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ABSTRACT
A total of 51 heat transfer runs were made. In the first 25 runs,
slurries of half micron and finer kaolin at 3.0, 5.6, 9.6 and 12.9%
solids were used. Slurries of two microns and finer kaolin at 10.1,

13.7, 20.} and 23.13 golids were used in the remaining 26 runs,
The “eynolds lLumbers ranged from 0.9 to 2,020 for the 51 runs.

The data was correlated by the following equations

hy o 3L o Uity 3
CuVofh Kb K1

for an i/p ratio of 68.7.

This is essentially the accepted correlation for lewbtonian {lulds
in laminar flow, The viscosity used for the slurries investigated was
the apparent bulk viscosity obtained from nmeasurements with a Fann V=0
viscometer which pave shear rate versus viscosity data, the viscosity

uged was that at the saue shear rate present in the heat exchanger.



IHTROLUCTION

Since non-~lewtonian slurries are becoming increasingly important
gyetems in the chemical industries heat transfer data for such fluids
are a growing necessity. Because most of the work done %o date has been
for non~iewbtonian fluids in turbulent flow, this thesis deals with heat

transfor coefficients in laminar flow,

One purpose of this research was to determine heat transfer co-
efficients for kaolin-water slurries in laminar flow. The clay industry
is currently faced with great demands for products which will serve many
new and diversified uses. These new demands mean modification of exist-
ing products by methods and processes which until now were unrelated to
the industry. Consequently, a great lack of technological information
on clay and clay-water sysbems exisis. Ilieat transfer coefficients are
engineering tools which will almost certainly be in demand in the very

near fubure.

Another purpose of this research was to determine a correlati&n for
heat transfer coefficients of non-ilewbonian slurries in laminar flow and
compare it with those correlations already established for Newtonian
fluide, 1If the Newbonian correlations anply to nop~Newtonian fluids or
apply vnder certain circumstances, much difficult, complicated, and ex~
nengive measnuring would be eliminated. “etzner, Vaurhn, and Hourhton
have presented some data which susrests this is the case for soluvtions
of Carbopol in water and carboxymethylceliliose in water., it was thought
that data on suspensions as well as on solutions would be required before

any general concluaions could be considered.



THEORY

In recent years heat transfer data have frequently been gathered
and correlated for non~tewbtonian slurries flowing in the turbulent re-
gime, 1n many instances the approach has been Lo compare these data
vwith the clasgical correlations for Hewbonian fluids. By changing co=
efficients and exponents and adding new dimengiorless groups, correlaw-
tions have been arrived at which are similar in form to those for llew-
tonian fluids. Howewver, 1it:-le work has been done on non-liewbonian
slurries in the laninar regime. It is, therefore, a puwrpoge of this
thesis Yo determine the apnlicabiliby of correlations for ‘ewbonian

slurries in laminar flow.

Hon-~tlewbonian fluvids are defined as all fluids which do not ex-
hibit a direct proportionslity betwesn shear stress and shear rate,
Shear rate is the velocity gradient established between two planes
within the fluid a distance (dr) apart when one of the planes moves with
a velocity of (du) with respeet to the other. lhe sheur stress is the
force required to move the plane at velocity (du) divided by the area
of the plane, Firich (¥) in his three volumes on %heology has compiled
practical and theoretical aspects of many non=iewbonian fluids and pro-

cesges involving non-Yewbonian fluids of widespread irportance,

“ost rheclogists (17) (6) (20) z ree on a method of classifica=
tion of non-hewbonian {luids which includes three major catepories:

a. Time independent non~lewtonian {luids,

b. 7ime dependent non-Newtonian fluids,

te “imcoelastic fluids.



h
Time independent non=-llewtonian fluids ars those for which the shear stress
remaing constant at a given shear rate regardless of the length of time
for which the shear is applied. The shear stress of time dependent non-
Lewbonian fluids varies with time at a given shear rate until it %oo be~
comes constant. Some rheologists (L) place both these types of fluids in
the same category, one being merely an extension of the other into the
realm of measurable time., Viscoelagtic fluids are those vossessing vise

cose as well as elastic properties,

Several types of fluids are members of the time independent group.
"he most obvious are flewtonian fluvids which can be considered special

cases among the range of non-hewbonian fluids,

The simplest type of non-hewtonian fluids, in theory at any rate, is
the Bingham plastic. Although several materials have been classified as
Bingham plastics Utbto and “etzner (1lj) as well as lioth and fich (18} have
demongtrated that most of them deviate from the direct proportionality
between shear stress and shear rate wvhen measurements are taken over wide
ranges ol shear rate. Sugh evidence questions the reality of any true

Ringham plastics if shear rate range were extended even further,

Another type of time indevendent non-vewbonian fluids is dilatant
Muids, Vith these fluids the ratie of shear stress to shear rate in-
creages with increasing shear rate, hen the flow rate of these materials
is increased, their resistance to flow becomes szreater. Consequently dilae

tant materials are seldom used in precess equipment,
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The most important type of time independent non~liewtonian fluids is
the psevdoplastic fluids, These fluids are the opposite fluids in that
the ratio of shear stress to shear rate decreases with increasing shear
rate. The logaritmic plot of shear stress and shear rate is often a
straight line over moderate ranzes of shear rate. Ilhercfore, Ustwald (13)
proposed the following apuroximate relationship which was elaborated

upon by einer (17):

- N
T=k¥ rguation (1)
where (k) and (n) ure constants for the particular flvid, and (n) lies
between O and 1. Sinee the ratio of shear stress 1o shear rate is de-

fined as apgarent viscosity,

wek¥ Arl Tguation (2)
Therefore, the logarithmic plot of apparent viscosity and shear rate

should bYe a straipht line with & nepative slope from O to -1,

tooney (11) in kis classic vaper on explicit formulas for slip and
fluidity defines fluidity as the ratio of shear rate to shear stress.
‘ore simply it is the reciprocal of apparent viscosity. Douney further
defines the mean fluidity of tie fluld in capillary viscometers, and, it
may be assumed, in pipelines which there is laminar flow, as (m;;\.fira3)
divided by the shear stress at the wall of the trbe. In this relatione
ship (Fe) is the efflux dve to fluidity in -nits of wvolvme per time and
{a) is the radius of the tube in wniis of distance. (Lie/Tad) can easily
be converted to enrincering terns of (8V/D) where (V) is the bulk velo=

city and (b)) the tube diameter. =~lthouzh Fquation (2) is an approximate



6
equation in that {rn) is not a true constant, for pseudoplastic materials
{n) can only vary hotween O and 1. Consequently, there can only be one
apparent viscogity for a given shear rate. ‘herefore, the mean [luldity,
or inversely the mean apnarent viscosity, of a fiuid flowing through a
+he in laninar flow can be found by any dewice which will give an ap-

narent viscosity for a shear rate numerically cgual to BV/D).

