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ABSTRACY

The following equsation was developed by Dr. J. J.
Salamone for caleculating the film coeffisient e¢f heat
tranafer to nonsNewtonisn suspensions in turbdulent flow
{Re 50,000 « 200,000) inside of pipes:

0.151 P¥%p, 098 ., 0,08 g  0.38,., 0.7 0,05
BT @ g e}

This equation was investigated to determine its
validity over the lower turbulent regions of the Reynolds
number (10,000 « 70,000}, and to test the exponents of

the warious components.

Equipment was construected similar to that nsed 4n
the originel investigation with added improvements from
whieh it was hoped to gain more accurasy.

The reaults of the esorrelated dsta showed the
followling equation to be valid:

% 2 0,346 ‘n::g,, 3‘) 0.152 @ o.sa ? 0.72 a 0.08

The original investigation also showed that the efw-
fective thermal conductivity veried with veloclity and
reached some limiting value st full turbulense, which was
corpoborated by this investigation,
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The ealoulated data further substantiated that
cortalin properties of the slurry utilliszed in this equae
tion such as bulk veloelty, bulk density, and btulk
viscosity, heretofore net used in equations, conld be
used for designing heat transfer equipment for non-

Hewtonian suspensions,



INTRODUCTION

The object of this research was to check an equa
tion developed by Dr. J. J. 8alamone for predisting the
film coefficient of heat transfer for non-Newtonian
suspensions in turbulent flow., His investigation was
prompted by the lsek of sueh an equation and by the
hypothesis gained from fragmentary data that suspensions
of finely divided so0lid particles of high thermal cone
dustivities in a llguid medium would improve the heat
tranafer properties of the liguid.,

The equation referred to shove was developed from
s majority of data collected in the 50,000 « 200,000
Reynolds number renge, In the present investigation 1t
was decided to sollect deta in the 10,000 - 70,000
Reynolds nuxher range and from that data re-salculate
soveral of the exponents involved in the original equae
tion and thereby obtalin a sheok of the equation over
moat of the turbulent flow region.

The eguation referenced above was one Jeveloped by
dimensional anelysis. The second approach to the problem
was investigated under the assumption that the present
equations for liguids could be applled to suspensions,
provided that the properties involved sould be evalunated
for the suspension. It wses found that all the properties
except the bulk viscosity and the effective thermal con-
duetivity of the suspension could be evaluated, The |
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effective thermal conduetivity and the bulk vissoalty
were evsluated by calibrating the experimental apparatus
with watsr. The investigation showed that ahove a
Reynolds mumber of 37,500 the effective thermal condus~
tivity for each suspension reached some limiting value
that wes greater then that of the dispersion medium,
From the limiting wvalue a linear equation was written.
The effective thermal sonductivities caloulated were
found to be applieable to the Dittus Boelter equation,

This thesis of Binder and Pollera is one of two
whish ran coneurrently with that of Bauman and Quinn,

It was the purpose of this half of the work to de-
termine the expenent of the expression K /K, calculate
effoactive thermal conduetivities and compare thelir trend
in a plot of K, versus Reynolds nusber to the trend found
by 8alamone, and o compare his correlation to the new

correlstion using the new exponents,

Quinn and Bauman investigated the exponent of the
Reynolds number and of the particle size expression {D/Dy).

The data and figures of both parts of this work are

shown in each thesis for the convenience of the reader,



THEORY

The newest formulaX for predieting the coefficilent
of heat transfer (h) to non~Newtonian solutions of the
pseudoplastic type was developed theoretisally by
Je d. Salamone through the use of dimensional analysis,
He conoluded that the fllm coefficlent of heat trans-
fer should be a functlon of:

pipe dismeter « D

weight fraction of so0lld « X

thermal conduetivity of the dispersion medium - K¢
averags particle dismeter - D,

particle shape

specific heat of aolid -~ G,

specific heat of dispersion medium - 3!
density of solid - pg

density of dispersion medium ~ p,

apparent bulk viscosity of the suspension - Uy
velocity, based on dulk density - V$

Assuming spherical particles and incorporating density
of the solid, of the dispersion medium, and welght frace
tion of solild into a dulk density of the suspension pb;
Then by dimensional analysis the following equation was derived:

b
z MW (g )® (5 z } Eq. (1)
%“r r
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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,



The thermoccuples were installed in the 1/2 ineh hrzfn
pips in the following mammer: Three grooves were cut into
the pipe wall at elither end with the 14 of s willing mech-
ine, Four of these were mads 18 inches long, twod commente
ing approximately 12 inches from either end of the 1/2 inch
brass pipe. The third commencing st the same point as the
othars on beoth ends was extended over to the center of the
1/2 inch pipe. The grooves were wide enough to accommodste
a set of ocopper-conatantan thermocouple wires No, 22 gauge.
The thermocouple function was positioned into the groove
snd the latter filled with meclten solder., The solder was
smooth and polished with emery eloth until the surface was
unifornly cirounler, The thermocouple wire was snugly posi-
tiored along the length of the grooves and some litharge
cement with glyserin (&) was used to fill the remaining vol-
ume within the grooves. The entire pipe surfscs was polished
smooth vith fine ewery paper, In all, six copper-constantan
theymosouple junetions were stteched to the ocuter surface at
the top and dottom mear the ends and the center of ;m irner
aptulus. A drswing of the thermoceouple installation is shown
in Pigure 1. |

™e wires far thres of the thermmocouples at each end
were taped to the 1/ inch inner dreass pipe and surrounded
with individusl strends of plastic transluscent tabing for
rrotestion, This provision was made for the length of wire
extending from the 1/2 ineh pipe out to & termminal dlock
adjecent to s rotary eselector switsh, 1In sddition to the
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use of a strand of plastic tudbing fo each set of thermo-

couple wires, a larger size of plestic tubing was used to
contain all three of the individual thermocouples at each
end,

The thermocouple wires, contained within the plastic
tubing, were connected to a terminal bloek and from this
point connected through a rotary switeh to a Leads Northrup
rortable precision potentiometer, An ice bath was used as
a reference junction,

The heating section was completely insulated with 85%
magnesis pipe insulation and aluminum foll. The cooler was
a double pipe type heat exschanger consisting of 1 inch brass
I, P.83. pipe inside a 2 inch standard iron pipe. Cold water
was circulated counter-surrently te the slurry through the
annular space,

The viscometer consisted of an insulated 1/2 ineh I.P.S.
brass pipe with pressure taps spaced & feet apart., A 2 foot
long calming section preceded the pressure drop sectlion. Ap-
proximately 30 inches beyond the pressure drop section provie
sion was made for a tes containing a thermometer well, A
carbon tetrachloride manometer was used to determine pressure
drop data, Traps were installed just after the preassure
traps to prevent slurry particles from reaching the manometer
lines., Lines to and from the traps were made of transparent
Excelon plastia tubing. This provision enabled viewing air
or solid meterial whlch occessionally found its way into the
mancmeter lines. The manometer was 80 bullt that the traps



24
snd transparent lines could be convenlently flushed with

water, This was done before all resdings to remove gedi-
ment and alr from the lines and traps.

The plpe returning to the slurry tank was provided
with a set of quieck opening valves to conveniently allow
diverting the slurry into a weighing tank for flow rate
meamrements. A cooling coll was provided in the slurry
tank to maintein isothermal conditions in the tank,

The solids nesed for the slurries are described in

Table 1 ™
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EXPERIMENTAL PROCEDURE

The apparatus was first operated with water and the
data used to plot Pigures 5 and 6., The data for Figure
€ was obtained from the pipe 1line viscometer and shows
excellent sgreement with the line obtained from the

Xa ion I
von Karman equation %g = (2 log Re Vr~) ~0.,8 Eq. (9)

as shown by the broken line below it, The heat transfer
data gave a line with the same slope as the acsepted
data {Pigure 5) although the intercept was greater., Four
additional wster runes were made to check the von Karman
plot. For these rune the heat trasnsfer dsta was not

talken, This data agreed well with the first ten runs.

After the water runs had been shown to be aceeptable
the slurry runs were started. FPor each set of runs adbout
forty gallons of water were run into the slurry tank and
the pump started to eirculste it through the system. The
Iightning mixer was turned on and sufficlent so0lid was
added to five approximately the welght percent of solid
desired.

