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Batch heat transfer data was experimentelly determined for two
phage (s0lid-1liquid) systems in a baffled agitated vessel. Three iron
~oxide and water and two kaolin and water suspsnsions were eveluated
and were found to be psendoplastic. A total of 231 heslting and cooling
data points were exemined. Each suspension was eveluated using anchor,
paddle, propaller and turbine impellers. Various sizes of the latter

three impellers were used.

The experimental heat transfer results for suspenslons were compared
with the Hagedorn and Salemone correlation for pseudoplastic liquids. Only
partial agreement with the more dilute suspensions was obbtained. Overall,
the data for suspensions was shown to deviate as a function of weight
percent solids; A dimensionless factor, weight percent liquid divided
by weight percent solids, was evalvated which may be used to modify ths

gbove mentioned correlation and thus extend its usefullness to two phase systems



INTRODUCTTOH

A congiderable anount of batcﬁ heat transfer information is availsble
in the literature for non-MNewltonisn liquids. However, there is a paucity
of information concerning non-Newtonian suspensions of golids in liguid.
These suspensions; however, are receiving ever increasing attention because

of the growing necessity for such hest transfer dats in the chemical industry.

The most common type suspensions are those basged on an aqueous
mediume, The purpose of this thesis was to determine batch heat transfer
coefficients for water based suspensions. Two different solld-vater
systems were investigated. The gystem of lron oxide and vater was evalu-
ated at 13.1, 24.0 and 33.2 weight percent sclids. The system of kaolin

and water was evaluated at 18.4 and 24.4 weight percent solids.

These systems were studied in an agitated jackeied vessel. Batbch
side surface heat transfer coefficlents were investigated under various

sizes of four basic types of impellers. Anchor, paddles, propellers and

disc and vare turbines were studied.

Another purpose of this work was to compare the experimental data
with a previously determined correlation for pseudoplastic liquids.
Generally speaking, the overall value of the present experimental work
could be put to better use through a modification of a previously determined
correlation. Therefore, the nltimate correlstion would be applicable for

a broader range of pseudoplestic systems.



Viscoglty
This thesis concerns itself with the investigstion of jacketed
bateh heat transfer to suspensions in an agitated vessel. The amount
of mixing acconplished depends on the impeller geometry and speed and
also on the flow properties of the material under investigation. It
is comonly accepted that flow properties may be classified under two
brozad headings:
1. Newtonian

2, HNon-Newbonian

The Newbtonian fluids obey the law that shear stress () divided
by shear rate (X) equals a constant., Shear stress is the unit arvea
force necessary to move two parvallel planes separated by a small distance

of fluid at a given velocity. The shear rate 1s the relative velocity

gradient between the two planes.

Non-Newtonian fluids can be further subdivided into the following

categories:

l. Time indépenéent

2. Time dependent

3s Viscoelastic
Of the three, the time independent fluids are probably the most important
industrially and are commonly known as pseudovlastic and dilatent fluids.
The time independent fluids do not obey the above Newtonian lawe
Instead shear stress will increase more than a direct proportion with

strain for dilatents and less for pseudoplastics. The shear stress at a



given shear rate does not chenge with time for dilatents and pseudoplastics.

Many times a given fluid may behave differently at different shear
rates, A filuid may be pseudoplastic at low shear rates, Newbonian at
higher shear rates, and eventually may become dilatent at still higher

shear rates.

This thesis concerns itéelf with pseudoplastic materials which can
be cheracterized by the power law eguation, first vroposed by Ostwald(ZB):
7 o=xdr (1)
Vhere n equals the flow behavior index and k is the fluid consistency
index. For pseudoplestic fluide the value of n lies between 0 and 1.
The more pseudoplastic the material the lower its n value. TFor Newtonian
fluids n = 1 and
TIY =k ) (2)
Therefore, k for Newtonians is equal to viscosity gﬂ). The values n and

k can be experimentally determined.

The Einstein formila hes been used to determine the viscogity of
suspensionse. ,

Po = Boffly =1 +25%, (3)
¥here I, is relative viscosity and Xv is the volume fraction of the
suspended solid. The cuspension's viscosity and the viscosity of the
fluid phase are represented by}ﬂs and)ﬂf resvectively,

Among others the formuls assumes the following:
le Particles are rigid spheres

2. Dilute suspensions

3. Negligible interaction between particles



Therefore, according to the Eineteln formula, suspensicns of particles

dispersed in a Newtonian medium should exhibit Fewtonian behavior.

However, the formila applies besgt to sollids in suspension wvhich
have specific gravities gimilar to the =suspending mediuvm. High specific
gravity solids will tend to settle from the liquid medium if no agitation
is supplied. High concentrations of solids, especielly non gpherleal
particles will interact with one another. Such systems will often show
non-Newtonian behavior and the Eingtein formula will not apply. Thus
the rheclogical properties of a suspension are determined to a large

extent by the sclids concentration and propasrties.

Therefore, suspension of a solid at low concentrations in a Newtonian
medium will tend to be Newtonian and obey the Einstein formula. As the
concentration is increased so will particle interactions. This will
lead in many cases to the suspensions becoming non-Newtonian snd the
viscosity will increase at a greater rate than predicted by the formula.
The suvspension will probably begin exhibiting pseudoplastic or thixo-
tropic behavior. As the sollids concentration is raised to high levels

dilatency may even occur.

Cne might also expect that the rheclogiceal properties of a given
suspension might be a function of the shear rate. For low shear rates
there would be 1little interaction between particles and Newtonian
behavior would follow. At increasingly higher shear rates particle
interaction would become more important snd non-Newtonian flow would

result. Goodevég) assuned that the non~-Newtonian behavior was due to the



destruction at increasing shear rates of the internal structure due 1o

internal linkage.

Skelland(zs) reports ﬁhat peeudoplastic behavior for suspensions
is consistant with the existence of highly solvated particles. Higher
shear rates progressively strip away solvated layers resulting in a
smeller effective particle size and thus less interaction and lower
apparent viscosities. At low shear rates this effect might be minimized

and allow for Newtonian behavior,

Suspensions have also been shown to exhibit a time dependent
relationship, either thixotropic or rheopectic. This phenomenon could
occur for non spherical particles. At the beginning of a given shear rate
the suépension would exhibit a certain shear stress. The suspended
particles would then begin to reorient themselves to the flow. Plate
like particles might reorient themselves from a random arrangement to
a parallel orientation. Thus the shear stress would tend to change
with time. Cessation of the shearing rate would allow the particles to
regsume thelr randommesse This type of suspension would exhibit g

viscosity hysterisis loop.

The rheological behavior of the suspensions studied in this work
were found for the most part to be psesudoplastic. This ig in agreement
with the findings of %illiamson(‘s) who reported that the majority of

suspensions exhibit shear thinning behavior,

Batch Heat Transgfer

Batch heat transfer is a common industrial process. It concerns

itself with the transfer of heat to or from a liquid contained in a vessel



such as 8 kettle or tank. The transfer of heat tekes place between two
discrete streams which normally never come into direct physical contact.
The heat transfer takes place throvgh a solid boundary which may be
pipe coil wall or the vessel wall itselfe. The latter type of transfer

is commonly called jacketed heat transfer.

The principel heat transfer mechanisms betueen the vessel wall and
the £luid batch is by conduction and convection. (1254) Conduction takes
place when heat flows by momentun transference without mixing. Convection
is heat flow by nixing and turbulence. Heat must pass into the fluid
by conduction before heat transfer can occur by convection. Natural
convection occurs because of a density change in the fluid which causes

it to either rise or fall ceusing currents within the fluid.

Natural convection can be greatly facilitsted through mechanical
agitation. This is knowm as forced convection and can be accomplished
through a moving impeller or by pumping and recycle. Indeed, batch

heat transfer can be shown to be a function of the amount of mixing.

It has long been knovn (1%  that even with turbulent forced convection
there still exists a thin quiescent "film" of liquid near the heat
transfer surface. The major temperature érop between the vessel wall
and batch occurs through this thin film. The thickness of this laminar
layer of film can be controlled by the degree of agitation of the main
fluid batchs The degree of turbulence in the batch can be characterized

by a dimensionless group knovm as the Peynolds number.

Mpe = D2 N/O/ﬁ (4)



Where D, = impeller diameter; N = impeller revolutions; £ = batch
fluids density; and J = the fluids viscosity. The higher the Reynolds
number the thinner will be the laminar film and the higher will be the

heat transfer coefficient.

The laminar film thickness canmoﬁ be readily determined. However,
the rate of heat flow between the vessel wall and the batch can be by
the following relationship:
aQ/ar = H (Ty - Tp) | (5)
where H is defined as the film heat trensfer coefficient; and dQ/dh is
a locel beat flux density over the heat transfer area; and Ty - Ty
represents the temperature difference betwesn the wall and batch, respec-

tivelye.

Frantisak and Valchar('/) have derived fundemental equations for
two phase systems. The equations of continuity, momentum, and energy
were developed with certain controlling assumpiions. They assumed
among others that solid-solid interactions are negligible, mass forces
are negligible, two dimensional flow, and that the slip between the
s0lid particles and liquid are negligible. However, the resulting

equations were still unsolveble because of the many remaining unknowm

varisbles.

As previously stated, theoretical developments in the field of
batch mixing and heat transfer have been limited. This mainly results
from the complexities of defining the fluid motions involved. Most

studies have been empirical correlations developed through dimensional



enalysis. These have generally resulted in the following general type

relationshipea:

HDy = DiN)X<C}*)y N (6)
2 ) (2
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LITERPATURE SEARCH

A sesrch was made into the avéilable 1iteratufe to determine previous
investigators who have studied non-Newlonian suspensions. A substantisl
amount of work was found which could be used to characterize rheological
properties. However, there is quite a lack of quentitative data pertaining

to bateh heat transfer properties of non~-Newbonlian suspensions.

Vigcosity

Perry(l7) states that the majority of ncnnNewtonién materials are
pseudoplagtic. These materials include polymeric solutions, melts, and
suspensions of paper pulp or pigments. Perry(l7) stateg further that
for %uspensions of finely divided particles, less than 50 microns, the flow
prop%rties will behave very similar to a single phase fluid and the flow
prop;rties can be treated as such. Skellend(23) gives an excellent review
of nén—Newtonian rheology.

There are meny tyves of viscometers available. FHowever, most ars best
,suitéd for quality control work and are not readily adaptable to scien-—
tifipéll? investigate rheolégical properties. SkellamieB) aptly describes
four types of viscometers suitable for engineering studies:
1. Capillary tube
2. Rotary concentric tube
3. Rotating cylinder in an infinite media

Le Cone and plate

The rotating cylinder in sn "infinite" medium is the simplest of the

viscometers to use. This type of viscometer 1s readily available
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and has been used by other investigators(552399> to correlate with batch
mixing. The rotational viscometer has been found suiteble for systems

obeying the power law equations.

The shear rate at the bob surfece can be calculated from:
Y= 47Urn/a (7)
and the shear stress from:
¥ = T/27 Rh (2)

where T = torque; R = bob radius; N = bob revolutions; and h = bob height.

Since we know that apparent viscosity is equal to shear stress 7’,
.divided by shear rate X s we can solve the equation:

P o= k(¥R | (1)

it

for egpparent viscosity and gets

Fe

i

x(¥) 1 (9)

- Mixing

Perry (17)

states that a mixer will do two things within & vessel:
fluid circulation and fluid shear. An operating imveller will impart a
certain shear rate to the fluid leaving the tips of the mixer. This
results in a certain shear stress. The impeller pumping capacity maintains
the golids in suspension. The shear rate will be greatest at the impeller

and least at the vessel wall. This is especially true at low Dg/Dy ratios.

The opposite occurs in pipes where the shear rate is greatest at the wall.

Various correlations have been developed to predict shear rates in
an agitated vessel. Metzner and Taylor(l3> showed that local shear rates

in an agitated vessel were directly proportiocnal to impeller speed for
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both Newbtonian and non-Newtonisn systems. This was shown by observing
the motions of emall particles in an agitated vessel. These studies
supported earlier work by Metzner in which the following relationship
- was postulated:
¥ = kN (10)

vhich states that shear rate is a direct function of impeller speed M,
Subsequent experimental work using various impellers resulted in k
velues between 10 and 13 with the average value being 11.5. Thus the
apparent viscosity for pseudoplastic systems can be defined as

Jo = k (.5mn-l (11)
vhere k¥ = the fluid consistency index; and n is the flew behavior index.
This shear rate value agrees very closely with the velue 4 77 N used in

rheological work to describe fluid motion using cylindrical bobs.

Susgpersion Properties

In order to study heat transfer to non-Newtonian suspensions an
overall value for the density, specific heat, thermal conductivity and

rheological properties of the system must be obtained.

The density and specific heat of each component can be determined
or found in the literature. Both density and specific heat can be
considered as additive properties by weight averaging.<;53 Orr and

Detla Valle (29 found this to be the cace In thoir heat transfer studics

to suspensions.

Thermal conductivity cannot be handled as a weighted sverage. One

of the earliest works on the thérmal conductivity of suspensions was done
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by Tareef(25) who postulated that thermzl conduetivilty is analogous to
_that of electrical conductivity. Therefore, his nethod of finding the
thermal conductivities of suspensions was based on a thermal enslog
for Maxwell's equatién for electrical conductivities:

K, = K¢ 2Kp - Kgo-2X, (Xp - Kg)

A (12)
2Ky + K + Yy (Ep ~ X)

where X}, represents the entire batch suspenslon end Ke end X, are the
thermal conductivities of the fluid and solid, respectively, and ¥ is
the solids volums fractions. This equation has been checked by other

16
““investigaﬁors< and found to glve good agreement compared to experimentsal

determinations.

Heat Transfer

Batch heat transfer to fluids in agitated vessels is a common
industrial practice. Mosgt of the earlier correlations were developed
~to correlate heat transfer data for various basic impeller types.
Mogt workers have developed correletions similar to the following:
Mw = C Mgl NpC Iy (13)
For Newtonian fluids the generally accepted constants for the Reynolds

and Prandtl numbers have been:

2/3

NRe
Npp = 1/3

The viscosity term Ny was originally used by Sieder and Tatgz%%
correlate heat ftransfer data in pipes. Ny is the ratio of the batch
fluid'viscosity>at the wall temperature to that of the bulk batch fluid

viscosity at the batch temperature.( 4) The coefficient of the viscosity
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term has not bsen as clearly defined as the first two. The value of C
has generally been found to bs a funcltion of the impeller type and zlso,

probably the systen's geonetry.

