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kW-TRACT 

The following equation was developed by Dr. J. J. 

Salamone for calculating the fiIm coefficient of heat 

transfer to non-Newtonian suspensions in turbulent flow 

(Re 50,000 - 200,000) inside of pipes: 

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 various components. 

Equipment was constructed similar to that used in 

the original investigation with added improvements from 

which it was hoped to gain more accuracy. 

The results of the correlated data showed the 

following equation to be valid: 

The original investigation also showed that the ef- 

!active thermal conductivity varied with velocity and 

reached some limiting value at full turbulence, which was 

corroborated by this investigation. 



The calculated data further substantiated that 

certain properties of the slurry utilized in this aqua.. 

tion such as bulk velocity, bulk density, and bulk 

viscosity, heretofore not used in equations, could be 

used for designing heat transfer equipment for non-

Newtonian suspensions. 



INTRODUCTION 

The object of this research was to *heck an equa-

tion developed by Dr. J. J. Salamone for predicting the 

film coefficient of heat transfer for non-Newtonian 

suspensions in turbulsnt flow. is investigation was 

prompted by the lack of such an equation and by the 

hypothesis gained from fragmentary data that suspensions 

of finely divided solid particles of high thermal con- 

ductivities in a liquid medium would improve the heat 

transfer properties of the liquid. 

The equation referred to above was developed from 

a majority of data collected in the 50,000 - 200,000 

Rsynolds number range. In the present investigation it 

was decided to collect data in the 10,000 - 70,000 

Reynolds number range and from that data re-calculate 

several of the exponents involved in the original 

equation and thereby obtain a check of the equation over 

most of the turbulent flow region. 

The equation referenced above was one developed by 

dimensional analysis. The second approach to the problem 

was investigated under the assumption that the present 

equations for liquids could be applied to suspensions, 

provided that the properties involved could be evaluated 

for the suspension. It was found that all the properties 

except the bulk viscosity and the effective thermal con-

ductivity of the suspension could be evaluated. The 



effective thermal conductivity and the bulk viscosity 

were evaluated by calibrating the experimental apparatus 

with water. The investigation showed that above a 

Reynolds number of 37,500 the effective thermal conduc-

tivity for each suspension reached some limiting value 

that was greater than that of the dispersion medium. 

From the limiting value a linear equation was written. 

The effective thermal conductivities calculated were 

found to be applicable to the Dittus Boelter equation. 

This thesis of Binder and Pollara is one of two 

which ran concurrently with that of Bauman and Quinn. 

It was the purpose of this half of the work to de-

termine the exponent of the expression Ks/kf calculate 

effective thermal conductivities and compare their trend 

in a plot of Ke  versus Reynolds number to the trend found 

by Salamone, and to compare his correlation to the new 

correlation using the new exponents. 

Quinn and Bauman investigated the exponent of the 

Reynolds number and of the particle size expression (D/Ds). 

The data and figures of both parts of this work are 

shown in each thesis for the convenience of the reader. 



THEORY 

The newest formula for predicting the coefficient 

of heat transfer (h) to non-Newtonian solutions of the 

pseudoplastic type was developed theoretically by 

J. J. Salamone through the use of dimensional analysis. 

He concluded that the film coefficient of heat trans-

fer should be a function of: 

pipe diameter - D 

weight fraction of solid - X 

thermal conductivity of the dispersion medium - 

average particle diameter - Ds  

particle shape 

specific heat of solid - Cs 

specific heat of dispersion medium - Cf 

density of solid - ps  

density of dispersion medium pf 

apparent bulk viscosity of the suspension - ub 

velocity, based on bulk density - Vb 

Assuming spherical particles and incorporating density 

of the solid, of the dispersion medium, and weight frac- 

tion of solid into a bulk density of the suspension pb,  

Then by dimensional analysis the following equation was derived: 
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The constants in the above equation were then de-

termined from experimental data and yielded the follow-

ing form of the equation: 

1 
multiply both sides by ubCf and rearranging to give 

From inspection of the above equation it can be seen 

that variations in u, greatly effect the size of the heat 

transfer coefficient h. The value of u depends upon the 

type of fluid used. 

Fluids have been found to fall into two general cate-

gories, Newtonian and non-Newtonian. A plot of shearing 

stress versus tire rate of shearing strain gives a straight 

line through the origin for Newtonian fluids. The viscosi-

ty is equal to the slope of this line and is constant for 

any one temperature and pressure. 

For a non-Newtonian fluid the ratio of stress to 

strain is a function 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-Newtonian, -- and that many are 



of the pseudoplastic type where the apparent viscosity 

decreases with increasing velocity. Data for the stress 

strain curve for determining the apparent viscosity may 

beat be obtained from a pine line viscometer. 

Tese viscosities are based on the Panning friction 

equation: 

In order to use the pressure drop data from the viscometer 

it is first calibrated with a Newtonian fluid whose dens• 

ity and viscosity is known and a plot of friction factor 

(f) versus Reynolds number (Re) made from this experimental 

data. Then by calculating a friction factor using the 

bulk density and pressure drop of the slurry a correspond-

ing Reynolds number can be found and the bulk viscosity 

calculated. 

From the above, it logically follows that the pipe 

line viscosity for slurries determined under the same con. 

ditions that the heat transfer data was obtained is the 

one that should be used for correlating that data. 

This is especially true in the case of pseudoplastics 

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. 



LITERATURE SEARCH 

A search was made into the available literature to 

determine the extent of the work performed by other in-

vestigators, to obtain sufficient background for design-

ing the apparatus required, and to organize the experi-

mental work to obtain sufficient data for use in arriving 

at valid conclusions. 

The first engineering investigations on the flow be-

havior of non...Newtonian fluids in conduits appeared in 

the work of Wilhelm, Wroughton, and Loeffel (18) at 

Princeton University and Caldwell and Babbitt (3) at the 

University of Illinois. The purpose of this work deals 

primarily with the determination of a procedure for cor-

relating pressure drops for various suspensions. Hereto-

fore, only qualitative information based on minor experi-

mental data had been available. Babbitt and Caldwell 

used sewage sludge and aqueous suspensions of clay, sand 

and wood pulp, considering 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 depend-

ent upon the concentration of suspended material, size 

and character of this material, nature of the continuous 

phase, temperature, slippage and seepage, gas content and 

agitation. Their data showed that for a given concentra- 



tion of suspension, the finer the particle sine, the 

greater the resistance to flow. Agitation was shown to 

have a definite effect on flow characteristics by a change 

in particle sire and distribution. Density was shown to 

be unimportant in the laminar or streamline flow region, 

but of definite effect on the friction factor above the 

critical velocity which is that velocity below which the 

friction loss follows the plastic flow equations of 

Binghem (5) and above which the friction loss is directly 

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 number versus friction 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 

pressure 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 effects the density but not the viscosity 

in the turbulent region. 

Wilhelm, (17) et al. employed water suspensions of 

cement rock and Filter-Cel, varying in concentration from 

54 to 62% and 21 to 34% solids, respectively, and ran them 



simultaneously in a modified Stormer Viscosimeter and 

in pressure drop sections of known pipe size and length. 

For cement rook suspensions pronounced deviations from 

Newtonian properties were found at low rates of shear 

(fluid velocity in pipe sections, and RPM in viscosimster), 

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 eases viscosity increased with con-

centration. The pressure drop data obtained could be 

correlated on the conventional friction factor plot, if 

a corrected viscosity was employed. This corrected value, 

which might bereferred to as the turbulent viscosity as 

proposed by Binder and Busher (4) was obtained from a plot 

of Log Z versus the RPM of the viscosimeter by extrapolat-

ing the straight line obtained to zero shear, or RPM. 

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 viscosimster 

as the torque divided by the specific gravity and the 

square of the RPM, and the Reynolds number as RPM times 

the specific gravity divided by Z. 

Two additional papers have appeared; one on true 

plastio and the other on pseudoplastic fluids which sub-

stantiate the data of Wilhelm and his workers. Binder 



and lusher (4) used suspensions of grata in water and 

prepared data which indicated that, for true plastics, 

data can be correlated in the turbulent region by an 

equivalents  or turbulent viscosity which is the viscosity 

of a true fluid having the same friction factor as the 

plastic for flow through pipes. The parts of a paper by 

Minding et al. (19) on the flow of rubber latexes gives 

the first data en the flow properties of pseudoplastics. 

Sere the data obtained in the turbulent region could be 

properly correlated on the usual friction taster 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 pseudoplastic in the laminar flow region. 

Based on this work, MacLaren and Stairs (

9)measured the viscosity of the Filter-gel suspensions investi- 

gated in (19) by measuring the pressure drop in known 

sizes and lengths of pipe. By comparing the values thus 

obtained for Filter-Gel to these for water in the same 

pipes, it became possible to obtain a value of the via. 

cosity similar to the turbulent viscosity defined by 

Binder and Sather (4). 

In 1949,  G. E. Lives (1) presented a summary of 

much of the available knowledge on the Plow of non-Newton- 

ion Suspensions. Shear diagrams for several types of 



Newtonian and Non-Newtonian suspensions, flawing in pipe 

are presented as well as a number of references to the 

work of the more significant investigators in the field. 

Ths available information on heat transfer to sus-

pensions of the solids in liquids is rather limited. 

Neat transfer coefficients of dilute suspensions of 

Filter-Col in a concentric pipe heat exchanger were in-

vestigated by MacLaren and Stair (9). 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 

turbulsnt range were calculated from the pressure drops 

in a straight length of pipe. In correlating their data, 

MacLaren and Stairs found that the points obtainsd 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 

lower than 40,000, it was found that a film of ths 

Filter-Cel was baked on the hsating surface. At the higher flow 

velocities, ths slurry moved through the heating section 

fast enough to avoid the formation of a deposit. 

