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The constanis in the above egquation were then de-
termined from experimental data and ylelded the followw
ing form of the equationt

BD . 0.62 0.23 0.08 0.08 0.88
£ 0.131 (D ) ke ) (Kg ® Cgy*
e R i R -

Y

multiply both sides hV'EEEQ and’rbarranging to give

0.62 g QsQS g 0«38 ¢ 0.72 0.08
Bz oan ?___..z G @ ) 1;';) Eq. (3)

FProm inspsction of the above equation it can be seen
that variations in u, greetly effect the size of the heat
transfer coefficient h. The value of u depends upon the
type of fiuid used.

Flulds have been found to fall into two general cate-
gories, Newtonisn and non-Hewtonian. A plot of shearing
stress vercus time rate of shearing strsin gives a straight
1ine through the origin for Newtonisn fluids, The viscosie
ty is equal to the slope of this line and 1s constent for
any one temperature and pressure,

For a non~Newtonian fluid the ratio of stress to
strain 18 a funetion of the time rate of shearing strain
and therefore the apparent viscosity depends upon rate of

flow,

The flow of suspensions has been shown by previous

investigators to be non-Newtonlan, «~ and that many are
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of the pseudoplastle type «~ where the apparent viscosity
decreases with inereasing velocity. Data for the stress
strain curve for determining the apparent viscosity may

best be obtained frem s pilpe line vigeometer,

These viscosities are based on the Fanning friction

equations

AP . o 1LY® Bq. {4)
Na—— .- f QQ
P Bﬁgu

In order to uss the pressure drop data from the viscometer
it ia firat calibrated with a Rewtonlan fluid whose dense
ity and viscosity 12 knowm and a plot of friection factor
{f) versus Heynolds number (Re) made from this experimental
data. Then by calculating a friction factor using the
bulk density snd pressure drop of the slurry a corresponde
ing Reynolds number can be found and the bulk viscoaity

ealculated,

From the above, it logleally follows that the pipe
1line viscosity for slurriss determined under the same cone
ditions that the hegt transfer data was obtained is the

one that should be used for correlating that data,

This is especlally true in the case of pseudoplastics
where the viscosity decreases with increase velosity until
it reaches some limiting velue at complete turbulence where
its viscosity 1s still grester than that of the dispersion

nedivm.



LITERATURE SEARCH

A search was made into the available literature to
determine the extent of the work performed by other ine
vestigators, to obtain sufficlent background for desipgne
ing the apparatus required, and to arganize the experi.
mental work to obtain sufflecient data for use in srriving

at valld conclusiona,

The first engineering investigations on the flow be
havior of non-NHewtonian fluids in conduits appeared in
the work of Wilhelm, ¥roughton, and Loeffel (18) at
Princeton University and Caldwell and Bebbitt {3) at the
University of Illinoils, The purpose of this work deals
primarily with the determination of a procedure for copr-
relating pressure drops for various suspensions. Heretow
fore, only qualitative information based on minor experi-
mental data had been avallable. Babbitt and Caldwell
used sewage sludge and agueous suspsnsions of clay, sand
and wood pulp, considering sewsge sludge and clay slurries
as true plestics. The cceffielent of rigidity and the
yield value of s sludge were found to be independent of
the velocity of flow and the pipe dimensions, but depsnde
ent upon the concentration of suspended materiasl, size
and character of this materisl, nature of the continuous
phase, temperature, slippeage and seepuge, gas content and
agitation. Their dats shHowed that for a glven concentrae



tion of suspension, the finer the particle size, the
greater the resistance to flow, Aglitation was showm to
have a definite effect on flow characteristies by a change
in particle size and distribution, Density was shown to
be unimportant in the laminer or streamline flow region,
but of definite effect on the friction factor above the
eritical veloeity which 1s that velocity below whieh the
frietion loss follows the plastic flow equations of
Binghem (5) and above which the friection loss is directly
propertional to some power of the velocity between 1.7 and
2.0. Their deta on suspensions of oclay and sewage sludge
indicate in the turbulent flow region that the conventional
Reynolds number versus frietion factor plot, is valig if
the viscosity of the dispersion mediwm is used. The yield
value and the rigidity coefficlent have no effect on the
friction faetor in the turbulent region ss measured dy
pressure drop in known sizes and lengths of pipe. This is
89, sinse, in turbulent flow the frictiom loss is due to
impact kinetic energy loss whiech in turn dependes only en
the density of the material flowing and its velocity; or,
suspended material effects the density dut not the viscosity
in the turbulent region.

