygon outlet line and the Plexiglass port.

The shaft bearings were made of Fluorosint. Viton O-rings were
used as shaft seals. |

The exchanger was electrically heated over the entire length by
Chromel A heating tape (0.002 inch thick, % inch wide, 0.531 ohms
per foot). TheAheating tape was wrapped over teflon~tape electrical
insulation. The gap between successive windings of the tape was approx-
imately 1/32 inch. The electrical power to the tape was supplied

through a 220 volt, 20 ampere Powerstat.
Motor, Dynamometer and Tachometer

The agitator was driven by a 3/4 hp DC motor (manufactured by

Century Electric). The motor speed was varied between 0-1200 rev./min.
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by an ACF Electronics Model 430 Motor Control.

The motor was cradle~mounted as depicted in Figure 5 so thaﬂ
torque could be measured. The torqué was measured by weights which
were slid along an arm attached to the motor frame until the torque
produced by the weight equaled the motor torque. |

The motor speed was measured by timing an integral number of
revolutions of an idler which was belt-driven from the motor-shaft.
As the idler rotated it actuated a roller microswitch once per revolu-
tion. This switch in turn caused an electric counter to advance one
digit per revolution. Timing was done with a standard Electric Time
Co. electric timer (smallest graduation on face 1/100 second). The
electric counter was connected to the timer switch so that the timer

and counter were started and stopped simultaneously.
Pump and By-Pass Valve

The pump was a Viking GX-151 gear type (nominal 5 GPM), It was
belt driven at approximately 400 rpm by a % hp, 1725 rpm, A.C. motor.
The flow rate through the exchanger was controlled with a 3/4 inch gate

valve.
Reservoir, Flow Meter and Cooling Coils

The reservoir was constructed of # inch thick Plexiglass sheet.
It was partitioned_along a vertical centerline into two 8 x 8 x 18
inch compartments, The pump suction line and the bypass line termi-
nated in the other compartment. A spring-loaded, liquid-tight gate
was built into the center partition. The volume flow rate of the

liquid through the exchanger was obtained by closing this gate and
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then measuring the time required for the liquid to rise a measured
distance up the wall of the'compartment in which the exchanger outlet
line terminated.

Cooling coils were placed in both compartments of the reservoir,
Each contained approximately 50 feet of £ inch copper tubing wound
into two concentric coils of approximately 6é: inches and 4 inches

diameter, City water was used for cooling.
Electrical Power Measurements

The voltage drop across the electrical heating tape was measured
with a Weston Model 433 A.C. voltmeter which has three scales: O to
150 volts, O to 300 volts, and O to 600 volts. The O to 150 volt
scale was always used. The guaranteed accuracy was i‘B/A percent of
the full scale reading.

The electrical current through the electrical heating tape was
measured'with a Weston Model 433 A.C. ammetef which has three scales:
O to 5 amperes, O to 10 amperes and O to 50 amperes. The O to 5
ampere and O to 10 ampere scales were used. The guaranfeed accufacy

was * 3/4 percent of full scale reading.



CHAPTER IV
EXPERIMENTAL METHODS
Temperature Measurements

The 15 thermocouples indicated on Figure 3 were calibrated in an
0il bath which was controlled to + 0.02 F. These calibrations are
given in Appendix B. In general the teflon-covered couples agreed
with the thermocouple tables within + 0.1 F and the stainless-steel-
sheathed couples were 0.8 F + 0.1 F lower than the reference table
valves over the calibration range of 100=200 F.

The experimental measurements were taken with a Leeds and North-
rup Model 8687 Volt Potentiometer with the reference junction in an
ice bath,

Considering both calibration and potentiometer errors, the temper-
ature measurements should be accurate to within 0.2 F, The wall
temperature measurements should have this accuracy. Unfortunately the
mixing cup temperatures are not this accurate because the flowing
streams were not always radially isothermal. Additional thermocouples
were installed in the inlet and outlet lines to determine if radial
temperature gradients wesre present. One additional thermocouple was
installed near thermocouple 13 in the inlet line. During all sub-
sequent testing the agreement between the two thermoucouples in the
inlet line w