Hoopes (11) data on the cooling of 0- 21 percent 

Filter-Cel slurries were found to agree within 10% with 

the Dittus-Boelter equation with the 0.4 exponent for the 



Prandtl number. Far the data of MacLaren & Stair on 

the same slurries the Reynolds number exponent of the 

Dittus Boelter equation had to be changed from 0.6 to 

0.705 and the constant from 0.0225 to 0.0385. Both 

Hoopes et al. and MacLaren & Stair present their slurries 

as showing Bingham body flow, though MacLaren & Stairs 

did notice some manifestation of variation of this be-

havior at low fluid flow rates. 

&handling (16) investigated the heat transfer co-

efficients to aluminum-water slurries. Like the previ-

ously referenced investigator (9) he obtained his data 

In a steam Jacketed heat exchanger which was a component 

part of a re-circulating system. Concentrations of slurry 

varied from .8 to 7.4%; the Reynolds numbers ranged from 

20,000 to 100,000. It was determined that the heat trans- 

fer coefficients were not significantly affected with 

increase in the suspension concentration. A rise in vis-

cosity at low velocities and higher concentrations was 

found to offset incrsases in the slurry conductivity. 

No correlation of the heat transfer coefficients of the 

suspensions could be made because of particle character-

istics which could not be determined. Correlation of 

Nu/Pr 0.4 versus Re 'T as indicated by the Dittus-Boelter 

equation gave a series of parallel lines having different 

ordinate intercepts. The same slope as the line for 

water data, i.e., 0.7 was obtainsd. 



Bonilla et al. (6) investigated the heat transfer 

properties of chalk-water slurries at different 

concentrations. They found that the cooling of 0 to 21% 

slurries egrets within 10% with the Dittus-Boelter 

equations 

(hD/Ko) = 0423 (DG/U) 0.8 (c /Kc) 0.4 Eq. (5) 

over a Reynolds number 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 

u, the viscosity of the slurry was measured in the 

Wilhelm and Wroughton viscometer. A correlation between 

viscosities of the slurry and water was made with the 

Hatschek equations 

 
Eq. (e)  lb X " lftj, where ub =  bulk viscosity 

of slurry 

uw  s viscosity of 
water 

* volume fraction 
of solid in 
suspension 

With the properties of the system evaluated in the 

above manner, the Reynolds, Prandtl, and Nusselt 

numbers were determined. After plotting Nairn* 1/3 

versus Re, with percent solid as a parameter, it was 

shown that the mu./Pr 1/3 value varied inversely with 



concentration of solid and that the effect was more ap-

parent in the lower Reynolds number range. The decrease 

in Nu/pr1/3 was found to be approximately a linear func-

tion of the solid concentration in the suspension. 

Salamone (18) in 1954 completed a series of experi- 

ments with a number of suspensions consisting of various 

powdered solids in water. In this investigation, the 

variables investigated are the individual properties of 

the suspension's components with the exception of viscos-

ity, velocity, and density which are measured as bulk 

properties based upon the conditions of heat transfer. 

The experimental data is so correlated to yield the ex-

ponents of equation (2) by dimensional analysis. Another 

correlation assumes that existing relationships for 

liquids apply to suspensions, providing that the perti-

nent properties may be evaluated for the suspension. 

Evaluation of all properties except the effective thermal 

conductivity of the suspension could be made. Calibra-

tion of the experimental equipment with water resulted 

in 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 concentration and particle size of the solid. This 

investigator chose the turbulent flow region for his 

work to develop high coefficients of heat transfer and 



tombstone the problem of settling of the solid particles 

in the piping system. 

Orr end Dallavalle (13) worked with various suspen- 

stone of powdered solids in water and ethylene glycol. 

The equations 

was used to calculate the suspension vlscosity. 00 is 

the volume fraction of the solid in a sedimented bed. 

Experimental measurements with a Saybolt type 

viscosimeter gave results which agreed closely with the above 

referenced equation. Calculation at the thermal 

conductivities of the suspensions agreed rather well with the 

conductivities determined experimentally. The data oh. 

tabled were correlated rather well with the use of the 

DIttus-Boelter equation as modified by ander and Tat* (20). 

Heat transfer charseteristics of non...Newtonian sole

tion(single fluid phase) were investigated by Chu et al. 

0). Heat transfer correlations for ordinary liquids 

were found to apply as long as the proper viscosity and 

thermal condustivity were used for the solution, 



DESCRIPTION OP APPARATUS 

A schematic diagram of the apparatus which is similar 

to that constructed by Bonilla (6) and Salamone (15) was assem- 

bled for the purpose of obtaining the data for this investi- 

gation as shown in Figure 1 . 

The slurry was prepared and stored in a 55 gallon drum 

provided with a "Lightning" motor-driven agitator. A 

Worthington pump 'of adequate capacity, driven by a 1.1/2 

22DV, 60 cycle A.C. motor at 3450 RPM transported the slurry 

from the storage tank, through a by-pass, which was installed 

to insure positive rate control and thorough mixing by re-

cycling slurry bask into the tank, and then thru the system 

back to the tank. 

The circulatory system consisted of a heat transfer 

section for transfer measurements, two cooling sections eon. 

slating of a concentric pipe heat exchanger located after 

the heating section which kept the slurry in the viscometer 

(which came after the cooling exchanger) at the average 

temperature 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 maintained the 

slurry feeding the system at isothermal conditions. 

All lines in contact with the slurry were 85-15 brass, 

excspt as noted above. 

The heat transfer section contained a 1/2 inch I. P.S. 

brass pipe inside a 1-4/4 inch wrought iron pipe which in 





Figure 2 

Front View of Aparatus 

Showing 

Heating, Cooling, Pressure Drop, and Calming Section* 



Figure 3 

Roar View of Apparatus Showing 

Slurry, Condensate and Slurry Sample Stomp Containers, 

Thermocouple Rotary Selector Switch, Potentiometer Plat-

form, Manometers, and Slum Traps. 



turn was surrounded by a 2-1/2 inch wrought iron pipe.'  

Steam was circulated through both annular spaces, the 

outer serving as a guard heater. Iron tees and bushings 

located at the ends of the 2-1/2 inoh and 1-1/4 inch pipe 

provided the inlet and outlet for the steam in both annular 

sections. Sealing of the outer annulus was accomplished 

by screwing 2-1/2 x 1-1/2" reducing bushings into the 2.1/2" 

tees and inserting the 1.1/4 inch pipe which was then welded 

to the bushings. Sealing of the inner annuli was accom-

plished with the aid 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 ).Air 

vents were provided at each end of the inner annulus. 

Heating of the slurry was accomplished in the 1/2" 

pipe by steam flowing in the inner annulus counter current 

to experimental solution over a length of 8 feet. Provision 

was made for collecting and weighing the condensate obtained 

from the inner annulus. The 12 foot length of the inner 

1/2 inch pipe provided for a calming section of approximately 

2 feet at each end. Bach end was connected to a 1" tee con-

taining a thermometer well in which oil was used as a heat 

transfer medium. The thermometers used to record the inlet 

and outlet slurry temperatures were graduated in 1/10°C and 

ranged from .40  to 101°  C. Brass flanges with rubber gas-

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 rest 

of the apparatus. 



The thermocouples were installed in the 1/2 inch brass 

pipe in the following manner: Three grooves were out into 

the pipe wall at either end with the aid of a milling 

machine. Four of these were made 18 inches long, two 

commencing approximately 12 inches from either end of the 1/2 inch 

brass pipe. The third commencing at the same point as the 

others on both ends was extended over to the center of the 

1/2 inch pipe. The grooves were wide enough to accommodate 

a set of copper-constantan thermocouple wires No. 22 gauge. 

The thermocouple junction was positioned into the groove 

and the latter filled with molten solder. The solder was 

smooth and polished with emery sloth until the surface was 

uniformly circular. The thermocouple wire was snugly posi-

tioned along the length of the grooves and some litharge 

cement with glyserin (5) was used to fill the remaining vol. 

me within the grooms. The entire pipe surface was polished 

smooth with fine emery paper. In all, six copper-constantan 

thermocouple junctions were attached to the outer surface at 

the top and bottom near the ends and the center of the inner 

surfulus. A drawing of the thermocouple installation is shown 

in Figure 1. 

The wires far three of the thermocouples at each end 

were taped to the 1/2 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 1/2 inch pipe out to a terminal block 

adjacent to a rotary selector switch. In addition to the 



use of a strand of plastic tubing for each set of thermo-

couple wires, a larger size of plastic 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 block and from this 

point connected through a rotary switch to a Leeds Northrup 

portable precision potentiometer. An ice bath was used as 

a reference junction. 

The heating section was completely insulated with 85% 

magnesia pipe insulation and aluminum toil. The cooler was 

a double pipe type heat exchanger consisting of 1 inch brass 

I. P.S. pipe inside a 2 inch standard iron pipe. Cold water 

was circulated counter-currently to the slurry through the 

annular space. 

The viscometer consisted of an insulated 1/2 inch I.P.S. 

brass pipe with pressure taps spaced 6 feet apart. A 2 foot 

long calming section preceded the pressure drop section. Ap-

proximately 30 inches beyond the pressure drop section provi-

sion was made for a tee containing a thermometer well, A 

carbon tetrachloride manometer was used to determine pressure 

drop data. Traps were installed just after the pressure 

traps to prevent slurry particles from reaching the manometer 

lines. Lines to and from the traps were made of transparent 

Excelon 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 conveniently flushed with 

water. This was done before all readings to remove sedi. 

ment 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. A cooling coil was provided in the slurry 

tank to maintain isothermal conditions in the tank. 