The theorcetical relation for heat transfer hased on paraboliec dige
tribution of mass valoclty and assuming uniform radial conducilon of heat
is given by the analytical egration {(8),

haD _ 2wCpp  1-8Y¥(my )

Kw riph  1+8¥(m) iquation (3)
in this equation
Yim) = 0.10238 “TEe02TRL L g gy 0 “PYe22M
+ 0,00237 —elom * e e ous wqeation (L)

in which (m) recresents the grovp wKpbh/IwCoy.

mquation (3) is extremely unvieldy aud for valves of wlpb/Kobi sreater

than 10 it is closely approximated by the empiricsl expression

D Wi \1/3 ywe o \L/3

8 b )

] = 1.?5 - = 1,62 )
8y Ky Tip s ~qation (5)

Fluids become non-lewtonian when their viscosity varies with shear rate
or in the case of winelines with mass welocity. it is conceivable that
the pronerty of viscesity may influence neat transfer to non-.ewbonian
fluids. Bguation (Z) containg no viscosity term. liowever, when the right

side of the emuation is multinlied by (Dub/ﬁkb)l/B it may be written as



N - 1/3
h.b Uy bt De Y
:2“ = 1,62 [{fﬁ) (7)(_£L>]
Fy, K jy\ L)\ My “quation (6)

Tor vonvenicnce this egiation may be expregsed in terms of the heynold's
s a2 e g L3
aumber by diriding woth sides of the equation by \,{;pk/r;)b (0@ Vikg)

anxd rearranzing. The resilting eguation is

a2 -\1 . -2
'8 J\ K [ b Mb zquation (7)
Ainy heat transfer data can be plotted with tne -seynold's nuaaber as the

abscissa and the groups (h/CpiV@p) (CpM/ *‘é)i/ 3 as the ordinste and compsred

with Equation (7).



LITFHATURE SKARCH

A search was made of the available literature to determine progress
already wmade by other investigators. It was noted that heat transfer to
non-ltiewbonian fluids has only been studied for the past decads or two,
However, non-lewtonian fluids as such have been under consideration since

the 1920%s,.

Several methods of evaluating viscositles for heat transfer data
have been used, Hiller (10), Salamone and fewman (19), and Binder and
2oliara (1) vlaced a pipe of dimensions identical to their heat exchanger
in series with the exchanger. Pressure taps were installed in both ends
of the vipe. The fluid leaving the heat exchanger was cooled to the av-
erage temperature of the fluid in the exchanver before enterinz the nipe.
A curve relating the hevnolds number with the friction facior was nade
for this apparatus by calibrating it with & liewbonisn fluid. .hen the
non~lewtonian fluld was introduced %o the system the pressure drop across
the pipe was measured. This permitited the friction factor to bhe calcu-~
lated and the corresponding leynolds number to Le determined. The only
unknown in t%e Reynoclds number was the viscosity which could then be
easily calculated. This system has the advantage of measuring the luid
at exactly the same conditions of flow and tenperature as exist in the
heat exchanger. It also involves simwle measurenents and quick caleula-
tions. ‘lowevery it is nobd too applicable to laminar flow. oith flow
rates 1w enou-h Lo insure laminar flow and nine diameters large enough
to insure a substantial heat transfer &rsa the pressure drop across the

viscometer sechion ol the equivpment is often too small to be measured,
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Several investigators (2) (25) (10) (12) have used laboratory vis=
cometers for the evaluation of the viscosities of the fluids in their heat
transfer experiments. Uf the types used the most orevalent is the capil-
lary variety., One of the more elaborate capillary ~viscometzrs is the one
designed by Urr and DallaValle {12}. It was especially designed for sus-
rensions of solids in liquids. It consists of a constantly agitated sus-
nension reservoir in an oil bath. 4 capillary tube leads from the bottom
of the reservoir to a receiving vessel upon which varying degrees of vacuum
ran be apvliied. The heatineg oil is caused to flow downward throuzh an an-
nulus surrounding most of the lenuth of the capillary and vwward through
a return line to the main 0il bath. Since the Iluid is agitated up unbdil
the time it enters the capillary setiling is minimized. This apparatus
vas the disadvantage of being limited to a maximum pressure differential
of 1L.7 vsie If this is not enough to cover the desired range of shear
rates the diameter of the capiliary must be changed. Chanzing the capil-
lary tube is a cumbersome and time consuming task. A further disadvant~
age is the fact the fluid reservoir is open to the atmosphere. lost heat
transfer experiments employ steam as the heat giving medium, [urther,
most suspensions of interest are those of solids in water, 17 the viscos-
ity of the fluid in question at the temverature of the heat exchanger wall
were attenmbed to be measured in this equivment, rapld vaporization or
boiling would occur in the fluid reservoir thusg changing the percent
solids. Dolling would also cocur in the cardllary causing three phase
fliow, ‘herefore, the Jieder-~Tate (21) correction factor of O“ﬂ“w}o'lh
cannot be aprlied to heat transfer data obtained by experiments in which

this method of viscosity evalvation 1s employed., This may not be serious
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for often this correction lies within experimental error.

detzner et al., (9) employed a capillary viscometer in which the
flnid reservoir consisted of 2 clonmed vessel to which a pressure could be
groplied, This eliminates the disadvantages of the Orr-DallaValle vis=

cometer but provides no means of preventing settling of suspensions,

Among the many rotationsl viscometers a particularly suitable one for
relatively low shear rates is the Fann V-G, [t congists of a bob suspended
by a torsion sprine around «hich a cylinder rotates, The cylinder speed
and conseauently the shear rate can be switched instantaneously to any one
of six different settings. The shear rate range from the lowest to the
highest setting varies a hundred fold., =eadings are almost instantaneous
and are wiven directly in units of shear stress. The fluid reservoir in
this apoparatus, as indeed in ail rotational viscomelers, is open to the
atmosphere. Therefore, the Sieder~Tate correction factor must agzain be
neglected in experiments employing this ipe of viscometer. Lirich (5),
Wilkinson {2k), Green (6), and others describe many other types of vis-

comaeters which might be useful to a particular system.

