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ABSTRACT  

A total of 51 heat transfer runs were made. in the first 25 runs, 

slurries of half micron and finer kaolin at 3.0, 5.6, 9.6 and 12.9% 

solids were used. Slurries of two microns and finer kaolin at 10.1, 

13.7, 20.4 and 23.1 solids were used in the remaining 26 runs. 

The Reynolds Numbers ranged from 0.9 to 2,020 for the 51 runs. 

The data was correlated by the following equation: 

hf 0Web 0.70 bb 2/3 -2/3 "f 
Kb kb 

for an f., ratio of 68.7. 

This is essentially the accepted. correlation for Newtonian fluids 

in laminar flow. The viscosity used for the slurries investigated was 

the apparent bulk viscosity obtained from measurements with a Fann V-G 

viscometer which gave shear rate versus viscosity data. The viscosity 

used was that at the same shear rate present in the heat exchanger. 



INTUODLCTIoa  

Since non-Newtonian slurries are becoming increasingly important 

systems in the chenical industries heat transfer data for such fluids 

are a groming necessity. Because most of the work done to date has been 

for non-Aewtonian fluids in turbulent flaw, this thesis deals with heat 

transfer coefficients in laminar flow. 

One nurpose of this research was to determine heat transfer co-

efficients for kaolin-water slurries in laminar flow. ale clay industry 

is currently faced with great demands for products which will serve many 

new and diversified uses. These new demands mean modification of exist-

ing products by methods and processes which until now were unrelated to 

the industry. Consequently, a great lack of technological information 

on clay and clay-water systems exists. beat transfer coefficients are 

engineering tools which will almost certainly be in demand in the very 

near future. 

Another purpose of this research was to determine a correlation for 

heat transfer coefficients of non-Oewtonian slurries in laminar flow and 

compare it w!th those correlations already established for 1,cmtonian 

fluids. If the Newtonian correlations apply to non-Newtonian fluids or 

annly under certain circumstances, much difficult, complicated, and ex-

/pensive measuring mould be eliminated. .Otzner, Valytn, and Hou-hton 

have presented some data which suggests this is the case for solutions 

of Carbonol in water and carboxymethylcell'llose in water. It was thought 

that data on suspensions as well as on solutions would be required before 

any general conclusions could be considered. 



7.0-:01tY  

In recent years heat transfer data have frequently been gathered 

and correlated for non-emtonian slurries flowing in the turbulent re-

gime. in many instances the approach has been to compare these data 

with the classical correlations for nemtonian By changing co-

efficients and exponents and adding new dimensionless groups, correla-

tions have been arrived at 4hich are similar in form to those for iiew-

tonian fluids. However, lit-fie work has been done on non-Newtonian 

slurries in the la-inar regime. It is, therefore, a mrpose of this 

thesis to determine he applicability of correlations for ><ewtonian 

slurries in laminar flow. 

1:on-nertonian fluids are defined as all fluids which do not ex-

hibit a direct Proportionality between shear stress; and shear rate. 

Shear rate is the velocity gradient established between two planes 

within the fluid a distance (dr) apart when one of the planes moves with 

a velocity of (du) with respect to the other. :the shear stress is the 

force required to move the plane at velocity (du) divided by the area 

of the plane. Lirich (5) in his three volumes on Theology has compiled 

practical and theoretical aspects of many non-.ewtonian fluids and pro-

cesses involving non-Newtonian fluids of widespread importance. 

.ost r'aeologists (17) (6) (20) aim° on a method of classifica-

tion of non-hetrtonian fluids which includes .three major categories: 

a. Time independent non-ientonian fluids, 

b. dime dependent non-Newtonian fluids, 

c. iscoolastic fluids. 



Time independent non-:Temtonian fluids are those for which the shear stress 

remains constant at a given shear rate regardless of the length of time 

for which the shear is applied. The slear stress of time dependent non-

,,ewtonian fluids varies with time at a given shear rate 1-.ntil it too be-

comes constant. Some Theologists (4) place both these types of fluids in 

the same category, one being merely an extension of the other into the 

realm of measurable time. Viscoelastic fluids are those Possessing vis-

cose as well as elastic properties. 

5everal types of fluids are members of the time independent group. 

