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ABSTRACT

This project was undertaken to collect additional information
on the heat transfer coefficients of pseudo-plastic suspensions and
to test the exponents of the equation of Salamone (12). Using the
same equation as derived by Salamone by dimensional analysis, a
better correlation of this data was obtained by changing some of the

exponents to give the following equation:
AD 25 0.35 0.0
= Dv P @ 5
/ 0344( )(r‘f) ) ( > ([( (I)

The authors believe that a better correlation is possible and

that additional data should be collected on a greater variety of

sclids in suspension over a large range of Reynolds Numbers.



INTRODUCTION

The object of this research was to check an equation developed
by J. J. Salamone (12) for predicting the film coefficient of heat
transfer for non~-Newbtonian suspensions in ‘turbulent flow. His inves-
tigation was prompted by the lack of such an equaticn and by the
hypothesis gained from fragmentary data that suspensions of finely
divided solid particles of high thermal conductivities in a'liquid

medium would improve the heat transfer properties of the liquid.

The equation referred to above was developed from data collected
in the 50,000 -- 200,000 Reynolds Number range. In the present inves-
tigation it was decided to collect data in the 10,000 -~ 70,000
Reynolds MNumber range and from that data re-calculate several of the
exponents of the original equation to obtain a check of the equation

over the lower turbulent flow region.

The equation referenced above was developed by dimensional analy-
sis, taking into account all of the known variables except particle
shape. Another approach (12) was based on the assumption that the
existing equation for water could be applied to suspensions provided
all the variables introduced by the dispersed phase were included.

It was found that all the properties except the bulk viscosity and the
effective thermal conductivity of the suspension could be measured or
found in the literature. The effective thermal conductivity and the
bulk viscosity were determined by calibrating the experimental apparatus

with water. The investigation showed that above a Heynolds Number of



50,000 the effective thermal conductivity for each suspension reached
same limiting value that was greater than that of the dispersion
medium. From the limiting value a linear eguation was written. The
effective thermal conductivities calculated by Salamone were found

to be applicable to the Dittus-Boelter Hquation.

This thesis of Bauman and Quinn is one of two which ran concur-
rently with that of Binder and Pollara. It was the purpose of this
half of the work to determine the exponent of the Reynolds Number
and of the particle size expression (D/.’DS). Binder and Pollara in-
vestigated the exponent of the expression (Ks/Kf) and compared the
correlation of Salamone to this new correlation using the new expon-
ents. The data and figures of both halves of this work are shown in

each thesis for the convenience of the reader.



THEORY

The newest formula for predicting the coefficient of heatb
transfer (h) to non-Newbtonian solutions of the pseudo~plastic type
was developed theoretically by J. J. Salamone -- through the use
of dimensional analysis. He concluded that the film coefficient
of heat transfer should be a function of:

pipe diameter - D

weight fraction of solid - X

thermal conductivity of the dispersicn medium - Kg
average particle diameter - Ug

particle shape

specific heat of solid =~ Cq

specific heat of dispersion medium - Cp

density of solid - /Os

density of dispersion medium - /)z

apparent bulk viscosity of the suspension - /u 4

velocity, based on bulk density - Yy

Assuming spherical particles and incorporating density of the
solid, of the dispersion medium, and weizht fraction of solid into
a bulk density of the suspension, /5 ,» ‘then by dimensional analy-

sis, the following equation was derived:

(PR G ) G (B)E
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The constants in equation 2 were then determined from experimental

data and yvielded the following form of the equation:

.35
i 5”0/5/(—‘7&/042 £s )a s )aé—JM =) ()

Multiply both sides by«/z“éfjand rearranging gives:

&
4D o. 0.0 o
ARG DN NN~ Ml B

From inspection of the above equation, it can be seen that vari-
ations in/kb greatly effect the size of the heat transfer coeffic-
ient (h). The value O?}”b depends upon the type of suspension

used.

Fluids have been found to fall into two general categories, New-
tonian and non-Mewtonian. & ploﬁ of shearing stress versus time rate
of shearing strain gives a straight line through the origin for New-
tonian fluids. The viscosity is equal to the slope of this line and

is constant for any one temperature and pressure.

For & non-Newbonian fluid, the ratic of stress to strain is a
function of the time rate of shearing strain, and the apparent vis-

cosity, therefore, depends upon the rate of flow.

The flow of suspensions has been shown by previcus investizators
to be non~-Newtonian and that many are of the pseudo-plastic type
where the apparent viscosity decreases with increasing velocity. Data

for the stress strain curve for deternining the apparent viscosity



may best be obtained from a pipe line viscometer.

These viscosities are based on the famning friction equation:

7’-— 7[ D zjc (5)

using pressure drop data of the slurry. In order to use the pres-
sure drop data from the visccmeter, it is first calibrated with a
Newtonian fluid whose density and viscosity is known and a plot of
friction factor (f) versus Heynolds Number (Re) made from this ex-
perimental data. Then by calculating a friction factor using the

bulk density and pressure drop cf the slurry, a corresponding Rey-

nolds Number can be found and the bulk viscosity calculated.

From the above, it logically follows that the pipe line viscos-
ity for slurries determined under the same conditions that the heat
transfer data was obﬁained, is the one that should be used for cor-

relating that data.

This is especially itrue in the case of pseudo-plastics where
the viscosity decreases with increase velocity until it reaches some
limiting value at complete turbulence where its viscosity is still

greater than that of the dispersion medium.
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LITERATURE SmaRCH

A search was made into the available literature to determine
the extent of the work performed by other investipgators, to obtain
sufficient background for designing the apparatus required, and to
organize the experimental work to obtain sufficient data for use in

arriving at valid conclusions.

The first engineering investigations on the flow behavior of
non-Newtonian fluids in conduits appeared in the work of Wilhelm,
Wroughton, and Loeffel (3) at Princeton University and Caldwell and
Babbitt (4) at the University of Illinois. The purpose of this work
deals primarily with the determination of a procedure for correlating
pressure drops for various suspensions. Heretofore, only qualitative
information based on minor experimental data had been available.
Babbitt and Caldwell used sewage sludge and aqueocus suspensions of
clay, sand and wood pulp, considerinz sewage sludge and clay slurries
as true plastics. The coefficient of rigidity and the yield value of
a sludge were found to be independent of the velocity of flow and the
pipe dimensions, but dependent upon the concentration of suspended
material, size and character of this material, nature of the continu-
ous phase, temperature, slippage and seepage, gas content and agita-
tion. Their data showed that for a given concentration of suspension,
the finer the particle size, the greater the resistance to flow.
Agitation was shown to have a definite effect on flow characteristics

by a change in particle size and distribution. Density was shown to
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be unimportant in the laminar or streamline flow region, but cf defi-
nite effect on the friction factor above the critical velocity which
is that velocity below which the friction loss follows the plastic
flow equafions of Bingham (5) and above which the friction loss is di-
rectly proportional to some power of the velocity between 1.7 and 2.0.
Their data on suspensions of clay and sewage sludge indicate in the
turbulent flow region that the conventional Reynolds Mumber vs. fric-
tion factor plot, is valid if the viscosity of the dispersion medium
is used., The yield value and the rigidity coefficient have no effect
on the friction factor in the turbulent region as measured by pres-
sure drop in known sizes and lengths of pipe. This is so, since, in
turbulent flow the friction loss is due to impact kinetic energy loss
which in turn depends only on the density of the material flowing and
its velocity; or, suspended material affects the density but not the

viscosity in the turbulent regiom.