Wilhelm, (17) et al, employed water suspensions of
gement rock and Filter~Cel, varying in concentration from

54 to 62% snd 21 to 34% solids, respectively, and ren them
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sirmultaneously in a modified Stormer Viscosimeter and

in pressure drop sections of known pipe size and length.
For cement rock suspensions pronounced deviations from
Newtonlian properties were found at low rates of shear
(flnld velooity in pipe sections, and RPM in viscosimeter),
while at high velocities the suspensions hehaved similay
to a liguid more viscous than water., Pilter-Cel slurriss
more closely resembled a true fluld of greater viscosity
than water., PFor both cases viscosity increased with cone
centration. The pressure drop data obtained sould be
eorrelated on the conventlonal frietion factor plot, if

a8 sorrected viscosity was employed. This corrected value,
which might bereferred to as the turbdbulent viscosity as
proposed by Binder and Busher {(4) was obtained from a plot
of Log Z versus the RPN of the viscosimeter by extrapolat-
ing the straight line cbtalned to zero shear, or RPN,

Log 2 1s defined as the viscosity that a true fluid would
have for the ssme friction factor as a non-Newtonian fliuild
where the fristion fastor 1s defined for the viscosimeter
as the torgue divided by the specific gravity and the
aquare of the RPM, and the Reynolds number as RFPK times
the specific gravity divided by 2.

Two additional papers have appeared; one on true
plastic end the other on pseudoplsstic fluids which sube
stentiate the data of Wilhelm and his workers, Binder
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end Busher (4) used suspensions of grais in water and
prepared data which indiested that, for true plasties,
data can be correlated in the turhalent region by an
squivalent, or turbulent viscosity which is the viscosity
of a true fluid having the same fristion factor as the
plastic for flow through pipes. The perts of a psper by
Winding et al. {19) on the flow of rubder latexes gives
the first data on the flow properties of psendeplastics.
Hero the data obtained in the turbulent region ceuld dbe
properly correlated op the usual friection faster ploet by
using the viscesity at infinite shear, or the slope of
the asymptotie limit of the shear stress, rate of shear
diagrsm for s psevdeplastic in the leminar flow region.

Based on this werk, Naclaven and Stairs (9) meass
ured the visoonlty of the Pilter-Cel suspensions investi.
gated in (19) by meamwring ths pressure Arcp in known
sizes snd lengths of pipe. By compering the wvalues thus
abtained for Pilter-Usl to those for water in the same
pipes, 1t became poasible to obtain & value o the vise
coslity similar to the turbulent viseosity defined by
Binder and Busher {4).

In 1949, G, E, Alves (1) presented a summary of
smueh of the avallable knowledge on the Plow of non~Newtone
jan Suspensions, Ehear dlagrams for seversl types of
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Newtonian and Non-Newtonian suspessions, flewing in pipe
are presentsd as well as a pomber of references to the
work of the more significant investigators in the field.

The uvailable information on heat transfer to sus-
pensions of the selids in liguids is rather limited,
Hoat transfer soefficients of dilute suspensions of
Filter-Cel in a concentric pipe heat exchanger wers ine
vestigated Dy Maslaren and Stair (9), The conduotivity
of the suspending material, in their ease, water, was used
to correlate their data and the specific heat caleulated
on s welight fraction baasis. Apparent viscosities in the
turbulent range wers salsulated from the pressure drops
in a straight length of pipe. In correlating their dats,
NosLaren snd Stalirs found that the points obtalned st the
high Reynolds pumbers, agreed olosely with the correla-
tion for water alons, At low Reynolds numbers, the points
far the slurry snd weter diverged. At Reynolds numbers
lower than 40,000, it was found that a film of the Filter-
Cel was baled on the heating surface., At the higher flow
velooities, the slurry meved through the heating seation
fast enough to aveid the formstion of e depesit.