The solids used for the slurries are described in 

Table 1 



EXPERIMENTAL PROCEDURE 

The apparatus was first operated with water and the 

data used to plot Figures 5 and 6. The data for Figure 

8 was obtained from the pipe line viscometer and shows 

excellent agreement with the line obtained from the 

von Karmen equation jt.  r" 7. (2 log Re irr) .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 aceepted 

data (Figure 5) although the intercept was greater. Four 

additional water runs were made to cheek the von Kerman 

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 shown to be acceptable 

the slurry runs were started. For 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. The 

Lightning mixer was turned on and sufficient solid was 

added to five approximately the weight 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 ea. The slurry 

rate was set by manipulating the pump discharge valve in 



conjunction with the by-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 reached as evidenced by constant 

temperature readings of the slurry at the inlet and outlet 

of the heat exchanger and in the viscometer for a period 

of ten minutes or more, the above, the thermocouple mil-

livolts, the manometer differential, and the steam 

pressure were observed and recorded. The inlet tempera-

ture, outlet temperature and manometer differential were 

averaged over the last two or three readings, if there 

was a variance, to minimise the effect of small 

fluctuations. The steam rate was determined by weighing a sample 

collected over a known period of time. The slurry flow 

rate was determined by diverting the flow to the slurry 

tank into a tared tank on a portable platform scale and 

weighing the contents collected over a known period of 

time. At least seventy-five pounds of slurry were col-

lected to minimise 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 weigh-

ing four liters of the slurry 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 



the weight-fraction of solid in the slurry from previ-

ously prepared curves based on known concentrations. 

These curves which are illustrated in Figures 4 and 4A 

were prepared by weighing a clean dry volumetric flask. 

It 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 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 fifteen grams shown in Table No. 2, and a 

plot of density versus weight fraction was made. 



TABLE 1 

Source of Materials and Their Physical Properties 

Material 
Source 

Density 
at 200C 

e 

S.P. Heat 60weConduct 
anolgop, 

Therm, 
►  Av. Part 

Size  
Microns 

Atomite Thompson 
Chalk Powder Weinman & Co. 2.71 0.209 0.40 2.5 

Montclair, N.J. (Co.) Perry Perry 
 

(Co.) 

Snow Flake Thompson 2.71 0.209 0,40 6 
White Powder Weinman & Co. (Co.) Perry Perry (Co.) 

Montclair N.J. 
  

No. 1 White Thompson 2.71 0.209 0.40 14 
Powder Weinman & Co Perry Perry 

Montclair, N. J. 

Copper Powder Charles RA 0.0932 220 30 ** 
New York, N. Perry Perry 

Electrolytie Cir. 
Powder 

 

All properties of water from Perry 

Thermal conductivity of brass (85015 red brass) 

90 BTV/hr/Wft2/ft 

** As calculated from size distribution data supplied by manufacturer 



TABLE 2 

Density-Weight % Data  

Solid 

Wt. Solid 
in 100 cc 
of Slurry 
gram. 

Total Wt. 
of 100 co 
Slurry gm/cc Temp. °C 

 
Wt. % 
Solid 

Slurry 
Density 
gm/Poo 

Atomite 2 100.62 26 1.9 1.007 
5 102.47 26 4.9 1.026 
10 105.72 26 9.5 1.059 
15 

4 

109.2 26 
 

13.7 
 

1.094 

Snowflake White 2 100.7 25 2 1.008 
5 102.4 25 4.9 1.025 
10 105.7 25 9.4 1.058 
15 108.5 25 14.2 1.086 

 
No. 1 White 2 99.73 25.5 2' .9988 

5 102.63 25.8 4.8 1.028 
10 105.63 25.5 9.4 1.058 
15 

 
108.53 25.5 

 
13.8 1.087 

Copper 1.411 1.00 
3.35 1.02 
6.41 1.05 
10.75 1.095 
13.99 1.124 



DENSITY VS WEIGHT 
FRACTION CURVES 

FlG. 4 



  

  

SLURRY CONCENTRATION vs. DENSITY 

 

Taken From J.J. Salamone  

Fig. 4 A 



TABLE NO. 3  
Observed Data  

Water Calibration Run 

Run No. 1  2 3 4 5 7 8 9 10 13 14  

Inlet Temperature, °C 33.3 47.7 46.2 44.0 40.8 33.7 31.5 23.6 38.8 43.5 
Outlet Temperature, 00 78.2 75.1 75.0 76.3 75.5 74.3 76 73.5 78.1 78.1 
Average Temperature, °C 55.8 61.4 60.6 60.2 58.2 54.0 53.8 48.6 58.5 60.8 
T. C. #1, m.v. 4.55 4.4 4.52 4.5 4.22 4.36 4.41 4.62 4.51 44 

T. C. #2, m.v. 4.34 4.05 4.16 4.1 3.86 4.15 4.28 4.62 4.16 4.05 

T. C. #3, m.v. 4.15 3.82 3.85 3.9 3.86 4.03 4.11 4.62 4.09 3.94 

T. C. #4, m.v. 4.45 4.28 4.41 4.39 4.33 4.43 4.39 4.62 4.54 4,44 

T. C. #5, m.v. 4.67 4.55 4.6 4.58 4.55 4.54 4.55 4.62 4.74- 4.67 

T. C. #6, m.v. 4.36 4.30 4.33 4.39 4.39 4.46 4.45 4.62 4.6 4.56 

Aver.Thermocouple Temp.,°F 217.5 212.1 213.3 213.2 209 213.9 215.4, 225.2 218.2 217,4 

Viscometer Temp., 0C 58.3 64 63 63 59.8 55.1 55 46.2 00.1 62.7 18 19.2 20.8 22 

Water Mass Rate, lbs./min  28.75 81 70.5 58.5 49.5 30.75 25.8 1 40.3 53.5 53.5 53 38.5 30.13 18.2 

Condensate Mass Rate, lbs./min 3.1 4.25 4.25 4.0 3.72 2.91 2.65 1.46 3.42 3.93 

Manometer Read.Inches CCV4 9.75 62 51.3 37.63 27.75 :24W. 0 3.125 10,19 32,06 37.56 21.38 13.63 5,63 

Steam Pressure, psig 7.2 6.5 6.6 7 6.1 6.5 6 7.1 7.0 7.9 



T B NO,  

Calculated Data Water Runs 

Run No. 1 2  3 4 5  6 8 9 7.0 11 12 13 14 

Friction Factor, f .0204 .0165 .0180 .0192 .0198 .0236 .0235 .0340 .0206 .0196 .0233 .0252 .0263 .0297 

'Pr-  6.96 7,90 7,45 7.20 7.11 6.50 6.51 5.14 6.95 7.14 5.54 6.29 6,17 5.80 

Re VII-  5.220 14,140 12,93Q 11,080 0,040 5,560 4,760 2,434 7,550 10,100 4,670 3,650 3,040 2,010 

Reynolds Nos,Re Heat Sec. 36,300 111,700 96,600 79,800 64,e)00 37,100 31,000 12,500 52,500 7,.,100 50,600 23,000 18,800 11,700 

Water Viscosity, op 0.483 9.443 .445 .448 .470 .505 .507 .585 .468 .453 

mF Pipe Wall Temp.Drop tm  - 9.2 15.9 15.1 15.4 12.3 8.8 8.2 4.3 11.3 13.3 

Inside Pipe Wall Terp.tsioF 
208 106 108 200 197 205 207 221 207 204 

Log Mean Temp.Dif. tim  op 68.0 49.5 54.2 54.0 54.0 69.6 ' 71.0 04.4 63.0 56.9 

Water Heat BTU/hr x 103 139 240 :227 202 186 135 124 64.8 171 COO 

Steam Heat BTU/hr. x 103 178 244 244 234 218 171 152 83.8 196 227 

Film Coeff. 5T1J/hr.ft2 °F 1570 3740 3220 2080 2650 1403 1346 528 209 270 

Nusselt Number, N 215 512 441 394 362 204 184 72.3 28.6 36.9 

Prandtl Number,P Visc•Sec. 3.10 2.84 2.86 2.87 3.02 3.24 3.25 3.75 3.01 2.9 

P 0.04 1.57 1.52 1.52 1.52 1.56 160 1.60 1.70 1.55 1.53 
NA 0,04 137 338 289 258 233 128 115 42.6 18.4 24.1 



COMPARISON OF EXPERIMENTAL HEAT TRANSFER 
DATA FOR WATER WITH OTHER WATE-R DATA 

Fig. 5 



CALIBRATION OF VISCOMETER 

6
  



TABLE O. 5 

Observed Data 
Atomite Slurry Run 

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

Inlet Temperature, °c 38.0 41.0 37.4 32.8 37.0 39.6 41.6 40.1 39.3 38.3 34.2 

Outlet Temperature, °C  65.7 67.8 72.5 74.3 70.6 72.1 72.3 74.3 75.8 78.1 80.7 

Average Temperature, °C 52.0 54.4,  55.0 54.6 54.0 55.8 57.9 58.7 59.6 60.5 5975 

T. C. #1, m.v. 3.55 3.54 3.81 3.91 3.80 3.72 3.76 3.87 3.93 4.05 4.16 

T. C. #2, m.v. 3.57 3.55 3.81 3.91 3.80 3.76 3.90 4.1 4.00 4 . .16 4.29 

T. C. #3, m.v. 3.60 3.55 3.73 3.73 3.62 3.65 3.70 3.73 3.75 3.87 4.05 

T. C. #4, m.v.  4.22 4.37 4.38 4.27 4.29 4.31 4.45 4.45 4.45 4.55 4,60 

T. C. #5, m.v. 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, m.v. 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.°F 198.9 200.2 206.4 206.8 205.4 205.8 210.5 212.7 212.1 217.6 219.8 

Viscometer Temp., 430 52.0 54.8 56.0 53.5 53.8 55.8 57.0 57.2 57.6 58.2 57.4 

Water 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 Mass Rate, lbsimin.2.77 3.02 2.66 2.06 2.68 2.93 3.16 2.81 2.54 2.36 1.95 