Uetzner et al. (9) presented experimental data on heat transfer co-
efficients of non-iewbonian fluids in Lasinar flow and compared them with

the feliowing theoretical relationships which they had derived:

D . s (2R) V3

K1 Tguation (8)

KL

MU |y a3 EQR\I/B
o l.754 ( fquation (%)
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The choice between Fquation (8) and bguation (9) depends on the range of
(ractz numbers and flow behavior indices used, (The flow behavior index
is aprroximately eq:al to (n) in hguation (1). The expression for ()
and {A) were derived analytically, and the apiroach was based on the
theoretical work of Pizford (16). It should be mentioned that, although
the data agreed reasonably well with banations (8) and (9), the agreement
was no better than with the theoretical relationship for heat transfer co-

efficients of Hewbtonian {luids,

; A1/
M () >
L4 o

ot rgquation (5)
™is raises some doubt as to the justification of including the (&) or

(4} factor particularly in work of an engineering naturs. .ebzner et al,
brought the data into closer agreement with the theoretical curves by in~
cluding the Sieder-~Tate correction facter., However, this caused most of
the data points to fall below the theoretical curve. This was explained
5y‘the fact that the input heat flux was used to determine the healt trans-
fer coefficients. It may also bs true that the Sieder-Tate correction
Tactor does not avply exactly to non~iewtonian fluids whose viscosities

are affected by not only the difference in temperature but also the dif=-

ference in shear rate sncountered at the tube wall.

Hartinelli et al. (7} -ive the foliowing analytical relationship
for heating flvids flowing vertically wward and couling flvids [lowing
vertically downward in laminar {lows

}3}} - 3% =~ D“' . : kA
=Ll jEL + U.O?ZE[L Narslﬂp,] 2

W rquation /10)
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to within three percent,.

Tsao (23 recently published an analytical approach to thermal con-
ductivities of two phase materials. His final equation, however, is quite
cumbersonme and requires some experimental measurements. The value of this
apuroach seens questionable in the light of the rvesults of Tareef and Urr

and DallaValle,.



Deseription Uf Apparatus

Fipure I is & diagram of the apraratus. The details for each piece
of equinment referred to on the diagram by a4 number are as followss

1. ‘‘wenty gallon slurry storags bank.
2. Submerged type 3/8" vane pump with neoprene impeller driven
by a 1/L HP motor at 1725 R™:,
3. Imperimental Heat Exchanger -~ Double annulus heat exchanger
consisting of a 7' long, 1" schedule 40 red brass pipe inside
a &' long, 2", schedule L0 steel pipne and both iaside a 6' long,
3", schedule L0 steel pipe. The inner annvlus between the brass
wipe and the 2" steel pipe was sealed by a packing box at each
end, The boxes wors made from 1 1/2%" stesl pipe counlings,
11/k" x 1 1/2" vushinrs and asbestos graphite vacking., The
outer annulug between the 2" and 3" steel pipes was sealed by
welding the ends of the pipes together. A 3/h" steel pipe
coupling served as the steam inlet to both jackets., 4 1/2v
astecl pive coupling was welded to both the 2¥ gtesl pipe and
the 3" steel pipe on the other end of the heat exchanger to

serve ag condensate outlets from each jacket.

“ix iron~constantan thermocouples (#2l; wire), placed a foot apart
and displaced clockwise 609, were soldered halfway into the wall of the
brags pipe to measwre the temperature 2lon;; the entire length of the pipe.
The thermocovnle wires, insulauted with teflon, were brousht out o the ends
of the brass pipe (three at each end) by cementing them into a 3/L6" wide

x 0.133" deep x 2 1/2' long machine groowe with litharge and glyeerin,
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The heat exchangerwus well insulated So minimize heat losses.
1« Shean Lalorimeter - Throitling type steam czlorimeter %o
meagure the quality of the stearm pgoing into the heat exchanger,
An asplrator with a water cooled condenser maintained a partial
wacuuws on the low pressure side of the calorimeter.
5. Coolers - 2n anmilus~type cooler consistin: of & 9! lonw,
1" schedule 10 stainless steel pine inside a 91! long, 1 1/2%
schedule hQ steel pipe. The jacket was ssaled by welding the
ends of the outer vipe to the immer pipe. 4 1/2" steel pipe
counling was welded at each end of the 1 1/2" pipe to serve as
commections to the jacketl.
6, Seale - cale o welgh condensate from heat cxchangere.
7. Two 1/2" bucket type steam traps.
8, Condensate Cooler - An ammulus type cooler consisting of a
24" long, 1/2" schedule 10 steel nipe inside a 22" long, 1"
schedule LO steel pipe. The jacket was sealed by welding the
ends of the outer pipe to the inner pipe. 4 1/2" steel pipe
counling was welded 2t each end of the ouber pipe to serve as
connections to the jacket.
9, Thermometer - O° to 100° ¢ with 0,1° ¢ subdivisions,
10. Slurry Hixing Valve,

11, Valve - Valve to control {low rate of slurry through anparatus.

The heat exchanger and the coolers were mounted vertically around and
clamped to a 2" support pive which was held firm by being fastened to the

floor and the ceiling.
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The slurry flowed wward throuch the heat exchanwer,

The thermocouuples were connected to 2 muliipoint switch which was

connected Lo a potentiometer.