The stesm snd cooling water to the cooling section,
the helieal copper colils in the slurry tank end the
condensgte cooling tank were then turned om, The slurry
rate was set by manipulating the pump discharge valve in
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conjunction with the bye-pass valve to give the approxi-
mate desired rate as shown by the pressure drop differ
ential on the manometer in the pipe line viscometer,
When steady state was resched as evidenced by sonstant
temperature readings of the slurry at the inlet and outlet
of the heat exchanger and in the viscomoter for a period
of ten minutes or more, the sbove, the thermocouple mil-
livolts, the manometer differential, and the steam
pressure were observed and recorded. The inlet tempera.
ture, outlet temperesture and manometer differentisl were
averaged over the lsst two or three readings, if there
wae a variance, to minimize the effect of small fluctua-
tions. The steawm rate was determined by weighing a ssample
eollected over a known period of time, The slurry flow
rete was determined by diverting the flow to the slurry
tank into a tared tank on a portable platform secale and
waighing the contents collected over a known perlod of
time. At least seventy-five pounds of slurry were cole
lected to minimize the error in the dstermination., A palr
of quick opening valvea insured rapld change over from
flow to the slurry tank to flow to the tared tank and
vicew~verss.

The density of the suspension was obtained hy welgh~
ing four liters of the sliurry in a flask in which the same
volume of water had previously been weighed at the same

temperature, This density was In turn used to determine
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the welght~fraction of solid in the slurry from previ-

ously prepared curves based on known concentrationa.
These curves which are 1llustrated in Pigures 4 and 44
were prepared by welghing a clean dry volumetric flask,
It was then filled to the graduated mark with water and
weighed accurstely, The wester was poured out and sbout
twe grams of sollid sdded and weighed after which the
flask was again filled with water leasving the solid in
the flask, By subiracting the tare weight of the flask
from both the welght of the flask plus the water alone
end the weight of the flask plus the water end the solid,
the density wes found by dividing the latter by the
former. The weight fraction waes determined from the
welight 6f ‘the s0lid amd the welight of the solide.water
mixture., This procedure was continmed with four samples
of each solld at steps of two grams, five grams, ten
groms end fifteen grams shown in Teadble No. 2, and a

plot of density versus weight fraction was msde,



ZABLE 1

Source of Naterials and Their Physical Properties

Density SP. Heat 60%  Commme
- - 1 Conduet.
at 209  mTU/Op, BT /by gropert
Materisl Source @n/oe ) v/Pt°/rt  Microns
Atomite Thompaon
Chalk Powder Welrman & Co. 2.71 0.2089 0.40 2.8
Nontelair, ¥.J. (Co.) Perry Perry {Co.)
8now Plalke Thompson 2.71 0.209 0.40 -]
¥hite Powder Weinman & Co. {Co.) Perry Perry (Co.)
¥ontclalr » Bedo
No. 1 White Thompson 2.71 0.209 0,40 14
Powder ¥elnman & Co. Perry Perry
xﬂntellir, R. J.
Copper Powder [Charles Hardy,Incd 8,92 0.0932 220 S0 w#
New York, K.Y, Perry Perry Perry
Electrolytie Cir.
Powder

All properties of water from Perry

Thermal conductivity of brass (85015 red brass)

90 BTU/mr®r/rt?/re

#8# As caleulated from size distridbution data enpplied by menufacturer



TABLE 2

Density-Weight % Dets
wt. So0lia Total Wt,

ig éga oo gi 100 oo 2 < Slurry

o urry emP . L sit
Solia grems., gu%? % Solid gagoo
5 102,47 26 4.9 1.028

10 108,72 26 9.5 1.059

185 109.2 26 13.7 1,094

Snowflake White 2 100.7 28 2 1.008
8 102.4 285 4.9 1.025

10 106.%7 25 Ped 1,088

15 108,85 28 14.2 1.088
No. 1 Wnite 2 99,73 25.5 2 .0988
5 102.63 25.8 4.8 1.028

10 105.63 286.5 Ded 1,058

18 108,53 25,8 13.8 1.087

" ,

Copper 1,421 ] 1.00

5.35 | 1.02

6.41 1.05

10,75 1.098

13,99 1.124
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TABLE HO., 3
Observed Data
Water Calibration Run

Run HNo. 1 2 3 4 5
Inlet Temperature, °¢ 33.3  47.7  46.2  44.0  40.8
Outlet Temperature, °C 78.2 75.1 75.0 76.3  75.5
Average Temperature, °G 55.8  61l.4  60.6  60.2 58,2
Te Co #1, mav, 4.55 4.4 4.52 4.5 4.22
Te Co #2, mov. 4.3¢ 4,05 4.16 4,1  3.88
T. Co #3, mev, 4,15 3.82  3.85 3.9 3.86
T, Cu #4, MV, 4445 4,28  4.41 4,39 433
Te Co #5, MaVe 4.67  4.55 4.6 4.58 4455
T Co #6, muv, 4,36 4.30  4.33 4,39 4.39
Aver.Thermocouple Temp.,°F 217.5 212,1 213.5 213.2 209
Viscometer Temp., °C 5843 64 63 63 59.8
Water Mass Rate, 1b8«/pqp 28,75 81 70.5 58,5  49.5
Condensate Mass Rate, 1D8e/fin3.1 4.25 4,25 4.0 3472
lanometer Read.Inches CCl/y 9.75 62 51.3 37.63 27,75
Steam Pressure, psig 7.2 6.5 646 7 6.1

11

£

i8

8a

BT « 56

10.2
3845

21,38

20.8 22
D018 1842

13.83 563




S TARLE N0, &

Caleulnted Dota
Yiaoter kuna

Fun loe 1 2 3 4 5 6 7 8 ) 10 11 32 13 14
Priction Factor, £ «0204 L0165 »0180 <0192 «0158 #0236 L0035 L0340 20208 .0166 L0253 0852 0263 0297
1/ve 6496 7490 7445 7420 7.11 6450 G.51  Bald 6495 7414 G oB4 o290 6417 5.80
Re Vi~ 5,220 14,540 12,680 11,080 9,040 5,560 4,760 2,434 7,550 10,100 4,670 3,650 3,040 2,010
Reynolds No.,Ke Heat Sce. 56,300 111,700 96,600 79,800 64,200 37,100 31,000 12,800 52,500 72,100 30,600 23,000 18,800 11,700
Vater Viscoslty, op 04483  9.443  L445 o448 470 W505 (507 4685 \468 453

Pipe %all TempsDrop tm OF 942 15.9 15.1 154 12,9 8.8 8e2 4,3 113 15.3

Inside Pipe Well Tempstgsop 208 198 168 200 197 205 =07 ecl =67 04

Log Mean TempeDif, ty, op 080  40.5 54.2 54.0 54.0 68.6 M1.0  04.4 6540 £6.9

vater Heat BTU/hr x 10° 139 240 <z 202 186 155 124 6448 151 £00

Steam Heat BiU/hr, x 10° 178 244 244 234 218 171 162 £83.8 196 ooy

Film Coeff. BTU/hr.ft2 Op 1670 3740 3220 2080 2650 1493 13456 528 209 o0

Nusselt Number, N 215 812 441 394 362 204 184 7243 2846 369

Prandtl Number,P Visc.Scc, 010 2484 2,86 287 3402 3028  F,25 375 3.01 2.9

p 0,04 1.57 1.52 1.52 1.52 1.56 160 1,60  1.70 1.55 1,55

n/p 0«04 137 338 289 258 253 128 115 42.6 13.4 24,1
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COMPARISON OF EXPERIMENTAL HEAT TRANSFER
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TABLE N0. &