Manometer Read. Inches C014 
28.56 34.63 15.94 8.13 18.63 23.88 31.13 20.88 17.50 13.25 7.75 

if, Density, lbsiet3 64.6 63.9 63.6 63.6 63.5 63.3 65.1 65.2 65.2 65.3 65.4 

Steam Pressure, psig 8.2 10.3 10.6 8.13 9.4 11.3 11.2 10.0 10.2 10.5 9.6 



TABLE NO. 6 
Observed Data   

Snow Flake  

Run No. 1 2 3 4 5 6 7 8 9 10 11 12 

Inlet Temperature °C 45.3 45.3 42.6 42.0 38.8 34.3 33.9 37.4 41.3 43.3 45.5 48.1 

Outlet Temperature, °C 76.0 77.2 77.6 80.4 80.2 84.2 81.5 80.7 82.1 79.9 78.4 79.0 

Average Temperature, °C 55.6 61.2 60.1 61.2 59.5 59.2 57.7 59.1 61.7 61.6 62.0 63.6 

T. C. #1, m.v. 3.65 3.79 3.81 3.92 4.00 4.22 4.22 4.01 4.07 3.90 3.85 3.85 

T. C. #2, m.v. 3.66 3.77 3.92 4.05 4.07 4.22 4.27 4.07 4.23 4.07 3.93 3.96 

T. C. #3, m.v. 3.58 3.68 5.68 3.84 3.83 4.03 4.02 3.85 3.96 3.88 3.77 3.75 

T. C. #4 m.v. 4.38 4.39 4.40 4.54 4.51 4.52 4.60 4.47 4.65 4.55 4.45 4.48 

T. C. #5, m.v. 4.74 4.75 4.73 4.85 4.73 4.77 4.78 4.74 4.98 4.86 4.81 4.83 

T. C. #6, m.v. 4.61 4.66 4.65 4.74 4.69 4.73 4.73 4.68 4.89 4.76 4.70 4.69 

Aver.Thermocouple Temp.°F 205 208 209 214 213 217 218 213 219 214 211 211 

Viscometer Temp., °C 58.5 59.1 59.1 60.0 58.1 57.0 57.2 59.0 62.0 62.0 62.7 64.2 

Water Mass.Rate, lbs/min. 56.7 48.5 43.5 35.7 28.6 17.2 20.3 27.7 35.1 42.4 50.6 56.1 

Condensate Mass Rate,lbs/min. 3.44 2.91 2.79 2.58 2.37 1.85 2.00 2.44 2.87 3.03 3,23 3.36 

Manometer Read.Inches, 0014 34.2 27.8 22.1 15.7 10.6 5,1 6.9 10.5 15.4 21.0 28.5 34.0 

Density, lbsAt3 64.0 64.0 64.0 64.0 64.0 64.0 66.3 66.3 66.3 66.5 66.3 66.3 

Steam Pressure, psi 10.f) -;.'.2 9.8 1C :8 9.5 10.2 9.5 9.5 12.5 10.5 9.1 9.6 



TABLE NO. 7 
Observed Data  

No. 1 White Slurry Runs  

Run No. 1 2 3 4 5 6 7 8 9 10 

Inlet Temperature, °C 44.1 44.0 44.0 41.9 38.1 46.2 41.1 42.2 38.5 36.1 

Outlet Temperature, °C 77.7 79.8 80.5 81.1 84.6 78.1 76.4 82.1 83.2 83.0 

Average Temperature, °C 60.9 61.9 62.3 61.5 61.4 62.2 58.8 62.2 59.5  60.9 

T. C. #1, m.v. 3.63 3.79 3.77 3.81 4.22 3.79 3.77 3.97 4.10 4.14 

T. C. #2, m.v. 3.68 3.79 3.77 3.86 4.10 3.72 3.77 3.97 4.10 4.14 

T. C. #3, m.v. 3.68 3.73 3.73 3.82 3.96 3.66 3.61 3.90 4.02 4.01 

T. C. #4, m.v. 4.50 4.51 4.49 4.52 4.55 4.45 4.43 4.55 4.65 4.65 

T. C. #5, m.v. 4,84 4.80 4.78 4.77 '4.88 4.81 4.76 4.83 4.88 4.85 

T. C. #6. m.v. 4,62 4.70 4.70 4.71 4.79 4.69 4.66 4.75 4.81 4.77 

Aver.Thermocouple Temp. 0? 209 210 209 211 217 208 208 214 218  218 

Viscometer Temp., °C 57,6 58.0 53.1 57.5 56.2 59.0 56.5 59.5 58.3 570 

Water Mass. Rate lbsAmin. 47.6 42.1 39.6 34.0 25.1 54.0 44.3 35.4 26.6 22 8 

Condensate Mass.Rate lbs/mtn. 2.77 2.83 2.62 1.99 2.40 3.20 2.83 2.50 197  2.20 

Manometer Read.Inches CC14 28.6 22.6 20.5 16.5 9.3 33.5 23.9 15.0 7.25  9.69 

Density - lbs/Ft3 64.5 64.5 64.5 64.5 64.5 66.4 
66.4 66.4 66.4 66.4 

Steam Pressure, pstg 9.75 9.90 9.20 8.6 10.1 10.3 
9.2 10.4 10.2 9.5 



TABLE NO. 8 

Observed Data 
Copper Slurry 

Run No. 1 2 3 4 5 6 7 8 0 10 11 2 13 14 15 16 
Inlet Temperature,°C 44.7 44.0 40.5 36.3 38.9 36.2 33.6 46.9 47.3 40.8 44.3 35.5 31.6 43.1 46.0 36.7 
Outlet Temperature,°C 77.8 81.4 81.4 82.0 82.9 63.9 83.9 88.9 84,6 92.2 88.1 87.9 87.6 81.7 81.0 85.2 
Average Temperature, °C 61.3 62,2 61.0 59.2 60.9 00.1 58.8 67.9 66.0 66.5 66.2 61.7 59.6 62.4 63.5 61.0 
T. C. , m.v. 3.64 3.90 3.93 3.86 3.75 3.95 4.10 3.80 3.60 4.09 3.82 3.63 3.67 3.92 3.78 3.85 
T. C. #2 , m.v. 3.64 3.85 4.86 3.86 3.89 4.10 4.25 4.05 3.82 4.23 4.05 3.75 3.67 3.95 3.81 3.88 
T. C. #3 , m.v. 3.70 3.91 3.95 3.92 3.96 4.06 4.17 4.18 4.00 4.36 4.16 3,84 3.80 4.07 3.90 3.97 
T. Co #4 , m.v. 4.5 4.66 4.66 4.56 4.59 4.73 4.73 4.97 4.76 5.05 4.89 4.50 4.55 4.60 4.45 4.55 
T. C. #5, m.v. 4.83 4.99 4.92 4.78 4.83 4.90 4.90 5.30 5.12 5.34 5.17 4.77 4.85 4.12 4.66 4.70 
T. C. #6, m.v. 4.62 4.83 4.81 4.68 4.69 4.80 4.80 5•x3 4.93 5.24 5.02 4.63 4.68 4.74 4.56 4.66 
Aver.Thermocouple Temp. °F 207.0 215.0 214.5 211.5 212.3 217.8 220.3 223.0 215.8 228.1 221.0 222.3 225.5 202.3 208.5 212.0 
Viscometer Temp. 0C 62.6 64.3 61.9 58.4 61.1 57.0 54.6 64.4 63.0 61.7 65.0 57.0 53.3 60.0 61.3 57.8 

Copper Mass.Rate #/min. 59.2 44.8 39.3 29.4 32.2 25.6 19.4 50.6 58.5 31.5 44.8 20.6 16.7 49.3 62.0 28.3 

Condensate Mass Rate #/rajn. 3.29 3.37 5.07 2.58 2.75 2.31 2.07 4.06 4.22 3.43 5.81 2.39 1.93 3.43 3.07 2.69 

Man.Reading Inches aka 33.0 27.0 19.0 11.5 15.00 9.5 6.3 32.0 45.0 14.5 25.5 7.25 4.50 33.0 03.0 12.0 

Density - 1b8/FT3 63.6 63.6 63.6 63.6 63.6 63.6 63.6 64.5 64.5 64.5 64.5 64.5 64.5 66.0 66.0 66.0 

Steam Pressure . psig 10.0 12.2 10.7 9 9.4 11.8 10.3 19.8 16,0 18.3 17.3 12.5 11.0 9.6 11.3 9.0 



EXPERIMENTAL RESULTS 

The heat balance* obtained were very poor, the sonfthe 

sate colligated sharing * higher heat input than the temp* 

*future rise of the slurry to almost all of the owns with 

the poorest agreement ocourring et the lever mesa rates. 

kill of the feat transfer ealeulations were booed en the 

temperature rise or the slurry and the suede value of the 

calsulated slurry beet capaeity. Sine* there wee good 

*greaten% between our data end publtaned dote of other 

investigators, it was deeided not to stop the eeperinontel 

work to ma** modifleations of the elmaratue to barrows its 

pertormenses The pilot tube et the *teem pressure reaming 

valve is oonneeted to the lee pressure side at the end et 

the header feeding *team to the beat section. It is poseo 

ible tar somdeesate to be famed int* the pilot tube end 

make the stems pressure unsteady and unreliable. The 

pilot tube cerneetion dnould be mowed book tram the gag 

or the line end pitehed away f*' the pressure missile 

valve so that it drain* dry and a steam trap should bo 

stalled at the end of the header to keep the stem es dry ae 

possible. It is also reacmeended that a ealerineter be is. 

stall*/ on the inlet stem to determine its quality. 