Wilhelm, et al. (3) employed water suspensions of cement rock
and Filter~Cel, varying in concentration from 5k to 62% and 21 to
3L% solids respectively, and ran them simultaneously in a modified
Stormer Viscosimeter (10), and in pressﬁre drop sections of known
pipe size and length. For cement rock suspensions pronéunced devia-
tions from Newtonian properties were found at low rates of shear
(fluid velocity in pipe sections, and RPM in viscosimeter), while at
high velocities the suspensions behaved similar to a liquid more
viscous than water, Filter~Cel slurries more closely resembled a

true fluid of greater viscosity than water. For both cases viscosity
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increased with concentration. The pressure drop data obtained could

be correlated on the conventicnal friction factor plot, if a corrected
viscosity was employed. This corrected value, which might be referred
to as the turbulent viscosity as proposed bjr Binder and Busher (6),

was obtained from a plot of Log Z vs. the RPM of the visccsimeter by
extrapolating the straight line obtained to zero shear, or APlH. Log,"

Z is defined as the viscosity that a true fluid would have for the

same friction factor as a non-Newtonian fluid where the friction factor
is defined for the viscosimeter as the torque divided by the specific
gravity and the sguare of the kP, and the Reynolds Number as RPM

times the specific gravity divided by Z.

Two additional papers have appeared, cne on true plastic and the
other on pseudo-plastic fluids which substantiate the data of Wilhelm
and his workers. Binder and Busher (&) used suspensions of grain in
water and prepared data which indicated that, for true plastics, data
can be correlated in the turbulent region by an eguivalent, or turbu-~
lent viscosity which is the viscosity of a true fluid heving the same
frietion factor as the plastic for flow through pipes. The parts of
a paper by Winding, et al. (7) on the flow of rubber latexes gives
the first data on the flow properties of pseudo-plastics. Here the
data obtained in the turbulent region could be properly correlated
on the usual friction factor plot by using the viscosity at infinite
shear, or the slope of the asymptotic limit of the shear stress, rate

of shear diagram for a pseudo-plastic in the laminar flow region.

Based on this work, lacLaren and Stairs (8) measured the vis-



cosity of the Filter-Cel suspensions investigated in (7) by measur-
ing the pressure drop in known sizes and lengths of pipe. By com-
paring the values thus obtained for Filter-Cel to those for water
in the same pipes, it became possible to obtain a value of the vis-
cosity similar to the turbulent viscosity defined by Binder and

Busher (6). .

In 1949, G.E. slves (9) presented a swmmary of much of the avail-
able knowledge on the Flow of Hon-Newbonian Suspensions. Shear dia-
grams for several types of Newbonian and Non-Newtonian.suspensions
flowing in pipe are presented as well as a number of references to

the work of the more significant investigators in the field.

The available information on heat transfer to suspensions of
solids in liquids is rather limited. Heat transfer coefficients of
dilute suspensions of Iilter-Cel in a concentric pipe heat exchanger
were investigated by MaclLaren and Stairs (8). The conductivity of
the suspending material, in their case, water, was used to correlate
their data and the specific heat calculated on a weight fraction
basis. apparent viscosities in the turbulent range were calculated
from the pressure drops in a straight length of pipe. In corfelating
their data, Maclaren and Stairs found that the points obtained at the
high Reynolds Numbers, agreed closely with the correlation for water
alone. At low Reynolds Numbers, the points for the slurry and water
diverged. At Reynolds Numbers 1owér than 40,000, it was found that
a film of the Filter-~Cel was baked on the heating surface. A4t the

higher flow velocities, the slurry moved through the heating section
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fast enough to avoid the formation of a deposit.

Hoopes' (11) data on the cooling of 0 - 21% Filter-Cel slurries
were found to agree within 10% with the Dittus-Boelter equation with
the 0.l exponent for the Prandtl Humber. For the data of ﬁacLéren
and Stairs on the same slurries, the Reynolds Number exponent of the
Dittus Boelter equation had to be changed from 0.8 to C.705 and the
constant from 0.0225 to 0.0385. Both Hoopes, et al. and idacLaren and
Stairs present their slurries as showing Bincham body flow, though
MacLaren and Stairs did notice some manifestation of variation of

this behavior at low fluid flow rates.

Shandling (10) investigated the heat transfer coefficients to
alﬁminummwater slurries. Like the previously referenced investizator
(8), he obtained his data in & steam jacketed heat exchanger which
was a component part of a recirculating system. Concentrations of
slurry varied from 0.8% to 7.L9; the Reynolds Numbers ranged from
20,000 to 100,000. It was determined that the heat transfer coef-
ficients were not significantly affeqted with increase in the suspen-
sion concentration. 4 rise in viscosity at low velocities and higher
concentrations was found to offset increases in the slurry conductivity.
No correlation of the heat transfer coefficients of the suspensions
could be made because of particle characteristics which could not be
determined. Correlation of Nu/Prl*4 vs. ne*” as indicated by the
Ditbtus Boelter equation gave a series of parallel lines having dif-
ferent ordinate intercepts. The same slope as the line for water

data, l.e., 0.7 was obtained,
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Bonilla, et al., (15) investizated the heat transfer properties
of chalk-water slurries at different concentrations. They found that
the cooling of 0 to 21% slurries agrees within 10% with the Dittus- '

Boelter equation:
(h/k,) = 0-023(13@4«)0‘8 (qu/ko)o‘l" (6)

over a Reynolds Number range of 3,000 to 230,000. Bést agreenent was
obtained by using the following values: for k, the therual conduc-
tivity of water; for C, the computed additive specific heat of the
slurry; and i’or/ﬂ , the viscosity of the slurry as measured in the
Wilhelm and Wroughten viscometer. | 4 correlation between viscosities

of the glurry and water was made with the Hatschek equation:

P ofud 1= mere,
Ho
¢

it

bulk viscosity of slurry

1

viscosity of water

fl

W.ro]_u_me fraction of solid
in susgpension

With the properties of the system evaluated in the above manner, the
Reynolds, Prandtl and ifusselt Mumbers were determined. after plotbing
I\Tu/Prl/ 3 vs. Re, with % solid as a parameter, it was shown that the
Nu/Prl/ 3 value varied inversely with concentration of solid and that
the effect wag more apparent in the lower Reynolds Number range. The
1/3

decrease in Nu/Pr was found tc be approximately a linear function

of the solid concentration in the suspension.

Salamone (12) in 1954 completed a series of experiments with a
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nunber of suspensions consisting of variocus powdered solids in water.
In this investigation, the variables investigated are the individual
properties of the suspension!s components with the exception of vis-
cosity, velocity, and density which are measured &s bulk properties
based upon the conditions of heat transfer. The experimental data

is correlated by dimensicnal analysis yielding an expenential relation
between the variables assembled in the form of dimensionless groups

as given in equations (3) and (4). The results of the experimental
data provide the values of the exponents. aAncther correlation assumes
that exist;i_ng relationships for liguids apply to suspensions, provid-
ing that the pertinent properties may be evaluated for the suspension.
gvaluation of all properties except the effective thermal conductivity
of the suspension could be made. Calibration of the experimental
equipment with water resulted in a calculation of the effective thermal
conductivity of the suspension. The latter was then correlated with
the thermal conductivities of the solid, the liquid and the concen-
tration and particle size of the solid. This investigator chose the
turbulent flow region for his work to develop high coefficients of
heat transfer and to minimize the problem of settling of the solid

particles in the piping systen.