The most obvious are ;evrtonian fluids which can be considered special 

cases among the range of non-ewtonien fluids. 

The simplest type of non-bewtonian fluids, in theory at any rate, is 

the Bingham plastic. Although several materials have been classified as 

Bingham plastics tit to and etzner (14) as well as Loth and Ach (18) have 

demonstrated that most of them deviate from the direct proportionality 

between shear stress and shear rate when measurements are taken over wide 

ranges of shear rate. Such evidence questions the reality of any true 

Bingham plastics if shear rate range were extended even further. 

Another type of tine independent non-evatcnian fluids is dilatant 

fluids. -,Ith these fluids the ratio of shear stress to shear rate in-

creases with increasing shear rate. when the flow rate of these materials 

is increased, their resistance to flow becomes greater. Consequently dila-

tant materials are seldom used in process equipment. 



The most important type of time independent non-I;ewtonian fluids is 

the psedoplastic fluids. These fluids are the opposite fluids in that 

the ratio of shear stress to shear rate decreases with increasing shear 

rate. the logaritmic plot of shear stress and shear rate is often a 

straight line over moderate ranges of shear rate. therefore, Ustmald (13) 

proposed the following ap-roximate relationship which was elaborated 

upon by ]einer (17): 

where (k) and (n) are constants for the particular fluid, and (n) lies 

between 0 and 1. Since the ratio of shear stress to shear rate is de-

fined as apparent viscosity, 

Therefore, the logarithmic plot of apparent viscosity and shear rate 

should be a. straight line with a negative slope from 0 to -1. 

:ooney (11) in his classic raper on explicit formulas for slip and 

fluidity defines fluidity as the ratio of shear rate to shear stress. 

ore simply it is the reciprocal of apparent viscosity. gooney further 

defines the mean fluidity of Ve fluid in caprnary viscometers, and, it 

nay be assumed, in pipelines which there is laninar flow, as (hLr .4fra3) 

divided by the shear stress at the wall of the tube. • In this relation-

ship (i t) is the efflux doe to fluidity in inits of vo/sme per time and 

(a) is the radius of the tube in units of distance. (14;4/ia3) can easily 

be converted to ent7ineerin;i: terns of (CV/D) whore (V) is the bulk velo-

city and (1)) the tube diameter. Although Equation (2) is an approximate 



equation in that (n) is not a true constant, for pseudoplastic materials 

n) can only vary between 0 and 1. Consequently, there can only be one 

apparent viscosity for a citron shear rate. Therefore, the mean fluidity, 

or inversely the mean apnarent viscosity, of a fluid flowing through a 

tube in laninar flow can be found by any device which will give an al.3- 

arent -iscosity for a shear rate numerically equal to OVA). 

Me theoretical relation for heat transfer based on oaraholic dis-

tribrtion of lass velocity and assuming uniform radial conduction of heat 

is given by the analytical ecration (8). 

In this equation 

Wlni) = 0.10238 -1"('27n1 
-8922n1 

0.01220 
. 

-212ni + 0.00237 + • • • .q ation (4) 

in which (n1) represents the grollo wKloVhwOpb. 

iwpation (3) is extreziely unaieldy and for values of wtobAbl, ;reater 

Clan 10 it is closely approximated by the emdrical expression 

Fluids become non-14ewtonian when their viscosity varies with shear rate 

or in the case of pipelines with lass velocity. it is conceivable that 

the pronerty of viscosity may influence heat transfer to non-ewtonian 

fluids. hTlation (5) contains no viscosity term. liomever, when the right 

side of the equation is multiplied by (Omtbikb)1/3  it may be written as 



l'or convenience this ovation nay be expressed in toms of the 1-.0ync1dts 

V3 
aumbor by di-idinp; 'loth sides of the equation by (cnk/v),0 ( Vikb) 

a:xi rearranging. The resultihF equation is 

Any heat transfer data can be plotted mith the eynold's number as the 

'213 abscissa arid the groups (h/Cplyebi(u0[%)b as the ordinate and compared 

with &illation (7). 



L1MATURE SEARCH  

A search was made of the available literature to determine progress 

already made by other investigators. it was noted that heat transfer to 

non-hevtonian fluids has only been studied for he past decade or two. 

However, non-Amtonian fluids as such have been under consideration since 

the 1920's. 