This type of éiﬁengiénal anelysis has been resorted to because of
the unwilelding complexities involved in defining the parameters associated
with batch mixinge Hagedorn(g) gives an excellent summery of past heat
transfer investigations. This type of work has also been reviewed by

(4)

Chapmen and Holland.

A number of studies have been made characterizing the heal transfer
to squeous slurries in pipes(QA’ 16, 19). These studies were usually
dimensional analysis type correlations in which the slurries were chara-

cterized according to solids content and physical properties of the solids.

Bonilla(B) studied heat transfer to suspensions in pipes. Bonilla
“reported that a plot of NNu/NPrl/é versus NRQ for chalk water slurries

decreased as a function of increasing solids content., Bonilla made some
simplifyihg assumptions,; such as using the thermal conductivity of the

fluid medium only and also he calculated his viscosities from a theoretical

relationship.

Orr and Dalla Valle<16) glso studied heat transfer in pipes to solids
suspended in water and ethylene glycole. Calculated values were used for
viscosity, these velues were checked with a Saybolt type viscometer and
were repofted to be Newtonian. They also successfully experimentally

checked Tareef's electrical analog method of determining thermal conduct—

ivities of suspensions.
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Jede salamone(lg) theoreticelly studied heat transfer to non-lewtonian
suspensions in pipes. Through dimensiconsl analysis he determined that
heat transfer was dependent on the average particle diometer divided by
the pipe diameter, or (Dg/Dp)Co The constant C was then experimentally
determived to be 0.05. Thus the low value of the constant indicates
that the heat transfer properties were not very dependent on particle

size over moderate ranges. This was substantiated by Bauman.<1 )

(19)

Salanone and Newman experimentslly studied heat transfer to
water suspensiong of finely divided copper, carbon, chalk and silicz in
pipes. Thelr nethod of measuring viscosities using a pipe line viscometer
was more realistic than that uvwsed by previous investigators. Their
squeous slurries were found to be non-Newtonian and pseudoplastic in

- behavior. They used dimensional analysls to develop the following

equation to describe heat transfer in pipes:

HD = 0.131 DVSE'S ) 0¢62 Psof } 0.72 KS\ ) 0.05 Dp }0-05 ( CSI )Oo 35 (14)
Ke Fs Kp Ke Dg: R

g
The last three dimensionless groups characterize the solids used. Of

the three terms the last one, the specific heat of the so0lid divided by

the specific heat of the fluid was the most important.

L 2 '

Binder and Pollarg élsc studied heat transfer to suspensions in
pipes. They found that the ratio of the thermal conductivity of the solid
to that of the fluid, Kg/Kf, does not significantly affect heat transfer

unless the ratio is very large in magnitude.

Only a sparse amount of empirical data is available characterizing

heat transfer to two phase bateh liquid-solid systems. Frantisak( 7)
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studied heat transfer to Newtonian solid-liquid suspensions in an agitated
vessels, The slurry viscosities used by Frantissk were token to be a
function only of the solid's volume concentration, X, and were delermined
as followss

- ; 2 (15)

. . (<5,2) .

Although many previous investigators ‘7° have shown suspensions,
especlally concentrated ones, such as Frantissk used to be non-Newtonian

in behavior. Frantisak used the dimensionless group 2% and found that
-
the Nusselt number wes inversely proportional to the group raised to the

0.0/ pover. Frentisak used a computer linear regresslon snalysis to

determine and develop the following correlation:

NN O@ 575 (%RG)Ogéo (NPI‘)Oazé(gﬁ—g )0-33 E§;> 0013 '/C)S, —'0016/ &m -’00?46

Hagedorn and Salamone((9) have made an extensive study of batch
beat transfer to pseud0piastic systemsgs They started by analyzing the
momentum, mass, and energy equations for the cylindrical jacketed wall
in an sgitated vessel. The equations were then solved dimensionally.

Substituting the appropriate dimensionless groups resulted in the following.
(;::.,.2,@.

l4n )NP}‘& (D’C/Da)cnd (17)

NNUL = C NRQ
A dimensionless quantity was further added to account for a viscosity
difference between the fluid at the wall and the overall batch. Also,

the equation was expanded to account for impeller geometry, thus resulting

in the followin

1-2
Ny, = C N( ) mee® (GU/Y (De/Dy)® (/)Y n® (18)

This relationship used an apparent viscosity which was developed by Hagedorn

to be, Jla = x¥-1 (19)
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Hagedorn tested his theoretically derived equation for predicting heat
transfer data. FHe used water, glycerine, and pssudoplastic solultions
of Cerbopol having flow behavior indexes between 0.62 and C.36. Various

types of lmpellers were used.

The origingl theoretical correlation was developed assuning flow
patterns generated by a propeller sgitator. TFurther refinements were
made in the correlation to obtain & better it with the actual experimental
‘resultss A seml-empirical correlation was finally errived at which gave
the besgt fit for the more pseudoplestic systems tested. This relationship
wag as followss
Ny = C (ifpg ) (1+30/n41) NFTOQES (ﬂ/ﬂw)o°30/ha°75 (Dt/Da)(“O°5O>(Wa/D&)O°5Ona (20)
where C and a were evaluated separately for each impeller tested. This

correlation was based on the apparent viscosity defined earlier by

Metoner as:

g, = k qioswn-l (11)

The Hegedorn correlation gave an overall error of less than 11%,
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EYPRRTMENTAT,

The experimentel poftion of this thesis involved the followings
le Selection of materials
2+ DBrookfield viscosity determinations
3« Determining batch heat transfer data

Le Heat transfer and mixing calculations

Materials
" A total of five different water-solid suspensions were studiede

These were as follows:

Solid Phese Weight Percent Solids
Iron oxide 332
" 2460
n 13.1
Kaolin 24.4
" 18.4

Both solids were used as is, and no attempt was madevat using a dispersant
to obtain higher solids contentss Most known dispersants will degrade at
the higher temperatures used in this study. The highest solids contents
used for both tre iron oxide and kaolin suspensions were found to be the

upper limit for feasible equipment operation.

A high purity, red iron oxide (Fey03) pigment was used in this study.
The pigrent was commercially available from Charles F. Pfizer Company (code
number R 8098). The pigment particles are reported by the manufacturer
to be essentially gphercidal in shape. The average particle diameter has

been previously studied (15) and was reported to be 0.20 pm * 0.10 ym,
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The second solid studied was a kzolin clay mamufactured by Engelhard
Minerals and Chemicals Corporation. The kaolin is commercially known
as ASP200. ASP2CO is reported to have an average equivelent sphericsl
diameter of 0.55 pm. It is composed of flat white crystals from which
virtually all moisture, sand, mica, and water soluble salts have been

removed. The kaolin is non-hygroscopic and is essentially inert and

water insoluble. The manufacturer reports the following chemical analysis:(25)

Silicon (S10,) 4544,
Aluminum (AlgOB) 38.8
Iron (Fe203) 0.3
Titarium (TiOZ) 1e5
Calcium (Ca0) 0.l
Sodium (Nas0) 0.1
Potassium (K50) Trace
Water of hydration 13.8

Table No. 1 lists pertinent deta necessary for heat transfer data

for both the kaolin and iron oxide pigments.

Viscosity

Suspension viscosities were measured using a Brookfield LVT-5X-6C0
Synchrowlectric Visconeter. Thig instrument consists of a syncronous
motor which drives a cylindrical spindle. The rom can be adjusted
through a gear train which is controlled by a speed selector knob.
Shaft speeds of 3, 6, 15, 30, 60, 120, 300 and 600 revolutions per minute

can be readily attained. Thus a two hundred fold range of shear rates



Avg. Particle size, ym
Specific gravity

Thermal Conductivity

Btu / hr. ft.2 (°F/ft.)

Speclfic heat capacity
Btu / 1b, °F

TABLE Y0, 1

SOLIDS!' FPROPERTIES

Kzolin

0.55 (28

2,58 (38)

0.110 (34)

0.224 (24

20

Iron Oxide
0.20 15)

5,15 (15)

0.277 10)

0.148+0.000347 (10
(T = °C)
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can be zttained. The torque supplied to the spindle at a given ropm Is
transmitted through a calibrated spiral spring which is attached to a
read out disl. The disl gives a measure of the percentage of full scale

-

torque which, for this instrument was 3368.5 dyne centimeters.

The shear rate can be determined as follows:
¥ = 4 97 1/o0 (7)
wvhere W is the rotational speed of the spindle,n" is a measure of non-
Newtonian behavior and can be found by taking the slope of a logarithmic

plot of torgus versus spindle revolutions. This relationship is applicable

when the diameter of the spindle is small compared to that of the container.

The torgue reading is a measure of the shear stress occurring at the

cylindrical walls of the spindle and also at the ends of the spindle.
Hhat is wanted is a measure of the shear stress at the walls of the
cylinder only. To correct for this end effect, Hagedorn and Salamone
determined an effective cylinder height which was somewhal larger than
the sctusl cylinder's height., Thus the shear stress was determined sas
follows:

V= T' /2% B> ng (21)
Where T' is the torgue, R is the cylinder radius, ard he is the effective

eylinder heighte

This method of determining an effective cylinder height was also

used by votzner (14) ang was used by the author for the present work. The

Brooxfield viscometer was checked and calibrsted before use according to

accepted practices outlined by the manufacturer.

(nag
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Viscosity measurements were taken in triplicate for all five suspensions
used in this study. Viscosity data was taken for each suspension at three

or more different temperatures.

Each suspénsion was immersed in a water bath and the temperature
duriﬁg the viscosity measurements was maintained to within I 1°F, The
suspension was kept fully agitated between meagurements to prevent settling
of the suspended solids. The apparent viscogity was determined by:

P = Y (22)
The shear stress,’}', divided by the shear rate, by s equaled the apparent
viscosity. These viscosities are plotted as a function of shear rate for

each suspension in Figure Numbers 1 to 5 .

Heat Transfer Eouloment and Dats Determinations

The basic equipment used in this study was previously built by
Donzgld Hagedorn as part of his Doctoral Thesis reguirementse The equip-
ment was an insulated fifteen gallon 316 stainless steel vessel, which was
fully jacketed on its sides and dished bottom. Agitation was supélied
through a three guarter horse power DC ghunt motor mounted on a frictionless
bearing above the vessels A half inch agitator shaft was located centrally

and impellers could be fastened at an infinite number of positions along

its length.

Shaft speeds couvld be varied between 75 - 2500 RPM through a Reliance
VS Jr., Style "EF" electronic motor controller. During the present study
the impeller speeds were always below 700 RPM, The mixing power consumed

was readily determined with a O -~ 25 pound scale which was attached to a
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moment arm in the form of a 6-1/2 inch pulley at the base of the motors
The torgue used in mixing causged the motor to turn slightly on its mount

and tfansmiﬁ the force to the scale.

During the course of this study it was shown that the mixer motor
was only capable of delivering about 1/4 horsepower usable power within
the low range of speeds testeds This power reduction with speed is
inherent with this type of shunt motore. This power limitation reduced

the amount of experimental data obtainable especially with the more

concentrated suspensions.

Vortexing was minimized by four 1 by 20 inch baffleg attached to
the inside vessel wallse. Other pertinent vessel dimensions were the

followings
Diameter 14 inch

Height of cylindricel side 20 inch

Depth of dish 2 inch
"Heat transfer area used 6.2 ft.2
Volume used 1512 ft.3

Three thermocouples were used to measure batech temperatures and

three thermocouples were used to measure wall temperatures., Thermocouples

were also used to measure jacket inleét and outlet temperatures. All
eight thermocouples were connected to a Westronic MIIB/J/DV.5M twelve
point strip chart recorder which prints a temperature point every five

secondse. The chart speed was adjusted for one half inch per minute.

28



29

The three.batch thefmocouples measured temperetureg at three
different levels. Wall temperature measurements were made possgible by
three thermocouples embedded  in the vessel's wall at varlous levels.
Grooves were milled into the cylindricsl wall at various positions
sround the perimeter. The sheathed iron constantan thermocouple
wires were cemented into each groove (one thermocouple per groove).
The tip of each sheath was bent slightly to make it flush with the vessel's
welle The cement used, Thermon T-85, was choosen because its thermal

conductivity was similer to 316 stainless steel.

During a run the fluid level was kept at 3-1/2 inches from the
vessel's top. Therefore, the wall thermocouples were submerged at 2-1/2,
9 and 14~1/2 inches below the liquid surface. The batch thermocouples
were then at 3-1/2, 11-1/2 and 20 inches below liquid level. The multiple
batch and wall temperature measurements tended to minimize temperature

variations within the vessel. The thermocouples were calibrated prior

t0 use.

Four baslic impeller designe were studied. The impellers are shown
pictorially in Figure No. 6 and the basic impeller dimensions used
gre given in Table No, 2 . Each impeller was mounted on & half inch
shaft. Hagedorn and Salamone report that the impeller height significantly
effects the heat transfer results, all other factors being equal. There-
fore, the relative impeller posifions recommended in the afore mentioned

work were adhered to in this study. These were as follows:
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TABLE NO. 2

IMPELIER DIMINSIONS

Impeller Types Diameter Width
Inches Inches
Anchor 9.0 6.0
Paddles | 40 1.0
4O 2.0
6.0 1.0
6.0 2.0
8.0 1.0
8.0 2.0
Propellers _ 4ol —
562 ——
6.0 —
Turbines (disc & vane) 4e0 0.75
5.0 1.00

6.0 1.25



Anchor - -5 inch c¢learance
Paddle » 7 inch center height
Propeller 10 inch clearance
Turbine 7 inch center height

The clearence is meazsured from the vessel's dished bottom to the impeller's
bottom. The center height is measured frém the vessel's dished bolton

to the middle of the impeller's width. These impelleripositions vere
experimentally shovn to minirdze dlscrepencies in wall temperasture

measurements among the three thermocouple locations.