Orr and Dallavalle {17) worked with various suspensions of

powdered solids in water and ethylene glycol. The eguation;

=‘ 7 _,7/_4(49 1.8 (7)
Hom (1-4%)

!
was used to calculate the suspension viscosity. %3 is the volume
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fraction of the solid in a sedimented bed. Ixperimental measurements
with a Saybolt Type viscosimeter gave results which agreed closely
with the above referenced equation. (alculation of the thermal con-
ductivities of the suspensions, using the thermal analogy of the
Haxwell relation for the electrical situation, agreed rather well
with the conductivities determined experimentally. The data outlined
were correlated rather well with the use of the Dittus~-Boelter equa-

tion as modified by Sieder and Tate (21):

5D« 0,007 (_;xzqvf_) 0.8 (_c?g_) 1/3 (%7) 0.k (8)

Heat transfer characteristics of non-Newtonian fluids (single
fluid phase) were investigated by Chu, et al. (18). Heat transfer
correlations for ordinary ligquids were found to apply as long as the

proper viscosity and thermal conductivilty were used for the solution.
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DESCRIPTION OF APPARATUS

4 schematic diagram of the apparatus is shown in Figure 1 and
photographs of the apparatus are illustrated in Figures 2 and 3.
It is very similar to that used in the work of Bonilla (15) and

Salamone (12).

The slurry was prepared in a fifty-five gallon open top steel
drum provided with a "Lightning" motor driven agitator. 4 Worthington
pump of adequate capacity, driven by a 13 H.P., 220 volt, 60 cycle,
4.Cs 3L50 RPI motor forced the slurry through the system and back to
the tank. 4 by-pass was installed to insure positive rate control
and thorough mixing by recycling slurry back into the tank. The
circulatory system consisted of a heat transfer section, a cooling
seetion and a pressure drop section. A1l of the pipe surfaces in

contact with the slurry were made of 85 - 15 brass,

The heat transfer section was made of a ; inch I.P.S. brass pipe
inside a 1 inch wrought iron pipe which in turn was surrounded by a
25 inch wrought iron pipe. Steam was circulated through both anmular
spaces, the outer serving to prevent heat loss from the steam heating
the slurry. Iron tees and bushings located at the ends of the 2+ inch
and 1% inch pipe provided the inlet and outlet for the steam in both
anmular sections from a commen steam header. Sealing of the outer
annulus was accomplished by screwing a 2% x 13 inch reducing bushing
into the 2% inch tees and inserting the 1 inch pipe which was then

welded to the bushing. Sealing of the inner anmli was accomplished
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with the aid of reducing bushings, close nipples, and unions which
were turned down inside and packing added to serve as a packing glend

at each end. Air vents were provided at each end of the inner annulus.

Heating of the slurry was accomplished in the + inch pipe by stean
flowing in the inmer annulus counter current to the experimentel sus-
pension over a lenzth of 8§ feet. FProvision was made for collecting
and weiching the condensate obtained from the inner annulus. The 12
foot length of the inner % inch pipe provided for a calming section
of approximately 2 feet at each end. Hach end was connected to a 1
inch tee containing a thermometer well in which oil was used as a
heat transfer medium. The thermometers used to record the inlet; and
outlet slurry btemperatures were graduated in 1/10°C and ranged from
-1° to 101°C. Brass flanges with rubber gaskets were installed be-
tween the ends of the & inch pipe and the thermometer well tees to
minimize end effects due to heat conduction between the heating sec-

tion and the rest of the apparatus.

Six thermocouples were installed in the surface of the :; inch
brass pipe in the following manner: Three slots or keyways were cut
into the pipe wall at either end with the aid of a milling machine.
Four of these were made 18 inches long, ccmmencing approximately 12
inches from either end of the % inch brass pipe with the two at each
end being 180° apart. The third, commencing at the same point as the
others on both ends was extended over to the center of the % inch pipe

with the slot from each end overlapping each other about one hali inch

at the center and 180° apart. The slots were wide enough to accomodate
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a set of copper-constantan thermocouple wires No. 22 gauge. The
thermocouple junction was made at the and of each slot and the
latter filled with molten solder for the first inch or inch and

one half of the end of each slot. The solder was smooth and pcl-
ished with emery cloth until the surface was uniformly circular.
The thermocouple wire was smugly positioned along the length of

the slots and litharge cement was used to fill the remsining volunme
within the slots. The entire pipe surface was polished smooth with
fine emery paper., With the thermocouples installed in this manner,
they provided temperature measurements at each side of the pipe
about six inches from each end of the heating secticn and at the

top and bottom in the middle.

The exposed portion of the wires for the three thermocouples
at each end were taped to the % inch inner brass pipe and surrounded
with individual strands of plastic translucent tubing for protection.
This provision was made for the length of wire extending from the %
inch pipe out to a terminal block adjacent to a rotary selector switch.
In addition to the use of a strand of plastic tubiny for each set of

thermocouple wires, a larger size of plastic tubing; was used to con-

tain all three of the individual thermocouples at each end.

The thermocouple wires, contained within the plastic tubing,
were connected to a terminal block and from this point connected
throuch a rctary switch to a Leeds Worthroup portable precision po-

tentionmeter. an ice bath was used as a reference junction.
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The heating section was completely insulated with 85% magnesia
pipe insulation and aluminum fcoil. The cooler was a double pipe type
heat exchanger consisting of 1 inch brass I.P.S. pipe inside a 2 inch
standard I.P.S. steel pipe. Cold water was circulated countercurrent
‘o the slurry through the annular space., In addition to this, one
hundred feet of cne-half inch tightly wound copper coll was installed
in the slurry tank. Ccoling water was passed through the coil to
maintain isothermal conditions in the slurry tanlkk. By correctly ad-
Jjusting the cocling water rate for these two coolers, the temperature
of the viscometer was kept close to the average temperature of the

heat section.

The viscometer consisted of an insulated 4 inch I.P.S. brass
pipe with pressure taps spaced 6 feet apart. 4 2 foot long calmihg
section preceded the pressure drop section. approximately 30 iﬁches
beyond the pressure drov section provision was made for a tee contain-
ing a thermometer well. & carbon tetrachloride manometer was used Lo
determine pressure drop data. Traps werek installed just after the
pressure taps to prevent slurry particles from reaching the manometer
lines. Lines to and from the traps were made of transparent plastic
tubing. This provision enabled viewing air or solid material which
occasionally found its way into the manometer lines. The manometer
was so built that the traps and transparent lines could be conven-
iently flushed with water. This was done before all readings to re~

move sediment and air from the lines and traps.

The pipe returning to the slurry tank was provided with a set



of quick opening valves to conveniently allow diverting the slurry

into a weighing tank for flow rate measurements.

The steam condensate was piped from the trap at the end of the
inner ammulus to a copper colil which was contained in a cocling tank
which had water flowing in the bottom and out the top. The end of
the copper coil had a flexible hose attached which was used to divert

the condensate into a tared receptacle for rate determinations.
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EXPERTMENTAL PROCEDURE

The apparatus was first operated with water and the data used
to plot Figures 5 and 6. The data for Figure © was obtained from
the pipe 1ﬁ1e viscometer and shows excellent agreement with the line
obtained from the von Karman equation (1l) as shown by the broken
line below it. The heat transfer data gave a line with the same
slope as the accepted data (13) although the intercept was greater.
Four additional water runs were made to check the von Karman plot.
For these runs the heat transfer data was not taken. This data

agreed well with the first ten runs.