The friotion faster was ealsulated from the egentions 



The pressure drop was read from the pipe line viscometer 

which consisted 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 Karmen equation (Figure 6) to 

obtain a Reynolds number from which an apparent viscosity 

was calculated. This viscosity was calculated from data 

observed at the temperature in the pipe line viscometer 

and a correction 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 ratio of the 

heat 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 a corrected Reynolds number. 

The film coefficient of the heat transfer to the sus-

pension was calculated from the conventional equation* 

L = q/A∆tm Eq. (11) 

where q is the rate of heat transfer evaluated from the 

product of the slurry temperature rise, the mass rate 

and the calculated slurry specific heat; A is the inside 



surface area of the heated pipe, and ∆ tm is the log mean 

temperature difference between the arithmetic average in-

side pipe wall temperature and the inlet and outlet slurry 

temperatures. 

Using the values calculated above and constants taken 

from the literature, the Nusselt number and Prandtl number 

were calculated. These values plus the ratios of thermal 

conductivity of the slurry to the thermal conductivity of 

the water, the heat capacity of the slurry to the heat 

capacity of the water, and the inside diameter of the pipe 

to the average slurry particle size which were constant for 

each slurry concentration, were used to calculate the co-

ordinates of Figures 7, 8, and 9. 

Salamone (15) has presented a discussion of the mag-

nitude of the possible error in his work and since the 

equipment, procedure, and slurries investigated ars sub-

stantially the same, his 10% overall error is applicable 

to this report. 

The results were plotted in Figures 7, 8, and 9. 

From the slopes of these plots the resulting equation becomes: 

Figures 10, 11, and 12 give an overall correlation of the data. 



Table No. 8 ..,. • , 
. 

Calculn.ted Data - fktorite 51..ur -.Nuns 

Run No. 1 2 3 4 , 5 6 7 8 0 10 11 Fun ro. 1 0 4 3 4 5 0 7 8 0 10 11  

Friction Factor, f .0023 .0191 .0303 .0271 .0228' 1.06 1.00 1005 

1/V-r- 6.7 7.24 5.75 6.06 6.62 
.0206 .0212 .0224 .0226 .0240 .0312 1ts/ki. 

2.5 2.5 2.5 2.5 245 . 2.5 2.5 2.5 2,5 2.5 2.5 
6.95 6.80 6.70 6.65 6.36 5.55 D0 Vic. Re V-11- 5750 10600 1850 2700 5200 .214 .214 .214 .214 .214 .214 .214 .214 .214 .214 .214 
7800 6900 5750 5400 3850 1680 Cs/bf Reynolds No., RE 38600 76800 10600 165;00 34400 3310 5310 3310 3310 3510 3310 6580 6580 6580 6500 6580 
54100 47200 38600 36000 24500 9490 Ft2AtZ Bulk Viscosity ub, lbs/mtn, ft. .0303 .0184 .0706 .0348 .0275 4584 .584 0ns4 .564 .584 .584 .584 .584 .584 .584 .584 

i:/ ) :,',,C-3-' /,>:- .0206 .0256 _ .0262 .0250, .0q13 t0350_ (03/0f) `3F'  
Corrected Bulk Viscosity, vil, .0303 .0185 .0718 .0542 .0275 

// -* 5 c'i::)--  A 5-1) iv,  41  j 2 ,7,cri 2 ,::: Ve .958 .268 .963 .268 .068 .958 .958 .938 458 .937 .934 

Corrected Reynolds No.(x 102) 386 765 10.4 156 344 .0206 .0264 .0255 .0248 .0302 .0571 C P Slurry Av. 1.019 1.019 1.019 1.018 1.010 1.019 1.040 1.040 1.040 1.040 1,040 
541 460 396 372 254 98 Pol. SIII/b° Mess Fractior„ solid in elurry,x .064 0050 .040 .040 .040 2,54 2.54 2.54 2.54 2.54 2454 5.06 5,00 5006 5.06 5.06 
.033 .078 .078 .078 .080 .083 // ATAImite/ft3 Slurry 

Ter p.Drop across Pipe 7a11. tm°F 9.0 10.8 7.4 6.6 9.04 : 269000 392000 168800 139000 240000 344000 333000 251000 257000 100500 121000 
10.4 10.7 9.5 9.24 8.36 0.61 h 1.67 

Inside Pipe Vali Temp.,tsi, °g 189.9 189.4 199.0 200.2 196,4 .00715 .00716 .00716 .00716 .00716 .00716 .00716 .00716 .00716 .00716 .00716 
195.4 199.8 203.2 202.0 209.2 215.2 D 1.67 

Log Veal Temp.Difference,tir, °I? 57.9 56.2 63.0 64.7 63.0 140 244 48.4 70.5 12.6 183 165 142 136 90.6 46.0 
57.8 61.3 61.3 61.5 65.8 69.8 N/(Pr).04 

Slurry Rests  BTU/ilr.( x 103) 135.5 162 112 100 136 .9785 .9785 .0765 .0785 .9785 .9785 .9583 .0583 .9583 .0583 .9583 

Steam Heat, BTU/hr. ( x 103 
156 161 143 139 126 99.0 c .007 

) 159 173 152 118 153 .093 .070 .172 .106 .001 .075 .088 .080 .0845 .096 .142 
167 180 160 145 135 111 u 467 

Fibs Coefficient, BTUihr.ft2 op 1800 2220 1367 1190 1660 MOO 9600 650 1250 5200 0000 5000 4000 3700 2.80 610 
2070 2020 1734 1740 14 50 1100 6/(pr).04i 1.67 

Nusselt number, N 246. 304 187 153 227 - 477 6279 .79 .500 .431 .362 .367 .35 41398 4444 .672 
284 277 236 238 199' 151 R0 Prandt1 Riambers  P 4.81 2.84 11.4 5.43 4.36 .72 A05 .35 .05 90 173 37.4 54.9 88.6 137 111 07.5 00.5 74 37.4 

3.00 2.13 5.50 3,27 2 r .80 .72 5.27 4019 4.05 3,94 4.79 8.43 nkr) ya) (5E3)  (Ks) 

iiip .72 82.0 143 34 49.8 81.1 
2.28 2.73 2.60 2.61 2.99 4.45 , .72 0 t7 rin 

wro -1 52 .1t5 .08 
(P..)-(9s) (Es) 

527 917 219 320 520 GOO 652 574 585 420 219 

.7 124 101 89.5 91.2 66.5 33,9 
Re 1720 27'70 660 940 1591 T.:5; ri 14 

2160 1090 1740 1660 1270 650 rip  .72 Re  .7 .0476 .0516 .0515 .0530 .0510 

D/D 6260 6200 6260 6260 6260 
.0574 .0507 .0514 .0549 .0524 .0522 . 

0260 6250 6260 6260 0260 v(Cs).550
e).705(p0.72 .0984   

(D/b$
070/b0.05 1.55E, 

 

(D/Ds) '152 .265 

(Ks/xi.) .05 31poi 

(Kis
ticf) .08 1005 



TABLE PO. 10 
Calculated Data  - Snowflake White Slurry Run  

Run No. 1 2 3 4 5 6 7 8 9 10 11   12 Run No. 
Friction Factors  f .0192 .0213 .0210 .0222 .0233 .0310 .0308 .0252 .0230 .0216 .0204 .0198 
1 Irr-  7.21 6.85 6.90 6.71 6.55 5.68 5.70 6.92 6.60 6.80 7.00 7.11 

::/::

c. 

 

Re V7F-  10500 6800 7200 5800 48000 1700 1770 3550 5100 6400 8200 9200 Cetf 
Reynolds No., RE x 103 75.5 46.6 49.6 38.9 31.4 9.65 10.1 22.3 33.6 43.5 57.3 65.2 Ft2/Ft3 
Bulk Viscosity ub, lbs/6inalt,  .0184 .0255 .0215 .0225 .0224 .0466 .0493 .0308 .0256 .0238 .0216 .0211 (C5/Cf).55 
Corrected Bulk Viscosity, 1.0b .0192 .0247 .0212 .0221 .0221 .0421 .0459 .0304 .0256 .0240 .0218 .0214 C Slurry Alrerage 
Corrected Reynolds No. x103 72.4 48.1 50.4 40.6 31.8 9.95 10.2 22.3 33.6 43.1 56.8 64.3 P51 gm/cc 
Mass Praction,solid in slurry,x .048 .048 .048 .048 .048 .048 .104 .104 .104 .104 .104 .104 # SnowflakePt3 Slurry 
Temp.Drop across Pipe wall, tmop11.9 11.0 10.6 9.8 9.0 7.0 7.6 9.2 10.8 11.5 12.2 12.7 h 1,67 
Inside Pipe Vail Temp.stei.0F 193.1 197.0 198.4 204.2 204.0 210.0 210.4 203.8 208.2 202.5 198.8 198.3 D 1.67 
Log Mean Temp. Differ.stbn.°F 46.1 49.0 51,1 54.3 57.3 60.1 65.0 57.2 57.4 52.7 49.8 46.6 NApr).04 

Slurry Beats  BTU/hr. x103 181 161 158 143 123 89 95.8 119 142 154 165 172 r„ ,6l67 
‘-' s Av. 