Several methods of evaluating viscosities for heat transfer data 

have been used. Miller (10), Salamone and -aewman (19), and Binder and 

'011ara (1) placed a pipe of dimensions identical to their heat exchanger 

in series with the exchanger. Pressure taps were installed in both ends 

of the pipe. The fluid leavina the heat exchanger was cooled to the av-

erage temperature of the fluid in the exchanaer before entering the pipe. 

A curve relating the i.eynolds number with the friction factor was made 

for this apparatus by calibrating it with a hewtonian fluid. Ahen the 

non-Newtonian fluid. was introduced to the system the pressure drop across 

the pipe was measured. This permitted the friction factor to be calcu-

lated and the corresponding a,.ynolds number to be determined. The only 

unknown in the Reynolds number was the viscosity which could then be 

easily calculated. This system has the advantage of measuring the fluid 

at exactly the same conditions of flow and temperature as exist in the 

heat exchanger. It also involves simple measurements and quick calcula-

tions. iloaever, it is not too applicable to laminar flow, aith flow 

rates low enouah to insure laminar floe and nipe diameters large enough 

to insure a substantial heat transfer area the pressure drop across the 

viscometer section of the equipment is often too small to be measured. 



Several investigators (2) (25) (10) (12) have used laboratory vis-

cometers for the evaluation of the viscosities of the fluids in their heat 

transfer experiments. Of the types used the most orevalent is the capil-

lary variety. One of the more elaborate capillary 7iscometlrs is the one 

designed by Orr and DallaValle (12). It was especially designed for sus-

rensions of solids in liquids. It consists of a constantly agitated sus-

nension reservoir in an oil bath. A capillary tube leads from the bottom 

of the reservoir to a receiving vessel upon which varying degrees of vacuum 

can be applied. The heating oil is caused to flow downward through an an-

nulus surrounding most of the length of the capillary and upward through 

a return line to the main oil bath. Since the fluid is agitated up until 

the time it enters the capillary settling is minimized. This apearatus 

lias the disadvantage of being limited to a maximum pressure differential 

of 14.7 nsi. If this is not enough to cover the desired range of shear 

rates the diameter of the capillary must be changed. Changing the capil-

lary tube is a cumbersome and time consuming task. A farther disadvant-

age is the fact the fluid reservoir is open to the atmosphere. ost heat 

transfer experiments employ steam as the heat giving medium. Further, 

most sasnensions of interest are those of solids in water. If the viscos-

ity of the fluid in question at the temeeratnre of the heat exchanger wall 

were attempted to be measured in this equipment, rapid vaporization or 

boiling would occur in the fluid reservoir thus changing the percent 

solids. !.oiling would also occur in the cadillary causing three phase 

, flow. Therefore, the :iieder-Tate (21) correction factor of VI(///w)0.14  

cannot be amlied to heat transfer data obtained by experiments in which 

this method of viscosity evaluation is employed. This may not be serious 



for often this correction lies within experimental error. 

Aetzner et al. (9) employed a capillary viscometer in which the 

fluid reservoir consisted of a closed vessel to which a pressure could be 

supplied. This eliminates the disadvantages of the Orr-DallaValle vis-

cometer but provides no means of preventing settling of suspensions. 

Among the many rotational viscometers a particularly suitable one for 

relatively low shear rates is the Fann V-G. It consists of a bob suspended 

by a torsion serine around ;:hich a cylinder rotates. The cylinder speed 

and conseeeently the shear rate can be switched instantaneously to any one 

of six different settings. The shear rate range from the lowest to the 

highest setting varies a hundred fold. Readings are almost instantaneous 

and are given directly in units of shear stress. The fluid reservoir in 

this apparatus, as indeed in ail rotational viscometers, is open to the 

atmosphere. Therefore, he Sieder-Tate correction factor must again be 

neglected in experiments employing this type of viscometer. Lirich (5), 

7eilkinson (21), Green (6), and others describe many other types of vis-

cometers which might be useful to a particular system. 