Time was initielly spent to become familiar with the egquipment.
During this period heat transfer data was obtained using water as the
bateh fluid. The experimental results for the water runs are given in
Table No. 3 . Water ig a well known Newtonian fluid whose properties
have been well documented in the literature.(23) The pertinent data

for water and its method of calculation are given in Appendix No. 1 .

The normal operating procedure for suspensions was to £ill the
vessel three quarters full of water. Then solids were added to the
water using agitation until the desired solids content was obtained.
Then premeasured guantities of water and solids were added until the
desired volume of the vessel was filled. A ruler was attached to the
vessel wall to facilitate the filling operation. The suspension uniformity

was periodically checked by sampling the batch and drying the sample in

a 250°F over.

32



TABLE NO, 3

EXPERTMANTAL MEASUREMENTS FOR WATER

Run Batch Temp.,°C Wall Tempe. °C Avg, RPM Sceale
Number No. 1 No. 2 No. 1  MNo. 2 Temp. 4°C 1bse
ANCECOR o
155-1H 7365 845 7845 88.5 79.0 166 5.85
155-4C 4346 38.5 L1l 3645 1.1 166 5.85
156~2H 83,5 92.0 91.0 97.5 87.8 48 050
156-4C 440 39.5 395 35,1 41.8 48 0.50
157-1H 735 85,0 80.4 89,8 793 113 2.80
157-4C Lbel, ) £1.0 A3.1 38.0 4L3.6 113 2.80
: TURBIFE 6 x 1.25"

127-1H 69.8 84.3 76,0 0.2 771 285 3.90
127-3C  59.8 50.8 5605  16.8 55,3 285 3.90
149-1HE €£7.0 80.5 735 85¢4, 73.8 330 552
149-3C 5340 45.8 £9e 4 43.0 VANV A 330 5652
150~2H 80.5 20.0 85.7 93.5 85.3 246 3,10
150-3C 50.5 Ltie5 4L7e5 £1e5 L7745 246 3.10
151-2H 78.0 88,0 86,5 9.1 83.0 106 0.50
o TURBINE & x ¢

128-2H 7365 7.0 79.0 0.5 80,3 500 4+ 98
128--4C 60.5 52¢5 57.0 £9.1 56,5 500 4698
130-1H 79.6 86.9 83,8 90.8 €3.3 270 1.29
130--3C L7 4, 4265 43e5 39.2 45.0 270 1.30
131-1H 504 674 58.0 750 58.9 400 3.08
131-3C 67.3 58.3 63.0 5444, 62.8 400 3.10
132-1H 4£8.8 65.0 55.6 715 56.9 400 3.14
132-3C 72.0 62.2 66,6 5745 6701 400 3.12
133-2H 85¢4 4.6 89,0 97.8 90,0 500 5.00

TURBINE /4 x 0Q.75%

158-1H 7Ca L 82.7 770 874 76.6 645 3.10
158-4C £5.0 39.5 42.0 37,0 £2.3 645 3.10
159-2H 78.5 87.0 85.2 92.5 82.8 300 0.60
159-4C 45.0 40,0 40.9 36.1 4265 300 0.60
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TABIE N0, 3 (contd,)

EXFERIMENTAL MEASUREMENTS FOR WATER

» Batch Temp.,°C wWall Temp., °C Avge -RFM Scale
Number No. 1 No. 2 No. 1  MNoe. 2 Temp. ,°C 1bse
TURBINE 4 x 0.,75%
160-1H 71.0 83.0 785 88.5 77.0 505 1.88
160--3C 55.0 47.9 51.1 bdied 51.5 505 1.88
' PADDLE 6 x 2t
1/1-1H 65.5 795 73.0 84e2 72.5 401 6.33
141-4C 43.6 38.0 40.9 36.0 40.8 401 6633
142-2H 82.0 91.0 &7.0 9o 2 86.5 301 3. 50
142-4C 6.5 40.5 43.3 37.9 43¢5 301 3,50
143-2H 81.6 89. 4 87.5 93.9 85.5 200 1.57
143"’30 48.0 4201 41‘45 3900 4501 2CO l‘ 57
14/4~1H 7549 83.9 8hel 9.5 79.9 93 0.40
144~3C 49.0 43.2 42.2 38.1 £6,1 93 0.40
PADDIE 6 x 1" ‘
137-1H 62.0 7440 68.4 795 68.0 528 432
137-4C 2.5 37.5 39.9 35.1 40.0 528 he32
138-1H 62.0 755 69.5 81l.5 68.8 448 3.10
138-3C 535 46.5 49.0 42.6 500 448 3.10
139-2H 85.5 92.6 0.5 96,0 89.1 347 1.80
- 139-4C 40.1 35.8 36.5 33.0 38,0 347 1.80
140-1H 74.0 85.0 85+ 4 935 79.5 164 Oeld,
140-3C 47.5 4245 426l 37.9 4540 164 Celd,
PADDIE 4 x 2%
145-3C 46.0 40e4 /2.8 37.6 4342 595 2.90
146-1H 63.0 72.6 Thel 82,0 67.8 194 0.60
146-4C 41.5 37.5 3646 334 39.5 19 0.60
147-1H ARy S 83.8 81.0 90.0 77.6 331 0.80
147-3C 4646 41e5 2.0 37.1 LA 331 0.80
148-2H 771 87.0 83.6 92.0 82.0 494 1.95
PADDIE / x 1"
152-1H 74.0 8545 83.5 91.0 79.8 651 1.38
152-3C 6.9 41, 42.5 37.9 Lhe2 651 1.38
153-2H 84.0 915 91.1 97.8 87.8 364 0.47
153"‘30 47.6 4.2.2 4-106 3700 37.0 l(lpcg 0047
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TABIE N0, 3 (contd.)

EXFERTVENTAL MEASUREMENTS FCR WATER

Run Batech Temp.,°C Viall Temp.,©C Avg. RPM
Number NQ. 1 No. 2 No. 1 No. 2 Temp. ,°C
PADDIE 4 x 10
154~2H 735 85.5 82.0 91.9 79.5 49/
154"‘30 4‘700 4106 4—1'5 v 3700 1&403 Agzl-
. PROFELIER 5,2¢
123-4C 475 1.6 /1.8 35.8 Ll 6 318
124~2H 68,7 76,8 786 85.0 727 332
124-3C 58.5 50.8 52e4, Lle 54,6 332
12540 62.0 52.0 56,0 46,0 57.0 545
PROPELIER 4.1" ‘ ‘
134-1H 64.0 78.5 75.0 86,9 71.3 650
134-3C 5644, 49.5 50.0 £3.9 53.0 650
135-2H 735 82.0 83.5 90.6 77.8 395
135-3C 56.0 49.0 48.0 4245 52.5 395
136-1H 66,0 705 78.0 87.5 72.8 523
136-3C 53.0 4645 46.5 1.0 49.8 523
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Pigure No. 7 « shows how steam and water entered and discharged
from the jacket. Steam was admitted to the seale& jacket during the
heating cycle until the batch temperature reached-approximately 90°C.
The steam wés then discontinued and the top drain valve was opened.
Cocling water, controlled through a rotometer, waslthen admitted through
the top and bottom inlets for the cooling cycle. Temperature measure
ments were conﬁinually'monitbred throughout the heating and cooling
cycle., After the cooling cycle the jacket was drained in preparation

for the next heating cycle.

Where possible, three to four runs were made with the same impeller
bﬁt at different revolutions., Mixing power limited some runs at the
upper RPM and inadequate mixing, resulting in solids settling, 1imited
some lower mixing speeds. A Smiths Hand Tachometer was used to measure

rotational speed. Water was added when needed to compensate for evaporation.

During the heating cycle the wall temperature was higher than the
batch temperature and during the cooling cycle the opposite was true.
The temperature recorder curves for each run were examined., A two
minute time interval, selected where the wall and batch temperatures
formed the smoothest line, was used from both the heating and cooling
cycle. A straight line was drawn through these points and these were
used to determine the change in batch temperature at a given temperature
drop between the batch and wall.A This information was then used to
calculate the heat transfer coefficient. The experimental data for all

suspensions studied is given in Table Nos. 4 . 0 8 .
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TABLE N0, 4

EXPERIMENTAL MEASUREMENTS FOR 33.2wt.% Fes03 SUSPENSIONS

Run ~ Batch Temp.  Wall Temp. Avge App RPM
Number No. 1 No. 2 Nos, 1 No,2 Ternp.°C VisceCpe
ANCHCR ot
bl-1H 88.5  94.6 787 370 165
443G 36.9  33.5 L4e8 340 165
o TUBBINE 6 x 1.25"
45-1H 92.1  96.5 81l.6 202 342
£5-3C 36,6 33,0 45677 185 342
46-1H 90s4 94,0 700 235 277
46-3C 28,9 27.1 4067 220 277
TURBINE 5 x 1%
32-1H 88.6  94.9 77.0 140 527
32-3C 34.8  31.2 40."7 128 527
33~-1H 89.4 95,0 748 155 460
o PADDIE & x 1V :
40-1H 90.5  9he5  The5 200 351
4030 36,6 33,0 483 185 351
41-3C 32.5 29.9 L5e2 207 299
PADDIE 6 x 2%
37-1H 86.6 92.5 72.0 180 380
38-1H 87.0 90.5 63.0 205 325
38-3C 3le4 290 L3 195 325
PADDIE 6 x 1V
35-1H 88.5  94.6 75,0 130 575
35-3C 35.0 31.5 2.8 120 575
36-1H 9les 955 T4e2 147 492
36-3C 34.9  32.5 4562 137 492
PADDIE [ x 20
39-1H 90.0  94e5 7065 114 654,
39-3C 365 33.5 4845 109 654
PROFPELIER 6™
42-1H 86.5 91.8 T1a7 115 648
43-3C 3Le6 32,1 4541 122 560



TABLE NO, 5

EXPERIMENTAL MPASUREMENTS FOR 24.0 wte% F8203 SUSPENSICNS

39

Run " Batch Temp. Wall Tempe. Avge App. RPM Seale
umber Noe 1 Noe 2 No. 1 No. 2 Temp.©C VisceCps 1bs,
ANCHOR o¢
83-1H 74,0 86,0 87.4  95.6 800 120 16/ 6.86
83-3C 50.2 440 44,0 38.5 471 120 " 6.86
8/-1H 61.0 70.0 84,0 91.2 6545 195 Q0 1.85
84~3C L6.6  42.3 35.0 32.4 Llie 5 195 w 1.85
TURBINE 6 x 1.25%
47-1H 81.0 87.0 87.0 93.5 840 63 351 750
4730 L7e4, K15 L0.5  35.6 bl 5 63 " 750
48-1H 62.5 725 83.4 89.5 67.5 98 210 265
£8=3C 46.0 420 36.1 33.0 4460 o8 ¥ 2.65
49-1H 75.5  83.0 86.4 91.1 793 71 305 5673
49-3C L7.0  41l.5 39.0  34.7 Lhe3 71 " 573
50-1H 73.5 81.5 €7.0 93.0 775 a1 259 4Lel3
TURBINE 5 x 1% :
79-1H 77.2 86.5 87.0 92.7 81.9 L5 524 £.68
79-3C £9.0 43,0 L2e4  37.1 46,0 45 " 6.68
80-1H 73.7 82.4 89.7 94.8 78,1 72 299 230
80-3C 477  43.1 36.5  32.9 4564 72 " 2.30
81-1H 76.2  83.7 88.5 93.0 80.0 60 375 3.40
81-3C 43.0 38.2 34e5 31.3 0.6 60 " 3.40
82-1H 71.8  80.0 3.8 90.0 75.9 50 455 5.00
82--3C 46,0 405 39.0 34.0 4363 50 " 5.00
TURBINE 4 x Q.75
51-1H 73.5 82.4 87.6 92.6 78.0 38 646 3.79
51-3C 51.0 45.0 42.0  36.6 48.0 38 " 3.79
52-1H 66.5 75.9 85.3 92.5 ARY 53 435 1.67
52-3C L85 440 38,5 35.0 4643 53 " 1.67
53-1H 7.5  80.7 88,0 89.8 75.6 L6 500 222
53"’30 4—9‘9 44- 2 390 O 3[&.. 9 l&?;l 46 " 2.22
55-1H 70.1 7944 86.0 92.2 748 L2 569 2.88
55"30 4505 4003 36-9 3300 42-9 42 " 2.88



TABIE NO. 5 Gontd.)