Observed Data

Atomlte Slurry Run
1 2 3 4 5 6 7 8 9 10 11 12
Inlet Temperature, °C 58.0  41.0  37.4 32,8  87.0  59.6 41.6 40,1 59,3 3843 34,2
Ooutlet Temperature, °C 6547 67.8 7245 74,5 7046 7241 7243 74.3 7548 78.1 80.7
Average Temperature,loc 62.0 54.4 55.0 5448 54,0 55.8 57.9 5847 59.6 6045 59,5
Te Cu #1, MoV 3055 3454 3481 3.91 3480 372 3476 3487 3493 4,05 4.16
T. Cu #2, meVe 3457 3455 3.81 3.91 3480 376 3490 4.1 4,00 4 ,16 4.29
T. C. #3, mev. 3.60 3455 5473 373 3.62 3465 3470 373 3,75 3.87 4.05
T. C. #4, MV 4.22 4,37 4,38 4,27 4.29 4.31 4.45 4.45 4445 4.55 4,60
T. C. #5, mave | 4,42 4.51 4,59 4.49 4.57 4,65 4,86 4,81 4,81 4.85 4,89
T. C. #6, Mmeve 4,27 4,36 4,47 4,49 4,57 4.65 4,82 4.81 4,74 4,80 4,80
Aver.Thermocouple,Temp.OF 19849  200,2  206.4 206.8  205.4  205,8 210.5  212.7 212,1 217.6 219.8
Viscometer Tempe, °C 5240 54.8 5640 5345 5348 5548 57,0 5742 5746 58,2 5744
Wator Mass.Rate,lbs/min. 47.75  57.60  30.60 23,10  38.60 45,62 51,75  41.25 37.60 31.30 21.25
Condensate lMass Rate, 1bs/bin.2'77 8402 2466 2406 2468 2495 Se16 2481 2,54 2436 1.95
Menometer Read. Inches 0C1, 28.56  34.63  15.94 8.13  18.63  23.88 31.13  20.88 17.50 15.25 7.75
Density, 1bs/Ft 6446 63.9 63.6 6346 6345 6343 65.1 6542 65,2 65.3 65,4
Steam Pressure, psig 8.2 10,3 10.6 8.13 944 11.3 11.2 10,0 10.2 10.5 9.6



Run Ko.

Inlet Temperature, ¢
Outlet Temperature, °C
Average Temperature, %

T C. #1, meVe

T. Co #2, mave

Te Co #3, MeVoe

Te Co #4, mave

T. Co #5, m.ve

Te Co #6, mev.
Aver.Thermocouple Temp.oF
Viscometer Temp., °c

Vater Maés.ﬁate, 1bs/min.
Condensste Mass Rate,lbs/min.
Manometer Read.Inches, CCl,
Density, 1bs/Ft°

Steam Pressure, nsigz

TABLE NO, 6
Observed

Datn

snow Flalke

1 2 3 4 5 6 7 8 9 10 11 12
45,3 45,3 42.6 42.0 58.8  34.3 3349 3744 41.3 43.3 45.5 48.1
76.0 7T7.2 Y7.6 80.4 80,2 84,2 81.5 80.7 82.1 79.9 8.4 79,0
55.6 61,2 60.1 61.2 59,5 58,2 57.7 5941 61.7 61.6 62.0 6346
3.65 BJ79  3.81  5.92  4.00  4.22 4.22 4,01 4,07 5490 3485 3485
3.66 B.T7  B.02 4,05 4.07  4.22 4.27 4.07 4,23 24,07 3.93 3.96
5.58 3468 3.68 3.84 3.83 4.03 4.02 3485 3496 388 377 3.75
4,38 4,59  4.40 4.5¢ 4,51  4.52 4.60  4.47 4.65 4.55 4,45 4.48
4,74 4,75 4.T5  4.85 473 4.7 4,78 4,74 4,98 4.86 4,81 4.83
4,61 4,66 4.85 4,74 4.69  4.73 4,73 4,68 4.89 4,76 4,70 4,69
205 208 208 214 215 217 218 213 219 214 211 211
58;5 59.1 59.1 60.0 58.1 57.0 57.2 59.0 62.0 62.0 62,7 64.2
56;7 48.5 43.5 35.7 28.6  17.2 20.3 27.7 Z5.1 42.4 50.6 5641
.44 2;91 5,79  2.58 2.37  1.85 2,00 2444 2487 3403 3.83 3436
34;2 on.8 22,1 15.7 10.6 5.1 6.9 10.5 15.4 21.0 28,5 34,0
64.0 64;0 64.0 64.0 64.0  64.0 6643 6645 6645 6645 6643 6643
Jo.0 2.2 9.8 10.8 9.5 9.5 9.5 12.5 10.5 9.1 9.6



Run No.

Inlet Temperature, 9¢
Outlet Temperature, ¢

Average Temperesture, °¢

T, C. #1,
Te Co #2,
T, C. #3,
Te Co #4,
Te Co #5,

Te Ca #6,

Aver.Thermocouple Temp. °OF
Viscoreter Temp.,
Water Mass. Rate lbs/min.
Condensate Mass.Rate 1bs/min.
Manometer Head.Inches 0014
Density =~ lbs/Fts

Steam Pressure, psig

INaVa

MeVe

INeVe

TeVe

ItaVe

MNeVe

- OCbgerved Data

TABLE NO. %

No. T White silurry Runs

1 2 3 2 5 6 7 8 9 10
44.1 44,0 44.0 41,9 38,1 46.2  41.1 42,2 3845 36.1
T7.7 79,8 B0.6  81.1 84,6 78.1  76+4 82.1 85.2 83.0
60.9 61.9 6203 61,5 . 61'4 62.2 5808 6202 6009 59.5
3.63 5,79 BT B.81 4,22 379 SeT7 897 4.10 4.14
3.68 B.79  BJIT 5486 4,10 3.72 577 .97 4.10 4,14
B.6R B3T3 5,73 B.82 5.96 35.66 5461 8.90 4.02 4,01
4.50 4.51 4.49 4,52 4.55 4.45 4045 485 4465 4.65
4.84 4.80 4.78 4.77 4.88 4,81 4,76 4,83 4,88 4.85
4,62 4,70 4,70 4,71 4,79 4,69 4.66 4,75 4,81 4,77
200 210 209 211 217 208 208 214 218 218
57,6 58,0 58,1 7.5 56.2 59,0  o0°° 5945 5843 57.0
47.6 42.1 9.6 34.0 25.1 54,0 %3 55.4 26.6 22,8
2,77 2.85 2,62 1,99 2,40 3.20  °°8P 2.50 2420 1.87
5.6 22.6 20.5 16.5 9.5  53.5 2549 15.0 9.69 7425

‘ | 6644 66 o4 664 6644
64.5 64,5 64,5 64,5 64,5 66.4 '

| | | | 9.2 10,4 10.2 9.5
9.75 9,90 9.20 8.6  10.1 10.3



Run No.

Inlet Tamperature,oc
Outlet Temperature,©¢

Average Temperature,©C

Ts Co #1,
T. C. #2,
Te Co #3,
T, C. #4,
T. Co #5,
T. Co #6,

MeVe

MeVe

meVe.

m.v,

MeVe

MeVe

TABLE N0, 8

Observed Data

opper Slurry

Aver.Thermocouple Temp. °F 207.0 215.0 214.5

Viscometer Temp. ©C

Copper Mass.Rate #/min,

Condensate lass Rate #/hin. 3.29

Man.Reading Inches CQ 4
Density - 1bs/Fro

Steam Pressure - psig

1 2 3 4 5 6 7
44.7 44.0 40.5  36.3 38.9 36.2 33.6
77.8 8l.4 8l.4  82.0 82,9 83.9 83.9
61.3 62,2 61.0 59,2 60.9 GO0  58.8
3,64 5.90 3.95  35.86 875 395 4,10
3.64 3485 4.86  3.86 3489 8410 4,25
3.70 3.91 3,95  3.92 3.96 4,06 4,17
4.5 4,66 4.66 4,56  4.59 4,73 4,73
4.83 4.99 4.92 4,78 4.83 4,80 4,90
4,62 4.85 4,81  4.68 4.69 4,80 4.80
211.56  212.5 217.8 220.3
62.6 64.5 61,9  58.4 €l.1  57.0 54,6
59.2 44.8 39.3  29.4 32.2 25.6 19.4
3.37 3.07  2.58 2,75 2.31 2,07
33,0 27.0 19.0  11.5 15.00 9.5 6.3
63.6 63.6 63.86  63.6 63.6 63.6 63.6
10.0 12.2  10.7 8 9.4 11.8 10,3

8 9 10 11 12 13 14 15 16
4649 47,3 40.8 44,3 35.5 31.6 4301 46,0 3667
88,9 B4,6 92.2 88.1 87.9 87.6 81l.7 81.0 88,2
67.8 6640 €6.5 6G.2 61.7 58.6 6244 655 61,0

