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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. 