Steam Heats  BTU/hr. x 103 179 166 159.5 147.5 133.5 105.4 114.2 139 163.3 172.9 184.7 192 u  .667 
Film Coefficients  BTU/hr.ft2 °P 3020 2530 2380 2030 1650 1140 1135 1600 1900 2180 2550 284. (N/(pr) .04)1.67 
Nusselt Number, N 414 346 326 278 226 156 156 219 260 299 350 389 Ke  
Prandtl Number, P 3.05 3.92 3.36 3.51 3.51 6,69 7.75 4.83 4.06 3.81 3.46 3.40 

N/(4
)
72(K006 )06).3 

N/(pr)2(K00 
P.72 2.18 2.60 2.34 2.41 2.41 3.78 4.20 3.01 2.66 2.62 2.38 2.35 

(ri) (,;-) (UT) 
N/(Pr)9Es)°?Deb)9es)•3 

NA.72 190 133 139 115 93.8 43,3 37.2 72.8 97.7 121.0 147.0 165.0 
CRI) Cg) MD 

Re'7 2660 2000 2070 1770 1480 656 667 1160 1540 1860 2250 2460 
101.72 R

e 
 .7 

.0714 .0665 .0671 .0650 .0634 .0629 .0558 .0628 .0634 .0630 .0653 .0670 1+v.0646 
D/De  2610 2610 2610 2610 2610 2610 2610 2610 2610 2610 2610 2610 f4 ,35 .705 ,72 1/ 's 

(tri) (Re) (Pr) 1.11 

(D/Da)'05 1.482 

(D/D5) ..152 .304 

(Ks/kr) .05 1.001 

(118/Kf) .08 1.005 



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 .584 .584 

.962 .962 .962 .962 .962 .962 .918 .918 .918 .918 .918 .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 3.07 3.07 3.07 3.07 6.85 6.85 6.85 6.85 6.85 6.85 

640000 495000 427000 331000 229000 125700 125600 223900 288200 398000 501000 575000 

.00716 .00716 .00716 .00716 .00716 .00716 .00'716 .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 .9745 .9445 .9445 .9445 .9445 .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 .63 .515 .541 .495 .440 

218 153 159.5 133 108 47.5 42.7 83.6 112 139 168 189.8 

1065 245 780 648 526 232 209 408 549 680 825 928 



TABLE NO. 11  
Calculated Data - No. 1 White Slurry Runs  

Run No. 1 2 3 4¢ 5 6 7 8  9 10 Run Do. 1 2 3 4 5 6 7 8 9 10 

Friction Factor, f .0228 .0230 .0236 .0258 .0267 .0214 .0228 .0224 .0256 .0261 Ks/Kf 1.06 1.06 1.06 1.06 1.06 1.06 1.06 1.06 1.06 1.06 

1/V-f-  6.62 6.59 6.50 6022 6.11 6.85 6.62 6.70 6.25 6.22 Ds  rie. 14 14 14 14 14 14 14 14  14 16 

Re V-r-  5200 5000 4500 3300 2600 6800 5200 5800 3400 3300 Cs/Cf. '214 .214 .214 .214 .214 .214 .214 .214 .214 .214 

Reynolds Number, RE (x 103) 34.00, 32.8 29.2 20.5 15.95 46.5 34.4 38.9 21.2 20.5 Ft2/Ft3 .835 .835 .835 .835 .835 1765 1785 1765 1765 1765 

Bulk Viscosity nix, lbs/min., ft. .0559, .0314 .0322 04 .05 .0386 .0284 .0316 .0223 .0307 .0272 (CsAf) .584 
 .584 .584 .584 .584 .584 .584 .584 .584 .584 

Corrected Bulk Viscosity, Utb .0322 .0295 .0311 .0584 
,/-- 
.0357 .0271 ..044 .214 .6C12.1 .0282 Csiur ryer. .956 .956 .956 .956 .956 .909 .909 .909 .909 .909 

Corrected Reynolds Number (x 103) 36.2 34.8 31.2 21.7 17.2 48.8 31.6 40.5 22.2 21.5 Psi ,m/cc 1.032 1.032 1.032 1.032 1.032 1.07 1.07 1.07 1.07 1.07 

Mass Fraction, solid in slurry, x .056 .056 0056 .055 .055 .115 .115 .115 .115 .115 #1 rhitoAt3 Slurry 3.61 3.61 3.61 3.61 3.61 7.66 7.66 7.66 7.66 7.66 

Temp. Drop across Pipe wall, tm  °F 11.0 10.5 0.6 9.2 8.0 12.1 10.8 9.5 8.4 7.5 (Ks/yo .08 1.005 1.005 1.005 1.005 1.005 1.005 1.005 1.005 1.005 1.005 

Inside Pipe Vali Temp., tsis  op IPS 200 199 202 209 190 197 204 210 211 h 1.67 457000 447000 447000 338000 229000 575000 392000 363000 199000 156000 

Log Mean Temp.Differonce, tim, Op 50.8 49.6 46.3 51.6 55.7 46.1 53.5 50.5 59.5 62.9 D 3.67 .00716 .00716 .00716 .00716 .00716 .00716 .00716 .00716 .00716 .00716 

Slurry Heat, BTU4ir (x 103) 165 156 145 130 120 169 154 139 117 105 U/(Pr) .04 130 127 118 88 72 168 117 145 89 86 

Steam Heat, BTU/hr (x 103) 158 162 150 114 137 185 162 143 126 113 C average 467 .9705 .9705 .9705 .9705 .9705 .9355 .9355 .9355 .9355 .9355 

Film Coefficient, BTU/hr ft2 op 2500 2420 2410 2060 1650 2820 2210 2120 1510 1280 u .667 103 .0985 .1025 .117 .113 .0924 .0986 .0786 .0975 .0895 

Busselt Number, N 342 352 330 262 223 586 302 290 207 176 (101,3?) 004)1.67 3400 3250 2900 1780 1290 5200 2850 4100 1800 1700 

Prandtl Number, P 5.11 4.70 4.94 6.00 5.66 4.30 5.45 3.40 4.66 4.15 Ke .625 .671 .721 .770 .752 .595 .693 .558 .568 .512 

P
.72 3.122.95 3.06 3.54 3.36 2.78 3.28 2.35 2.94 2.70 

.7211?4,106 NA).35 
rin/(Pr) mei cm ( f) 

131.5 135 129.0 95.5 80.5 166.9 110 147.3 84.3 78 

10.72 110.0 112.0 108.0 79.7 66.4 139.0 02.0 123.0 70.4 65.3 

Re .7 1640 1590 1470 1140 964! 2020 1480 1770 1160 1120 

NA.72 R
e
'7 .0671 .0705 .0734 .0700 .0888 .0688 .0821 .0604 .0606 .0583 .0691 

D s  1120 1120 1120 1120 1120 1120 1120 1120 1120 1120  

N/  cs.35 .705 .72 0118 
t7  ) (Re) (Pr) 

(D/Ds).05 
1.4 2 

(D/D
e
r.152 .343 

(K
s
ikf).05 1.001 

NApr).72(Ks).08(D 1-0.15(Cs 
 )

0.35 546 560 536 398 330 690 457 614 350 ,,... ,)r o43 
Kf Dsj C f 



TABLE NO. 12  
Calculated Data - Copper Slur Runs 

Run No. 1 2 3 4 5 6 7 Run No. 1 2 3 4 5 6 7  

Friction Factor, f .0205 .0234 .0214 .0231 .0254 .0251 .0296 Es/kr 582 582 582 582 582 582 582 

Mr- 6.98 6.53 6.83 6.60 6.28 6.32 5.82 Ds  b s . 30.16 30.16 30.16 30.16 30.16 30.16 30.16 

Re v 8000 4950 6700 5100 3555 3700 2040 CsCr .0932 .0932 .0932 .0932 .0932 .0932 .0932 

Reynolds No., RE 55800 32400 46800 33700 22300 23600 11900 Ft2/Ft5 205 205 205 205 205 205 205 

Bulk Viscosity ub, lbs/inin. ft, .0233 .0339 .0206 .0214 .0354 .0266 .0401 (Cs/Cr) .35 .437 .437 .437 .437 .437 .437 .437 

Corrected Bulk Viscosity, ueb .0240 .0351 .0214 .0211 .0355 .0253 .0378 C slurry Average .973 .973 .973 .973 .973 .973 .973 

Corrected Reynolds No. x 105 54 31.3 45.1 34,2 22.2 24.8 12.6 P gm/cc 1.015 1.015 1.015 1.015 1.015 1.015 1.015 

Mass Fraction, solid in slurry, x .030 .030 .030 .030 .030 .030. .030 #Copper/Ft3 Slurry 1.90 1.90 1.90 1.90 1.90 1.90 1.90 

Temp.Drop across Pipe Wall, tm  cl? 12.25 11.60 11.21 9.4 9.9 8.55 7.5 (Ka/Kf) .°8 1.665 1.665 1.665 1.665 1.665 1.665 1.665 

Inside Pipe Wall Temp., toi. op 195.7 203.4 203.3 202.1 202.4 209.2 212.8 h 1.67 630000 512000 447000 331000 398000 390000 178000 

Log Mean Temp. Difference, tiro 0p 48.2 51.3 53.3 53.6 51.0 59.0 65.0 D 1,67 .00176 .00176 .00176 .00176 .00176 .00176 .00176 

Slurry Heat, BTU/hr. x105 184.5 175 169 142 149.2 129 103 hD/00.04 183 118 159 126 ,89 98 56 
r() 

Steam Heat, BTU/hr. x103 188 192 1755 146 155.5 132 118.4 C ovorago.667 .9819 .9819 .9819 .9819 .9819 .9819 .9819 

Film Coefficient, BTUAr. ft.2 0ip 2940 2630 2440 2040 2250 1680 1400 

;10,/;:) 04 

.0825 .107 .0765 .076 .1075 .0855 .112 

Nusselt Number, it . hD 403 359 334 279 308 230 6000 2900 4700 3200 1800 2150 840 . . 

Prandtl Number, P : Cu 3.81 5.56 3.38 3.35 5.63 4.02 6.00 Ke .603 .784 .57 .645 .075 1.01 .898 
--3E 

p.72 2.55 3.33 2.35 2.33 3.35 2.65 3.51 Ve  Ft/Sec 6.61 5.60 4.92 3.68 4.02 3.20 2.42 
rA,72 158 109 142 120 92 87 54.7 Nril(Pr)9ksfID 19Cs )35 111.5 105.2 66.4 2214 158.1 100.3 145.2 

•ri ME) (Ds) (C f) 
Re 2150 1443 1858 1548 1125 1224 763 

N/P'72Re°7 .0735 .0754 .0764 .0776 .0816 .0771 4,0717(Av. .0762) 

Dips 520 520 520 520 520 520 520 ( ) 
c 0.35 .705 .72 

* 14 a2) (Re ) (Pr) 
(*) .174 .174 .174 .174 .174 .174 .174 . . 