3480  3.60 4.00 J.82 Je€3 367 D52 G778 G485

4;05 3.82 4423 4.05 3.75( 0467 5498 381 S.88

4,18 4,00 4436 4.16 S.84 3.80 4.07 S.90 3,97

4.87 4.76 5,00 4.8¢ 4450 4.85 4,60 4445 4.55

5230  5.12 He34 5,17 477 4.85 4.12 4,66 4.70

5013 4,93 He24 5,02 4463 4.68 4,74 4,86 4.66
225.0 215.8 228,61 221,0 222.3 22545 202.3 208.5 212,0
84,4 63,0 €l.7 6340 57.0 651 €0.0 61.3 57.8
50.6 5B.H 31.8 44,8 20.6 16.7 49,3 62,0 28,43

4,06 4.22 D043 S81 2,39 1.93 S0l 3.07 2.69
32.0 45.0 14.5 2545 7425 4.50 3360 48.0 12,0
€445 0440 64.6 64.5 64,5 6445 66,0 66,0 66,0
19,8 16.0 18,9 17.3 12.5 11.0 046 11.3 9.0



™he heat halances obtsired were very poor, the senden.
sate sollsnted showing o Mgber hest input than the tespw
eprature rise of the slurry in salmost all of LY sasss »ith
the poorest sgreemsnt ocosursing st the lower mass matos.
411 of the reat transfer saloulations wére based on the
tomperature rise of the slurry and the average value of the
gslsulated slurry heast capacity. Sinee thers was good
sgrespent between our data and published deta of ather
fuventigatars, 1t wae Asgided not te stop the experimental
work (o make podifications of the apmratus to imprave iis
perfarmange, The pllot tude of the stesn pressurs reducing
valeve {8 comneeted to the low preasure side at the end of
the bheader foeding stear to the heant seclion, It is posss
ible for sondensate Lo be fareed inte the pllot tube snd
make the steam pressure unstesdy and unrelisbls, The
pilot tube comnestion should be nowed beak from Sthe end
of thw live snd pitoked sway froe the pressure vedusing
valve 80 that L1t drains 4ry snd s steam trap should b ine
stalled at the and of the header to Xeop the stenm as 4ry as
poseible, It is slso recomsonded that a ealarireter be ine
stalled om the inlet ateam to determine its guality.

The fristion fsetar was galeulated Troe the eguationg

fe ..Q_E.Q.iﬁsg.... Eg. (10)

P



4}
The pressure drop was read from the pips line viscometer
which consisted of two pressure taps six feet apart cone
nected to a carbon tetrachloride manometer, The density
was determined by comparing the weight of equal volumes
of slurry and water at approximstely the same temperature
and the velocity was calculated from the mass rate.

The reciprocal of the sgquare root of the friection
fector was used in the von Kermsn equation (Figure &) to
obtain a Reynolds number from which an apparent viscosity
was calculated, Thie viscosity was caloulated from data
observed at the tempersture in the pipe line viscometer
and a correction based on the ratio of the viscosity of
water at the heat section temperabture to the viscosity of
water at the viscometer temperature was applied. In most
csses this was a small correction since the ratio of the
hest transferred to the slurry in the heat section to the
heat transferred from the slurry in the cooling section
was very close to one. This corrected viscosity was used

to find s corrected Reynolds number,

The film coafficient of the heat tramsfer to the suse

pension was calculated from the conventional equationt:

L3zg/altm Eq. (11)

whore q 12 the rate of heat transfer evaluated from the
product of the slurry temperature rise, the mass rate
end the caleculated slurry specific heat; A is the inside
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surface area of the heated pips, and Atm is the log mean
temperature differense between the arithmetic average in-
side pipe wall temperature and the inlet and outlet slurry

temperatures,

Using the velues salculated above and constants taken
from the literature, the Fusselt mumber and Prandtl mmber
were calonlated, These values plus the ratios of thermsl
gconductivity of the slurry to the thermal conductivity of
the water, the heat capacity of the alurry to the heat
capacity of the water, and the inslde dismeter of the pipe
te the average slurry psrticle size which were constant for
each slurry conscentration, were used to ecaleculaste the co-

ordinates of Figures 7, 8, and 9.

Sslamone (15) has presented a discussion of the mage
nitude of the possible error in his work and since the
equipment, procedure, and slurries investigated are sube
stantislly the same, his 10% overall error i1s applicable
to this report.

The results were plotted in Flgwres 7, 8, and 9.
From the slopes of these plots the resulting equation becomes:

0.7 e [ 3 O.'?’Q G¢15 0»55
T T oo @ Qo (B 5* *ra. 12)

G

Figures 10, 11, and 12 give sn oversll correletion of the data,



Run No,
Friction Factor, £

/vy

Re V5

Beynolds lo., BE

Pulk Viscosity uy, 1bs/min, ft.
Corrected Bulk Viscosity, “'b
Corracted Reynolds Noe(x 102)
Megs FPractior, so0lid in slurry,x
TermpaDrop across Fipe Vall, tmoF
Inside Pipe Vall Temp.,t. s, °F
Log Been Temp,Dif ference,t;., p
Slurry Heat, BIU/br.( x 10%)

{ x 103)
Film Coefficient, DTU/hr.rt° Op
¥usselt Mumber, N

Prandtl lomber, P
p .72

72
o7

Steam Heat, BTU/br,.

K/P
He
n/P 72 Re o7

D/Dg

H/(g~)°55( 0)* 0% (pp)* 72
(D/b ).05

(D/bs) =162

(%g/Kp) *OF

(Rg/Ep) ° o8

Coleulnted Data - stomite Slurry hung

2 3 4. .5 G 7 8 g 10 11 Pun Yo.
20223 L0191 L0303 L0271  .0228
6.7 7.2 5,75 6.06 6462 L0206 L0212 L0228 JO206 L0246 <0312 Kg/fKe
5750 10600 1850 2700 5200 695 5,00 5470 6485 6,56 5e66 Dy ¥ic.
38600 76B0D 10600 16200 4400 7300 6000 5750 5400 5850 1680 ca/bf
«0305 L0184 0706  .0348 0275 54100 47200 8600 26000  2a500 0400  Ft¥/peS
Lo Ll st 206 .0208 40262 #0256 03 0350 «35
0503 L0185 0718 .0%dz k0275 70808 4/9; O - 08 WS PP TS - (Cale)
9 204 25! 24 a .
386 765 10.4 176 344 {0p0s 0204 0265 0248 LO0zoz  .0F "1 Cp s1urry Ave
0 10.8 7.4 6.6 0.08 LOZ3 078 078 G078 «080 2085 # Atomite/etS Slurry
) , o o ; 1.67
189.9 189.4 199.0 200 ? 196 .4 10.(5 10.7 995 gnﬁt 8.{76 G.Cl h
57 6.2 63.0  64.7  63.0 105.4 100.8 203.2 202.9 209,2  215.2 D 167
'Y . e L e
135.5 162 112 100 156 B7.8 613 61,3  6l.5  65.8 60,8  N/(pr)-04
159 173 152 118 183 156 161 143 139 126 90,8 ¢ *667
. 657
1800 2220 1367 1160 1660 167 180 160 145 138 11 )
pat 500 187 16z oon 2070 2020 1734 1740 1450 1100 in/tpr)°°43 1.67
| on4 277 org 248 100 151 K,
‘2‘08 o & et = F
1 ? 94 1104 5.40 4‘01.)6 - . ou ‘;72 ﬁosv} '35 '05
3,00 2413 5.50 5427  2.80 Bo27 4,10 4,00 T.0¢ 4,78 0.40 0 nfhir) (ﬁg) ﬁgﬂ) (Eq)
! Zaf 4ol ¢ £
82,0 143 34 49.8  8l.1 BeBB BT 00 B0l B89 A N/(f”>(§1igic‘§5(§§§$
e - - 2 3
1720 270 660 0i0 1561 124 101 BG.8  $1l.2  6G.5 S%e9 o Te e
0476 0516  .0516  .0530 0510 2160 1980 1740 1660 1270 650
) ° b ot P9y
6260 6060 €260 6260 6260 D574 L0507 L0514 L0840 L0524  LO5ED
o o~ A ¢
0084 €060 0280 6260 6260 6260
1,55F
o265
1001
1005