EXPERINMENTAL MEASUREIENTS FCR 24.0 wto.% F6203 SUSPENSIONS

Run Batch Temp. Wall Tempe Avg, Apps RFM Scale
Number No. 1 No. 2 Noe I No. 2 Temp.©C Visc.cps 1bse
PADDLE 8 x 2¢
72-1H 72.5 85.4 87,0 94.9 79.0 94 221 6.97
723G 49.0  AL3.5 41.5 37,0 463 94 " 6.97
73-1H 65.0  76.0 €8.1 93.5 70.5 140 135 2e43
73-3C 48,0 43.9 36.8 33,0 46.0 140 " 2643
PADDIE 8 x 1%
69-1H 73.0 855 87.0 95.3 79.3 63 349 6.85
69-3C L8.6  43.0 1.0 36.5 45.8 63 " 6485
70"1H 6305 69.5 85'!l» 9205 6605 92 225 2090
70-3C £6.9  L2.2 35,0 32,0 Ll o6 92 n 2.90
71-1H 0.8  82.5 88,5 95.5 767 75 28/, 453
71~3C 45.0 A0.0 35.9 32.5 4243 75 B 4£e53
PADDIE 6 x 2%
66-1H - 73.4 85.0 86.0 94.2 79.2 60 381 6.97
66-3C 5hel,  LT7.6 46,1 40.0 51.0 60 L 6.97
67-1H 68.0 76,5 90.0 95.5 7243 92 223 2+35
67+3C 45.7 Al.6 34.5 31.5 437 92 " 2.35
63-1H 7Le5 82,0 87,5 92.5 7863 72 300 Le25
68..3C 4le5  40.1 36.5 3361 £2a3 72 n Le25
PADDIE 6 x 1
62-1H 73.0 85.5 86,0 Qhe5 793 40 602 7e13
62-3C 57,0  L7.6 47.0 41.0 5242 L0 “ 7.13
63-1H 72.0 82.5 92,0 97,2 773 65 337 223
63-3C L7.0 424 34.0 31.0 LiaT 65 i 26273
64-1H 62.5  Thel 8hel 9lek 68.5 54 16 3ol
- 64-3C 49.0  43.8 38,6 34,7 yASYA 54 " 3044
65-1H 78.3 85,0 90.1 Q4.6 81.7 FAS 510 5.10
65-3C 46,0  41.0 381  34.0 4L3e5 46 " 5.10
PADDIE L X% 2¢
58-1H 73.5 82,0 86,6 92.5 77.8 73.5 652 Le25
58~3C 52.9  47.0 Lh.6 40,1 50.0 7345 " Le25
59-1H 65.3  73.5 85.6 90,5 696/, 49,0 L65 2.13
59-.3C L7.6  43.5 37.5 34e2 5.6 £9.0 n 2.13



TABLE NO, 5 (contd)

EXPERE%ENTAL MEASUREMENTS FOR 2/4.0 wt.% F8203 SUSPENSIONS

Run Bateh Temp. Well Tempe Avge Appe RPM Scale
Number 1o. 1 HNo.e 2 No. 1 No. 2 Temp.©°C ViscsCpe 1bs.
PADDIE /L x 20
60-1H 69.6  78.0 88,0 93.5 73.8 45 519 2.66
60--3C 58.1  BRe4 L6s4  41.0 55.3 45 " 2.66
61-1H 64.9  80.0 84,0  92.0 74e5 L1 58L 3432
61"‘30 5201 Aéeé 4»107 3701 49@1{« 41 " 3‘32

PADDIE 4 x 1% .
56-1H 67.4 78¢5 89.9  95.5 73.0 38 645 1.38
56-3C 52.5 48.0 L05  37.5 50.3 38 "o 1.88
57-1H 63.0 73.5 8%9.5  94.6 68.3 L3 550 1.37
57-3C 42,0  329.0 31.5 29.9 40e5 43 " 1.37

FROFELLER 6"
75""‘1H 62.0 7500 7806 87-2 68.5 38 61&«6 300"5—
75-3C 48.2 42,5 £0.5 36,5 L5614 38 w 3.04
76~-1H 6o The5 89.3 93.6 69,6 60 375 1.10
76--3C 490 Lol 345 31.0 4647 60 " 1.10
77-1H 69.5 78,0 86,5 92.0 73.8 48 478 1.58
77-3C 6le7  54el 46.5 41,7 58.1 48 i 1.58
78-1H 63.0 73.1 82,6 89.3 68.1 Ll 556 222
78-3C 5.8 40.7 37.1  33.3 4343 4, " 2.22



TABLE NO. 6

EXPERTMENTAL MﬁASUREMENTS FCR 13.1 w3 Fe203 SUSFENSIONS

Run Batch Temp. Wall Temp. Avpge Appe RPM Scale
Number No. 1 No. 2 No. 1 No, 2 Temp.°C Viscscpe 1bs.
. ARNCHCR 9 A
g5-1H 67.0 80,0 76.0 86,7 735 17.0 162 5.96
85-3C 53,0 146.0 47.5 41.2 49.5 18.2 " 5.96
86-1H 72,0 82,3 89.0 9.5 772 28.8 65 1.02
86--3C 52.0 Lbe5 43.0 38,5 £9.3 31.5 " 1.02
87-1H 63.7 78.5 775 87.5 711 21.0 116 3,22
87-3C 4742 41.5 /1.0 36.0 Ldald 22.8 " 3422
TURBINE 6 x 1.25%
109.1H 70.5 83.0 78,0 88.0 76.8 11.0 334 6.20
109-3C 493 43.0 45,1 39.6 b2 12.1 " 6.20
110-1H  76.7 85.3 88.0 94.5 81.0 18.6 136 1.12
110-3C 53.0 AL7.3 45,3 403 502 20.2 i l.12
- 111-18  77.3 86,7 8he5 92.0 82.0 13.5 239 3.22
111-3C 1S.1 43.1 LL.,0 38,3 4601 14.7 " 3.22
TURBINE 4 x 0.75"

“112-1H  74.3 86,5 82.3 91.8 80.4 7e3 653 3648
112-3C 43,6 38.3 39.8  35.3 1.0 8.4 n 3.48
©113-3C 5740 5044 46.0  40.3 5347 12.2 " 0.80
114-1H 78.5 87.0 87.7 9hek 82.8 9.5 JAVA 1.40
114-3C £6a2 41.0 401 36.3 3.6 11.0 " 1.40
115-1H  70.3 80.0 79,7 87,0 7466 A 535 237
115-3C 50,0  44.0 44,0 39,0 47.0 9.2 " 2.37
PADDIE 8 % ot
106-1H 65,8 7.5 72.0 80.5 70.2 1.8 204, 5640
106-3C  51.4  45.0 46,1 40,5 8.2 15,8 i 5440
107-1H  79.0 86.5 91.0 96.0 82.8 235 a8 1.00
107"’30 51-5 4600 42.0 38.0 48.8 26.0 [ 1. Oo
108-1H  77.2 87.3 86.5 84,0 82.0 17.5 149 2.90
108-3C  51.3  45.3  44.0  39.5 8.3 19.0 " 2,90
PADDIE 8 x 1
102-1H 67.8 76,5 73.1 81.0 722 10.8 361 6.60
102-3C Lhe5 39,0 40.0 35,5 (1.8 11.8 " 6.60



TABIE N0, 6 (contd.)
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EYPERIMENTAL MEASUREMENTS FOR 13.1 wt.% F6203 SUSFENSIONS
Run Batch Temps Wall Tempe Avg. App. RPM Scale
Number No. 1 Noe. 2 Noo 1 Noe 2  Temp.©C Visce.cps 1bse
- PADDIE 8 x v .
104-1H 66,7 740 75.7 810 70. 4 1.8 209 225
104-3C 52,0  45.8 Llel 39,0 48e9 15.7 " 2425
105-.1H 1.0 82.0 80,0 89,0 76.5 12.2 282 FAN Y
105-3C  54e3 475 4£9.0  43.2 50.9 13.2 " 400
PADDIE 6 x 21 '
99-1H 75,2 83.8 8.0 89,0 795 10.1 378 6.16
99-3C  65.5 55.6 58.5 50.1 60.5 10.8 s 6.16
100-1H 77.0 85,0 92.5 98,5 81.0 18.0 144 0.90
100~3C 48,0  43.3 375 34.3 45,7 20,0 u 0.90
101-1H 67,5 77.0 78.0 86.0 723 12.8 265 3.00
101-3C 435 43,0 420 37.0 45.8 13.8 " 3,00
, PATDIE 6 x 1
95-1H 67.8 78.0 7.8  8L.5 72+9 7.8 605 6.67
95-3C 52.5  L45.3 L7.5  41.5 L8.9 8.4 1 6.67
O6-1H 72.4 8l.5 85.6 92,3 77.0 12,7 262 1.22
96-3C  45.8 41.0 37.5  33.5 L3364 14.2 " 122
97-1H 70.8 82.5 83.3 90.2 76e7 10.3 375 252
97-3C 49.1 43.1 L3.5 38,0 L6.1 11.4 n 2.52
98~1H 63.0 76.0 73.0 8L.5 69.5 2.1 L7, 408
98-.3C 4577 0.0 £1.0 36,0 429 10.0 " 4.08
PADDIE 4 x 2v
91-1H 78.2 87.9 .85.,5 93.5 83.1 7ol 650 3.86
91-3C  49.5 43.3 Lhe2 39,0 VA 8.3 n 3.86
92-1H  67.0 78,0 82,5 89.5 725 10.7 354 1.20
02~-3C  46.0 4l.5 385 345 £3.8 11.9 " 1.20
93-1H 67.3 78.8 80.4 88.5 73.1 9.3 £50 1.85
93"‘30 [;609 4107 4-1-0 36;6 44-03 10.2 " 1'85
94~1H  79.0 87.4 86.5 93.5 83.2 8.0 550 2.80
94‘"3C 4508 1{-005 4005 3506 43'2 902 u 2-80
PADDIE 4 x 1°v ,
88-1H 68.4 80.4 82.6 92.0 Vol 7.8 644, 1.68
88..3C 56.0 9.0 47.0 41.0 525 8.2 " 1.68
89-1H 61.3 72.5 80.8 83.8 66.9 9.7 450 0.80
80-3C  48.6  L3.5 38.7 35.0 46,1 10.3 " 0.80



TABIE NO. 6 (contd.)
EXPERIMENTAL MEASUREMENTS FOR 13.1 wt.9 F6203 SUSFENSIONS

Run Batch Temp. Wall Tempe Avg, Appe RPM
Number No. 1 Noe. 2 No.l No. 2  Temp.©C ViscecCpe

PADDIE [/ x 1v

90-1H 79.5 89.0 92.0 97.7 843 8.1 546
90-3C  48.6  43.3 40,0 36,0 £6.0 9.0 "
FROPELLER 6"

116-1H 79,0  90.5 87.2  95.3 8L.8 Tal, 629
116-3C  47.6  41.6 43.5 38,0 Lleb 8.4 "
117'7'1H 7702 8500 89»6 9»”440 81.1 11.8 292
117"""30 4503 [{,008 3708 34—02 43'1 1300 "
118-1H 66.7 81.0 8l.0 90.5 73.9 10.0 07
118-3C 51.8  45.4 45.6  L0.0 8.6 10.8 Rl
119-3C  A5.8  40.6 1.1 36.0 432 9e5 "

PROPELLER Z.1"
120-1H  60.2 71.2 79.0  85.0 65.7 77 643
120-3C  49.3  43.8 40.1  35.7 6.6 8e4 b



Run

TABLE NO, 7

EXPERIVENTAL MEASUREMENTS FOR 2/./4 wi.% KAOLIN SUSPENSTIONS

45

Batch Temp. Wall Temp. Avg. App. RPM Scale
Number No. 1 DNo. Noe 1 No. 2  Temp.©°C Viscecpe lbs.
ANCHOR ot
06-1H 51e5  62.0 87.5 91.3 56.8 580 180 7.51
0640 448 L1.5 32.5 32.3 L3e2 580 180 7.51
" TURBINE 5 x 1v
0l-1H 9.3 58.8 73.6  80.5 541 215 573 7.86
01-5C 51e2  47.1 39.0 35.9 4S.2 215 573 7.86
02-2H 59.8  70.6 88.6 93.4 65.2 215 567 7.85
02~-6C 53¢5  48.6 37.6  34.8 51.1 215 567 7.85
PADDIE 6 x 2"
05-2H T2.7 T77.8 95,6  100.0 75.3 300 397 7.57
05"“60 4«609 4402 3108 2906 4506 300 39’7 7- 57
FROPELLER 6"
04~7C 48T 45,0 33.7 31.5 46.9 180 700 3680



TABLE NO, &

EXFERIMENTAL MEASUREMENTS FOR 18.4 wt.% KAOLIN SUSFENSIONS

L6

Run Batch Temp. Wall Temp. dvg, Apps RPM Scale
Number No. 1 No, 2 No. 1 No. 2  Teup.©°C Viscecpe 1bs,
ANCHCR on
08-1H 0.7  51.0 6l.2  75.4 5.8 167 135 4e35
08--7C 54e4 49.0 2.6 38,4 51.7 166 135 435
TURBINE 6 x 1.25"
12-2H 76.5  85.2 91.0 96.8 80.9 67 371 7.80
1240 51.9  46.0 2.6 37.9 49.0 71 371 7.80
13-2H 748 83,8 93,0 97.5 7963 78 308 5.30
13-5C 49.8 45,0 38,7  34.9 LT 4y 84 308 5.30
14-5C 52.3 48.0 34.2  32.2 50.2 104 241 3.23
TURBINE 4 x 0,75"
15-1H 67.8 76,0 88,2 92.4 719 L1, 620 3.15
15-6C 47.8  L3.8 37.1 33.6 45.8 47 620 3.15

TURBINE 5 x 1%
09-1H 773  85.6 20.6  95.4 8l.5 L6 575 7775
00-3C 54.5  48.0 45.8  L0.7 51.3 49 575 775
10-2H 69.8  79.7 87.1  93.2 7448 53 500 5.93
10-7C 46.0  L1.4 37.0 33.8 43s7 56 500 5.93
11--3H 69.0 77,7 90.2 944 7364, 62 416 L.03
11-5C 7L.0  63.2 52.6  L7.5 67.1 63 416 4.03
12-2H 76.5 85,2 91.0 96.8 80.9 67 371 7.80

PADDIE 8 x 1%
25-2H 71.0 83.3 92.3 97.0 772 66 385 7.65
25-5C £9.2  42.8 37.3  33.8 45.8 70 385 7.65
26-3H 72.8 8l.2 94.8 98,2 77.0 80 305 482
2640 56,6  51.3 39.6  37.0 54.0 83 305 482

PADDIE 6 x 20
16-2H 73.5  80.5 89.3 92.8 77.0 62 410 Te L5
16-6C 48.9 4346 39.0  34.7 4643 66 410 7e45
17-2H 75.4  83.8 92.5 97.8 79.6 72 341 5630
17-4C 5lel 46,3 0.0 36,7 48,9 7 341 5.30
18-2H 6l.5 72.0 92.0 95.0 66.8 g8 276 3436
18-6C 48.6 47 32.8 31.0 4667 92 276 3436



TABLE

EXPERIMENTAL MEASUREMENTS FCR

N0, & (contd,)

18.4 whe% KAOLIN SUSPENSIONS

47

Run Batch Temp. Wall Temp. Ave, App. RFM Scale
Mumber No. 1 No. 2 No. 1 No. 2  Temp.©°C ViscscDs 1bse
PADDIE & x 1%
19-2H 68.3 81.5 87.2  92.8 749 Ll 620 740
19-7C L3¢ 39.0 36e4  32.9 41.2 L7 620 740
20"1H 69.3 '7800 8702 920 5 7307 49 5/4»8 50 80
20--6C 51.0  45.7 0.0 35.8 484, 52 548 580
21--2H 77.7  86.0 el 99.5 81.9 54 482 £e39
21-5C . 49.6  Lh.6 36.8  34.0 471 57 482 4e39
22-1H 61.8  72.5 92.6 95.8 67.2 6/ 402 3,08
2260 6.9  [l.1 29.8  27.7 L4 0 67 402 3.08
PADDLE J x 2v
23-1H 80.6 87.5 95.6  99.0 8401 42 612 3.86
23-4C 43.4  38.5 31.6  29.6 409 46 642 3.86
24~2H 704 T77.8 93.5  95.8 741 50 531 2.58
24-LC L7.1 424 31.5 30.2 L4 8 53 531 2458

PROPELLER &v
27-2H 76,0 8L.8 94.5 98.9 8044 42 657 2473
R27~4C 513 4642 39.5 36.0 £6.8 42, 657 2.73
28-2H 72.0 8l.4 4.0 98,2 76,7 .8 549 .91
28-5C L9e5 45,2 37.5 34.8 474 52 549 1.91
20-2H 64e6  The2 87.9 93.3 69.4 L6 604, 234
29-6C 42,9 39.0 33.6  30.5 1.0 L8 604, 234
FROPELLER 5,2%
31-2H 77.5 83.8 97.8  99.8 80.7 L2 654 1.65
31-5C 39.0 36,2 30.3 28,6 37.6 45 654 1.65



Calculations

4 correction in the heat balance was made to compensate for the
heat due to mixing. This quantity can be readily calculated knowing
the torque from the dynamometer and the mixer speed. This quantity

mst be subtracted during heating and added during cooling.