After the water runs had been. sh.own ;co be acceptabie, the slurry
runs were started. Tor each set of runs about forty gallons of water
were run into the slurry tank and the pump started to circulate it
through the system. TheMightning'mixer was turned on and sufficient
solid was added to give approximately the weicght percent of solid

desired,

The steam and cooling water to the cooling section, the helical
copper coils in the slurry tank, and the condensate cooling tank were
then turned on. The slurry rate was set by manipulating the pump
discharge valve in conjunction with the by-pass valve to give the
approximate desired rate as shown by the pressure drop differential
on the manometer in the pipe line viscometer. The system was then
allowed to come to steady state as evidenced by constant readings

of the inlet and outlet temperatures and the manometer. T¥hen steady
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state was reached, the thermocouple millivolts, the inlet and outlet
slurry temperatures, the viscometer temperature, the manometer dif-
ferential, and the steam pressure were observed and recorded. The
inlet temperature, 6utlet temperature and manometer differential
were averaged over the last two or three readings, if there was a
variance, to minimize the effect of small fluctuations. The stean
rate was determined by weighing a sample collected over a known per-
iod of time. The slurry flow rate was determined by diverting the
flow to the slurry tenk into a tared tank on a portable platform
scale and weighing the contents collected over a lmown period of
time. At least seventy-five pounds of slurry were collected to min-
imize the error in the determination. A pair of quick opening valves
insured rapid change-over from flow to the slurry tank to flow to the

tared tank and vice versa.

The density of the suspension was obtained by weighing four
liters of the slurry in a flask in which the same volume of water
had previously been weighed. This density was in turn used to deter-
mine the weight-fraction of solid in the slurry from previously pre-
pared curves based on known concenbtrations. These curves which are
illustrated in Figure )| were prepared by weighing a clean dry volu-
metric flask. Tt was then filled to the graduated mark with water
and weighed accurately., The water was poured out and about two grams
of solid added and weighed after which the flask was again filled with
water leaving the solid in the flask. By subtracting the tare weight
of the flask from both the weight of the flask plus the water alone

and the weight of the flask plus the water and the solid, the density
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was found by dividing the latter by the former. The weight fraction
was determined from the weight of the solid and the weight of the
solid-water mixture. This procedure was continued with four samples
of each solid at steps of two grams, five grams, ten grams and fif-
teen grams as shown in Table No. II, and a plot of density versus

weight fraction was made.
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SCULCH OF MATERIALS :D THRIR PHYSICLL PROPERTINE

Material

Source

Lstomite
Chalk
Powder

Snowflake
White
Powder

No. 1
white
Powder

Copper
Powder

Thompson,
vieinman & Co,
rontelair, M.J.

Thompson,
Weinman % Co.
Hontelalr, N.J.

Thompson,
Weinman & Co.
Montelair, H.J.

Charles Hardy,
Inc., Hew York
City. Hlectro-
lytic Copper
Powder

Thern,

density  Sp. Heat 5Ve Part.

at 20°C 509¢ Conduc. tize
am/cc BTU/10°F  BT/hrlF/ft.  licrons
2.7L 0.209 a0 2.5
(Co.) Perry Perry (Co.)
2.71 0.209 0.L0 b
(Co.) Perry Perry (Cc.)
2.7TL 0.209 0.0 1y

Perry Perry (Co.)

8.92 0.0932 220 T R
Perry Perry Perry

* 11 Properties of Water from Perry (18)

Thermal Conductivity of Brass (85015 red brass) 90 BIU/ErOF/ Tt

¥t 4o ecaleulated from size distribution data supplied by the mamufacturer.



Solid

Ltomite

Snowflake

white

No. 1 wWhite

Copper

TaBLE IT

DENSITY - WiIGHT PSRCENT DaTA

27+

Wb Solid  Total iit. ~ Slurry
in 100 cc of 100 cc Wee % Density
slurry/gms. slurry/gms. Temp.°C  Solid gms/cc.
2 100,62 26 1.9 1.007
5 102,47 26 L.9 1.026
10 105.72 24 9.5 1.059
15 109.2 26 13.7 1.09L
2 100.7 25 2 1.008
5 102.4 25 L.9 1.025
10 105.7 25 9.& 1.058
15 108.5 25 14.2 1.086
2 99.73 25.5 2 .9988
5 102.63 25.5 L.8 1.028
10 105.63 25.5 9.k 1.058
15 108.53 25.5 13.8 1.087
1,411 1.00
3.35 1.02
6.41 1.05
10.75  1.095
13.99  1.12h
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Run No.

Ilet Temperature Sc

outlet Temperature OC

werage Temperature °C

el mw.

7,0.2 - mva

7,0.3 mv.

ek mv.

7.C.5 mv.

L06  mv.

fv. Thermocouple Temp. OF
Viscometer Temperature %
fater Mags Rate 1bs./min.
(ondensate Mass Rate 1bs/min.
lenometer Reading in./cecly

Steam Pressure 1bs/ in°

il

33.3
78.2
55.8
L.55
b3k
L.15
L L5
h.67
h.36
217.5
58.3
28.75
3.1

9.75

7.2

jro

h7.7
5.1
61.L

TABLE ITI OBSERVED DATA  VZATER CALIBRATION Rums

oo

h6.2
15
60.6
L.52
L.16
3.85
Y b1
4.6
4.33
213.3
63
70.5
L.25
5L.3
6.6

b

bk .0

76.3
60.2
k.5
b
3.9
k.39
4.58
k.39
213.2
63
58.5

37.63

4o.8
5.5
58.2
h,22
3.86
3.86
k.33
,55.
L.39
209.0
59.8
Lg,5
3.72
27.75
6.1

6
331
Th.3
54.0
L.36
b, 15
L.03
L3
Q.Sh
L. U6
213.9
55-1.
30.75
2.91
12,81

6.5

=3

31.5
76
53.8
b b1
L,28

by

.39
4.55
L. ks
215.4
55

25.8

2.65

9
6

|Co

23.6
73.5

48.6

h.62
k.62
k.62
k.62
k.62
L.62
225.2
46.2
12
1.46
3.125
7.1

38.8
78.1
58.5
L.s51
k.16
4.09
L, 5k
L,7h
k.6
218.2
60.1
h0.3
3.42
19.19
7.6

43.5

78.1

60.8

b6

.05

3.9k

b b

L, 67

k.56

2174

62.7 18 '19.2
53.5 53 38.5
3.96 ;
32.06  37.56  21.38
1.9

!;’”"

20.8

30.13

13.63

27

22
18.2

5.63



-

Y e Oy

w1 b e Dewende t ]
ser Re {Heot Zootj3o, v

% % EnY
I Lenes gz L F e
Prop across pipe wall @ °
— e LTy
oy -
Pipe Wall Temp. = 205
o
by

Pemp. DIff, =

; iy 20 1 m7p
Coefficient BTU/ LV T 1,570

er (1) 215

eter Section) 3,10

mADT

) ST e

SALCUIATED DI

TBRATION RUNS

.0235
5.51

&, 760

31,000

0.507
8.2
207

71.0

12k ,000

i

}-t
<

o]
A

.0206

6.95
7,550

52,500

0.h68

11.3

171,000

196,000

209

‘10

.0196
T.1h
10,100
72,100
0.k53
13.3
20k

56.9

200,000

227,000

270

36.9

2.90

1.53
2,1

.0233
6.54
4,670

30,600

.0252
6.29
3,650

23,000

13
.0263
6.17
3,0k0
18,800
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Run No.
Intet Temperature e
Outlet Temperatbure OC

Q
Average Temperature O

T.C.L mv,
T7.C.2 v,
T.C.3 mv.
T,¢.h  mv.

'f.C 5 mv,

T.C.6 mv.