1 2 3 4 5 6 7 8 g 10 1
1,06 1,08 1.06
2.5 DB 2.5 2.5 2.5 245 28 2.5 2.5 2.5 2.6
214 14 14 o214 4214 ¢Z1E o214 L2146 L314  L814  .2M4
2310 3510 ©310 5310 5510 8310 6880 6580 6580 6500 6580
SBE  JBBE  LEBE 584  o5D4  J584  .584  .5B4 .B94 B¢ 584
JOSB  oDSB  oB02  LOGB L0588  J008  L938  J978 .03 037 <034
1.010 1.010 1,018 1,016 1.019 1.019 1.040 1.040 1,040 1.040 1.040
0,54 2,58 2458 2,54 2,54 2,54 506  5.06  5.08 5405 5.06
260000 302000 168800 136000 260000 344000 33000 251000 257000 190500 121000
L0716 00716 00716 00716 JCOVIG 00716 00716 00716 00716 00716 «CO716
140 D44  4Bod4  T0.5 12.6 183 165 142 138 98,6  46.0
oD7B5 o078 JO7EG <0705 40785 L0785 0583 L0583 L0583 L0583 L0583
J002 Q070 o172 L1086 JO01 L0755 L0888 L0860 L0845 L0896 @ W142
3800 600 650 1250 2200 GO0 5000 4000 3700 2.80 810
GTT WBT0 W70 <500 «431 4302 o367 o35 o308 4444 o672
g0 173 7.4 B 6886 137 111 97.5 €0.5 74 57 o
o7 17 219 32 520 800 652 874 B85 420 219



Run Yo.

Frictior Factor, £

1vr

Re V5~

Reynolds Wo., KE x 10°

Bulk Vlscosity'ub, 1bs/h1n.ft.
Corrected Bulk Viscosity, ufy

Corrected Reynolds No. x10° »

¥ass Fraction,solid in slurry,x 048

Temp.Drop across Pipe wall, t,%pll.9

Inside Pipe Wall Temp.,tsi,op

Log Mean Temp. Differ.,t, ,°F
Slurry Heat, BTU/hr. x10%
Steam Heat, BTU/hr, =x 105
Film Coefficient, BIU/hr.ft° Op
Musselt Fumber, B

Prandtl ¥umber, P
P '72

Reo?
H/?.72 Re o7
D/D,
!L/ﬁf')

(D/D )-05
(p/Dg) =+152

(KB/Kf) +05
‘(Ks/kf) .08

«35 +705
{Re)

72
(Pr)

1 2 3 4 5
«0182  ,0213 L0210 ,0222 .O233
7.21  6.85 6490 6.7T1 6455
10500 6800 7200 5800  4800¢
75.5 4646 49,6 38.9 5l.4
0184  ,0255 L0215 ,0225 ,0224
.0192 L0247 ,0212 L0221 L0221
72.4 481 50,4 40.6 51.8

048  ,048  ,048 ,048
11.0 10.6 9.8 9.0
193.1 197.0 198.4 204.2 204.0
46.1 49,0 51,1 54,3 57.3
181 161 158 143 123
179 166 159.5 147.5 133.5
3020 2530 2380 2030 1650
414 346 326 278 226
3.05 3,92  3.36  3.51 5.51
2.18  2.60 2,34 2,41 2,41
190 153 139 115  93.8
2660 2000 2070 1770 1480
eOT14 L0665 L0671 L0650 <0634
2610 2610 2610 2610 2610
1.11
1.482
.304
1,001
1.005

Calculated Data =

TABLE N§O. 10

nowfiaske vhite Slurry R@y

6 7 8 9 10 11 12 Run No.
+0310 ,0308 .0252 ,0230 .0216 .0204 L0198 Kg/Ke
5.68 5,70 6.92 6,60 6.80 7.00 7,131 Dg Mic.
1700 1770 3550 5100 6400 8200  g200 C40f
8465 10.1 22.3 33.6 43.5 57.3 65,2 Ft2 /rt°
0436 40495 L0308 .0256 0238 L0216 ,0211 (Co/cp)eB8
«0421 L0459 .,0304 ,0256 .0240 0218 ,0214 C Slurry Aprace
8.95 10.2 22,3 33.6 43.1  56.8 54,3 Pgy gm/ce
048  ,104 .104 .104 .10¢ 104 104 # Snowflaly/Ft° Siurry
7.0 7.6 9.2 10,8 11.5 12,2 12,7 b 1.87
210.0 210.4 203.8 208.2 202.5 198.8 198,53 D 1.67
60.1 65,0 57.2 57.4 52.7 49.8  46.6 §/(pr)*04
89 95,8 119 142 15¢ 165 172 ¢ 2557,
105.4 114.2 139  183.3 172.9 184.7 192 u 667
1140 1135 1600 1900 2180 2550 284 (N/(pr)°°4f“67
156 156 219 260 299 350 389 K, ;72 o5 .3
6469 T.75 4483  4.06 3,81  3.46 35,40 N/(pr) (§E;?§Z; ?%%3
3478 4420 3.0l 2.66 2.62 2.38 2,35 §/(Pr) &) %n" ) (8s )+
41.3 37.2 72,8 97.7 121.0 147.0 165.0 (“})(ﬁg) (g
656 667 1160 1540 1860 2250 2460
«0629 L0558 40628 L0634 L0630 +0653 L0670 Av.0646
2610 2610 2610 2610 2610 2610 2610



1 2 3 4 5 6 7 8 9 10 11 12
1.06 1.06 1.06 1.06 1.06 1.06 1.06 1.06 1.06 1.06 1.06 1.06

6 6 6 6 6 6 6 6 6 6 6 6

214 214 214 214 214 .214 214 214 .214 214 214 .214
1235 1235 1235 1235 1235 1235 2770 2770 2770 2770 2770 2770
.584 .584 584 584 +584 .584 584 .584 .584 .584 .684 .584
962 . 962 962 . 962 +962 . 962 .918 018 918 918 018 918
1.026 1.026 1,026 1.026 1.026 1.026 1.058 1.058 1.058 1.058 1.058 1.058
3.07 3.07 3407 3.07 3407 3,07 6485 6.85 6.85 8,85 6485 685
640000 495000 427000 331000 229000 125700 125600 223900 288200 398000 501000 575000
+00716 +00716 00716 «00716 «00716 00716 00716 «00716 00716 «00716 «00716 «00716
23,3 16.5 17.3 14.5 118 46.5 47.1 89 125 152 190 222
9745 9745 <9745 9745 .9745 L9745 .9445 J0445 9445 .5445 .9445 .9445
072 .084 077 078 .120 \134 097 097 0865 0825 0775 0765
9200 5000 5500 4100 2900 600 630 1800 3200 4400 6450 8400
463 563 .480 495 «482 .834 736 653 515 541 495 440
218 153 1595 135 108 47.5 42.7 83.6 112 139 168 189.8
1065 245 780 648 526 232 209 408 549 680 825 928