A Fann rotational viscomeber was used to measure the wviscogities of
the slurries. 'he viscometer consisted of a rotating cylinder around a
bob supported ny & torsion wire. The cylinder radius was 93/128 in. The
bob had a redivs of §7/128 in. and a height of 1.5 in. <+he torsion wire
was connected mechanically to the instrument dial which read directly in
pounds ner 100 square feet. “he cylinder rotated at speeds of 3, £, 100,
200, 300 and 600 %=~ and could be changed instantaneously while the in-
strument was running. Headines at all six speeds could be taken in less
than a nminvte. 3ecause of the speed of reading plus the very {ine particles

of the slurry, there was lititle or no settling during viscosity measurement.

Firures 2a and 2b are photographs of the anparatbus,












Exverimental Procedure

About a ten gallon batch of kaclin slurry was prepared by mixing the
dry nowder with water. The freshly prepared batch was made with the high=
est percentage of solids that was to be used. As experiments were made
wth the apparatus, the slurry was Jdiluted with water to lower the solids

content,

the apparatus was put inte operation for collecting heat iransfer data
by starting the slurry circulating nump, fturning on the tap water to all
the coolers, turning on the steam and adjusting ithe steam pressure to
about 10 to 15 nsig, turning on the steam throttlips calorimeter, con-
necting the rotentiometer to the thermocouple switch, immersing the ref-
erence thermocouple junciion into a dewar flask containing melling ice, and

removing air from the slurry by opening the air vent valves.

The apparatus was allowed to run for a while at a high slurry ilow
rate (teynolds number about 2,000} to let the temperatures of the slurry
going into and coming out of the heat exchanzer become constant, 4t this
point, the apraratus was ready for taking data, The data that was taken
is as follows: baromeiric pressure, temperature of the slurry going into
and coming out of the heat exchanger; the gix readings in millivclis of
the thermocouples cemented into the brass pipe wali of the heat exchanger,
temperatures and vacuum of the throttling calorimeter, heat exchanger con-
dengate rate by taking a two, three, or four minute welzht increment,
steam inlet uvressure to the heat exchanger, and rate of slurry flowing
through the apparatus by taking & one-half, one, or two minute welght

increment.
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Alter The date for s run was taken, the slurey flow rate was reduced
by about 15 to 20% by adjusting the two slurry rate control valwes. f:ain
the apparat s was allowe? So run for a vhile, letting ﬁhe temneratires of
the slvrry coiny into and coming ont of the heat exchanger become constant.
4t this noint, data for another mun was taken., Uhis orocedure was follow~
ed for about six or zeven run3, then the concentration of zolids in the
slurry mas redocesd by remowving abovt 15 to 30¢ of the slurry from the
bateh and replacing it with vater. After the slurry was thoroughly mixed,

the procedure, ontlined above, was rerveated,

The apparatus was shut down by first tarning off the steam; turning
off the water to the coolers, stopuing the slurry clrevlasting numps, and

discomnecting the potentiometer.

A gamnle was taken from ecach batch of slurry. After each samnle was
checked for nercent solids, viscosity runs were made with a Fann viscow
meter. Viscometer speeds of 3, 6, 100, 20U, 300 and 600 rom were made
on the slurry at the avera~e temneratre the slurry w@s at in the heat
exchanzers -he shear stress at each of these viscometer spesds was

recorded.

A total of 51 runs were made with the apparatus. & 1/2 micron and
finer kaolin was uvsed in the first 265 rung. The remaining 26 runs were

made with 2 2 mieron and finer kaolin,

Table I is a tabulation ¢f the original data, Fipure 3 is a plot of
slurry density versus percent kaolin in water. rigure L is a plot of de=-

pgrees fahrenheit versus millivolts for iron-constantan tnermocouple,
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Wivure U is a parvicle size distribution curve of 1/2 nicron and finer
kaoline. Iipure § is a particiec size distribrtion curve of ? micron and

1

finer Laolin,.
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Experimental Hesults

Table II iz a tabulation of the experimental resuvlis calculated from

the original dsta presented in Table I.

The heat balance for L0 of the 51 runs were within 54%. The remaining
11 runs were within 10%. An analysis of the heat balances showed that the
amount of heat transferred based on the condensate rate and steam quality
are more sccurate and more consistent than those bhased on the temperature
rise of the slurry. Therefore, the heat transfer coefficients were based
on the heat ziven up by the steam and not on the temperabture rise of the -

slurry. (See Discussion of Hesults)

The six thermocowuples, cemented into Lhe brass pipe of the heat ex-
changer, indicated that the pipe wall iemperature was no more than 59 ¥,
below the temperature of the steam at the higher slurry flow rates. At
the lower flow rates, the pipe temperature was close to the steam tempera-

ture,

Table III is a tabulation of the slurry viscosities at corresponding
shear rates calculated from the original Famn viscomeber data presented
on Table T, Fimwes 7 through 1L are plots of the data from Table III,
The curve or curves on each graph are for only one percentage concentra=-
tion of solids. In most cases, one viscosity curve is used for more than
one heat transfer run., A small variation in average bulk temperature had
very little effect on the viscosity and, therefore, can be represented by
cne curve. iore than one curve on a gravh is due to & larger variation
in average bulk bemperature., These curves show the non-lewtonlian behavior
of the slurries. A Hewtonian fluid would be represented by a horizontal

line.
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The bilk viscosity of the slurries flowing throush the heat exchanger
were determined by calenlating the shear rate and finding the correspond-~
ing viscosity from the viscosity curves. The shear rate was calculated
from the following equation (11):
¥ =8
tguation (12)
The viscosity determined by this method was used to correlate the

heat transfer data,
The eynclds numbers ranged from 0.9 te 2020 for the 51 runs.