Hoopes (11) data on the ceoling of O- 21 persent
Filter-Cel slurries were found to agres within 10% with
the Dittus«Boelter equetion with the 0.4 exponent for the
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Prandtl yumber. Yor the date of Macleren & Stair on

the same alurries the Reynelds mumber mm’nt of the
Dittus Boelter equation hed te be changed from 0.8 to
0.705 and the constant frem O.0RES te 0.08585, Both
Hoopes et 31, and MaecLaren & Stair present their siurries
as showing Binghem hody flow, though Waclaren & Stairs
414 notice some manifestaiion of variation of this Do
havior at low fluld flow rates.

Shandling {16) investigated the heat transfer coe
effictents %o aluminum-water slurries. ZLike the previe.
osusly referensed investigator (9) he obtained his data
in o stean jJueketed heat exchanger whish wes s component
part of s re-cirsuleting syetem, Conmcentrations of slarry
varied from .8 to 7.4%; the Roynolds numbors ranged from
20,000 to 100,000, It was determiny’ that the heat transe
for cosffisisnts were not significantly affested with
insreese in the suspension somsentration. A rise in vis.
econity at low wvelosities and higher concentrations was
found to offsel increases in the slurry sondustivity.

Bo sorrelation of the heat transfer coeffisients of the
suapensions eould be made becauss of particls charseteore
4sties which could not be determined, Correlstion of
Fu/rr %% yorsus Re *7 as tnatcated by the Dittms.Beslter
squation gave a series of parsllel lines having differsnt
ordinate intereepta. The same slope as the line for
water deta, 1.e,, 0.7 was obtainesd.
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Bonille et al. (6) investigated the heat transfer
properties of chalkwwater slurries at different consen~
trations. They found that the cooling of 0 to 21%
slurries agrees within 10% with the Dittus-Boelter

equation:
(2D/Kg) 5 0,023 (0a/5) O (o, /m ) Ot g, ()

over a Reynolds pumber range of 3,000 to 230,000, Best
agreement was obtained by using the following values:
for K, the thermal conductivity of water, for C, the
computed additive specific heat of the slurry and for

B, the viscosity of the slurry was messured in the
Wilhelm and Wroughton viscometer. A correlstion between
viscosities of the slurry and water was made with the

Hatschek equationt

S (
BEq. (8) Ty = ﬂ'“11 - ﬁ'l/sgvhera Uy, z bulk viscosity
/ of slurry

Uy = viseosity of
water

¢ = volume frastion
of solid in
suspension
With the properties of the system evaluated in the
sbove manner, the Reynolds, Prandtl, and Busselt
numbers were dstermined. After plotting Nu/Pr 1/s

versus He, with percent solid as a perameter, 1t was
shown that the Nu/Pr 1/% value varied inversely with
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eomeentration of solid and that the effect was more ape
parent in the lower Reynolds number range. The decrease

in Nﬁ/?rl/a was found to be approximately a linear func-

tion of the solid concentration in the suspension.

Salamone (15) in 1954 completed a series of experi.
ments with s number of suspensions consisting of variocus
powdered solids in weter, In this investigation, the
variables investigated are the individual properties of
the suspension'z somponents with the exeeption of viscos=-
ity, velooity, and density which are measured as bulk
propertiss based upon the conditions of heat transfer.
The experimental dsta 1s so correlated to yield the ex-
ponents of equation (2) by dimensional analysis, Another
oorrelaticn assumes that existing relationships for
liquide apply to suspensions, providing that the pertis
nent properties may be evalusted for the suspension.
Evaluation of all properties except the effestive thermal
conductivity of the suspension could be made. Calibra-
tion of the experimental equipment with water resulted
in caloulation of the effective thermal condustivity of
the suspension. The latter was then correlated with
the thermal conductivities of the solid, the liquid and
the concentration and particle size of the solid. This
investigator chose the turbulent flow region for his
work to develop high ceefficlients of heat transfer and
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to minimines the gprodblem of settling of the selid pavrticles
in the piping syatem.