TABLE N0, 1) ,
Cnloulnted Data « [io. 1 ihiite Slurry Runs

Fun No. 1 2 3 4 5 6 7 8 9 10 Run To. 1 2 3 4 5 6 7 8 9 10
Friction Factor, I -0828 L0230  LOR36  LOESB 0267 <0214 L0228 .0224 0286 L0261 Re/Re 1.06  1.06 1,06  1.06 1.06 1,06 1,06 1.06 1.06  1.08
/v 6462 669 W50 6422 6.1l €.85 €462 6.70 B.25 8,22 Dg Mic. 14 14 14 14 14 14 14 14 14 16
Re VT~ 8200 KOO0 4500 3300 2600 6800 5200 5800 3400  BI00 Co/Cp 214 .214 W214 L214 L2132 .214  .214 .214  .214 .214
Roynolds Tumber, RE (x 10°) 3444 SR8 20,2 20.5 1595 46,5  J4.4 38,8 21.2 20.5 Fe2/ptd 835  .835  .835  .835 835 1765 1765 1765 1765 1765
Bulk Viscosity w,, lbs/min., ft. — .0539  A0f4 L0522 0806 0BG L0284 L0516 0228 -0307 0272 (Cq/0g)""® 584 W5B4 584 584  .5B4  .584  .584  .584  .584 .584
Corrected Bulk Viscosity, u'y 20322 L0206 L0311 .0Z84  LCBS7 L0271 L0364 0214 (0294 L0262 Ggyyppy Avers \O56 <956  «956 4956  .956 909  ,909  .909  .909 .909
Corrocted Reynolds Mumber (x 10°) 30.2 348 2l 207 17.2 48.8  B1.6  40.5  22.2 218 Pal gm/ce | 1,032  1.032 1.032 1.032 1.052 1.07 1.07 1,07 1.07  1.07
Mass Fraction, solid in slurry, x 056 <06  ,OB6 086  ,055 Jd15 L1165 115 G115 G115 #1 white/Ft® Slurry 3.61  3.61  B.61  B3.61  B.61  7.66  7.66  7.66  7.66  7.66
Temp. Drop across Pipe wall, t, O 11.0 105 9e€ o2 B0 12.1 10.8 0.5 Bed 745 (Rg/Rg) 0B 1.005 1.005 1.005 1.005 1.005 1.005 1.005 1.005 1.005 1.005
Inside Pipe Vall Temp., t,4, O 198 200 198 =ZoZ 209 106 197 204 210 21 n 167 457000 447000 447000 338000 229000 575000 392000 363000 199000 156000
Log Mean Temp.Differonce, by, F 908 49.6 46,5 516 887 4.1 BT.S  50.5 BB 02,9 p 167 J00716 JOO716 00716  <00716 00716 .00716 .00716 .00716 00716 00716
Slurry Heat, BIU/ur (x 10°) 165 186 145 188 120 269 154 139 117 108 u/tPr) .04 130 127 118 88 72 168 117 145 89 86
Stean Heat, DIU/hr (x 10°) 198 e a0 e 185 162 145 e U3 C average *5¢7 .O705 9705  .9705 9705 0705 49355 .9355 0355 .9355 49356
Film Coefficlent, BTU/nr £t2 Op 2500 9420 2410 2050 1670 2820 2210 2120 1510 1280 u 667 103 L0085  .1025 o117 113 0924 .0886 .0786 .0975  .0895
Nusselt Fumber, Meo s me o weEo W 286 502 £00 207 1% (1i/(pr) +0%)1.67 3400 3250 2000 1780 1290 5200 2850 4100 1800 1700
Prandtl Number, P 5u11 4,70 4494 6408 566 2,20 5445 .40 4,66 4,15 Ko oo a 625 JO7L  WTEL W0 JT6B  .595  .603 558 4568 o512
pe72 3412 2.05 2,086 5454 3426 2,78 5.8 235  2.84  2.70 No/(Pr) (58] }535} f%?} 151.5 155 120.0  95.5  80.5 1669 110  147.3 84.3 "8
n/pe "¢ 110,0 112.0 108,80 79,7  66.¢ 139.0  92.0  123.0  70.4 6543
Re®" 1640 1580 1470 1140 064 2020 1480 1770 1160 1120
¥/p* 72 R © S0E71L L0705 L0734 L0700 L0683 0888 L0621 0694 L0606 0583 Av, 0601
/D, 1120 1120 1120 1120 1120 1120 1120 3120 1120 1120
N/(g%;%me).voswr).vz .118
(D/Dg) <05 1.42
(D/Ds)".152 004G
(Ka/Kf) «05 : 1,001
H/(Pr).72(%).08(%_ '0‘15(_25:_ \0%5 546 560 536 396 B30 690 457 614 350 525

8



Run XNo.
Friction Factor, £
/v
Re VT
Reynolds No., RE _ |
Bulk Viscosity u, lbs/min. ft.
Corrected Pulk Viscosity, n’b
Corrected Reynolds No. x 105.
Mess Fraction, solid in slurry, x
Temp.Drop across Pipe Well, &, °F
Inside Pipe Vall Temp., t.4, OF
Log Hean Temp. Difference, ¢y, Op
Slurry Heat, BTU/hr. x10°
Steem Heet, BIU/hr. x10§ |
Film Coefficient, BTU/hr. £t.2 °p
Fusselt Fumber, RN z %
Prendtl Fumber, P = g§
P72
N/pe72
38.7
g/?.vzae.v
/D,
(#)
(D/bs).OS
(D/ba)~.152
(KS/Kf).OS
(=)

TABLE NO. 12

Calculated Datas - Goppor Slquz Runs

1 2 S 2 5 6 7 Run No,. 1 ) 3 4 5 6 7
.0205 ,0234 L0214 L0231 0254 0251  .0296 g /ke seo  E8o 582 582 582 582 582
6.8 6453  6.83  6.60 6,28 6,32  5.82 Dg Mic. 30.16  30.16  30.16  30.16 30,16 30.16 30.16
8000 4950 6700 5100 3585 3700 2040 CsCy J0032 L0932  .0932  ,0932 0932 0932 .0932
55800 32400 46800 33700 22300 23600 11900  pt2/ped 205 205 205 205 205 205 205
-0253  ,0339  .0206  .0214  .0354¢ L0266 40401  (Cy/Cp) +35 43T 437 437 437 437 437 437
20240 .0351  .0214  ,0211 0355  ,0253 L0378 G gyupyy Average 973 973 973 973 o973 973 «973
54 8l.3 45,1  34.2  22.2 24,8  12.6 P gn/cc 1.015 1.015 1,015  1.015 1.015 1.015 1.015
«050 030  ,030  .030  .0350 .030 030 #Copper/Ft° Slurry 1490 1,90 1.90 1.90 1.90 1.90 1,90
12,25 11,60 11.21 9.4 9.9 8455 7.5 (Kg/Kg) 0B 1.665  1.665  1.665 | 1;655 1.6E8 1.665 1.665
195.7 203.4 203.3 202.1 202.4 209.2 212,8  p 1.67 630000 512000 447000 331000 398000 390000 178000
48.2  Bl.3  53.3  53.6 = 51.0 59,0 6540 p 1.67 «00176  +00176 .00176  LO0l76  ,00176 00176  .OO0176
184.5 175 169 142 149.2 129 103 %Q/f%gg.og 183 118 159 126 89 o8 56
188 192 1785 146 155.5 132 118.4 ¢ average*667 +6819  ,9819 +9819 9819 49819 .9819 9819
2940 2630 2440 2040 2250 1680 1400 u +667 ,0825 4107 sO765  ,076 075 .0855 112
403 859 534 279 308 250 182 ggg/T%g) 04 6000 2900 4700 3200 . 1800 2150 840
.81  5.56  3.38  5.35  5.63 4.02 6,00 g 603 B4 .57 645,975 1.01 .898
2,55 3433 2435  2.33  3.35 2.65 3,51 Ve Ft/sec 6.61 5.60 4;92 5.68 4,02 %.20 2,42
198 dos e B0 %@ o7 5447 mo/(ee) Gee)’(p 170023 poin 1seu 200.s  ms.e 1115 105.2 6.4
2150 1443 1858 1548 1125 1224 763 (kr) (Ds) (Cg)
+«0735 +0754 0764 L0776 «0816 0771 JOTIT(AV. 40762) . . _

520 520 520 520 520 520 590 (s) NI/,(gﬁ)o.os(R@).vosm‘).vfz

o174 0174 o174 o174 174 174 o174 £ , o

1,368 1.368 1.368 1.358 1.36 1.368  1.368 s8] ﬁ/(Pr).vz”S 08 _ «0.15 ¢, .35
«386 +386 386 386 386 <586 386 | (x2) (v7) (©7)
1,374 1.374 1,374 1.3 1.374 1.374 1,374

646 384 506 426 327 309 195



TABLE NO, 13
alcul

Observed a
Prom Selamone (15) T

ated Data

.. P IS T, fmne
h_____ ¥ P P RE

3675 490 3.46 201 143,800
3072 421 3.50 168 119,600
3076 422 3.72 164 109,200
2644 363 4,04 135 83,3500
2373 528 4.85 113 66,500
3551 483 4.30 190 117,000
3256 445 4,38 154 105,500
2074 408 4.85 137 87,200
2563 352 4.74 115 70,600
2150 300 5.13 83 53,600
3491 478 4.89 155 105,300
3141 431 5.61 128 92,800
2978 408 5.06 127 82,500
2684 388 5.25 112 89,200
2089 514 5.84 90 53,100
1703 234 .58 60 31,100

or Pigures 7 and 12

47

Ordimte
Plgure Yo
223.0 89
187,0 90
185.0 91
147.8 92
128.8 o3
189.0 94
154 .8 95
152.8 9e
198,0 o7
103.2 98
171.0 99
151.0 100
141,.5 10
124,58 102
101.0 103
67.0 104
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The resultz of this investigation temd to show that
the conffisient of hest transfer to non~Nowtonian suspene
sions depends mainly on thres groups in egquation 12; the
Fusselt, Reynolds, and Prandtl, whoes sppearenmce would
be¢ expected becemuse in most sases of heat transfer in
forced comveetion the relation takes the formm of the
Pusselt group as a funstion of the other twey snd thst
the components of the Reynelds and Prandtl groups should
be based on the properties of the slurry involved,

The G /0, group (ratic of smoific hests) is the
only other group of say significance, its exponent being
0:.38, This ipdisates that the convestive transport of
hoet due to the particles in suspension 4s lmportant in
the meshanism of heat tramsfer.