The heat input to the batch is equal to:
Q = WepiTy/at % Q (23)
where W is the batch weight, Cp the batch specific heat, and dTp is the
change in batch temperature over some time intervel dt. Qp is the heat

due to mixing.

Knowing Q,the heat transfer coefficient, H, can be calculated as
follows:
H=Q/AAT,. L (24)
- Where A is the heat transfer area, and 4 T is the temperature driving

force measured at the vessel surface and average batch temperature.

The wall temperature measured in these studies was recessed (.04 inchesg)
within the wall. This extra resistance between the wall surface and the
thermocouple can be approximated by knowing the wall thickness to the

thermocouple and the thermal conductivity of the wall.

This approximation shown by Hagedorn and Salamone (9) results in

the following:

H

i

B 1+ 5(L/K )

H' (1 + 0.0001774H!)

(25)

i

or H

vhere H' = Q/A AT i f



L9
T jbeing the average difference in the temperature measured in the
wall and the batch temperature.

The desired dimensionless groups were then calculated. The Nusselt,

Reynolds, Prandtl, and Power numbers were calculated as follows:

N = HDg/¥s (26)

Npe = DaN (27)
)15

Ne = Op Jl/Ke (22)

Npo = 32.2 B/pN3D3 (29)

wvhere H is the film healt transfer coefficient

Dy is the tank diameter

¥ is the suspension's thermal conductivity

_/7is the suspension's density

Cy, is the suspension's specific heat

N is the mixer revolutions

Dy is the impeller diameter

P is the mixing power

}&lis the apparent viscosity determined at a shear rate equal to 11.5W.
Sample calculations can be found in Appendix No. I. All calculations
were perforred using a Wang 380 desk computer with tape programing.
The calculated results for all five suspensions and water are given in

Tables No. 9 to 1/



TABLE NO, 9

CATLCULATED MEASUREMENTS FOR WATER

k i
Run Density Btu Power 4 Btu :
Numbers  1b./ft.3  Br.Ft.°F  ft.Ib./sece  °F hr.ft.? N Mpe ¥p, Np
ANCHOR oM
155-1H 60,7 0.395 27.6 1332 3944, 389746 2.2 2.9
156-2H  60.4 0.403 0.7 659 1915 124461 2.0 3.0
156-4C  61.8 0.367 0.7 569 1817 71566 3.8 2.9
15710 60,7 0.395 9.0 1038 3073 266096 2.2 3.0
157-4C  61.9. 04364, 9.0 8oz 2869 15887 4.1 3.0
TURBINE 6 x 1.25" |
127-1H  60.8 0.393 31.6 1302 3873 290523 2.3
127-3C  61.6 0.374 31.6 1376 4305 215726 3.3
149-1H  60.9 04390 51.8 1282 3842 322085 2.4
149-3C  61.7 04369 51.8 1222 3877 227606 3.7
150-2H  60.5 0.401 21,7 1169 3415 275816 2.0
150-3C  61.8 0.367 21.7 1064 3390 164393 3.8
151-2H  60.6 0.399 1.5 €94 2036 115875 2.1
151-3C  61.8 0.366 1.5 523 1674 69353 2.9
TURBINE 5 x 1"
128-2H 60.7 0.396 70.8 1691 4993 367696
128-4C  61.5 0.375 70.8 1268 3954, 267879
129-1H 60,5 0.399 0.4 579 1696 84233
129-4C  61.5 0.376 0.5 451 1404 5095/,

0$



TABLE NO, 9 (eontd,)

CALCULATED MEASUREMENTS FOR WATER

X H
Run Density Btu N Power » - Btn - o
Numbers 1b./ft.3  hr.ft.°F  ft.db./sece  °F hr.ft.? Ny, Mne Np,. Np, Yo
~ TURBINE 5 x 1" -
13C-1H  60.6 0.39 9.9 940 2759 205555 2.1 Leb 1.05
130-3C  60.8 0.293 10.0 940 2799 190558 2.3 L6 0.92
131-1H  61.5 0.377 35.1 1202 3729 222151 3.1 49 1.12
131-3C  61.3 0.321 35.3 1201 3690 234846 2.9 5.0 0.93
132-1H  61.5 0.376 35.7 1326 4132 215541 3.2 5.0 1.12
132-3C  6l.2° .385 35.5 1028 3127 249372 2.7 5.0 1.06
133-2H  60.3 0,405 71.1 1492 4311 409760 1.9 5.2 1.04
133-3C  61.1 0.386 71.1 1238 3748 320625 2,6 5,2 0,93
' TURBINE 4 x 0,75"
158-1H 60,8 0.393 5649 1162 3461 280872 2.3 5.9 1.09
158-4C  61.9 0.363 5649 1071 3458 174538 bea? 5.8 .94
159-20  60.6 0.398 5.1 706 2075 145050 2.1 5,3 1.07
159-4C  61.9 0.63 5.1 628 2027 81544, Le? 5.2 0.91
160-1H  60.8 0.393 27.0 965 2872 228199 2.3 5.9 1.07
160-3C 61,7 0.371 27.0 1031 325/, 159726 3.5 5.8 0.95
, | PADDLE 6 x 2%

141-1H  61.0 0.389 72,2 478 1438 386328 24 Lol 1.10
11-4C  61.9 0.361 72.2 1314 4257 238311 4o3 40 1.05
142-2H 6044 0.402 30.0 1175 3422 342181 2.0 40 1.05
1424  61.9 0.364 30.0 1107 3563 187758 Lol 40 0.9/

I



TABLE NO. 9 (eontd.)

CALCULATED MEASUREMENTS FORVWATER

: k H
Run Density Btw Power ~  Btw -
Numbers - 1b./ft.3  hroft.oF  ft.lb./sec.  °F hr.ft.? Ny, MRe Np,
' ‘ PADDIE 6 x 2
143-2H  60.5  0.401 8.9 766 2236 224842 2.0
144-1H 60.7 0.396 1.1 489 1447 28082 2.2
144-3C  61.8 0.366 1.1 479 1534 60690 3.9
PADDIE 6 x 1" = '
137-4C 62,0 0.361 6449 1074, 3486 309221 1.6
138-1H  6é1.1 - 0.386 39.5 1056 3203 411122 1.6
138-3C  61.7 0.369 39.5 867 2748 312047 1.6
139-2H  60.3 0. 404 17.8 874 2532 405508 1.6
139-4C 62,0 0359 17.8 682 2226 195585 1.5
140-1H  60.7 0.396 2.1 549 1624 172128 1.7
140-3C  61.8 0.365 2.1 509 1634 105005 1.7
PADDIE 4 x 2"
145-1H 60,7 0.395 49.1 1149 3403 2175395
145-3C 61.9 0.363 49,1 989 3184 163754
146-1H  61.2 0.385 3.3 500 1520 77974
146-4C 62.0 0.360 3.3 435 1413 49931
147-1H  60.8 0.394 7.5 806 2395 150659
147=-3C 61.9 0.364 7e5 674, 2168 92471
148-2H  60.6 0.398 2744 892 2624, 236805

(49



TABLE NO, 9 (contd,)
CALCULATED MEASUREMENTS FOR WATER
k H

Run Density Btu Power Btu
Numbers — 1b./ft.?  hr.ft.°F  ft.lb./sec. OF hr.ft.? Ny, Mo
PADDIE / x 1"

152-1H 60,7 0.396 25.6 78, 2319 303998
152-3C  61.9 0,364 25.6 626 2204, 182347
153-2H  60.4 0,403 49 556 1616 18607/,
153-3C  61.8 0.365 49 474 1522 103214
154-2H 60,7 04396 11.2 829 2454 230004,
154-3C  61.8 0.364 11.2 531 1705 138608

PROPELLER 5,2"
123-2H  60.6 0.399 3.2 644 1891 261838
123-4C  61.9 0.365 2.2 507 1627 152097
124-2E  61.0 0390 2.3 663 1991 240548
124-3C  6l.6 0.37 2.3 625 1959 186905
125-1H 60,9 0.392 14.6 1170 3490 /11301
125-4C  61.5 0.376 14.6 864, 2691 318156
126-3C  61.9 0.363 43.5 833 2685 355527

PROPELLER 41"
134-1H  61.0 0.388 9.2 763 2302 P87 0.8
134-3C  61.6 0.372 9.2 574 1805 201655 0.8
135-2H  60.8 0.394 2.2 LT 1329 189606 0.9
135-3C  61.7 0.372 2.2 475 1495 133739 0.9
136-1H 61,0 0.390 45 682 2050 236031 0.8
136-3C  61.7 0.369 b5 537 1704, 169411 0.8

£9



CALCULATED RESULTS FOR 33.2 wt.% Fes04 SUSPENSIONS

TABLE NO, 10

k H
Fun Dengity Btu Power . Btu -
Number lb./ft.3 ~ hr. ft.°F ft.lb./sec. oF hr.ft.2 NNu NRe Npn Npy Ny
ANCEOR 9v
L4-1H 83.1 0.384 36.6 271 828 517 1698 2.87 0.97
TURBINE 6 x 1.25" .
45-1H * 83,0 0.3286 7764, 299 209 871 922 5.19 0.%94
45=30 8445 0.357 776 235 770 968 °07 5.09 1.03
46-1H 83.6 0.377 404 167 518 610 1097 5.C6 0.92
46-3C 8Le6 0.353 NASIYA 124 412 660 1090 4,99 1.06
TURBINE 5 x 1M
32-1H 83.2 0.382 115.0 389 1190 1349 645 5.23 0.93
32-3C 84.6 0.353 115.0 297 084, 15C0 634, 5414 1.04
33-1H 83.3 0.381 78,3 230 709 1065 717 5434 0.92
33.3C 86 0. 354 783 194 643 1180 703 5e26 1.03
v PADDIE 8 x 1n
40-1H 83.3 0.380 772 246 758 1612 925 1.13 0.94
40-3C 8le 4 0,360 772 193 628 1765 Q02 1.12 1.06
41-1H 83.7 0.375 4649 351 1094 1270 1017 1.11 0,91
4130 8La5 0.357 46.9 146 480 1345 1016 1.10 1.04
PADDIE 6 x 2"
37-1H 83.5 0,378 8L.3 273 8.6 1092 837 £4.10 0.95
37-3C 845 0.355 803 229 755 1185 828 105 1.04
38-1H 83,9 0.371 53.0 108 626 824 970 4e10 0,93
38-3C 8445 0.356 53.0 149 491 873 959 e 06 1.05

75



CALCULATED RESULTS FOR 33.2 wh.% F8203 SUSPENSIONS

TABLE NO. 10 (contd.)

- X H

Run Density Btu Power Btu

Number  1b./ft.>  hre ££.°F  ft.1b./sece OF mr.ft.® Ny g Np. Np, Ny
PADDIE 6 x 1"

3510 83.3 0.381 1245 261 86, 2285 0L 1.75 0.94

3530 846 0.355 12445 227 749 2512 52 1.72 1.03

36-1H  83.4 0.380 785 207 639 1729 1 1.7 0.93

36-3C k.5 0.357 78,5 18, 603 1891 672 1.74 1.04
PADDIE 4 x 2"

20-1H 3.5 0.377 28,2 212 658 1320 52 6.38 0.92

3936 8hed 0.360 88.2 174, 568 1395 531 6,31 1.04
FROFELIER 6"

j2-1H  83.5 0.378 67.3 230 M2 2016 535 0,66 0.94

42-3C  8ha5 0.358 67.3 221 722 3T 521, 0,65 1.02

3-1H  83.0 0.386 43.8 252 765 2133 616 0,67 0.93

13-3C 8L.5 0.357 13.8 164 537 2404 599 0.66 1.02

e



CALCULATED RESULTS FOR 24.0 wt.% Fe,04 SUSPENSIONS

TABLE NO., 11

k H
Run Density Btu Pover Btu
Number 1b. /Tte2 hre £t.°F  ft,1b./sece OF hr.ft.? NNu YRe Npy, Npo Ny
ANCHOR o
83-1H 7544 0.389 32.0 507 1527 1436 600 2.82 1.00
83-3C 76.7 0,362 32.0 520 1682 1461 643 2.78 1.00
84~1H 76,0 0.377 Le? 167 519 489 1005 2.51 1.00
8430 76,7 0,360 Lo 185 603 194 1052 2.48 1.00
TURBINE 6 x 1.25"
L7-1H 7502 0.392 7469 459 1372 2596 313 5.13 1.00
47-3C 76,7 0.360 749 449 1463 2650 340 5.02 1.00
48-1H 75.9 0.379 15.8 2.6 763 1008 503 5,01 1.00
48-13C 76,7 0,359 15,8 197 642 1019 529 496 1.00
49-1H 7544 0.388 497 375 1131 2008 356 5,17 1.00
£49-30C 7647 0.359 49.7 356 1160 2043 383 5,08 1.C0
50-1H 75.5 0.387 30.4 301 912 1496 407 5,16 1.00
50-3C 76.8 0359 3064 302 085 1521 438 5,08 1.00
TURBINE 5 x 1" '

79-1H 75,3 0.390 99,6 566 . 1696 3774, 224 5,09 1.00
79-3C 76,7 0.361 99,6 LT 1528 3844, 2/2 5,00 1.00
80-1H 75.5 00387 19.6 288 872 1349 362 5,37 1.00
80-3C 76,7 06360 19.6 200 650 1371 388 5,29 1,00

99



TABIE NO, 11 (contd.)