(D/Ds).045 1.368 1.368 1.368 1.368 1.36 1.368 1.368 .72 .0 D •8 ..0.15C 0.35 
(**) N/(Pr) 7s s 

) 0/100-.152 .386 .386 .386 .386 .386 , .386 .386 (r-) Cr) c M.  

(Hs  ).05 1.374 1.374 1.374 1.374 1.374 1.374 1.374 

(,f) 646 384 506 426 327 309 195 



TABLE NO. 13 
Observed anti Calculated Data 

From Salmone (15) for Figures and 12  

Film 
Coeffic. 
b  

Nusselt Number 

N 

Prandtl 
lumber 
P 

I 
.72 

Reynolds 
Luther 
RE  

Ordinate 
of 
Figure  

Run 
No. 

5575 490 3.46 201 143,800 225.0 89 

3072 421 3.59 168 119,600 187.0 90 

3076 422 3.72 3.64 109,200 183.0 91 

2644 563 4.04 133 83,300 147.8 92 

2373 325 4.35 115 66,500 125.5 93 

3533. 483 4.50 190 117,000 189.0 94 

3256 445 4.35 154 105,500 154.5 95 

2974 408 4.55 3.37 87,200 152.8 96 

2563 352 4.74 115 70,600 128.0 97 

2190 300 5.15 93 53,600 105.2 98 

3491 478 4.89 153 105,500 171.0 99 

5141 431 5.61 125 92,800 151.0 100 

2978 408 5.06 127 82,500 141.5 101 

2684 368 5.25 112 69,200 124.5 102 

2289 514 5.64 90 53,100 101.0 103 

1703 234 6.58 80 31,100 67.0 104 



CORRELATION FOR REYNOLDS NUMBER EXPONENT  

Fig. 7 



CORRELATION FOR A PARTICLE SIZE  
EXPONENT  

Fig. 8 



CORRELATION FOR K/Ks EXPONENT 

Fig. 9 



EFFECRZTIVE THERMAL CONDUCTIVITY  
vs 

REYNOLDS NUMBER 

Fig. 10 



CORRELATION  SHOWING DATA OF THIS  
USING EQUATION OF THIS REPORT 

Fig. 11 



DATA OF THIS REPORT IN SALAMONE CORRELATION  

Fig. 12. 



DISCUSSION OF RESULTS  

The results of this Investigation tend to show that 

the coefficient of heat transfer to non-Newtonian suspens- 

stone depends mainly on three groups in equation 12; the 

Nusselt; Reynolds, and Prandtl, whose appearance would 

be expiated because in most eases of heat transfer In 

forced convection the relation takes the form of the 

Nusselt groom as a function al the other two; and that 

the components of the Reynolds and Prandtl groups should 

be based on the properties of the slurry involved. 

The 40/01, grotty (ratio of spsoific heats) i* the 

only other group of any signifisansei  its exponent being 

0.55. This Lodi...tee that the convective transport of 

heat duo to the particles in suspension is important in 

the meehaniss at heat transfers 

It was further' substantiated that the effective 

thermal eendustivity of the suspensions /amused with 

decreasing flew rates and that Le  approaches some limiting 

value latish appears higher than that for the thermal son* 

duativity of water at Reynolds numbers in the fully tux.",  

bulent regi‘s as is shown by the flattening et the eurves 

in Vlore 10 in the higher Reynolds number regions* This 

family of (texts* also indicates that increased partiele 

else tends to raise the effective thermal oenductivities. 

Piave 10 further indicates that the II  of the 

slurry soy have been increased above that of the dispersion 



medium alone by two mechanisms: (1) an increased tur-

bulence produced by the solid particles, and (2) an 

increase in heat transfer due to interparticle con-

duction and to conduction between particles and pipe 

wall. 

The first effect will be produced by any kind of 

particles. The second effect will be more pronounced 

when particles whose thermal conductive is very high 

compared to the dispersion medium used. 

From a previous statement referring to Figure 10, 

it seems that the Xs  should increase with increasing 

slurry rates due to en increase in turbulence, this is 

only true far most cases where the conductivities of 

water, the suspension medium, and slurries are compared. 

This is not a characteristic of the slurry. The decrease 

of I4, of the slurries with greater flow rates can be 

attributed to an increase in turbulence, although this 

increase reduces the film thickness and allows more con-

tacts per unit time between particles and pipe wall and 

particles, it reduces the wall particle contact time 

(which is the greatest driving force of the heat transfer 

mechanism) to a degree where very little heat is con-

ducted from wall to particle. This reduces the amount 

of heat the rest of the slurry can receive by conduction 

to other particles and the dispersion medium. The 



mechanism reverses as the rate of flow decreases. 

Salamone (15) states that where the liquid and solid 

conductivity is nearly the same the effective thermal 

conductivity is practically independent of flow rate. 

This may be true for most of the turbulent region. How-

ever, Figure 10 shows that in the lower extremities of the 

turbulent flow region that there is a definite tendency 

for the effective thermal conductivity to increase. In 

addition, Figure 10 shows this effect is more apparent 

for copper which has a much higher thermal conductivity 

than chalk. 

The original formula did not contain a (X9/Ef) 

term but by re-►arranging terms this group was found and 

its exponent was 0.05. This exponent was checked by 

plotting the log of K/ki against the log of the equation, 

Figure 9. The calculated slope of the curve which is the 

exponent of the term was found to be 0.08 which checks 

the original equation accuracy. This low exponent indi-

cates that the thermal conductivity of the particle ef-

fects the coefficient of heat transfer very little unless 

the K/kf is very large in magnitude. This is perhaps 

due to the fact that the mass of solid to the mane of the 

dispersion medium is a very small ratio. In order for 

the conductivity of the solid to have en effect on the 

film coefficient, its conductivity must be very large as 



is shown by the slight increase between the point for 

chalk and that of copper. 

However, from Figure 10, in the lower turbulent 

regions K. increases rapidly as a function of 

increasing thermal conductivity and/or particle size of the sus-

pended solid. Therefore, in this region it would be ex-

pected that the thermal conductivities of the solid would 

have more effect on the magnitude of the film coefficient 

and that the effective thermal conductivity must be cal-

culated at the specific Reynolds number for use in the 

Dittus-Boelter equation, ; 
(Re) 0.8 (pr) 0.4 

The D/Ds  term whose expztt was determined from 

Figure 8 tends to show that the film coefficient increases 

with increasing particle size. This is substantiated by 

Figure 10 Shish indicates the larger the particle size 

the larger the effective thermal conductivity. 

From the previous disuussion, it appears that the 

physical properties of the particle is a critical factor 

in the determination of the film coefficient and those 

taken into account were the thermal conductivity and the 

average mesh size diameter. The assumption, that the 

particle shape was a sphere is not necessarily true, and 

the true particle shapes if determined and used would 

alter curves and exponents to various degrees, and it 

would seem that the greatest change would be seen in the 



D/D5  value of Equation 12. 

A plot of the new equation and J. J. Salamone equa-

tion Figure 12 shove the lines to be offset but parallel. 

Perhaps this could be explained in that Salamone's line 

is based on mostly copper slurry runs and the new line, 

Equation 12, being based on mostly chalk rune; however, 

the greatest contributing factor toward this displacement 

is probably due to the method in which the thermocouples 

were attached to the 1/2 inch pipe. In Salmon. (15) 

the thermocouple leads which were wrapped around the 1/2 

inch pipe were subject to heat flow through the wire 

from the steam jacket to the junction which would give a 

higher temperature reading, thus introducing an appre-

ciable error. This error in the.Atim  which appears in 

the denominator of the expression for the film coefficient, 

la, would give lower values than the values ealculated in 

this report, inasmuch as the thermocouple leads in this 

apparatus were sealed into linear grooves along the out-

side surface of the heat transfer area and therefore not 

subject to the error of a higher temperature reading at 

the pipe wall. 

The investigators felt that if results of all the 

copper runs which were made could have been utilised the 

spread between the original equation and the new equation 

12 would have been reduced. This could not be done be-

cause a large number of the copper runs had to be die-

carded due to a faulty pump and adcU.iional runs could 



not be made be all the available pumps were found 

to be in the same condition or inappropriate for these 

abrasive slurries. 

The final correlations represented by equations 12 

and 3 cannot be taken to indicate completely the mechan- 

ism of heat transmission because they are only an empiri-

cal representation of the restate which are in accord 

with the concepts of dimensional analysis. 



SUMMARY and CONCLUSIONS  

Water suspensions such as those used in this laves. 

tigation (solid powders of copper and chalk) behave as 

pseudo-plastic non-Newtonian solutions whose apparent 

viscosity decreases with increasing rates of flow. In 

flow ranges of maximum turbulence the apparent viscosity 

approaches a limiting value which is greater than the 

viscosity of the dispersion medium. Die to their non. 

Newtonian characteristics, standard design equations 

for Newtonian liquids cannot be used for heat transfer 

calculations for non-Newtonian suspensions. 

The original equation (1) and the equation (12) 

correlated from this investigation substantially agree 

as can be seen in Figure 9 which utilises the experimental 

data from this investigation in both equations. 

The above mentioned equations may be utilised for 

design equations for heat transfer to solid liquid sus- 

pensiors in turbulent flow inside pipes, provided that 

the apparent viscosities used are at the existing flow 

conditions of the suspensions. For suspensions whose 

particles are of high thermal conductivities, the original 

Equation 3 of J. J. Salamone is recommended and for sus- 

pensions whose particles have a low thermal conductivity 

Equation 12 of this investigation may give better results. 