It was further substantiated that the effective
thermal condunetivity of the suspensions ingreased with
decrsasing flow rates end that x‘ approaches some limiting
value which appears higher than that for the thermal eene
ductivity of water at Reynolds mumbers in the fully ture
bulent regios as is shown by the flattening of the surves
in Pigure 10 in the higher Reynolds mumber regions. Thias
family of curves also indicates that increased partisle
size tonds to raise the effsctive thermal confuctivitioes,

Figure 10 further indisates that the K, of the

slurry may have been inorsased sbove that of the dlspersion
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medium elone by two mechanisma: (1) an increased ture

bulence produced by the 20lid particles, and {(2) an
inerease in heat tranafer due to interparticle cone
duction and to eonduction between particles ard pipe
wall,.

The first effect will be produced by any kind of
particles. The second effect will be moare pronounced
when perticles whose thermal oonductive i1s very high
compared to the dispersion medium used,

From e previous statement referring to Figure 10,
it seems that the Ky should inerease with inereasing
slurry rates due to an inerease in turbulencs, this is
only true for most cases where the conduoctivities of
water, the suspénsion medium, and slurries are compared.
This is not a characteristic of the slurry, The deerease
of Ks of the slurries with greater flow rates can be
attributed to an ineresse in turbulence, although this
increase reduces the film thlckness wnd sllows more cone
tagts per unit time between particles and pipe wall and
partieles, it reduces the wsll particle contact time
{which is the greatest driving foree of the heat trensfer
meshanism) to a degree whers very little heat is cone
ducted from well to particle. This reduces the amount
of heat the rest of the slurry can receive by conduction
to other particlee and the dispersion medium. The



mechanism reverses as the rate of flow decresases. %

Salamone {(15)states that where the liquid and selid
conductivity is nearly the same the effective thermal
conductivity is preactieally independent of flow rate.
This may be true for most of the turbulent region. How-
ever, PFigure 10 showe that in the lower extremities of the
turbulent flow region that there iz a definite tendenecy
for the effective thermal conductivity te inerease. In
addition, Figure 10 shows this effect is more apparent
for copper which has a much higher thermal condustivity
than challk,

The criginal formmla did not contain a (xi/kf)
term but by re-srranging terma thie group was found and
its exponent was 0,05. This exponent was checked by
plotting the log of Ky/K, mgainst the log of the equation,
Pigare 9. The oaloulated slope of the surve which is the
expenent of the term was found to be 0,08 which checks
the original equation securscy. This low exponent indi-
cates that the thermsl condustivity of the perticle ef«
fects the coefficient of heat transfer very little unless
the K /K, 1s very lerge in magnitude. This 1s perhaps
due to the faet that the maess of solid to the mass of the
dispersion medium is a very mmsll ratio. In order for
the corductivity of the solld to have sn effeet on the
£1im coefficient, its conduotivity must be very large as
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ix shown by the slight inerease between the point for
chalk and that of copper.

However, from Pigure 10, in the lower turbulent
regions K, inoresses rapidly as a funstion of increase
ing thermal condustivity end /or particle size of the sus-
pended so0lid, Therefore, in this region it would be ex-
pected that the thermal conductivities of the solld would
have more effect on the magnitude of the film coefficient
and that the effective thermal conductivity must be cel-
eulsated at the specific Reynolds mumber for use in the
Dittus-Boslter equation, By & (Re) 0.8 (rr) 0.4

The D/D, term whose explicnt was determined from
Figure 8 tends to show that the film coefficlent increases
with inoreasing particle size. Thls 1s substantiated by
Pigure 10 whiech indiestes the larger the particles size
the larger the effective thermal conductivity,

From the provious disnussion, it appears that the
physiesl properties of the particle is a critical factor
4n the determination of the film coefficlent and those
taken into account were the thermal conductivity and the
average mesh size diameter. The sssumption, that the
particle shape was a sphere 1z not necessarily true, and
the true particle shapes if determined and used would
alter curves and exponents to various degrees, and 1t

would seem that the greatest change would be seen in the
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P/Dgy velue of Equation 12,

A plot of the new equation and J. 4, Salamone eguae
tion Flgure 12 shows the lines to be offset but parallel.
Perhaps this could be explained in that Salamona's line
is based on moatly copper slurry runs snd the new line,
Equatlion 12, being based on mostly chalk runsi however,
the grestest contributing factor toward this displacement
ig probsbly due to the method in which the thermocouples
wore attached to the 1/2 inch pipe. In Salamone (15)
the thermocouple lesds which were wrapped around the %/2
ineh pipe.were subjlect to heat flow through the wire
from the steam jacket to the junetiom which would give a
higher temperature resding, thunsz introducing an appre-
clsble error. This error in thﬁzxtlm which appears in
the denominetor of the expression for the film coeffiecient,
h, would rive lower values than the velues ealculated in
this report, inssmuch as the thermoeouple leads in this
apparatus were sealed inte linear grooves along the oute
gide surface of the heat transfer area and therefore not
gubject to the error of a higher temperature reading at
the pipe wall.

The investigators felt that I1f results of all the
copper rans which were made could have heen utilized the
spread between the original equation and the new equation
12 would hsve heen reduced. This could not he done be-
cause a large mumber of the copper runs had to be dilse-

carded due to e faulty pump and additional runs could
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not be made because all the aveilable pumps were found

to be in the same conditlion or inappropriate for these

abresive slurries.

The final correlations represented by equations 12
and 3 cannot be taken to indicate completely the mechane
ism of heat transmission becamuse they are only an empiri-
cal representation of the resulte whickh are in accord

with the concepts of dimensional analysis.,
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¥ator suspensions such sas those used in this invese
tigation (s0lid powders of copper and ohalk) behave as
peeudo-plastic non-Hewtonian solutions whose apparent
viscosity decresses with inorsasing rates of flow., In
flow ranges of maximvm turbulence the apperent viscosity
approaches s limiting value whieh 1s grester than the
vigecoslity of the dlspersion medium. Due to thelr none
Fewtonian characteristies, standard design egquations
for Hewtonisn liquids cannot be used for heat transfer

ealeulations for non-Newhonlen suspensions,

The criginal equstion (1) and the eguation (12)
correlated from this investigation substantislly agree
as cen be seen in Flgure 9 which utilizes the experimentel
date from this investigation in both equations,

The above mantionod equations mey be utilized for
design squetions for heat transfer to solid liquid sus- .
pensiors in turbulent flow inslide pipes, provided that
the epparent viscosities uged ars at the existing flow
gond tions of the suspensiona, For suspensions whose
particles sre of high thermal conductivities, the mriginal
Equation 3 of J. J. Saleamone 1is recommended and for sus-
pensions whoae particlss have a low thermal sconductivity
Equation 12 of this investigation may give bhetter results,
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In the final analysis of the data, several ques-
tions presented themselves in which the investigators
felt that the partiecle dlameter should have been cal-
enlated fram s sphere having the same volume as the
perticle in guestion, For example, the average mesh
size for copper, whase erystals sre fase centered cubes,
should bave been multiplied by a faotor of 1.84,

Brown {7). %his would undoubtedly change the exponent
ar'th¢~§: group and would change the slope of the lines
in Salamone's {18) (Plot 22) which are for determining
effective thermal conductivities st Reynolds mumbers over
50,000 based on s weight of solid in suspension,

The investigators feel that not enough is known as
to the effect, if eny, that the actual particle shape
has on the heat tranasfer mechanism. We assume from the
¢o0llectod data that copper gives s higher effective thermal
eonductivity than chalk due to its larger particle size and
higher thermal conductivity. However, an investigation
should ke made using materials of approximately the same
thermal conduetivity, particle sise, and weight fraction
based on the density of the s¢1id (to insure g nearly
equal mamber of particles) but having different orystaline
ghapes. ¥Under these esqual conditions and assuming equal
eontsct time, 1t could be sbhown whether the shape has any

effect on the heat transfer mochanism.
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The tendency for the larger particle slurries to
have larger effective thermal conductivity presents
another pioblem as to how large a partiecle can be utile
ized. |

The investigatars feel that when the above end
posslble other points not dbrought out here are looked
into, a much brosder and clearer coneept of the heat

trangfer moachanisms involved will be reslized.
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NOTATIORS and UNITS

Constant, no dimensions
Beat transfer surface - 8q., Ft,
Conatant, no dimensions

8pecific heat of fluld or suspending medium
BTU/(1bpm) (degree F)

Average specific heat of slurry soclution
BTU/(1bm) (degree F)

8pecific heat of suspended solid BTU/(1bm)(degree F)
Pipe dlameter, Ft,.