The thermal conducti-ity of the slurries were caiculated using the

following equation (22):

Ty = Ky 2Ky + Ky -2 Xv (i1 = Kp)
Ky + Ky +xv (K = &)

kquation (11)
“heres v = fraction of solids by volume

Ky = thermal conductivity of siurry

K1 = thermal conductivity of liquid

Kp = thermal conductivity of golids

T“he thermal conductivity of the slurries did not vary to any great extent

with change in solids content and were within 107 of the value for water,

The effect of natural convection on the heat transfer coefficients was

investigated by using the following equation (7):

1
- [ we ) b 0.75 /3
0 = 1.75 Fl T + 0.0722( Z Hap Né?r) 52

quation (10)
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“here: Fy and F, are dinensionless factors thai can vary between O and 1,

H,._ is the Graszhof number = (33 2?) (4T
wur A,:.

NPr is the ‘randil mumber - (Eléi)
i

The empirical equation (8)
- 1/3

T LT ( ggl) Lquation (5)
is & standard eguation that is used to calculate heat transfer coefficients
in the laminar region. The additional term in equation {(10), not included
in equation (5}, represents the correction for natiral convection. Using
eqration (10}, the correction for natural convection for 33 runs was less
than 1%, for 11 rmms it was less than 29 and for the remaining 7 runs it
was less than 5%, The effect of natural convection was within experimental
error and, therefore, could be disregarded,

Equations {5) and (10) were not used to correlate the heat transfer
data bhecause it was desired 10 use an eguation having the feynolds number
as one of the dimensionless groups. Correlating the data with this type
of equation would make it nossible to nut the Heynolds number on the abe-
scissa of the graph which would easily show the range of the laninar rerion

‘n which the work was done,

The following equation was used to correlate the heat transfer data:

2/3
hy Cp i1 = d [ 1¥,Q )
GV Ry ‘v ( -
My, squation {(13)

~heret d and e are constants determined from the plot of the data,
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Ficure 15 is a plot of the heat transfer data for all 51 runs. From
this plot, constants d and e were found to be 0.70 and - 2/3 respectively.

The final heat transfer equation developed from this work is as follows:

hf ) (Gb#b) 2/3 oo <3prb)-‘2/3
CpVilh K 7 M, tquation (1)

for an % ratio of 68.7.












TABLE III

TARULATION OF SLURRY vISCCSITY VELSUS SHEAR RATE

RPu
Shear Hate
(Sec «~1)

un Ho.

A BRSO -

SR R T~ e o i e o
H OO WV O ® . O B W R Mo

600
9l2

300
L

200
31}

100
157

6

9.2

3
L.72

Vise
Segle X
Edg 103

Secale

Visc

X

hdg 105

Scale

Vise

X

Gdg 103

Heale

Visce
X

Hdg 103

Scale

Rdg 103

Vise Vise
X Scale X
Rdg 10°

LB L3

FTF FT.OEC
0.365 12.5
0,365 12.5
0,365 12,5
0.362 12,4
0.365 12.5
0.352 12.1
0.360 12.3
6.0
6.3

0.198
0.185
0.185
0.185
0.175
0.165
0.165

6.3
6.3
6.0
5.6
5.6
2.7
2.6

0.080
0.075
0.072
0,072
9.060
0.065
0,038

L3

LB
e P50

0.315 21.5

0.315 21.5

0,315 21,5

0.315 21.5

0,315 21.5

0,305 20.8

0,315 21.5

0,162 11,1

0.14h7 10.1

0.147 10,1

0.115
0,135
0.132
0.055
0.055
0,055
0.055
0.01,8
0,050

0.025

9.9
9.2
9.0
3.8
3.8
3.8
3.8
3.3
3k
1.7

FT°

LB

LB

TR e ey
FT.SEC

0.298 30,6

0.2%8 30.6

0,298 30.6

0.300 30.8

0,298 30.6
0.305 31.3
0.315 32.3
0,137 1k.0

0,132 13.5

0.132 13.5

0.132 13.5
0.132 13.5

0,125 12.8

0.128 13.1

0.050
0.04L8
0,047
J.0L7
0.0l2
0.015

541
L9
L8
1.8
b3
L6
2,0

13
Fre

0,267
0.267
0.267
0.275
0,267
0.272
0,276
0,118
0.115
0.115
0.115
0,118
0.115
0,112
0.035
0.035
0,035
0.035
0.035
0.035
U013

L3

e
F.fnm?l:(:

548

5.8
51,8
%64k
5L 8
55.8
5646
242
23.6
23.6
23.6
23.6
23.6
23.0
7.2
742
7.2
742
742
7.2

2.7

LB

e

0.170
0.170
n,170
0.172
0.170
0.165
0.180
0.085
0,075
0.075
0.075
0,080
0.085
0,080
0,020
0.022
0.020
0.020
0.022
0.022

0.008

LB
PTGSEC F

L3 LB

FT.SEC
5681,0 0.135 922,0
581.0 0.135 922.0
581.0 0,135 $22.0
537.0 0.132 902,0
581,0
56L.0

615.0

0.135 922,0
0.125 855,0
0.135 922.0
290.0
256,0
256.0
256.0
273.0

0,075 512.0
0.067 158.0
0,067 158.0
0.067 158.0
0.070 L79.0
290.0 0,072 1492.0
273.,0 0,068 }65.0
68,1 0.015 103.0
75.1 0,020 137,0
68,1 0,020 137.0
68,1 0.020 137.0
75.1 0,015 103.0
75.1 0.0L8 123.0

17.1 0,002 13.7



TABLE III {cont.)