:etzner et al. (9) presented experimental data on heat transfer co-

efficients of non-eewtonian fluids in laAnar flow and compared them with 

the following theoretical relationships which they had derived: 



The choice between Equation (8) and Equation (9) depends on the range of 

Oraetz numbers and flow behavior indices used. (The flow behavior index 

is approximately ecral to (n) in iAluation (1). The expression for (6) 

and (&) were derived analytically, and the apy:roach was based on the 

theoretical work of .1. -lord (16). It shoad be ientioned that, although 

the data agreed reasonably well with Equations (8) and (9), the agreement 

was no better than with the theoretical relationship for heat transfer co-

efficients of Newtonian fluids, 

This raises some doubt as to the justification of including the (S) or 

(4) factor particularly in work of an engineering nature. ..etzner et al. 

brought the data into closer agreement with the theoretical curves by in-

cluAling the Sieder-Tate correction factor. however, this caused most of 

the data points to fall below the theoretical curve. This was explained 

by*the fact that the input heat flux was used to determine the heat trans-

fer coefficients. it may also be true that the Sieder-Tate correction 

factor does not a';ply exactly to non-cewtonian fluids whose viscosities 

are affected by not only the difference in temperature but also the dif-

ference in shear rate encountered at the tube wall. 

Plartinelli et al. (7) :ive the following analytical relationship 

for heating fluids flowing vertically upward and cotling fluids flowing 

vertically downward in laminar flow: 



-,n 
-he "i3  fikrtors ank!, Tiantity 0.4.1;722 INfid

w 
are i'or 

conwetion. The laterial c-;losest to the w.:11 of t bohas 

terrerature tIlin the 6111.1c of the th. nd consegleiltly nes 

differont derisity. This:ii.:21'erenee in density* z.:reates a :,)',..u.yrant force 

.h±ch increases .t,he vei.ocity oe the .1.1.11d at the wail. !.k.:btever, -..eatdafts 

'cots that yr:An fluids of hivli kinematic vIscoettioe .rtorr:=alf: 

laninar now throuPh rii7en cf :v742i r.ter rlt>evi 'alto tolpels. 

4., trpt 7,otentia1.s the cffect or natural convection beeor 4i.7iest 

cor.r,aretl to that cs: rarced ccIrv(:etion. 'hen the trrolt cone- 

ion :is At.,c,,7leetud :10 rit(Itloos tt .')• 

o' 5 •• :frit:imitate haw •• Joen of cowl derebLe in- 

terest for t;ever. i yearn. (22: reasoned tLat the 7 retilrwk is ex.- 

arttly the sa,ne us that for ele..-.trical ho tivreforo wrote 

Vie t1:er:na1 iizalor. for -4.txwe11's ecvation for el EN tri.(!al CI)11(it.A:ti .it aa 

1

21 14 .1.7  ' Ori."111),„1  
27t 4' -1 'n 4::1" ;1661\1) q ,atiOn t11J 

vetere !-.1, Viand, -rp aro the thernal cona'ti-,..Itieto of the suspension, littaid 

and solid particles respectively and *,c is the vol.:ler fraction of solids. 

chocked this equation .-.4.th ;-,revielisly reported experiextntia dati4 and 

round goof) ar.Treene,-4. :fry ;and ',12) core. '., .Lho eq at:.".on :with 

other oxporiLuntat data and fotzld excellent a:roient. 4:4tid tALLaValle 

&clue maw 'red the t'PerNia, ce,•1;...ti., y 4r vay,10,.,0 :,ion. aleir 

:14.thed in t t:4!." ad:led to the sts!*:ene.on to 
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to within three percent. 

Tsao (23) recently published an analytical approach to thermal con-

ductivities of two phase materials. His final equation, however, is quite 

cumbersome and requires some experimental meas:Irements. The value of this 

approach seems questionable in the light of the results of Tareef and Orr 

and DallaValle. 



Description Gf Apparatus  

Figure I is a diagram of the apparatus. The details for each Piece 

of equipment referred to on the diagram by a number are as follows: 

1. Twenty gallon slurry storage tank. 

2. Submerged type 3/8" vane pump with neoprene impeller driven 

by a 1/h HP motor at 1725 R!1. 