. CALCULATED RESULTS FCR 24.0 wt.% Fe,0, SUSPENSIONS

273
k H
Run © Density Biu Power Btu
Number 1b./ft.3 hre ft.°F  ft.1b,/sec. °F hrefte? NNu Npe Np. Npg Ny
TURBINE 5 x 1"
81-1H 7544 0.389 3643 328 088 2028 300 5.05 1.00
81-3C 76,8 0.356 3643 295 970 2067 326 4e96 1,00
82-1H 75.6 0.386 6407 352 1070 2960 252 5.04 1.00
82-3C 76,8 0.359 6le7 393 1285 3007 270 4. 96 1.00
’ TURBINE 4 x 0.75"
51-1H 7545 0,387 69,7 346 1046 3535 191 5.79 - 1.00
51-3C 76,6 0,362 69.7 330 1066 3589 203 5670 1.00
52-1H 75.8 0,382 20.7 248 762 1713 267 5.60 1,00
52-3C 76,7 0.361 207 221 718 1733 285 5054 1,00
53-1H 7546 0,385 31.6 365 1109 2263 232 5.65 1.00
53-3C 76,7 0.362 31.6 266 860 2295 247 557 1.00
54~3C 7644 0.368 49.9 295 938 3004 216 5652 1.00
55-1H 75.6 0.385 4L6.6 305 928 2822 212 5.66 1.00
55~3C 76.8 0.358 L6.6 311 1017 2865 227 5.57 1.00
PADDIE 8 x 2"
72-1H 7564 0.388 43.8 523 1579 1956 471 2.83 1.00
72-3C 76,7 0.361 43.8 377 1223 1988 505 279 100
73-1H 75.8 0.381 9.3 254 780 806 714, 263 1.00
73-3C 76,6 0.361 9.3 171 557 815 753 2.61 1.00

LG



TABIE NO, 11 (contd.)

CALCULATED RESULTS FOR 24.0 wt.% Fen0q SUSPENSIONS

. X H
Run Density Btu Pover Btu
Number  1b./ft.  hre ft.°F  ftu.lb./sece °F hr.ft.? Ny, Npe NP Np, Ny
PADDIE 8 x 1" |
60-1H  75.4 0.388 63.0 509 1536 4609 316 1.12 1.00
60-3C 76477 0.361 68.0 383 1244, 4687 339 1.10 1.00
70-1H  76.0 0.378 18,6 122 379 2050 473 1.13 1.00
70-3C 7647 04360 18.6 198 64. 2070 496 1.12 1.00
7T-1H  75.5 0.386 36,6 362 1099 3155 378 1.11 1.00
71-3C 768 0.358 36,6 285 932 3208 406 1.10 1.00
PADDIE 6 % 2"
66-1H  75.4 0.388 75,6 516 1556 2969 301 4..03 1.00
66-3C 76.5 04365 75,6 114 1329 3013 319 3.97 1.00
67-1H  75.7 0.383 14.9 164 517 1138 168 3.95 1.00
67-3C 7627 0.359 14.9 177 578 1153 497 3.90 1.00
62-1H  75.5 0.387 36.3 300 007 1949 362 3.96 1.00
68-3C  76.8 0.358 36,3 277 008 1983 390 3.89 1.00
PADDIE 6 x 1"
6o-1H  75.4 0.388 122.1 552 1665 7034, 201 1.65 1.00
62-3C 76,5 0.366 122.1 576 1845 7135 212 1.63 1..00
63-1H  75.5 0.387 21.4, 285 862 2427 327 1.65 1.00
63-3C 767 0.360 21.4 175 569 2466 350 1.62 1.00
64-1H  75.9 04379 4047 287 887 3625 276 1.66 1.00
64-3C 76.7 0.361 4047 251 814 3662 290 1.64 1.00
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TABIE NO. 11 (contd,)

CAICULATED RESULTS FOR 24.0 wt.% Fes04 SUSPENSIONS

k al
Run Dengity Btu Pover Btu
Number  1b./fte3  hr. ££.°F  ft.db./sec. OF hr.ft.? Np Npe Np,
PADDIE 6 x 1M
65-1H 7543 0.390 7440 293 878 5175 229 1.65 1.00
65-3C 76.8 0.359 T4oa O 321 1049 5276 249 1.62 1.00
PADDIE / x 2"
5811 7545 04387 78,8 339 1027 3616 188 6437 1.00
58.3C 76,6 0.364 78.8 374 1204, 3667 200 6.28 1.00
50-1H 75.9 0.380 28.2 204, 628 1983 250 625 1.00
59-3C 767 04360 28,2 197 640 2005 264, 6418 1,00
60-1H 75.7 0,384 39.3 230 703 240/, 228 6.28 1.00
60-3C 76,4, 0.368 39.3 231 736 2427 237 6,22 1.00
61-1H 75.6 0.384 5542 390 1190 20683 20% 6.19 1.00
61-3C 76,6 0.364 55,2 261 841 3005 219 6.12 1,00
PADDIE 4 x 1Y
56-1H 7547 0.383 345 263 804, 3540 193 2.87 1.00
56-3C 7646 0.364 3405 186 599 3580 202 2.84 1.00
57-1H 75.9 04379 21,4 205 632 2674, 210 2,87 1.00
57-3C 7648 0.356 21.4 141 465 2707 234, 2.8L 1.00
PROPELIER 6"
75-1H 7549 0.379 55,9 433 1336 7999 195 0.61 1.00
76-1H 7549 0,380 11.7 210 647 2939 207 0.65 1.00
76-3C 76,7 0.361 11.7 152 492 2970 322 0.65 1.00
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TABIE NOs 11 (contd.)

CALCULATED RESULTS FOR 24.0 wt.% FepO3 SUSFENSIONS

k H
Run Densi‘by3 Btu Power Btu
Number 1b./ft. hre fte°F ft.1b./sec. °F hr. e 2 NNu - Npg Np. Npe Ny
PROPELLER 6"
77-3C 76.3 0,371 21.5 245 775 4711 251 0.57 1.00
78-1H 75.9 0.379 35.1 264, 815 5947 226 0.60 1.00
78-3C 76.8 0,359 35.1 300 980 6014 238 0.59 1.00

09



TABLE NO, 12

CALCULATED RESULTS FCR 13.1 wt.% Fe,04 SUSFENSIONS

k H
Run Density Btu Power Btu '
Number  1b./ft.>  hry ft.°F  ft.lb./sece °F hr.ft.2 Ny, MRe Np,
ANCHOR 9"
85-1H 68.2 0.387 27.5 855 2586 9066 95.1
g85-3C 69.0 0.366 27.5 690 2205 8572 107.4,
86-1H 68.0 0.390 1.9 340 1021 2141 159.8
86-3C 69.0 0. 366 1.9 1310 992 1986 186.0
87-1F  68.3 0.385 10.6 654, 1089 6068 122.6
87-3C 69.2 0.362 10.6 479 1551 4909 13642
TURBINE 6 x 1.25"
100-1H 68,1 0.390 58,9 1055 3169 12814 61.1
109-3C 6941 0.363 58,9 864, 2785 11832 7240
110-1H  67.9 0.393 4e3 408 1216 3077 102.4
110-3C  69.0 0367 43 375 1199 2881 119.0
111-1H  67.8 0.39 21.9 768 2281 7438 Vol
111-3C  69.1 0,363 21.9 608 1960 6963 87.4
TURBINE 4 x 0.75"

112-1H 67,9 0.393 blials 956 2850 16656 40,2
112-1H  67.8 0.39 740 361 1072 5126 61.4
113-3C 68,9 0.370 7.0 299 oL 4792 7.3
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CALCULATED RESULTS FOR 13.1 wt.% Fepy04 SUSPENSIONS

k

H

TABIE NO, 12 (conid.)

RBun Btu Bty s
Number hre £t.°F ft.1b./sec, °F hr,.ft, Nt Npe Vo, Npg Ny
TURRINE 4 x 0.75"
114-1H 0.395 505 1497 8139 52.1 5.80 1.06
114~3C 00361 474, 1537 775 65.8 5,68 0.98
115-1H 0.388 570 1824 11959 46.9 5,85 1.02
115-3C 00364 544, 1749 11072 5446 5,76 0.98
PADDLE 8 x 2"
106-1H 0.384 723 2204 10392 83,4 2.85 1.02
106-3C 0. 365 661 2119 9840 93.5 2.82 0.99
107-1H 0.395 336 997 2801 128.9 2.85 1.07
107-3C 0.366 301 963 2579 153.7 2.80 0.96
108-1H 0.394 63/, 1883 6371 96.1 2.89 1.03
108-3C 0.365 449 1439 5975 112.4 2.84 0.96
PADDIE 8 x 1"

102-1H 0.386 923 2301 25173 60.6 0.51 1.03
102-3C 0. 360 699 - 2278 23373 709 0.50 0.98
103-1H 0.392 202 873 5129 104.9 8.61 1.07
103-3C 0. 366 215 690 4544, 128.8 847 0.99
104-1H 0.384 L6 1360 10645 83,4 0e 45 1.02
104=3C 0. 366 411 1315 10141 92,8 0.45 0.98
105-1H 0.389 696 2092 17361 67.8 0.62 1.02
105-3C 0.367 721 2208 16263 77:6 0.61. 0.99
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TABIE NO, 12 (contd.)

CALCULATED RESULTS FCR 13.1 wt.% F8203 SUSPENSIONS

X H
Run Density Btu Power Btu
Number  1b./ft.3  hr. £t.°F  ft.lb./secs  OF hr.ft.? N Npo Np. Np, Ny
PADDIE 6 x 2"
99.1H 67.9 0.392 66,2 797 2381 15765 55,8 401 1.01
99-3C 68,7 0.376 66,2 820 2555 14906 62,2 3.97 0.98
100-14 67.9 0.393 3.7 301 1163 3366 . 00.1 4.05 1.07
100-3C 69,1 0.363 3.7 228 736 2086 119.1 3.97 0.95
101-1H  68.2 0.386 22,6 478 1451 8761 .8 3.96 1.03
101-3C 69.1 0.363 22.6 421 1390 8232 82.1 3.91 0.98
PADDLE 6 x 1M
95-1H 68,2 0.386 114.8 765 2317 32798 437 1.69 1.03
95.3C 69.1 0.366 114.8 858 2745 30827 9.6 1.67 0,99
96~1H 68,1 0.390 9,1 366 1101 - 8705 70.5 1.65 1.06
96~3C 69,2 0.361 9.1 290 - 943 7917 85,0 1.63 0.98
97-3C 69,1 0.363 26.9 559 1803 14099 67,8 1.64 0.99
98-~1H 68.4 0,383 55,0 711 2170 22077 5143 1.68 1.03
98.3C 69,2 0. 360 55,0 666 2163 20341 59,90 1.66 0.99
PADDLE 4 x 2"
01-1H 67.8 0.395 Tl 764, 2264, 16402 406 6449 1.06
91"’3() 69»1 0036/4- 7104 657 . 2116 114~913 /4,9.3 69 36 On 98
92-1H 68,2 0.386 12,1 395 1200 6220 60.0 6.75 1.05
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TABLE NO, 12 (contd.)

CALCULATED RESULTS FOR 13.1 wt.% Fes03 SUSPENSICONS

: k H
Run " Density Btu Power Btu
Number 1b./ft.3 hr. ft.°F ft.lb./sece °F hr.fte? NNu Npo Np,. Npq My
PADDLE 4 x 2"
93-1H 68,2 0.386 23.7 496 1504 2094 52.1 6414, 1.03
93-30 69.2 0,362 23.7 465 1506 8408 60.9 6.35 .97
9~1H 67.8 0.395 43.8 617 1827 12837 43.8 6.57 1.03
9/~3C 69.2 0. 361 3.8 517 1678 11399 55,1 6043 0.98
PADDLE 4 x 1"
88-1H 68,2 0.388 30.8 455 1374 15907 4LRek 2.86 1.08
£28-3C 68.9 0.369 30.8 402 1275 24914 8.1 2.83 0.¢8
8o-1H 68.5 0.381 10.2 299 919 8750 55.0 2.78 1.08
8930 69.1 0.363 10.2 264, 851 8321 61.3 2,75 0.98
Q0-1H 67.7 0.396 17.7 438 1294 12576 4l 3 .72 1.08
90-3C 69.1 0.363 17.7 321 1034 11555 535 2.66 0,96
PROPELLER 6"
116-1H 67.7 0.396 52e4 919 2712 35677 4L0e 4y 0,69 1.03
116-3C 69.1 0.362 524, 806 2607 32113 5061 0.68 0.99
117-1H 67.9 0.393 5.6 352 1047 10413 64.9 0.74 1.05
117-3C 69.2 0.361 5.6 306 993 9639 779 0.73 0.93
118-1H 68.2 0.387 13.0 601 1817 17205 559 0.63 1.05
118-3C 69.1 0.365 13.0 548 1757 16136 63.9 0.62 0.98
119-1H 68,1 0.388 2643 657 1980 25241 473 0.66 1.01
119-3C 69.2 0.3261 2643 558 - 1810 22046 56.9 0.65 0.98
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TABLE NO, 12 (conid.)