. Av.Thermocouple Temp.C°F
Viscometer Temperature %
Slurry Mass Rate 1bs/min.
(ondensate Mass Rate lbs,/ min.
Mamometer Reading in./cc:Lh

2

Steam Pressure 1bs/in.

Density Ibs/ft.3

67.6

w
*
\Ji
=

h.37
4,51
k.36
200.2
54,8
57 .60
3.02
34,63
10.3

63.9

TABLE V CBSERVED JATA ATOMITE SLURRY RUNS

32.8
.3
5k.5

3.91

3.73
k.27
h. b9
k., ko

- 206.8

53-5
23.10
2.06
8.13
7.8
63.6

o

37.0
70.6
5k,0
3.8
3.80
3.62
L.29
k.57
k.57
205 .4
53.9
38,60
2.68
18.63
R
63.5

1O

39,6’
72.1
55.8
3.72
3.76
3.65
431
L.65
4.65
205.8
55,8
45,62
2.93
23,88
11,3
63.3

=3

k1.6
72.3
579
3.76
3.90
3.70
b5
4.86
4.82
210.5
57.0
51.75
3.16
31.13
11.2

65.1

jco

ko.1
Th.3
58.7
3.87
L.l
3.73
L.h5
4,81
b.81
212.7
57.2
41.25
2.81
20.88
10.0

65.2

39.3
75.8
59.6
3.93
L.00
3.5
L. L5

kel

h.7h

212.1

57.6

37.60
2.5k
17.50
10.2
65.2

10
38.3
78.1
60.5
h.oé‘
4,16
3.87
k.55
L85
h.80

217.6

58.2
31.30
2.36
13.25
10.5 |

65.3

11
3h.2
80.7
595
k.16
4.29
%.05
L.60
.89
L.80

219.6

574
21.25
1.95
7.75
9.6
65 .4

33



Run No.
nlet Temperature %
putlet Temperature ¢

iverage Temperature e

TLC.l mv.
7.C.2 mv.
T.C.3 mv.
TG mv.
T.C.5 v,
nC.6  mv,

Av. Thermocouple Temp. Op
Viscometer Temperature °c
Slurry Mass Rate 1bs/min.
Condensate Mass Rate lbs/min.
Manometer Reading in/ CCl&
Steam Pressure lbs/ina |

Density lbs/ft>

jro

7.2
61.2
3.779
3777

.39
l’%‘&’?s
L. 66

208

59.1
k8.5
2,91
27.8

ABLE VI OBSERVED DATA SNOWFLAKE WHITE SLLUURRY RUNS

&
a0

5k
4.85
b7k
21k

60.0
35.7
2.58
15.7
10.8
64,0

i

)
o
L]
oo

80.2
59.5
L ,00
L.07
3.83
L.51
4.73
4,69
213

58,1
28.6
2.37
10.6

9.5
6.0

10.2
640

joo

37.k
80.7
59.1
L,0L
k.07
3.85
b b
bhoTh
L.,68
213

59.0
27.7
2.0
10.5

9.5
66.3

82.1
61.7
L.o7
4,23
3.96
L,65
h.,98
4,89
219

62.0
35.1
2.87
15.4
12.5
66.3

10

k3.3

9.9

61.6
3.90
k.07
3.88
k.55
%.86
k76
21k
62.0

ok

3.03

21,0

10.5

1 66.3

k5.5

3.85
3.93
3.77

b L5

L.81
L,T70
211

62.7
50.6
3.23
28.5
9.1

66.3

3«



Run No.
Inlet Temperature OC
otlet Tempersture °C

kverage Temperature OC

nCc,L mv.
.C.2 mv,
7C.3 mv.
7,0k mv,
7.C.5 mv.
7.0,6 mv.

Aver, Thermocouple Temp .OF
Viscometer Temperature °C
flurry Mass Rate lbs/min.
(ondensate Mass Rate 1lbs/min.
lanometer Reading in/ cCly,
Steam Pressure l‘bs/in2

Density 1lbs /ft3

[

hh,1
7T
60.9
3.63
3.68
3.68
4,50
.84
L.62
209

57.6
W7.6
2.7
28.6
9.5
6.5

o

Ll .0
79.8
61.9

3.79

3.73
h.51
L.80
%70
210

58.0
h2.1
2.83

22.6

6.5

TABLE VIT OBSERVED DATA NO.1l

WHITE SLUBRY BURS

fOoN
=2

L0 bi.9 38.1 kg2 hi.1

80.5 81.1 8h.6 8.1 76,1

62.3 61.5 6L.h 62.2 53.8

3.77 3.681 k.22 3.79 3.77
3.77 3.86 b0 - 372 3.77

3.73 3.82 3.96 3.66 3.61
h.49 k.52 4.53 b5 I, k3

.78 .77 1.88 1.8 .76

L .70 L7l L,79 k.69 L,66

209 211 217 20

58.1 57.5 56.2 59.0 56.5
39,6 34.0 25.1 5L.0 .3

2.62 1.99 2.40 3.20 2}83

20.5 16.5 9.3 3.5  23.9
9,20 8.6 10.1 10.3 9.2
6h.5 6h4.5 64.5 6.4 66.1

fio

2,2

.IY . :_:f,;.
a0l

[T
By %)?

34



Run No.

Tnlet Temperature, °C
Outlet Temperature, °C
Average Temperature, ¢
7.¢. 1 mv,

T.G. 2 ‘mr

7.0, 3 mv.

.0 b omv,

7.C. 5 mv.

0. 6 mv.

Av, Thermocouple Temp. F

Viscometer Temp. °C

Slurry Mass Rate, lbs/min.

Condensate Mass Rate, 1bs/min,

Wenometer Reading in./CCL)
team Pressure, lbs/in®

Density, lbs/£t3

e

i1k ,0
814

-~

3

3.95
3.91
k.66
k.99
4.83

215,0

o
&
~

I

L B
3.37
27.0
12.2
63.6

o

Lo.5
O1.k

3.93

NS

3.95
k.66
h.92
.81
21h.,5
61.9
39.3
3.07
19.0
10.7

63.6

TABLE VITT OBSERVED DATA

36.3
2.0

3.86
3.66
3.92
L.56
L.78
L.68
211.5
534 .

o)

36.2
83.9
60.1
3.95
4,10
L.06
L.73
.90
4.80
217.8
57.0
25.6

2.31

11.8
63.6

et

COPPER SLURRY RUNS

1=

1 33.6
83.9
58.8
1,10
.25
L7
k.13
k.90
4,80
220.3
5h.6
15,4
2.07
6.3
10.3
63:6

k.06

19.8

6h.5

\O

47.3
8.6
66.0
3.60
3.82
4.00
4,76
5.12
%.93
215.8
63.0
58.5
.22
45.0
16.0

64,5

228.1
6L.7
31.5
3.43
14.5
18.3
6L .5

1l
kh.3
88.1
66.2
3.82

k.05

4,16
.89

5,17

5.02
221.0
63.0
Lh,8

3.81 |

25.5
17.3
64.5

12
35.5
87.9
61.7
3.63
3.75
3.84
4.50
b7
h.63
222.3

51.0

206
2.39
7.25

12.5

31.6
87.6
59.6
3.67
3.67
3.80

L.55

k.85
b.68
225.5
53.1
16.7
1.93
k.50
11.0
6k.5

33.0
9.6
66.0

3.07
46.0
11.3
66.0

34

16
36.7
85.2
61.0
3.85
3.88
3.97
k.55
k.79
k.66
212.0 .-
57.8
28.3
2.69
12.0
9.0
66.0
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EXPERIMENTAL, RESULTS

The heat balances obtained were very poor, the condensate col-
lected showing a higher heat input than the temperature rise of the
slurry in almost all of the cases with the poorest agreement occurr-
ing at the lower mass rates. £#11 of the heat transfer calcvlations
were based on the temperature rise of the slurry and the average
value of the calculated slurry heat capacity. Since there was good
agreement between our data and published data of other investigators,
it was decided not to stop the experimental work to make modifications
of the apparatus to improve its performance. The pilot tube of the
steam pressure reducing valve is connected to the low pressure side
at the end of the header feedingz steam to the heat section. It is
possible for condensate to be forced into the pilot tube and make
the steam pressure unsteady and unrelisble. The pilot tube connec-
tion should be moved back from the end of the line and pitched away
from the pressure reducing valve so that it drains dry and a steam
trap should be installed at the end of the header to keep the steam
as dry as possible., It is also recorrmendéd that a calorimeter be

installed on the inlet steam to determine its quality.