TARLATION OF SLULRY VISCOSITY VERSUS SHEAL RATE

2
Shear Hate
(ee =1}

kun No,
22
23
2k
25
26
27
28
29
30
3l
32
33
3k
35
36
37
38
39
ho
L
L2

600
gh2

300 2
L7 31}

100
157

6 3
9.2 LT

ViEC
Scale x
ndg 100

p———

YA8C
Seale x :
Hdg 103 Bdg 1

Visc Visc
Seale x Scale x

kdg 103 ndg 103

LB LB
e

0.035 1.2
0.035 1.2
0.030 1.0
0.03¢ 1.0
0.119 1h.3
0,119 1kL.3
0,402 13.7
0,410 11.0
0.419 1L.3
0,119 1k.3
0.280 5.6
0.260 9.6
0.280 9.6
0,280 9.6
9.k

9.8

0.275
6.287
9e7
3.7
3.5
3.5
3.2

0,263
0,109
0.103
J.101

FTonke FT2

Lp LB LB
PTEC T12

0,022 1,5 0,017

0.022 1.5 0,017 1.7

0.020 1.4 O.O0LT 1.7

0,020 1.4 0.U17 1.7

0.369 25.2 0,340 34.8
0&369 25&2 003}.19 32&.8
04355 2L.3

0‘362 2!—1’8

0.330 33.8
J+335 3Le3
0.340 3L.8
04340 31.8
22.7

0,369 25.2
0.369 25.2
0.211 17.9
Ue2ll 17.9 22.7
0.2ld 17.9 22.7
0s2l1 17.9
0.235 16.1

.25 16.8

22.7
22.6
2249
0.2h3 16.6 22.8
0,088 6.0
57
55

5.k

7.7
7.5
0.072 7.k

0.083
0.081

0.079 Tel

0301 51,7

0.301 61,7
5945
61.5

617

0.250
0.3C0
0.3C1
0.3C1 6L.7
J.154 39.8
0.19h 39.8
0.1%h 39.8
0.194 39.8
0.192 3%.4
0.200 k1.0
0.197 0.
Ca062 12,7
G.06L 12,5
0,060 12.3
0,052 10,7

L3 LB L3 L3

FT.anC FT2 FT.SEC

0,005 17.. 0,002 13.7
0.005 17.1 0,002 13.7
0.005 17.1 0,002 13.7
0.005 17.1 0,002 13.7
0.177 604.0 0,135 922.0
0.135

0.090

0.175 598.0
0.180 615.0

92240
61540
0.130 889.0
0.177 604.0 0,135 922.0
0.177 604.0 0.135 922,0
0.120 1410.0 0,100 68L.0
0.120 ;10.0 0.100 68).0
0.120 410.0 0,100 684.0
0,120 [10.0 0.100 é84.0
0.120 L10.0 0.100 684.0
04125 427.0 0,100 684.0
0.123 1420.0
0.0L5 15k.0

0.0Lk 150.0

3,100 684.0
0.0k 260.5
0.0l1 280.5
J.0h3 147.0 0.0L0 273.5
0.042 143.5 0,038 260.0



TABULATION O &

BRI
Shear Hate
Sec -1)

2un No,

TARLE TII (Cont.)

SHEAR WATE

600 300 200 100 6 3

gl2 h7d 31L 157 g.42 L.7h
» Vise ] vise " Vige ] Visc ] vVige . Vise
ap 100 tag 100 vdg 103 nag 10 vag. 100 nag 10
M2 T F fane PR iioime PR 1iac PR [R.ssc PR phosmo
0,093 3.2 0,079 B 0,069 7.1 0,052 10,7 0.0L2 1)3.5 C.038 26C.0
0.101 3.5 0,081 5.5 0.072 7.h 0.060 12,3 0.0h3 1L7.0 C.0L0 273.5
0,068 2.3 0.0h9 3.4 0.0ML h.2 0,030 4. 0,018 61.5 0,013 89.0
0.063 2.1 ©.17 3.2 0,001 l.2 .01 AL 0.017 58,1 0.013 £9,0
0.061 2.1 0.0L7 3.2 0.0l )2 0.031 4.1 0016 Skh.7 0.012 82.1
6,059 2,0 0.013 2,2 €.039 ).0 0,030 6.2 0.015 51,3 0,012 §82.1
0.063 2.1 0.0k7 3.2 0,041 L.2 0,031 6,h 0.017 58.1 0,013 89.0
0,061 2.1 0,0L6 3.1 0,001 bL.2 0,031 6.h 0,016 S5h.7 0.012 82.1
0,068 2,3 0.049 3.L 0,01 h.2 0,031 6.h 0,018 £1.5 0,013 89.0
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FIGURE 12

VISCOSITY OF 20.4% TWO 1 ICRON

‘D FINER XAOLIN SLURRY
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Viscosity vs. Shear Rate
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Mascussion of Fesulis

The heat balances were rather satisfactory. The heat transferred
based on the steam quality and condensate rate was accurate to three sig-
nificant figvres, Based on the temperature rise of the slurry abt the
higher flow rates, it was also accurate to three figures, however, at
the lower flow rates it was accurate to only two figvres., This was due
to a Tluetvation in the cutlet temmerature which varied as much as 10%
of the temperature rise of the slurry even thowwh the temperature was
taken after the slurry {lowed ithrough a mixing valve. «ithout any method
of mixing, even at the hicher flow rates, it wis found that there was
mach error in the outlet temperature., Ulotting the heat balances versus
the flow rate showed that the data based on the heat content of the
steam was more reliable, The plots of this data always formed a smooth
curve, while the data based on the temperature rise of the slurry often
straddled on both sides of this curve, especlally at the lower {low rates.
As a result, the heat transfer coefiicients were based only on the heat
given wp by the steam and not on the temperature rise of the slurry. It
should be pointéd out that with a guard jacket on the heat exchanzer and
the entire unit well insulated, including the steam trap, the heat losses
were quite small. Also, the steam calorimeter was located at the entrance

of the heat exchanger steam jacket.

The first approach in determining the viscosity of the slurries was
by means of a pipeline viscometer, The pressure drop due to friction,
throurh a 1% x ¢ lony pipe was so small that it could not bhe measured
to any.degree of accuracy, especially at the Lower flow rates. This

method was, therefore, not used. A literature search was made to find
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other methods of determining viscosity that could be used instead, A
method vsed by nmany investigations was Lo use lahoratory visconeter data

and relate these data to nipeline flow,

& Fann viscometer was used to determine the viscosity of the slurries,
This instrument, which is rather an expensive plece of laboratory equip-
ment, was just reconditioned before it was used. Tids is one of the
types of viscometers used in the c¢lay industry to measure viscogsities of
clay slurries. 7ihe data from the Uann viscometer was significant to
three figures, The viscosity curves, shownm on Figures 7 through 1}, are,
no doubt, a rather accurate vepresentation of the non~idewbonian behavior
of the slurries. ' sing the equation T = §§§ s the shear rates of the
slurries flowing throush the heat exchanger were calculated using the
average veloeclty. From the viscosity curves, which were determined at
the averaze temperature the slurry was at in the heat exchanger, the
shear rate was used to find the corresponding bulk viscosity, This vis-
cosity was used to correlate the heat transfer data. 4 variation in the
mass rate throizh the heat exchanger by a factor of ten caused the bulk
viscosity io change by about a factor of thirty, Therefore, by increage
ing the mass rate by a factor of 10 caused the reynolds nunber to increase
by about a factor of 300, since the slurries were pseudoplastic. The non-
lewbonian benaviors of the {luids used were not known at the time of the
equinment desipn. This made sizing the equirment and establishing [low

rates difficult.