3. Lxperimental Heat Exchanger — Doable annulus heat exchanc!er 

consistine of a 71  lone, 1" schedule 140 red brass pipe inside 

a 6' long, 2", schedule 40 steel pipe and both inside a 6' long, 

3", schedule 1,0 steel pipe. The inner annulus between the brass 

pipe and the 2" steel pipe was sealed by a packing box at each 

end. The boxes were made from 1 1/2" steel pipe counlings, 

1 1/h" x 1 1/2" bushin's and asbestos graphite packing. The 

outer annulus between the 2" and 3" steel pipes was sealed by 

welding the ends of the pipes together. A 3/h" steel pipe 

coupling served as the steam inlet to both jackets. A 1/2" 

steel pipe coupling was welded to both the 2" steel pipe and 

the 3" steel pipe on the other end of the heat exchanger to 

serve as condensate outlets from each jacket. 

Six iron—constantan thermocouples (#24 wire), placed a foot apart 

and displaced clockwise 600, were soldered halfway into the wall of the 

brass pipe to measure the temperature :done the entire length of the pipe. 

The thermocoeele wires, insulated with teflon, were brought out to the ends 

of the brass pipe (three at each end) by cementing them into a 3/16" wide 

x 0.133" deep x 2 1/2' long machine groove with litharge and glycerin. 



The heat exchangermas well instLIted to minimize heat losses. 

3teal Calorimeter - Throttling type steam calorimeter to 

measvre the quality of the steam going into the heat exchanger. 

An aspirator with a water cooled condenser maintained a partial 

vacuum on the low pressure side of the calorimeter. 

5. Coolers - An anTralus-type cooler consistln of a 9' lon7, 

1" schedUle b0 stainless steel pipe inside a 8 1  long, 1 1/2" 

schedule 1A0 steel pipe. The jacket was sealed by welding the 

ends of the outer pipe to the inner pipe. A 1/2" steel pipe 

co,2Pling was welded at each end of the 1 1/2" pipe to serve as 

connections to the jacket. 

6. scale - scale to weigh condensate from heat exchanger. 

7. Two 1/2" bucket type steam traps. 

8. Condensate Cooler - An annulus Vpe cooler consisting of a 

2)4" long, 1/2" schedule /40 steel pipe inside a 22" long, 1" 

schedule /40 steel pipe. The jacket was sealed by meldinc, the 

ends of the outer pipe to the inner pipe. A 1/2" steel pipe 

cou.pling was welded at each end of the outer pipe to serve as 

connections to the jacket. 

9. Thermometer - 0°  to 100°  C with 0.1°  C mlhdivisions. 

10. Slurry'nixing Valve. 

11. Valve - Valve to control flow rate of slurry through apparatus. 

The heat exchanger and the coolers were mounted vertically around and 

clamped to a 2" support pipe which was held firm by being fastened to the 

floor and the ceiling. 



The slurry flowed upward through the heat excharrer. 

The thermocouples were connected to a multipoint switch which was 

connected to a potentiometer. 

A Fann rotational viscometer was used to measure the viscosities of 

the slurries. The viscometer consisted of a rotating cylinder around a 

bob supported by a torsion wire. The cylinder radius was 93/128 in. The 

bob had a radius of 87/128 in, and a height of 1.5 in. The torsion wire 

was connected mecienically to the instrument dial which read directly in 

pounds per 100 square feet. The cylinder rotated at speeds of 3, 6, 100, 

200, 300 and 600 ".r1 and could be changed instantaneously while the in—

strument was running, Leadinus at all six speeds coad be taken in less 

than a minute. jecause of the speed of reading plus the very fine particles 

of the slurry, there was little or no settling during viscosity measurement. 

Figures 2a and 2b are photographs of the apparatus. 



 DIAGRAM OF APPARATUS 



Figure 2a View of apparatus showing heat exchanger,coolers, 

potentiometer,multipoint thermocouple switch,and 

slurry storage tank with submerged circulating pump. 



Figure 2b Viet of apparatus showing heat exchanger,coolers, 

steam calorimeter,condensate cooler,and slurry 

Storage tank with submerged circulating pump. 



Experimental Procedure  

About a ten gallon batch of %aolin slurry was prepared by mixing the 

dry Powder with water. The freshly prepared batch was made with the high-

est Percentage of solids that was to be used. As experiments were made 

with the apparatus, the slurry was diluted with water to lower the solids 

content. 