The friction factor was calculated from the equation:

~ = _(AP) (D) (2ge)
FT o o) ©)

The pressure drop was read from the pipe line viscometer which con-
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sisted of two pressure taps six feet apart connected to a carbon
tetrachloride manometer. The density was determined by comparing
the weight of equal volumes of slurry and water at approximately
the same temperature and the velocity was calculated from the mass

rate,

The reciprocal of the square root of the friction factor was
used in the von Karman equation (Figure 6) to obtain a Reynolds
Number from which an apparent viscosity was calculated. The vis-
cosity was calculated from dabta observed at the temperature in the
pipe line visccmeter and a correcticn based on the ratio of the
viscosity of water at the heat section temperature to the viscosity
of water at the viscometer temperature was applied., In most cases
this was a small correction since the temperature in the viscometer
was always very close to the average temperature in the heat section.
This corrected viscosity was used to find a corrected Reynolds

Number.

The £ilm coefficient of heat transfer to the suspension was

caleculated from the conventional equation:
h = o/s stn (10)

where q is the rate of heat transfer evaluated ffom the product of
the slurry temperature rise, the mass rate and the calculated slurry
specific heat; 4 is the inside surface area of the heated pipe, and
&tm is the log mean temperature difference between the arithmetic

average inside pipe wall temperature and the inmlet and outlet slurry
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temperatures.

Using the values calculated on the previous paze and constants
taken from the literature, the Wusselt Number and Prandtl Number were
calculated. These values, plus the ratios of thermal conductivity of
the slurry to the thermzl conductivity of the water, the heat capacity
of the slurry to the heat capacity of the water, and the inside dia-
meter of the pipe to the average slurry particle size which were con-
stant for each slurry concentration, were used to calculate the co-

ordinates of Fizures 7, 8, 9 and 10.

Salamone (12) has presented a discussion of the magnitude of the
possible error in his work and since the equipment, procedure and
slurries investigated are substantially the same, his 10% oversall
error is applicable to this report. The results were plotted on
logarithmic paper in Figures 7 and 8., These plots showed the expon~
ent of the Reynolds Mumber to be 0.7 and for the Ds/D group to be
0.15. Pollara and Binder redetermined the exponent of the ks/kF
group and found it to be close to the original value. Their result

was 0.08. The modified equation of Salamone becomes:

s . _,GJ’ 35
Q - vp 27/ 4\ 72 _D,s. o fi o ({i 0.
£, = 0,3444{;,, ) (z;ﬁ) (.D) /é,c) z (1)

Figures 9 and 10 give an overall correlation of the data.
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5.

).‘.O .

SalMPLE CaLCULATIONS

Sample Hun -

Slurry Density ( P)

Weicht & Solid =

Mean Specific Heat

Flow Rate (w) =

Slurry Heat (q) =

Stean Heat (q')

Run No. 10 Snowflake Suspension

Retfer to Tables VI and X

Leight of water at 60%F required to
£i11 ki liter volumetric flask is

9,688 1lbs.,

Slurry Density = 62.&.%9L%% = 66.3 lbéu.ft.
« 0O

g%f% = 1.062 gm/cc.

(C)=¢C 1 -X)+C X
Cp = Heat capacity of water BTU/1b.9F
Cg = Heat capacity of solid BTU/1b.°F

X = Welght fraction of solid

.918 BTU/1b.C°F

6 =12 (1-.10h) + .209 (.104)
77.5 lbs;/i.83 min. = 42.4 1bs./min.

(w) (c) (Temperature rise)

fi

(he.b) (.918) (79.9%-U3.3%) (1.8%/°C)(60 min/hr)

= 15),000 BTU/hr.

From Steam Tables a plot of vapor knthalpy
minus Liguid #nthalpy vs. Steam Pressure
was made and from this the Latent Heat was

taken.
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L1,

i

q' = (Condensate Rate lo/hr) (Latent Feat BTU/1b)

(3.03 1b/min) (£0 min/hr) (952 BIU/1b)

i

173,000 BTU/hr.

Viscomeber Iriction Factor (f)

@&P) (D) (2ge)

f= _
P L e
D = 0.0518 ft. - ID of 1/2" pipe
L = 6.0 ft. - Distance between sanometer taps
A= W #/min

60 sec/min.x 06,3 1bs/It3 % .00211 ft2

i

0.119

DP = 21-0 i‘ﬂ
12 in/Tt

(65.5) (.0518) (2) (32.2)
(86.3) (6.0y (0.119 z L2.4)

x 62,1 1bs/1t7 (1.6-1.0) = 5.5 Tbs/ft?

o = 0.0216

8. ipparent Viscosity ( fy)

/(T = 1/ {0.0216 = 6.80

From Fizure No. 6 Re{ f = 6LoO

Reynolds Number (Re) = 6L0O / f 0.0216 = 143,500

R . DG
i eter) = X
/‘b (in viscom ) e

o ¥. u

—

S - TO0ZIL £t°

= (LOB1B8£6)(W Ybs/min) _ o) o L2l - goa R
/L( b (L002Iifte) (Re) 2.5 I3-500 .0238 lbs/min.ft

average temp. in Heat Section = 61.6°C -
Viscometer Temperature = 62.0

Viscosity of water at 61.6°C

1

0.1458 cps
0.455 cps

/”‘3 (Corrected to heat section tamp)#lb .‘:%gg = '0.021;0 lbs/%
T p

Viscosity of Water at 62.0°C
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9. Heal Section reynolds iumber

Re'! = Re x _'8532 = 2433500 '0238 = LLB,:LOO

10. ixperimental Film Coefficient of Heat Transfer (h)

h=a/k bt

T
154,000 BIU/nr (See calculation No. §).

[l

i

q
3.1L x 0.0518 ft. x 8.0 ft. = 1.3 ft.2 (Inside Heated Avea)

A

Calculation of At
L

average temperature from millivolt readings = Zl&OF‘
Temperature drop across pipe wallsa tm

" tm = §8) (pipe thickness) _ (154,000 :s"‘L/hr)(o 590 o)

I
(¥metal) (avg. 4rea) (90 ©T0/hr OF I'b)(;»xvg. irea)

o o (0.840 - 0.622 (1 £t
kvg. .rea =D L = (3. 1u, o B ER R ng(s £5)
0.622) '
= 1.52 £t.°

(15L,"00) (‘%g‘%‘ 10.29F

(50) (L.52)

1

iverage Inner Surface Temperature = 21l - 10.2 = 20LOF

A L 1% .
- (204 ~ 110) ~ (204 - 170) = %), },0m
A b >3 g 200 - TI0 : 5h.LOF

0L =176
= 154,000 BTU/hr = 2180 B‘I‘;J/hr.i‘t.zoF

(T3 T%2) (Sh.4°%)

11l. Nusselt Nwnber (N) = h‘ﬂ/kf

_ n wa BIU - T,
0-318  mrrereor

_ 2180 x 0.0518 _

ke
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1)4. 3
15.