In the final analysis of the data, several ques- 

tions presented themselves in which the investigators 

felt that the particle diameter should have been cal-

culated from a sphere having the same volume as the 

particle in question. For example, the average mesh 

size for copper, whose crystals are face centered cubes, 

should have been multiplied by a factor of 1.24, 

Brown (7). This would undoubtedly change the exponent 

of the Tr- group and would change the slope of the lines "Is  

in Salamone's (15) (Plot 22) which are for determining 

effective thermal conductivities at Reynolds numbers over 

50,000 based on a weight of solid in suspension. 

The investigators feel that not enough is known as 

to the effect, if any, that the actual particle shape 

has on the heat transfer mechanism. We assume from the 

collected data that copper gives a higher effective thermal 

conductivity than chalk due to its larger particle size and 

higher thermal conductivity. However, an investigation 

should be made using materials of approximately the same 

thermal conductivity, particle size, and weight fraction 

based on the density of the solid (to insure a nearly 

equal number of particles) but having different crystaline 

shapes. Under these equal conditions and assuming equal 

contact time, it could be shown whether the shape has any 

effect on the heat transfer mechanism. 



The tendency for the larger particle slurries to 

have larger effective thermal conductivity presents 

another problem as to how large a particle can be util-

ized. 

The investigators feel that when the above and 

possible other points not brought out here are looked 

into, a much broader and clearer concept of the heat 

transfer mechanisms involved will be realized. 



NOTATIONS and UNITS  

a Constant, no dimensions 

A - Heat transfer surface - Sq. Ft. 

b Constant, no dimensions 

Of • Specific heat of fluid or suspending medium 
BTUAlbm) (degree F) 

Ca • Average specific heat of slurry solution 
DTUAlbss)(degreeF) 

Co  . Speoific heat of suspended solid BTUAlbm)(degree F) 

D Pipe diameter, Ft. 

De 0. Average diameter of suspended solid particles, ft. 

• Constant, no dimensions 

f Friction factor, dimensionless; constant, no dimen-
sions; fluid 

g Constant, no dimensions 

go - 'Dimensional constant, 32.2 (lbm)(ft)Albf)(11002 

h Film coefficient of heat transfer BrOhr)(sqat)(degroe F) 

t - Constant, no dimensions 

3 - Constant, no dimensions 

11,1E. The conductivity of fluid or suspending medium 
TU/Chr)(degree F) 

Kb • Bulk thermal conductivity of suspension W/C/(hr) 
(degree F)(ft.) 

K. Effective thermal conductivity of suspension 
BTUBItir)(degrioeF)(ft.) 

Is  . Thermal conductivity of suspended solid Brffi(hr)(de. 
Vibe r)(ft.) 

Eta- Average effective conductivity of slurry at Reynolds 
number 50,000 BTUAhr)(degree F)(ft.) 



L . Length of pipe, (tt); any linear dimension 

m - Any mass dimension; mean 

n Constant, no dimension 

O - Time dimension 

Pf - Density of fluid, lbw/ au. ft. - Pf 

pw  » Density of solid, lbs/eu. ft. 

Pb - Balk density of slurry, lb,/cu. ft. 

/AP . Pressure drop over length of pipe, L, (lbf)/sq. ft. 

q . Neat transfer rate, BTU/hr 

✓ Constant, no dimension 

t Temperature, degree F, any temperature dimension 

tm.Tempersture drop across pipe wall, degree P. 

t„ y.. Temperature of inside pipe surface, degree P. 

Atin.Logorithmie mean temperature difference between 
average inside pipe surface temperature and inlet 
and outlet slurry temperature, degree P. 

✓ fo Linear velocity, ft/sec. 

Vb . Linear velocity of slurry, based on bulk density 
of the slurry, ft/Sec. 

%at» Viscosity of fluid, Ms/ft.-sec. 

uw  . Viscosity of fluid at wall temperature 

ub . Apparent bulk viscosity of slurry 

Xl - Weight fraction of solid 

. Pipe wall thickness, inches 

• - Constant, no dimensions 
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APPENDIX 

Sample  Calculations  

Sample Run  . Run No. 10 "Snowflake Suspension" (Refer to 
Tables 8 and 10.) 

1. Slurry Density (p). Weight of water at 60°  It required 
to fill 4 liter volumetric flasks 
is 9.688 lbs. 

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

Slurry density 
62.4 lbs./ft3 x 44:8114.: 66.3 lbs/ft3 

2. Weight % Solids 66:3 * 1.0629/6c. 

3. Mean Specific Heat (C) s of (1 . x) 1  cox  

Cr s Heat Capacity or Water Brujit, 4)1# 

Cs  x Heat Capacity of Solid BTU/ib Dor 

* Weight fraction of solid 

C s 1 (1..104) 4 .209 (.104)=.918 BT11/1b °IP 

4. Flow Rate (w) * 77.5 lbs./1.83 min. = 42.4 lbs/min. 

5. Slurry Heat (q) s 610(o)(Temp. Rise) 
a (42.4)(.916)(79.9°0 45•5°0)(1.8°PA0) 

60 mine./hr. 
154,000 BTU/hr. 

6. Steam Heat (0) From steam tables a plot of vapor 
enthalpy minus liquid enthalpy versus 
steam pressure was made and from this 
the latent heat was taken. 

(q') x  (Condensate Rate lbs/hr.) (Latent 
Heat STV/Ibs.) 

= (3.03 lbs./min.) (60 min./6.) (952  BTU/lbs.) 

173,000 BTU/hr. 



7. Viscometer Friction Factor (f) 

t s (d P)(D)  

Pb L Vb 

D g 0.0518 ft. - ID of 1/24  Pipe 

L g 6.0 ft, - Distance between Manometer Taps 

Vbs W 4110311, 
661beic4,/alrix 660 lbSegierrnalrEt#2 s 0.119 W tt4, 

P* 44,14t x 62.4 lbs./ft3 (1.6 . 1.0) 65.8 lb*//ft2 

fa (65.0(.051$1 (2) (52i21  
Wit/04)(0.19 x 4 . )2 t 0.°216 

8. Apparent Viscosity (tab ) 

1/V-"? ar 1/1 ©.©Bid a 6.80 

From Fig. No.6 Re V'f's 6400 

Reynolds Number (Re) 6400/VO.tmic g 43,500 

ab (ta viscometer) 111  

W W  0 I '1* AMA ft.2  

' telatilMotbel I'Ain) 24.5 4:20
!1_  . 0 
pti9 ib: 

58 s /mini ft 

Average Temperature in Reat Section * 61.6* C 
Viscometer Temperature a 62.0 *0 
Viscosity of Water at 61.644 LI 0.458 op* 
Viscosity of Water at 62,00 g 0.455 cps 
u'b (Corrected to Meat Sec. Temp. g nb 111 20i0 2 

Imin 

9. Neat Section Reynolds number. 

Ref * Re x 4238= 43,500 30 ; 43,100 

10. Experimental Film Coefficient of Heat Transfer (h) 

h q/AAtim  

q * 154,000 BTU/hr (3ee Calculation 10. 5) 
A -fix 0.0518 ft. x 8.0 ft a 1,3 ft2 

tinside heated area) 



Calculation of ATI., 

Average temperature from millivolt readings 2 214°F 
Temperature drop across pipe wall, tm 

tm • Wipe Thickness) * 
era ) (Aver Area 

muirk(154".4124...0412426a.Ellf 
ft. Aver. Area 

Average area ::: irr Dupl. g (3.14)i:1410i 0142(1/'.422 ini 

(1 ft./12 in. x 8 ft.) = 1.82 ft.2 

tm : (154.000)(409/12) 10.80F (00)(1.82) .. 
Average Inner Surface Temp. 2 214 .10.2 = 2040? 

"ITU, = (.11.04 - 1101) .(?04.175)  
2,3 log 204 .110/204 .174 84.4 °F 

11  2 5:1,:g 174/J
o
rop)2  2180 BTIT/hr ft2 

11. Nusselt Number (N) a WIT  

If w 0.378 BTO.ft/Ur ft2 °F 

Ili a 2180s .0818y 299 
.378 

12. Prandtl Number (Ps) slifie 

Pn 8  (1.0 8T11 /1b °FV1(0.0240 
rt  
lb(r

t
in
e 
 ft)(80 ninihr.)  

.0378 Blit hr  

Pn 2 3.81 

13. Pn  0.72 s (3.81)0.72s 2.55 

14. 241"""'" 2  299 * 117 
r0.72 



16.      men 
(PnC472)(R0200., (4S,lb0)*/ .u'v  

16. Diameter of Pipe D 
tdameter of particle (assumlig a sphere) * s 

0.622 in.  
De .6000397 x micron ' 2.61 x 103  

17. Effective Thermal Conductivity 

For Re rs 43,100 .. ordinate of Fig. 5 = 152 

182 a (hDhi )ihotiutikey#04 

I. • 4311 iglINS?;6.::(11(60).°41 1.667 

K, = 0.541 9117/(22r)(ft)(4P) 

18. Ordinate of Figure 11 

Ordinate 
LI) 

(54?)0.72 (x.)0.011( ).0•1520s )0.35 

1117 
509 

Ordinate 
13.81)'72 (146)48 (414).35 (2510)4442 

Ordinate s 650 

19. Calculated film **efficient from Equation 12 

8 0.546 (R)
,704 

i
6°8 .33 

qr ) 
"152 (m)  .72 

ea) . tri 

h 6°04242 * (0.346)(450100  )
.704

(1.08).08(.214).a8 

(2610)**152(3.81).72 

h * 2.157 BTU/hr °F ft.2 
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