Average dlameter of suspended solld particles, frt,
Constant, no dimensions

Priction fastor, dimensionless; constant, no dimen-
sions; fluild

Constant, no dimensions

‘Dimensional constant, 32.2 (1bm)(£t)/(1b,)(sec)?

Film coefficient of heat transfer BT/(hr){sq.ft){degroe PF)
Constant, no dimensions
Constant, no dimensions

?heipal gonductivity of fluid or suspending mediumm
BTU/(hr ) (degree F)

Balk thermal conductivity of suspension ¥#%/(hr)
{degree P){(rt.)

Effective thermal conductivity of suspension
BTU/(br ) (degree F){ft.)

Thermal conduetivity of suspended solid BIU/(hr)(de-
gree F)(f£t.)

Average effective cenductivity of slurry at Reynolds
number 50,000 BIU/(hr){degree F)(ft.)
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L « Length of pipe, (ft); any linear dimension
m - Any mass dimensioni mean
n « Conatant, no dimension
@ = Time dAimension
Pf - Density of fluid, 1b,/ eu. ft. - Pp
Pg = Density of solid, 1”3/&“' £t.
Py - Bulk density of slurry, lbgp/eu. ft,
AP « Prescure drop over length of pipe, L, (1bs)/sq. ft.
q = Heat transfer rate, BFU/hr
r « Constant, no dimension
= Tempersture, degree F, sny temperature dimension
tm-Tempereture drop across pipe wall, dearee F.
ts1~ Temperature of inside pipe surface, degree F,
Atip-Logorithmic mesn temperaturse difference between
average inside pipe surface temperature and inlet
and outlet slurry temperaturs, degres ¥,
¥ = Linear velocity, ft/sec,

Vy = Idnear veloeity of slurry, based on bulk density
of the slurry, ft/sec.

Ujue~ Viscosity of fluld, lbs/ft.-sec.

Uy = Viscosity of fluld at wall temperature
Y%, « Apparent bulk viscosity of slurry

X1 - Weight fraction of solid

Xy = Pipe wall thickness, inches

Z =~ Constent, no dimensions
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APFENDIX

Sample Caleoulations

Sample Run - Run No. 10 "Snowflake Suspension® (Hefer to

1.

2.

Se

4.
B

6.

Tahlas 6 and 10.)

Slurry Density (p). Welght of water at 80° P required
to £111 4 liter volumetric flasks
i 9.688 lbs,

Weight of slurry required to fill
4 liter flask is 10.30 1bs.

8lurry density =

3 » 10.30 1bs. 2 3
62.4 1bs./rt> x 10:30 108~ = 66,3 1bs/rt

Weight % Solid = §523 = 1.0628/cc.

Mesn Specific Hest (C) = Cp (1 - x) § O,x
C; = Heat Capacity of Water BTU/Ib °F

Cy = Heat Capacity of Solid BTU/1b Op
X & Waight frastion of solid

€ =1 (1-.104) & ,209 (.104)%,918 BTG/1v Op
Flow Rate (w) s 77.5 1bs./1.83 min. = 42.4 1bs/min.

8lurry Hest (g) # (w)(s){Temp. Rise)
3 (42.4)(.918)(79.99C - £3.39¢)(1.89/Og)
60 mins./hr.
= 154,000 BTU/hr.

Steam Heat (q') - From steam tables a plot of wvapor
enthalpy minus 1liguid entholpy versus
steam pressure was mede and from thls

the latent heat was taken.

{q?) ¢ {(Condensate Rate 1bs/hr.) {(Latent
Heat BTU/1lbs.)

(3.03 1bs./min.) {60 min./nr.) (952 BTU/1bs.)
= 175,000 BTU/hr.

"
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7. Viscometer Priction Pactor (f£)
£z (AP)(D) (2g,)
Pp L V¥, 2
D= 0,0518 £t. - ID of 1/2" Pipe

I 26,0 £ft, - Distance between Msnometer Taps

Ve ¥ lbs/Nin
b 8c . nx » 3;]!5‘ x 00211 ftég 2 0119 W ftgac

PR 2.0 1n. ; 62.4 1bs./rt3 (1.6 - 1.0) = €5.5 1bw//rt?

gz %ss:s .?513 - 2] (2.2 y2 & 0.0216

8. Apparent Viscosity (uwy,)

1/VE s 1/VOT0RI8 = 6.80

From Pig. No.8 Re V' g 8400
Reynolds Number (Re) = 8400/VOTOUZIS = 43,500
vy (in viscometer) = %
W ow ¥
1 I 8 -

L O T

] +OB518 £E)llw lbs./min 42.4 = 0288
" §~55%11 Téé}ixaf ® 24.5 T37B00° ibs/min.rt

Average Tempersture in Heat Section ¥ 81.8%° ¢
Viscometer Temperature & 62,0 9¢

Viscosity of Water at 61.6°C = 0.458 ops
Viscos ity of Water at 62,09 = 0.485 cps

u'y (Corrected to Heat Sec. Temp. & my, ?%%ﬁ =0.024

9, Heat Section Reynolds mumber,
Re' = Re x '9232 = 45,500 .0238 . 43,100

[ ]
»

10. Experimental Film Coefficient of Heat Transfer (h)

h = q/d Atyy
q ® 154,000 BTU/hr (See Caleculation No, 5)

A -TTx 0.0518 ft. x 8,0 £t ® 1,3 r¢®
inside heated ares)
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Galeulation of A?m

Average temperature from millivolt readings ® 2140F
Tempsrature drop across pipe wall, ¢m

tm = Pipe Thicineass)

etal J{Aver .Area)

(1 ££./12 in. x 8 £t.) & 1.52 £t.2

tn S gia,owg’éimsgzz - 10.2%

Average Inner Surface Temp. % 314 ~10.2 = 2049

ATim 8 (204 - 110} - (204-176) -
1= - O - 376 5.4 eF
hE 184 BTY . £ 2180 BY/nr ft°
% 54“‘.!:45?5%5) r

11. Yusselt Number (N) » nD/K,

K, = 0.378 BTU-ft/hr £12 OF
¥ = 2180 x .0818 290
578 b

12, Prandtl Bumber (P,) = a§ ut

Pn 3 (1.0 mén %gée.ma ib%&n £6) (80 min/hr,)
. ¥

Pn ® 3,81

13. ?no'% 4 (3.31)‘3"’2 s 2,85



70

15, ¥n s, 117 z .830
(an) (aen)oﬁ (zsgzaaj Y, *
18 Dlameter of Pi?‘ - P
meter of partiele (assuming & SpREre) - B,
D 91692 in, - 3
P, © 0000507 Tnjeleron ¥ & wlsvon — - .81 x 10

17. Effective Thermal Conductivity
For Re 2 43,100 =~ ordinate of Flg, 5 = 152

152 & (hD/k,)/COpuy/Ke) 0%

1,667
1 2180) (0.622/12
Ko = (T8 mfﬂk@)‘“i

Eq = 0.541 BTU/(nr)(rt){%F)
18, Ordinate of Figure 1l

Ordinate ®» i%;%

Ce 0.72 (A 0.08 «0.152 @ 0,35
D 2 g A
S08

Ordinste 2 650

Ordinste ¥

19, Caleculated film seefficient from Equation 12

»704 .08 . - ]
2 = 0.5¢8 (Re) i ) 55(” | 162 T8
t T, Ds

h ? 822/12 . (0.346)(&3,196)'vm(l.%)‘w(.2141'55

(2620)"*152(3 g1)+72

b= 2,187 BT/hr Op £1,2
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