16.

L3.

{.HX R

Prandtl Number (P) = Qfﬂyﬁ/kf

p = (1.0 BTU/1bOF)(0.02L0 1b/min.ft.)(60 min/hr)
0.378  BTU-Tt/hr.1te0r

= 3.01

0.

PO+ 12 _ o 55

/8% 72 < 299/2.55 = 117

M 117
(B2 (me)0 T = (13,100)0-7 = ©0:630
Diameter of Pipe = D

Dy 0.,0000397 in/micron x © microns

b

Diameter of Particle (ASSWng & sphere) Dy

o 0.622 in

= 2,61 x 107



CALCULATED

RESULTS




8 -9 10 11

=3

Run Fo. B 2 3 x = =
Friction Factor (Z) 323 L0181 0303 L0271 .0212 022k .0226 0246 .0312

;;ﬁ«;" : _— 575 6.06 6.86 6.0  6.65  6.36  5.66

it w500 1,850 2,700 200 ) 6.900 5,750 5,400 3,850 1,68

Reynolds Number Re o foe 7h,E00 0 18,600 16,300 34,0 7,200 38,600  36,000° 24,500 9,490

Bk vigg@@§§§;§ b 1be/min. o o0 .07hE .0268 .0262 .0256 .0313 | 40550
i@iﬁ zjz&% %’ii@%%it&‘ 0155 o7ig o3h2 .026k .0255 0248 .0302 .0531

‘orrected %ézﬁiiﬁ; Wumber 1! 000 75,500 10,800 16,50 48,000 39,600 37,200 25,400 9,800 e

Yass Fraction of Solid . = . .078 .078 078 .080 .083

in Slurry (%) Sk L0506

Temp. Drop Across Pipe Wnll N I . ¢ o 10.70  9.50 9.2 8.36 6.61

bta °F " 209.2 2
. 202, ; 13.2
Ing 2 . U 180,0 189,k 109.0 2¢0.2 199.8 203.2 ? 7 .
ide Pipe Wall I - ,
4 L P ;ﬁly_ - 61‘3 63‘3 61-5 65-8 69'8
i0g Mean Temp, DIff.gty.. BT 50.2 D3ev Hred
AkL 161,000 143,000 139,000 126,000 99,800
23 [T ) s S 142,000 112,000 100,000 ’ ’
Slurry Hest BTU/hr 135,500 Soe,b / 145,000 135,000 111,000
e S0 173,000 152,000 113)989 180)000 160,000 7 ’ ’

Steam Heat BTU/br, ' 153,500 Ll e |
Filn géw%%ﬁs% (n) o b oooo 1,367 1,190 2,000  LTH  LTO b W LI

B/, e 2,2 i,3
' e § ) n 277 238 236 199 151 !
oLE 30k 187 163 St
) | 3 5,43 .19 4 .05 3.9% L.79 8,h3
£1 2.9% 1.5 oD

L6051 4 227 2,73 2.66 2,61 2.99 h.h5

s 00 2.13 5.5C -

101.0  89.5 91.2 66.5 33.9

3k.0 k9.8
910

1,990 1,7kO 1,660 1,270 650

0507
6,260

L051hk .0540 L0524 0522 . AV

5 .0515 0530 |
i ’ 6,000 6,260 6,260 6,260

>
T %,260 6,260
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TABLE XTI CALCULATE
. ;
3 &
=
- - Fale Fogt
L023¢ et
5.50 .22
e s Y
oy :}-\f\;’ 3} -::‘GJ:‘}

145,000

150,000

T LTO

g ST

.C73%
1,120

I3¥]
o
Al

\é

o
&
Cin

9.5
204
50.5
139,000
143,000

2,120

\Xe}

.0256
6.25
3,400
21,200

0307

0294

22,200

115

8.4
210
59.5
117,000

126,000

1,510
207
k.66
2.94
70.4
1,160
L0606
1,120

10
.0261
6.22
3,300
20,500

L0272

.0262
21,300

.115

Te5
211
62.9
105,000

113,000

1,280
176
b,15
2.70
65.3°
1,120

.0583 - Av. 0.0691

1,120




Run No.

Friction Factor, £

¢

Re {ﬂf:

Reynolds Ho., Re

Bulk ’?‘ismi%?ﬁﬁ, 1bs/min.ft.
Corrected Bulk Viscosity, i',

Corrected Reynolds Humbe

¥ess Fraction, Solid in Slurry, X
Tewp. Drop across pipe wall,s %{%
Inside Pipe Wall Temp., t_,, F

Log Mean e
Slurry Heat, BTU/br.

p. Difference, étm ;e?

Steam Heat, BTU/hr.
Filn Coefficient, BIU/hr.ftoCF
Husselt Number, N

Prandtl Number, P
p 12

Nfp T2

D/p

e
ol g b
= s
R R W

A TIT
BN 2%u 3 XN

BT
Aol

nds

- mAT ATIT AFTOTY DAMA
1T CALOULATED DATA

L
.0231
©.00
5,100

,,

8.55
209.2
59.0
129,000
132,000
1,680
230
4,02
2.65

87
1,224

LOTTL

=3

0296
5.82
2,040
11,900
.0k01
.0378
12,600
.03
T+5
212.8
65.0
103,000
118,400
1,400
192
6.00
3.51
54,7
763
L0717

- Av. 0.0762




OBSERVED alN

TAELE XITT

D CaLCULsTED DaTA FOR ATCHITE

PROM Balsmlill (12) FCR FIGURES 7 avD 9

Filn Nusselt  Prandtl Reynolds  Crdinate
Coefficient  Number Number R Humbex . gf
(h) (11) (p) P (iie) Pipure 7
3575 490 3.6 201  1kL3,800 223,0
3072 L21 3.59 168 119,600 187.0
3076 L22 3.72 18) 109,200 183.0
2564, 363 L1, 0L 133 83,300 147.8
2373 325 h.35 113 66,500 125.5
3531 18 .30 190 117,000 189.0
3256 L5 k35 5L 105,500 154.5
297L 108 h.55 137 87,200 152.8
2563 352 o7k 115 70,600 128.0
2190 300 5.13 93 53,600 103.2
3u91 1478 11,89 153 105,300 171.0
3141 L31 5.61 125 52,800 151.0
2978 108 5.06 127 82,500 1LL.5
2681, 368 5.25 112 49,200 12L.5
2289 31k 5.6l 90 53,100 10L.0
1703 23l 6.58 60 31,100 07.¢
SOE7H
Mowark

2on
Mo,

103

10k
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TABLE X1V

CoLCULATED RESULTS FOR FIWAL CORRELATION
DaTa FOR GOORDINATLS OF FIGURES 9 AND 10

Slurry Run Ordinate of Ordinate of Reymolds
Type Nos Figure 7 Figure f0 Muriber
Atomite 1 90.0 527 38,600
2 173.0 917 76,500