The apparatus was put into operation for collecting heat transfer data 

by starting the slurry circulating pump, turning on the tap water to all 

the coolers, turning on, the steam and adjusting the steam pressure to 

about 10 to 15 prig, turning on the steam throttliv calorimeter, con-

necting the potentiometer to the thermocouple switch, immersing the ref-

erence thermocouple junction into a dewar flask containing melting ice, and 

removing air from the slurry by opening the air vent valves. 

The apparatus was allowed to run for a while at a high slurry flow 

rate (tsynolds number about 2,000) to let the temperatures of the slurry 

going into and coming out of the heat exchanger become constant. At this 

point, the apparatus was ready for taking data. The data that was taken 

is as follows: barometric pressure, temperature of the slurry going into 

and coming out of the heat exchanger, the six readings in millivolts of 

the thermocouples cemented into the brass pipe wali of the heat exchanger, 

temperatures and vacuum of the throttling calorimeter, heat exchanger con-

densate rate by taking a two, three, or four minute wei,?:ht increment, 

steam inlet uressure to the heat exchanger, and rate of slurry flowing 

through the apparatus by taking a one-half, one, or two minute weight 

increment. 



Aftea -he data for n ran vas taken, the alarry flow rate was reduced 

by abort 15 to 20'; by adaotino the to slurry rate control valves. Lain 

the aoparatas was 11loweC to run for a while, lettina the temaeratares of 

the slarry aoing into and coming out of the heat exchanger become constant, 

At this ooint, data for another run was taken. This procedure was follow-

ed for about six or seven rans, then the concentration of solids in the 

slurry was reduced by removing about 15 to 30: o2 the slurry from the 

hatch and replaeino it with waters aZter the slurry 9as thorouohly mixed, 

the procedure, outlined above, was repeated. 

The apparatus was shut down by first turning off the steam, turning 

off the water to the coolers, stoouing the slurry circulating -amps, and 

disconnecting the potentiometer. 

A samnle was taken from each batch of slurry. After each samale was 

checked for percent solids, viscosity runs were aoade with a Fenn visco-

meter. Viscometer speeds of 3, 6, 100, 200, 300 and 600 rem were made 

on the slarloa at the aTeraoe tamocratare the slurry was at in the heat 

exchanaer. The shear stress at each of these viscometer speeds was 

recorded. 

A total of 51 runs were made viah the apparatus. A 1/2  1,1cron and 

finer kaolin vas ased in the first 25 runs. The remaining 2h runs were 

made with a 2 micron and finer kaolin. 

table I is a tabulation of the original data, Figure 3 is a plot of 

slurry density versus percent kaolin in water. figure 14 is a plot of de-

grees fahrenheit versus millivolts for iron-constantan taermocouple. 



A-rure is a particle size astrib-Aion traTO of 1/2 micron and finer 

kaolin. Fir }Are 6 is a particle size distrib-Aion curve of 2 micron and 

finer kaolin. 



. TABLE I 

TABULATION OF ORIOI$AL_DATA, 

4un Nc, 8 Ittal Nqo Pon Nc 

Fluid inlet Temp. hf.V. 1.48 1.50 1,d.6 : 1.47 1447 1447 143 1.19 1,39 1.14 

Ex, Wall  Temp. #2 M.V. , 6.02 5.97 6.UO 6.01 6.09 5,75 5.78 5.93 5.92 5.96 

Ex. 'Aall Ten0. #3 M.V. 6.35 6.19 6.30 6.35 6.39 5.39 5,85 6.12 6.13 6.13 

Ex, Vial Temp. #4 M.V. 6.30 6.16 6.15 4.10 6.30 5.93 5.94 6.11 6.10 6.15 

x: Wall Temp. #5  J.V. 6.03 5.92 6.02 6.10 6.10 5.77 5.71 5.73 5.85 5.89 

Ex. Wall Temp. #6 m.v. 6.30 6,20 6.28 4.35 6.31 5.93 . 01 )„ 6.10 6.11 6.15 

zx. vial. T. #7 1,',..v. 6.37 6.23 6.32 6.35 6.3? 5.98 5.93 6.1t 6.16 6.15 

Fluid Outlet Tem, #8 M.Y. 1.90 1.90 2.00 2.14 2.32 3.12 2.61i 1,62 1.81 2.03 

Fluid Mess Rate 11 3/8 113/30 sec 9 1/h lb/30 sec 7 3/16 lb/30 seC 5 lb/30 sect 3 9/16 lb/30 sec 1 1/8 lb/30 sec 3 5/16 lb/min 12 5/16 'b/30 sec 10 11/16 lb/30s0Z8 1/8 lb/ 

Steam Inlet Pressoxe,PSIO 14.0 11.6 12.7 13.7 13.8 7.7 7.3 9.7 10.5 ,,,,_ 10. 