Orr and Pallavalls (13) worked with warious suspene
sions of powdered solids in water and sthylene glyeol,
™he esquationt

e {1 nng;; 1.8 Ez. (7)

was used to sealoulate the suspension vissosity, ¢ 1s

the volume fraction of the solid in & sedimented bed,
Experimental messurements with a Saybolt type viscosie
metar gave results whish agreed closely with the sbove
reforonvced equation, COaleunlstion of the thermal conduste
ivities of the suspensions agreod rather ¢ell with the
sonduativities determined experimentally. The 4ats obe
tained were correlated rather well with the use of the
Pittus~Poslter eguation as modified by Sleder srd Tate {(20),

§R = o.00v @)‘M@;m %3‘3'“ Eq. (8)
Heat transfer charsoteriastics of non-Newtonian solue
tion {single fluld phuse) were investigated by Ohm 6t al.
(8). Hest transfer sorrelations for ordinary liquide
were fonnd to apply 2 long »m the proper viseceity smd
thermsl sonduativisy were used for the sslution,



DESCRIPTION OF APPARATUZ 17

A schematic dlagrem of the apparatus which is similar
to thet constructed by Bonilla (6) and Salamone(5)was assem=
bled for the purpose of obtaining the data for this investi.
gation as shom in Figure 1,

The slurry wes prepared and stored in a &5 gallon drmm
provided with a "Lightning” motor-driven agitstor. A
Worthington pump of adeguate capacity, driven by a 1.1/2 H.P.
220V, 80 oycle A.C, motor at 3450 RPNV transported the slurry
from the storage tank, through a by-pass, which was installed
to insure positive rate control and thorough mixing by ree
eyeling slurry bsek into the tank, and then thru the system
back to the tank.

The circulatory system consiated of s heat transfer
section for transfer measurements, two cooling sections cone
slsting of e concentric pipe heat exchanger located after
the heating sectiom which kept the slurry in the viscometer
(which came after the sooling exchanger) at the average
tempe rature of the slurry in the heating section; the second
section consisted of 100 feet of close wound 1/2" copper
tubing in the slurry storage tank which maintalned the
slurry feeding the system at 1sothermal conditioms,

All lines in contact with the slurry were 85«15 brass,
except as noted sbove,

The heat transfer section contsined a 1/2 ineh I, P.3.
brass pipe inside a 1-1/4 ineh wrought iron pipe which in
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turn was surrounded by a £«1/2 inch wrought iron pipe.zi
Eteam was circnlated through both smpular spaces, the
outer serving as a gusrd heater. Iron tees and bushings
losated at the ends of the 2+1/2 inech snd 1«1/4 ineh pipe
provided the inlet and outlet for the steam in hoth annular
sections, Bealing of the outer snmulus was sccomplished
by screwing 2-1/2 x 1-1/2" preducing bushings into the 2.1/2"
tees and inserting the 1l-1/4 inch pipe which was then welded
to the bushings, Sealing of the immer snnull was sceome
plished with the ald of reducing bushings, close nipples,
and unions which were turned down inside and packing added
to serve as a packing gland at each end. (Fig, 1 ).Alr
vents were provided at esch end of the inner anmalus.
Heating of the slurry was accomplished in the 1/2"
pipe by steam flowing in the ipner annmulus counter current
to experimental solution over s length of 8 feet. Provision
was made for collecting and welghing the condensate obtalined
from the innsr ammulus. The 12 foot length of the inner
1/2 inch pipe provided for a calming section of approximately
2 feet at each end., REach end was connected to a 1" tee con-
taining a thermometer well in which oil was used as a2 heat
transfer medium., The thermometers used to record the inlet
and outlet slurry temperatures were gradusted in 1/10°C and
ranged from «1% to 101° C. Brass flanges with rubber ges-
kets were installed between the ends of the 1/2 inch pipe
~and the thermometer well tees to minimize end effects due
to heat conduction between the heating section and the raat

of the apparatus,