3 37.4 219 10,400

L 54.8 320 16,600

5 88.6 520 3L, 400

6 137.0 800 5L,100

7 111.0 - 652 118,000

8 97.5 574 39,600

9 99.5 585 37,200

10 74.0 Ly29 25,400

11 37.4 219 9,800

Snow Flake 1 218.0 1065 72,400
2 153.0 745 148,100

3 159.5 780 50,400

L 133.0 648 L0,600

5 108.0 526 31,800

6 L7.5 232 9,950

7 h2.7 209 10,200

8 83.6 408 22,300

9 112.0 549 33,600

10 132.0 680 43,100

11 168.0 825 56,800

12 189.8 928 6l,300

No, 1 White 1 131.5 5h6 36,200
2 135.0 560 311,800

3 129.0 536 31,200

i 95.5 396 21,700

5 80.5 330 17,200

6 166.9 690 h8,800

7 110.0 L57 31,600

8 147.3 61l 110,500

9 8.3 350 22,200

10 78.0 325 21,300

Copper 1 221.0 6Lé 54,000
2 158.1 38l 31,300

3 190.3 500 145,100

L 145.2 126 3,200

5 111.5 327 22,700

6 105.2 309 21,800

7 664t 195 12,600
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DISCUSSION COF RESULIS

The accepted water data was reproduced satisfactorily in the
apparatus calibration runs as shown by Figures 5 and 6. In Figure
S. it will be noted that although the slope of the line produced by
the data of this report is the vsame as that of Lawrence and Sherwood
(13) and Salamone (12), the intercept is greater. The same pattern
is observed on Figure 6 where the data for the Atomite slurry as
obtained from Salamone gives approximately the same slope as the
data of this report, but the intercept of the latter is greater.
It is suggested that the displacing of these lines to indicate higher
actual film coefficients of heat transfer may be due in part to an
improved method of installing the thermocouples. They were installed
by grooving the outside wall of the pipe parallel to its axis just
deep encugh so that the thermocouple wire was approximately flush
with the pipe wall with only a minimum of protective covering which
was smoothed out to matech the cutside diameter of the pipe. 4t the
end of the groove inside the heating section, the thermocouple junc-
tion was embedded in solder as close to the pipe surface as possible.
This method of installation should .give more accurate measurements
of surfé.ce temperature than those obtained by Salamone. In addition
to this, the thermocouples in Salamone's apparatus were installed
by winding them around the outside of the pipe through which the
slurry was flowing. It can readily be seen that the temperature of

the condensing film on the pipe wall varies from top to bottom as
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shown by the fact that thermocouple three installed on the bottom
of the slurry conducting pipe always read aboubt 20 - 30 degress less
than thermocouple four which was installed on top of the pipe. The
thermocouple wires are, therefore, subjected to a more constant heat
source since they are in the same position all along the pipe and
would not be affected by temperature gradients introducing an error

by heat conduction.

The slope of the line in Figure 8 is negative (-0.15) which
means that for the slurries under study, the coefficient of heat
transfer increased as the particle size increased. This is also
shown by Figure 7. Salamone found that the opposite was true at
higher Reynolds Numbers with copper slurries ranging in particle
size from twenty-one microns to fifty-six microns. It is also in-
teresting to note that the difference in intercept between the Snow-
flake line (6 microns) and the Atomite line (2.5 microns) is much
greater than bebtween the Snowflake line and the No. 1 White line
(14 microns). The copper line (30 microns) is higher than the No.
1 “hite line but here the increment is not so significant since
particle size is not the only determining factor in this case.

The thermal conductivity of copper is 220 as compared to 0.4O for

Calcium Carbonate.

Tt is suggested that the mechanism may pass throush some limit-
ing value or transition period where at lower flow rates heat trans-

fer increases as particle size increases with the magnitude of the
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increase in heat transfer for a progression of increasing particle
size decreasing until at some limiting value of particle size a
further increase in particle size causes a decrease in rate of heat
transfer. It is reasonable to assume that if such a transition point
exists, that it can be shifted up or down based on the particle size
scale by changing the flow rate and, therefore, the turbulence. A4s
long as a high degree of turbulence exists, it will overcome the ten~
dency of the particles to settle and will keep them in motion so that
they will contact each other and the hot pipe wall frequently. Wwhen
& low degree of turbulence exisbs, these contacts are reduced and the
heat transferred by conduction is decreased. The effect of particle
size over a range of particle densities is an investigation which may

improve the accuracy of this correlation.

The shape of the particles, which in this correlation was assumed
to be spherical, may have a significant effect upon the correlation.
The shape of the particle will influence its turbulence in suspension
and its contact with the heat exchange surfaces. The shape will also

effect the surface tension of the dispersing media.

For practical usage, it would be better if it could be determined
that the effect of particle shape was not significant since this is a

physical property which is difficult tc determine.

Figure 10 shows the data of this report using the modified form
of the Salamone equation (Equation 1) as determined as a result of

this work and Pigure 9 shows the same data using the Salamone equation.
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The data correlates better using the modified equation but it is
interesting to note that Salamone's data correlates very well with

his eguation as shown in Figure 9.
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SUMMARY AND CONCLUSIONS

New exponents for the Reynolds Number (Evﬂéa), the thermal con-
ductivity expression (KS/Kf), and the particle size expression (D/DS)

were developed which, when used with the equation of Salamones
‘A‘ Ne7e Otxr’ 0,38 o.of
“z"“ /3y (..ﬁ) ( ) ) s Ky
e ef
resulted in a new equation:

f i 4 of
[\) 0.7 /C¥ E)“”'n Djjf" r(é’)a.af s \°
L 03%( ) (é{/ D < k£

This new equation gave much better agreement with the data coliected

than the equation of Salamone.

The most significant difference in the two equations is the ex-
ponent of the particle size expression. The data indicates that the
change in particle size is not directly proportional to the change in
the heat transfer coefficient. There seems to be a transition point
or limiting value for any solid of given density where the heat trans-
fer coefficient stops increasing as the particle size increases. &S
the particle size is increased further, the heat transfer coefficient
decreases. The data of this report also indicates that this limiting
value was approached in larger increments when the particle size was
changed from 2.5 microns to 6.0 microns than when it was changed fram

6.0 microns to 1.0 microns.



Before any rigorous conclusions can be made on the effect of

particle size, it will be necessary to collect more data on more

solids in suspension.

The change in the exponent of the thermal conductivity expres-
sion has a relatively small effect on the magnitude of the heat

3

tranefer coefficients except for solids of very high thermal con-

ductivity.

The change in the Reynolds Number exponent, although it is a
minor one, is significant since the Reynolds Humber expression is

the controlling one in the equation.
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UNITS
heat transfer surface, £4.2

specific heat Af fluid or suspending medium, BTU/(1lby) (°F)
specific heat of suspended solid, BTU/(1lb,) (OF)

pipe diameter, ft.

average diameter of suspended sclid particles, ft.

friction factor, dimensionless

dimensional constant, 32.2 (1b) (£t)/(lbg) (sec)®

£ilm coefficient of heat transfer, BIU/hr. £t. °OF

thermal conductivity of fluid or suspending medium, BTUﬁ’/hr. ft.
thermal canductivity of suepended solid, BTUY®/nr. £+.2%%
length of pipe, ft., any linear dimension

pressure drop in pipe length

heat transfer rate, BIU/hr

temperature

logarithmic mean temperature difference between average inside
pipe surface temperature and inlet and outlet slurry tempera-

Q i

ture,
linear velocity, f%/sec.
linear velocity of suspension based upon bulk density of the

suspension, ft/sec.

weight fraction of solid

Nusselt Number, hﬁ dimensionless

Prandtl Wumber, C /k, dimensionless
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Ret

L

Reynolds Nomber, Dv / dimensionless
Corrected Reynolds Number

volume fraction of solid in suspension
fluid density, b /£t

viscosity of fluid

apparent bulk viscosity of suspension

corrected bulk viscosity
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