Several additional comments can be made about the viscosity curves

ghown »n Figures 7 through 1lh. Gererally speaking, the slopes of all the
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viscosity curves are avrroximately the same, Jiowever, as the solids con~
tent ol the slurry became greater, there is a tendency for the viscosity
curves to have a slightly greater slope, indicating a more non~fewbonian
tehavior, 4lso, an increase in solids caused the viscosity curves to
shift upward on the graphs, indicating higher viscosity. 4t the same
solids content, the finer kaolin produced a hipgher slurry viscosity than
the coarser material, but the non-iiewtonian behavior (i.e. slope of curve)

was sbout the same for noth materialse.

The followins equation (7) was used to determine “he effect of a
natural convection on the hsat transfer coefficients:

}-lDa ] 5 w '?S ]
K 1‘7) Fl [ % & 000722 ( }Z}: N(}r’ Hr

Fquation (10)
inerer Fy and Fp are dinensionless lactors thut can vary tetween
1l and O,

NGr is the Jdrashof nmmber <D3Q2g‘> (ﬁAt)

i

.
.

o 1S the frandtl number (GH)

4

This equation is for heating :luids [lowing vertically upward. ‘he .usseld
numbers varied from 9,07 to 32.35. Jhe Grashol numbers varied from 0,180

to 6300, “he Prandtl numbers varied from 31.6 to 5L90.

The correction for natursl coavection vwas gquite small “or a1l Y1 runs
and within experimental error. +he correction for natural convection was,
therefore, disreparded. 1t was found, nowever, that at the hisher flow

rates along with hisher viscositles, the correction Tor natural convection
3
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was very small., Conversely, at the lower flow rates along with lower vig~
cosity, the correction becane more significant. However, it was still

less than 5% of the Husselt number.

it was brought out in the fxperimental Resuits that it was desired
to correlate the heat transfer data vaing an equation which had the
“eynolds mumber as one of the dimensionless groups, ‘This made it vossilke
to plot the data with the <eynclds rumber on the abscissa of the graph
easily showing in what range of the laminar region the work was done.
The equation that was selected to correlate the data was of the same
form as that developed by fieder and Tate. This equation can be expressed
in two different waysy
h CoMy 2/3 Hw 0.4 L 1/3 DVbe e
TVt | kKt i) e
b¥ly b h D e
Equation (13)

or

Ke Ay L M,
Lquation (13a)

(—i‘ﬂ) (%Hb ) ) VB(’.‘}&) 0.t (E) 1/3 ,F(;}va)?b) 8

dheres d, e, I, and g are constants determined from the plot of the
data. As can be seen Trom Fipure 15, the heat transfer data was correlated
uging bquation {13). The data pave a rather satisfactory plot and, there-
fore, it was felt that there was no need to develop & special equation

based on this worke.

The heat transfer equation rosuliing from this work is as follows:

( he Comb | 273 - 0.70 17,8 ) - 2/3
CuVoRp Ko : Ty

aquation (1h)
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This equation is for an L/ ratio of 68.7. The Sieder and Tate fquation
(?1) for laminar flow is as follows:
2/3 1/3 0.1k sy = 2/3
() () (f - 1.6 (5)
Mp
deuation (15)

For an L/D of 68.7, this equation becomes:

»( )2/3(Hw> 0k o) =o (E.E’.E) - 2/3
H Lguation (16)
The rigymolds number exponent was foind 1o be the same from this work
as that of the Sieder and Tate equation. fouever, there is a difference
in the intercepts. Substituting 68,7 in the Sieder and Tate eq ation for
the L/D term, the constant becomes 0.}455. From this work it was found to
be 0,70, This difference, is no doubt, nostly due tec the viscosity cor-
rection term included in the Sieder and Tate equation but not included
in the equation developed from this work. The reason for not including
this term was because therc was no data available and to obtain the neces—
sary data would have been quite a difficult task. 4lso, it was lelt that

this term would make only a small difference in the final correlation and,

thercfore, could be disregarded,

In order to set a constant of 0.)55 in the eqiation resulting from
this work, the 2%; 0.1k term, if included in this eguations; would have
to be equal to 0,65, In the case of a lewtonian flvid, the viscosity
term is usually less than one. For exarpleo, with an averape bulk temperae

ture of 100%F and a nipe wall temperature of 2359, this viscosity term

for water is cq:al to 0.039. 4t these two temoeratires, which are in the



Le

Yy ey e <% o 3N LAY S wc el e Wb Y P AP YTY et gk R T -
same Tarvie as the sty wooseratiyos, Lie viasasity o swler ooarces by