CALCULATED RESULTS FCR 13.1 wt.% F6203 SUSPENSTIONS

: k H

Run - Density3 Btu Power Btu
Number  1ba/fte hro £t.°F ft.lb./sece °F hr.ft.” Ny, ¥peo Npy Npo Ny
PROPELLER Z.1" ,
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TABLE NO, 13

CALCULATED RESULTS FOR 24.4 wt.% KAOLIN SUSPENSIONS

k H
Run Density Btu Power Btu
Number  1b./fte>  hr. Tt.°F  ft.lb./sec. °F mr.ft.? Ny, Npe Np. Np, Ny
ANCHOR ov
06-1H 724, 0.338 38.5 - 145 502 313 3371 2.67 1.00
0640 72.8 0,328 38.5 124 L4, 315 3476 2.65 1.00
TURBINE 5 x 1"
01-1H 725 0.336 128.1 186 648 832 1257 5.20 1.00
02-2H T2a2 0e345 126.6 189 642 819 1227 533 1.00
02-6C 72.6 0.334 126.6 153 537 824 1266 5.20 1.00
PADDLE 6 x 2" :
05-2H 7.8 0.352 85.5 101 335 588 1675 heRd 1.00
05-6C 72.8 0.330 85.5 83 297 597 1788 4.18 1.00
PROPELLER &"
04~/H 71.9 0.350 757 125 . 420 1734 1013 0.68 - 1.00
04~7C 727 0.321 757 119 422 1754 1060. 0.67 1.00
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CALCULATED RESULTS FOR 18,4 wt.% KAOLIN SUSPENSIONS

TABLE NO, 14

| X H
Run . Density Btu Power Btu

Numbers  1b./ft.3  hrs £t.°F ft,1b./sec. OF hr.ft.2 My Neg Vo, Npg Ny

ANCHOR g
0f-1H 69.7 0340 16.7 209 722 783 1026 2,85 1.04
08-7C 69,6 0.345 16,7 222 7514, 790 1001 2.86 0,98
| TURBINE 6 x 1.25"
12-2H 68.5 0,368 82,3 307 979 2350 380 5,24 1.03
12-4C 696 0.342 2.3 320 1094, 2215 434 5,15 0.98
13-2H 68.6 0.366 FAA 259 828 1666 LATT 5.16 1.03
13-5C 69,7 0.341 1641, 209 78 1590 510 5,08 0.98
14-2H 63,9 0.360 22.1 156 509 1048 568 5,11 1.05
1/-5C 69,6 04343 22.1 115 392 1000 620 5,06 0.97
TURBINE 5 % 1"
09-1H 68,5 0.368 127.0 330 1051 3670 262 5.37 1.02
09-2C 60,6 0.344 127.0 389 1325 3514 297 5.29 0,08
10-24 8.8 0.363 Shal 206 955 2302 303 5.43 1.03
10-70 69.7 0.342 8l 256 878 2608 338 5,36 0,93
11-3  68.8 0.362 47477 209 677 1994 356 .22 1.04
11-5C 69.1 0.357 47.7 210 691 1976 365 5.31 0.97
TURBINE /4 x 0.75"
15-1H 63.9 0.360 5545 202 658 2599 256 6.02 1.04
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TABLE NO, 14 (contd.)

CALCULATED RESULTS FCR 18,4 wt.% KACLIN SUSPENSIONS

X il
Run Density Btu Power Btu
Namber  1b./ft.”  hr. £4.°F  ft.db./sec. OF hr.ft.2 Ny Mg, Np,. Voo -+ Ny
PADDIE 8 x 1"
25-2H 68,7 0.365 83.8 320 1030 4363 374 1.19 1.04
25-5C 69,7 0.340 83.8 294 1012 4257 426 .11 0.98
26-3H 68,7 0.365 1.8 196 629 2902 155 1.13 1.04
26-4C 69.5 04346 /1.8 155 523 2807 500 1.12 0.97
: , PADDIE 6 x 2"
16~2H 68.7 0.365 86,9 226 726 2810 - 355 4.09 1.03
16-6C 69.7 0.340 86.9 264, 10 2687 403 4.03 . 0.98
17-2H 68.6 0.367 514 247 790 2009 410 421 1.03
17-4C 69.6 0.342 51.4 225 770 1922 466 Lall, 0.98
18-2H 69.1 0.356 26,4, 178 586 1337 516 A 1.06
18-6C 69,7 0.341 26.4, 120 12 1298 561 .01 0.97
PADDIE 6 x 1"
19-2H 68.8 0.363 130.5 374, 1204 5995 253 1.77 1.03
19-7C 69.8 0.336 130.5 322 1120 5705 201 1.75 0.99
20-1H 63.8 0.362 90,4 245 792 4769 282 1.78 1.03
21-2H 68.5 0.368 60,2 251 800 3210 303 1.75 1.03
21-5C 69.7 0.341 60,2 197 678 3623 350 1.72 0.98
22-1H 69,1 0.357 35,2 185 605 2673 376 1.74 1.06
22-6C 69.8 0.338 35.2 174 602 2583 41/, 1.73 0,97
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TABLE NO, 14 ({(con®d.)

- CALCULATED RESULTS FOR 18.4 wt.% XAOLIN SUSPENSIONS

X | H
Run Densitys Btu Poyer Btu 5
Mumber  1b./ft. hr. ££.°F  ft.db./sece  °F hrofte” Ny, Npe ¥p, Np, Ny

PADDLE 4 x 2"

23-1H 68,4 0.370 705 237 750 2876 236 6.59 1.03
2340 69,8 0.3326 70.5 224 784, 2697 283 6,48 0.98
2/ =2H 68,8 0,362 39,0 163 526 2001 289 6.0 1.04
24~4C 69.8 0.339 39,0 160 556 1917 327 6.31 0.97
PROFPELLER 6"
27-2H 68,5 0,367 51.0 247 788 6721 235  0.58 1.04
2740 69.7 06342 51.0 214 733 6420 269 0o 57 .28
28-2H 68,7 0.364 29.8 221 712 4805 278 0.58 1.04
28-5C 69.7 0.341 29.8 176 604, LEOS 314 0.58 0.98
20.2H 69.0 0.359 40.2 206 674, 5670 264, 0.59 1.04
20-6C 62.8 - 0. 336 40.2 202 705 5435 208 0.58 0.08
FROFELLER 5,2"
31-2H 68,5 0.367 30.7 157 500 5006 236 0.73 1.04
31-5C 69.9 0,333 30.7 157 553 4700 283 0.71 0.99
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Viscosity

The viscosity data for each of the five suspensions is shown in
Figure Nose 1 to 5. Most Newtonian and non~Newtonian materisls will
vshaw a decrease in viscosity with increasing temperature. This was
found to be true of the more dilute kaolin and iron-oxide suspensions.
Al though, the amount of viscosity dependency with temperature was found
to be relatively smalle As the solide content for both suspension types
was increased to approximately 24 wt.% the viscosity was found to be
virtually independent of temperature. The most concentrated of the iron
oxide suspensions, 33.2 wt.%, actually showed a slight increase in
viscosity as the temperature was increased. The degree of pseudoplastic

‘behavior appeared to be indepsndent of temperature.

The degree of pseudoplastic behavior, as measured by the flow
behavior index was showm to be at least partially dependent on the
suspensions's solids content.(l4) The most dramatic increase in pseudo-
plasticity was reslized in going from 13,1 wt.? to 24.0 wt.% solids in
the iron oxide system, where the flow behavior index decrezsed from 0.42
to 0.15, respectively. No decrease in the flow behavior index was fouﬁd
in going from 24.0 wt.? to 33.2 wt.? iron oxide solids. The flow behavior
index decreased slightly in the kaolin system when the solids content was
inereased from 18.4 wt.? to 20t wte%, where the index decreased from 0.16
to Q.15, respectively., Thus the degree of pseudoplasticity for four of the

five suspensions was quite similar, being in the range of 0.15 to 0.16.



Experimental Trror

Hagedofn<9) has presented a discussion of the magnitude of error.
Since operating practices were nearly the same his estimates remain
epplicable. The amount of error inherent in determining the vessel's
area, batch weight, batch temperaturs, end rneological determinations
was small compared to that‘associated with measuring the wall temperature.
At a given instant, the wall temperstuvres were somewhat different due to
unevén heat trensfer over the vessel walle This resulted in an estimated

, .
experimental error of about =~ 207

Correlation of Data

The heat transfer date for suspensions was correlated using an
ekisting semi-empirical equation. The equation used had previously been
develoved by Hagedorn and Salamones
N = C(Npe)1e30/(n#1) (yp,)0.28 (Nv)ca»30/,&3375 (Dy/D,)70+50 1/, )0 50n®  (20)
The constants C and a suggested by Hagedorn are given in Table No. 15
i'for anchor, paddle, propeller and turbine type impellers. The Reynold

and Prandtl numbers are calculated using a shear rate equal to 11.5H to

determine viscosity.

Hagedorn suggested the use of a more theoretical dimensional equation
also developed by him., However, the more empirical of the two correlations
gave better agreement with the more pseundoplastic system studied by
Hagedorn, 15% errcr versus 19% efrar for the more theoretical correlation.

Thus the more empirical of the two correlations was used in this study.



An evaluation of the preliminary water runs was made. The experimen-
tally detérmin@d Nusselt numbers for vater are compared graphically with
those predicted by the Fagedorn and Szlamone correlation in Figure No. 8
Points lying on the 45° line would indicate perfect sgreement. The

~amount of error was calculated ags follows:

qg > = 4 De == z‘r
4 Error NNU.QXP }ﬁuﬁg < 100 (30)
NN’& ©XDe
with the average error being defined asg:
ave. Error = ?i;% Error (31)
Noe

where NNu exp. is the experimentally determined Fusselt number
Nyyp 1s the Fusselt number predicted by the Hagedorn correlation

No.is the number of data points.

The precent errors for the water runs are shovm in Table No.1l5 for
each type of impeller. Tigure No. & shows a fairly uniform scatter
about the 45° line. The tabulated results show an overall error of
‘9.5%. This result agrees well with the 107 error obtained by Hagedorn

for his water runse.

The Hagedorn and Sslamone correlation was then used to vredict
Nﬁsselt numbers using the necessary data experimentelly determined for
suspensions. These calcglate& Fusselt numbers were graphically compared
with the experimentally determined numbers. Figure Nos. 9 to 12show the
amount of agreement or dlsagreement between the calculated and experimen-
tally determined Fusselt numbers. These are plotted according to the
four major types of impellers, anchor, paddles, propellers and turbines

at each solids content studied. Points lying on the 45° line would
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TABIE NO.15

Hagadorn and Salamone Semi Empiricel Correlation

Tor = T 1.30/n+1. N 0.28 v o P
Mg = © (Rg) 1+20/mH L) (3)0428 (1) (0.30/50-75) 1y 10450 1y y0u50._,

Impeller Correlation Congtants Average Frrors
Type C a for Water
Anchor 0.7 1.43 - L.6%
Paddle 2.00 1.96 - 11.2%
Propeller 0.86 2.51 9,1%

Turbine 4 3.09 2.06 - 8.8%
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indicate perfect agreement between the experimental and calculated

Museelt numbers.

Most cases show a substantizl error between the two methods for
determining Nusselt numbers. Tsble No.16 shows the percent error

between the two results which was calculated as previously described,

The best agreement was obtained with the more dilute suspensionse
However the overall errors obtained are in considerable dissgreement with
the 10.8% obtained by Hagedorn and Salamone. FExamination of Figure Nos. 9
tol2 shows that a given suspension will in general, result in nearly
all of the experimental Nusselt numbers being either grester or less
than those obtained via the correlation for a given impeller. That is
a given suspension will have Nusselt numbers all above or all below the

45° line with 1little scatter on either side of the line,

Therefore, the method used to determine the amount of the deviation

and whether the deviation was positive or negative was as follows:

% Deviation SE(NNu eXpe - NNuH) /NNu exp] x 100 (32)

The average deviation is thus:
Avg. Deviation = 2 % Deviations (33)

No,

Where Neds the number of data points. These results are given in Table

No. 17.

The method of determining the percent deviation is very similar to
finding the percent error except in the former the absolute value is not

taken and the sign is carried. The percent deviation shows a definite



TABTR N0.16

80

Comparine Fxperimental and Predicted Nusselt Numbers

Uging Hapedorn-Salszmone Correlstion

Avg. % Ervor

Impeller
Type
Anchoyr
Paddle
Propeller
Turbine

Iron
33.2
42.0
46,8
70,0

61.7

Hy

»:

Percent Error

Oxide, wte %
24,60 13.1
31.2. 18.2
31.5 24.8
58,5 6.5
51.8 11.5

Ksolin, wte %

2La/,

36.6
35.6
62,7
59¢5

18.4

14.5
11.6
36.7

2842

Mo B = " expe t / M expe  x 100

Ho.

Overall

2643
27.2
38.7
0.4



Percent Devistion For Suepensions From Hagedorn-Salemone Correlstion

TABLE NO, 17

% Deviation = TEE(NNu expe = Ml H )//Fmb.expg x 100

Solid
Wte %

Flow Behavior Index

Anchor

Paddle
Propellsr

Turbine

e

No.

Iron Oxide

33.2
0.15
42,0
46.8
70.0

61.7

2,01

24.0 13.1
0.15 0.42
Percent Deviation
31.3 =17.1
30.7 =271.9
58,5 3.3
51.8 10.3
3,17 6.63

Kaolin
I A

0.15
36.5
35.6
6247
59.5

3.1

18.4
0

94
4.0
36.7
28.2

Lol

g1
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trend with percent solids. This is chown in Figure No.13 . The degree
of the deviation increases with higher solids contents. All four
impellerg show the same trend but, in general, the curves are somevhat

displaced.

Both the paddles and anchor show a negative deviation at the lowest
solids content studied, 13.1%. Increasing the solids content results in
increasing positive deviations with a leveling in the deviation at the
higher solids, 24.0 = 33,2 wt.%. The propellers and turbines deviations
are displaced upwards with 13.1 wt.% showing a slight positive deviation.
However, as the solids content i1s increased for the propellers and
turbines the deviations increase at approximately the same rate as for

the anchor and paddles.

The deviation between the experimental and Hagedorn and Salamone
correlation thus has been shown to be a function of golids content.
Thus, i1t would be of significant value if the already existing correlation
could be modified to apply it to suspensions. The Hagedorn-Salamone
‘correlation considered here resulted from a semi-empiricsl dimensional

analysis.

Several dimensionless relationships dependent on solids content
were analyzed in an attempt to linearize the deviation. Linearization
of the deviation as a function of solids content would greatly simplify

any modifications made to the Hagedorn~Salamone correlation.

The most successful attempt at linearizing the deviatibn was obtained

by plotting the deviation as a function ofs
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(1-8)/8
vhere @ is the weight fractibn solids for a given suspensions Thus the

function is weight fraction liguid divided by weight fraction solids.

A linear regression analysis was made using all of the data points
for suspensions. The calculations were facilitated through a General
Electric, Mark II time sharing computer. Figure No. 1/ graphically shows
the best fit regression line for each impeller. The Hagedorn-Salamone
correlation can now be modified to give the Fusselt number for suspensions.
Therefore, the final modified correlation for suspensions within the range

of 13-33 weight percent solids 1s as follows:

NNuS = NNuH/ E“t +D }%‘gj (34)

where Ny,g = predicted Nusselt number for suspensions
Nyurp = predicted Nusselt for pseudoplastic ligquids using Hagedorn
correlation
g = weight percent solids

The constants, a' and b for each type of impeller are given in Table No. 18

The percent errofs were calculated as previously defined using the new |
modified correlation for suspensions. The data is presented in Table Fo.18
Figure Nos.15 t0l18 graphically porfray the agreement between the experimen~
tally determined Nusselt numbers and those calculated from the modified‘

correlation for suspensions. The oversll average error for all the suspen-

sions was slightly less than 13%.

The 13.1 wt.% iron oxide was the only suspension which had a flow

behavior index within the range studied by Hagedorn. This suspension of the
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TABLE NO,18

SUSPENSION CORRETATTON

M = (Nhhﬁ)*/[a'*b( = )]

| Correlation Constants Average Errors,?
Impeller - : Iron Oxide, weight Xeclin, welpght Overell
Type‘ ’ a, b 33.2% 21;.00% 13-1% 24’4‘{%% 18311«%
Anchor  0.265 0.136 142 4e6 14.8 7.6 601 10,1
Paddles 0.234 0,150 22.9 20.8 11.3 2.0 15.3 16.3
Propellers (e 058 00154 3007 7.7 6.8 11.2 804 11.1
Turbines 0.122 0.120 21.6 12.8 769 17.9 13.2 13.5

¥Calculated from Hagedorn and Salamone Correlation
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five studied had the best agreement with Hagedorn's correlation. The
agreement was especlally good for the propellers and turbines. Whereas,
" the anchor end paddle both gave experimental results about 207 below those

predicted by Hagedorn's correlation.

Pe?ry(lv)

states that suspensions of finely divided parficles in a
liquid may tend to reduce turbulence. The fluid will exert a drag force
upon the particle whether or not the particle is moving faster or slower
than the liquid. Stokes law shows that a particle falling under the
influence of gravity through a liquid will attain a certein terminal
velocity dependent upon the drag of the fluid. Thus the presents of

solids may retard mixling patterns somewhat and a legical extension would

be =a reduction in the heat transfer cosfficlent.

Four of the five suspensicns studied were more pseudoplastic than
those studied by Hagédorn. Thus the Hagedorn correlation might not hold
for pure liquids for the more pseudoplastic systems and this might have

accounted for the substantially higher experimental Fusselt numbers.

However, the differences in the flow behavior Indexes can not be
held totelly to blame for the discrepancies between the experimental and
predicted results. TFour of the five suspensions had almost identical flow
behavior inderes (0.16 - 0.15). Yet, Figure No. 13 shovs that the degree
of deviation was substantielly different for each suspension, and the

amount of deviation can be seen to be a function of solids content,

Both the kzolin and iron oxide suspensions behaved similarly. The

gmount of deviation from the Hagedorn ~Salamone correlation was about the

o1



same for both types of suspensions at the same solids content. Both types
of solids vere evaluated at about 2/ wit.?. The kaolin vas actua’ly

24./ wte%s Table No.1l7 shows that the deviation for kaolin at 24.4 wt.D
solids is consistently_slighﬁly higher for all impellers than that for
24.0 wt. % Fep0s. Although, one would expecf that the slightly higher
solids, 24.4 versus 24.0, would result in a slightly hicher deviation.
There did not appear to be aﬁy significant difference between the two

types of solids due to differences in physical properties.

Some investigators have tried to correlate the effect of particle
size on heat transfer. FHowever, some sgolids such as kaolin have highly
active surfaces. This 2llows the particle to immobilize water molecules
in its vieinity thus presenting an effective volume larger than the solid
itselfs Therefore, the effective volume must be known before eny corve-

lations with heat transfer can be attained,

The heat trahsfer data for suspensions was found to correlate with
the dimensionless group (1 - &) / & vhere @ = wt.? solids. The range of
solids contents studied was 13 - 33 wt.7. Care should be teken in
extrapolating the grou@ to solids levels above or below those studied.‘

It is guite apparent that at low solids levels the group value tends

tovards infinity.

3
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CONCLUSTONS

RN O
RS s, AR

1. Xaolin - water end iron oxide - water suspensions were found

to be pseudoplastic and obeved the power law equation.

2. The Hagedorn - Salsmone semi empirical correlation was verified
to predict Nusselt numbers for water with an average error

of 9.5%.

3. A suspension with a flow behsvior index (0.42) within the range
studied by Hagedorn gave good agreement with the Hagedorn -

Salamone correlation for propellers snd turbines.

4Le The same suspension as sbove with a flow behavior index of
0.42 gave experimental Nusselt numbers about 20% lower than
those predicted by the Hagedorn - Szlamone correlation for

anchors and paddles.

5¢ Overell, suspenslons were found to deviate from the Hagedorn =

Salesmone correlation as a function of weight percent solids.

6. It was shown that the Hagedorn - Salamcne correlation could be
modified to predict Nusgelt nﬁmbers for suspensions within the
range 13-33 wt.% solids and flow behavior indexes of 0.42 to
0.15. The modification was the introduction of a dimensionless
group composed of weight fraction liguld divided by weight

fraction solids. The Tinal modified correlation vwas as followa:

NNu = C NR@ 1-30/(n+1) NPI‘O.28 (NV)O.BO/HO.75 (‘Dt/Da)-OoSO G‘fa/Da)O'SO n&

at + .:L.:Iﬁ
e ()




vhere viscositieg for lp, and Np, are celeculated at a shear rate equal

to 11.5N. The constants vary with imveller type and the values are:

c a al b
Anchor 074 1.43 0.265 0.136
Psddle 2:00 1.96 0.23/ 0.150
Propeller 0.86 2.51 «0,058 0.154
Torbine 3.09 2.06 0.122 0.120

The sbove correlation wes used to predict batch side heat transfer
coefficients with an overall error of 13%.- However; before any rigorous
conclusiong can be drawn on the effect of weight percent solids, more
data will have to bs collected for more pseudoplastic pure ligquids matching

closer the range of suspensions studied.
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RECOM/ENDATIONS

Further work is needed to test the Hagedorn correlation using

liquids {non-suspensions) with flow behavior indexes below

0.36.

The nmodified correlation developed for suspensions should be

tested using materials with flow behavior indexes sbove 0.42.

The medified correlation developzd for suspensions should be
tested for other materlials having physleal properties outside
of those investigated in this study, such as particle size,

thernal conductivity, etee
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NOMIRGTATURE

En;zlish S1lphabet
A - Avea for heat transfer
C - Specific heat
D -~ Dismeter
h - Viscometer bob helght
H -~ Batch film heat %fansfe? coefficlent
H' = Pseudo batch f11lm heat transfer ccefficieh%
¥ = TFluvid consisteney index
K =~ Thermal conductivity
L - Thickness
n - Flow behavior index
n“ ~ Megsure of non-Newtonian behavior
N -~ Revolutions per unit time
No.= Number of dsta points
P « Mxing power
Q@ =~ Heet flux
R - Viscometer bob radius
S « Dynamometer reading
T - Temperature
T! - Torque
v ~ Linear velocity
W = TImpeller width
W' -~ Batch welght
X - Fractional portion of solids
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For difference
Viscogity

Reciprocal of viscosity
3.1416

Density

Shear rate

Shear stress

Veight fraction eolids

Subserints
a - Agitator
b -~ Batch
e - Effective height
f - Fluid phase
h ~ Uncorrected for mixing power
p - PFipe
p' - Mixing power
r - Relative
s =~ OSuspension
g! - Solid phase
t - Tank
w - Wall
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Dinensicrless Grouns

NNu

Npg
¥p.,.
NRe
Yy

-

Musselt Tumber
Power Number

Prandtl MNumber
Reynolds Mumber

Viscosity Fumber
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Sample Czlevlations

I. Properties of water:

1. Viscosity

e = 0.021/82 [(T ~8.435) + V8078.4 + (1-8,435)2 )-1.20
where T = ©C
Jo= 6.72x1074/ 8  1b./ft. sec.
2 Thermal conductivity
X = 0.325 + ,000838T Btu/hr. ft.2 (°F/ft.)
where T = ©0
3. Heat capacity
COp = 1.003 Btu/1b.°F  (0-100°C)
Le Density
0= 62042 ~0.001645T ~0.000248T% 1b. /1,7

where T = *©(C

IT. Non-Mewtonian viscosity, typical Brookfield determinstion,
* Iy

Temperature = A40°C = 104°F
Spindle turning at 120 RPM = 2 RPS
Brookfield reading = 17.6% of scale

Spindle No. 2
Y= shear rate = 4 % N/o"
n" determined by plotting log of torque versus iog of spindle
speed and taking slope of line.
n" = 0,16
= L7 (2) /0.161 = 156 /sec.

Viscometer torque, = 0,176 (3368.5 dyne cm.)

]

593 dyne cm.
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Shear stress, 7'= T /27 R2he

R? = 0.513 cm. (radius of spindle)
he = 6.11 cm. (effective height)
To= 593/2 (.513)2(6.11)

F= 59
The effective viscosity equals: Jla = 7//&1

B = 59/156 = .378 poise or 37.8 cp.

ITI., Calewlstions for Run No. 14-5C
1. The suspension viscosity at the conditions of Run 14-5C are

found as follows:

a. Average batch temperature = 50°C
b. Mixing shear rate = 11.5N
¥ = 11.5 (4.0) = 48/sec.

c. Interpolate the apparent viscosity from the ordinate
using Figure No, « and the data above.
}Ia = 104 CDSe

2. Dengity:

/0 water

i

62442 = 0.0016L5T -0,C00248T2 T = 50,0°C

it

62.4  1b./ft.3

161 1b./ft.5

i

kaolin
Assume 100 1bs. of slurry:
at 18.4 wt.% solids (18.4 1b. clay + 81.6 1b. water)
18.4 1b./(161 1b./ft.3) = 0,114 ft.3 kaolin

81.6 1b./(62.4 1b./ft.2) = 1,307 £t.3 water
1421 £t.3 total

/O slurry = 100 1b./1.421 ££.3 = 69.6 1b./ft.>
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3. Heat Capacity:

C (water) = 1.003 Btu/1b,°F
C (kaolin) = 0.22/ Btu/1b,°F
C slurry = 1.003 (1= X,) + 0.224 X,

- ¥, = welght fraction kaolin

€ glurry 0,860 Btu/1b,°F

4e Thermal Conductivity:

K slurry = Kp 2K + Kg' = 2%y (Kp = Xg')
NS A M N )
Ke = 0325 + 0.000888T (for water) T = ©C

X, = 0.080 (volume fraction solids)
e
KS 0.110
vhere K = Btu/nr, £t.2 (°F/Tt. )
at 50°C

K, = 0.343 Btu/hr. £t.2 (°F/ft.)

5, Mixing Power to the Batch:
P = 27 (Torque)N
where torgue equals dynamométer reading x dynamometer
pulley radius
Pulley radius = 3.26 inches
N

n

4 rps S = 3,23 1D,

"
"

22,1 ft. 1b./sec.

or the heat input to the batch equals 1.71 btu/min.
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6s Batch Heating:
Q = HdeT/dt |

where dT/dt equals the change in batch temperature
with time:

(52.3 - 48.0°C) x 1.8°F/°C /2 mins. = 3.87°F/mine
. ¥ equals batch weight

W‘=/£7slurry (volume)

= 69,6 1b./fte” x 1.52 ft.3 = 106 1bs.

Cp slurry = 0.860 Btu/1b.°F

1b.°F min,

= 352,8 Btu/min.

7. Film Coefficient:
H' = Q/AAT,
where A = 6.2 £t,2 (heat transfer area)
AT is the average temperature drop between the wall

thermocouple and the batch temperature.

No. 1 No. 2
Batch Temp. ©C 5243 48.0
Wall Temp. 34.2 32.2
4 Tyuh 18.1 15.8

Tavg. = (18.1 + 15.8)°C/2 x 1.89F/oC

A TW_£= 30. 5°F

O
1

heat transfered through wall + heat of mixing

1

352.8 + 1.7

3%4+5 Btu/min,
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7s Film Coefficient: continued

H? (3745 Btu/min.) / (6.2 Tt.2) (30.5°F)

0

i

1.£8 Btu/min. £t.2°F

or 113 Btu /hr. ft.2°F
Adjusting H' to compensate for the wall thickness between
the thermocouple and the batch wall:

H

Hi

H' (1 + 0.000177. H')
'H

i)

115.0 Btu/hr. ft.2°F

8. Nusselt Number:
Dy = 1.17 ft. (vessel diameter)

Ny = L1.17 ft. 11/ Btu/br. £1.2°F
00343 Btu/hr. ft.<(°F/ft.)

= 392

9« Reynolds Number:

Npe = Da? NP /Ua
D, = 0.50 (impeller diameter) ft.
Npe = [0.50 £t.)2(4e0/sec.)(69.6 1b./5t.3)
0.0698 1b./ft. sec.
Np, = 1000

10. Prandtl Number:

|

Ve = GCp U, /X

i

(0.86 Btu/1b,°F) (0.0698 1be/fts sece) x 3600 sec.
0.343 Btu/hr.ft.2 (°F/ft.) hr.

620

]
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11. Power Number:

H

32.2 B/ 13 py7
32.2 (22.1) / 69.6 (4)°(0.50)°
501

NPo

]

i
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