A Tartor 00 Jei.  cowmtnr, Lhe averaso nhenee
anid e owsll visconity of Lle slureies, caloulated Jrom "1—" (W65
fa forprd to to JlWO timig. he offeol of tesparstire on othe Vi
the ghuroios ia orobsbly ckone Lo (hat Jor walers rom #hst ig ¥nowm
oot Bho gl rrdersy 0 3r helleved togd thoe mlvar eote bes rore cofeet
on Ahe vlsecalby Than Lhe te rerabirce e difmrome  etween Lhe vl wg

aff PleDy aril teBy winh in rrobaliy olose Lo

&

shn avorase solue for che termoratore o TTert oan e ol

slurring, is vrobanly due Lo theiy nope.cwbonian

The ereatest shouar rete maabt be olose o ke ploe aull oand not in

the seniter o Che streams lose te the waliy both the hirher fe-owcature

ardd crealer shaor rate could coome Lo vigoosity bo desrcase by this
larpe (23,0 tirce . amnnt, This cuwid account Tor @ larpe difforance bew
twean the bulk ~iscosity and “he well vlscomitye  In order to atody idls
nore thorourhly, nore ieab bransfor eod visgesity dots are noewds  The
ominalon ¢l Ands vigcoplily correotlion facter iont cosalindy acovmd for

gorg of e soresd of Whe dutd,

Covernl norments cun bo omade abord tre affeet of soilde oortent end

marticle 3ise on the heat breoafer seolficiorin.,  he coeiMolents mad a

¥
#

tondoney o drvrreane with e dn nardldcle glge ard Jeorcdse with ine

craase in sollids content,  Viese $wo variubleos wmere vakon Dwdreotly into
aoouont Lo aume drectee in the wiscosiiy toow when the nead Lrangler deta

R PR SN .
WER 0Ores Latude



CONGLUBIOHNS
An eguation similar in form to the Sieder-Tate equation for lewbonian
fluids can be used to calculate the heat transfer coefficients in terms of
various dimensionless groups of the non~ewtonian slurries siudied in this’
work in laminar flow., The heal transfer coefficients for slurries of half
micron and finer kaolin and water are as follows:

l. For a solids content of 12.9 weight percent the heat transfer
coefficients ranged from 62.60 to 36.35 for a :eynolds number
range of'élﬁé to 0.09,

2. Ior a solids content of 9.6 weight percent the heat transfer
coefficients ranged from 7}.10 to 50,10 for a Heynolds number
range of 156.4 to 1.2,

3. For a solids content of 5.6 weight percent the heat transfer
coefficients ranged from 96,90 to 59.25 for a RNeynolds number
range o 555.5 to 6.0.

Lhe For a solids content of 3.0 weight percent the heat transfer
coefficients ranged from 130.2 to 124.1 for 2 ileynolds number
range of 2020 to Tl.7.

The heat transfer coefficients for slurries of two microns and finer kaolin
and water are as follows:

1. For a solids content of 23.1 weight percent the heat transfer
coefficients ranged from 94.20 to 57.60 for a Heynolds number
range of 5L.3 to 3.5.

2. Tor a solids content of 20.} weight percent the heat transfer
coefiicients ranped from 99.00 to 55,60 for a ieynolds number

ranze of 81.3 to 5.6.



iy
3. For a solids content of 13.7 weizht porcent the heat transfer
coofTicients ranged from 125.2 to 88.10 for & eynclds :mber
range ol 296,1 t0 15.%.
e For a solids content of 10,1 wweight percent the heat transfer
coefficients ranged from 133.8 to 122.h for a deynolds number

rancge of 625.0 to 184.0.

The degree of pseudoplasticity did not significantly change with
solids eontent or particle size for the kaolin slurries studied in this
work., However, an increase in solids content increased the viscosity at
any given shear rate. ~Also, at identical solids contents the kaolin of
finer particle size gave higher values of viscosity than the coarser

material.
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HOMRICLATIRE

irea for heat transfer — t2

Specific heat - BTU/lb - OF

Hipe dlanmeter - £t

Friction factor - dimensionless

viags velocity - 1b/hr = £12 of cross section

Leceleration due to gravity - h.17 x 108 ft/hrz

Goefficient of heat trausfer Hetwesn fluid and surface = 3T7/hr - £t2 — OF

Thermal conducitivity - U/ - fta - GF/ft
Length o) heat transfer tube - Ii.
Dinenslonless grouwp -~ l.e, =~ Hﬂe - neynolds number
Pressure - 1b/ft?

sleat transfer rate - T /hr

Pipe rading - £

Uross section of stream in a tube =~ £12
Absolute temperature - °R

Temperature = F

(;verall heat transfer coefficient - 3TU/hr - £t2 - OF

Average velocity - ft/sec
“agg rate of flow - lb/hr
Percent of dry solids by welight in slurry

Traction of solids by volume



Subscripts

w

€

For bulk

Tor condensate
For ilm

Por inlet

Por liauid

Yor lors mean temperature

Tor outlet

for particle
for stean
For volime

Fopr wall

Yor difference

‘iscosity of fluid -~ 1b/br ~ £t
centipoises x 2.42

3,116

Vensity of fluid - 1u/ftd

¥ - Shear rate - sec k

T -

Shear stress - 1b/ft2

hé
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13.

1l

15.

16,

17

Low Mean Temperature Differsnce Tetween Slurry Dulk and Fipe
Temperature (Aty)

Pire Temperature

# Yy op

2 6.02 236 SJottom of lxchanger
3 & ¢35 2}45

ly €.30 2l

5 6.03 236

6 .30 2Lk

7 6437 2U6 Top of iLxchanger

Dulk Inlet Temperature = &3,L°F
Bulk Gutlet Temperature = 97,69

Plot Data As Shown Un Following rfage (Figpure 16
Area Retween Jurves = 16,90 in

‘Therofore Atm = 16,90 in? 2X - 156.5°F
541

in

Experimental Film Coefficient of tieat Transfer (hg)

he = 9s = __(16,180) = 62,80 BIU/mp ~ £42 - OF
Bm EO0T) 6y (156.5)

Slurry Density (pyp) Found From Figure 3.

X = 12,9% Kaolin
ey = 67.1 1b/ft3
Velocity of Slurry Through Heat Lxchanger (Vi)

(ey) (E>D2) (3600)

Vp = {1365 1b/hr) (Lhk in2

ree 5 = 0.937 ft/sec
7. T5/T83) (m) (1.019 im)- (3600 88€)
5 hr

Zulk tiscosity (Ky)
Fann Viscometer Data @ v0,5°F

Speed ~ Lol 1lbs/100 ft2 (Secale .lsading)
3 13,5
6 17.0
100 26,7
200 29.8
300 31.5

600 36,5

50
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