Steam Mass Rate 530 grm/h min 351 grm/3min 327 gm/3 min 308 grm/.3 in 293 grm/3 min 229grm/4 min 259 Err in 477 grm/3 min 437 gr'/3 mm' ' :014  grm/3 

Orifice Upstream Temp.,'F el 0 ) / e,  (4 242 244 246 246 232 232 238 239 238 

Orifice Dewnstream Temp.)°F 180 175 177 178 177 168 166 ' 171 171 170 

Orifice Downstream 15.7 17.1 16.4 15.3 15.7 19.0 19.7 16.3 18.4 18.2 
I yacuumjin, lig. 
.;Solids 12.9 12.9 12.9 12.9 12.9 12.2 12.9 9.6 9.6 9.6 

Barometric Pressure)In. He, 29.65 29.65 29.65 29.65 29.65 29.65 29.65 , 29.65 29.65 29.65 
Pam Viscometer Data: 

Avg. Tem, O 90.5 90.8 91.6 94.3 90.4 115.4 102.2 82.1 89.1 92.6 

1b/100 ft2 @ 3 RPM 13.5 13.5 13,5 13.2 13.5 12.5 13.5 745 6.7 6.7 

13)/100 ft2 0 6 104 17.0 17,0 17.0 17.2 17.0 16.5 18,0 8.5 7.5 7.5 

lb/100 ft2 € 100 RIR 26.7 26.7 2().7 27.5 26.7 27.2 27.6 11.8 U.S 11.5 

lb/100 ft' (4 200 R 29.8 29.8 29.8 30.0 29.8 29.7 30.0 13.7 13.2 13.2 

lb/100 Zt2 @ 300 RPM 31.5 31.5 31.5 31.5 31.5 30.5 31.5 16.2 14.7 14.7 

lb/100 ft2 (z,: 600 RPM 34.5 36.5 36.5 -4/1' ,-1 36.5 35.2 36.0 19.8 18.5 18.5 



••.:-.:-,,:-.::•.-: - 
_Run 8 RIAWP.9- , Run Ne. 10 . Hui No. 11 Pun  No*, .12 Raz! lio. 1, . Rvu:NO. 111 44o .No. 0  - '.'Hiii,iti,.. --445Y:, i-pun  -No. 17 . Bun  No. 18  

 

1,19 109 1,48 . 1.'148 1.58 1.50 148- Tel" H',  '4;16' . .' 1.55 1.56  

5.93 . 5.92 5.96 5,93 5.83 5.89 . 5.82 5.91 5.90 5.95 5.85 
 

6.12 6.13 , 6,13 6.15 6.00 6.12 6.04 6.09 6,11 6.10 5.98 6.20 

6,11 6.10 , 6.15 6.14 . 6.01 6.08 6.00 6,10 6.08 6.11 6.00  
::,... 

5,78 5.85 5.89 5.89 .5,65 5.90 5.62 , „,.„ 
::left 5.60 c.. I --_,

,vg sa 5.70 6.00 

6,10 • 6.11 6.15 • 6.13 6.00 - 6.08 6.00 6.11 6.10 6.11 5.98 6.16 

6.1h 6.16 / , 6.15 6.16 6.00 6.08 6.00 6.11 . 6.10 6.11 6.10 6.20 

1.62 1.81 , 
2.03 2.19 2.,,,!! 4.10 3.38 1.62 2.02 2.33 2.61 . 4.30 

n12 5/16 lb/30 sec 10 1/16 lb/30seci8 1/8 lb/30 sec 6 1/8 lb/30 sec 7 3/8 lb/min 1 3/L 1b/.r 2 1/2 1b/min 12 1/2  1.00 sea 10 1/4 lb/30 sec 7 1b/30 ac 14 1/8 lb/30 sec 2 1/8 lb/65 seteV 

10.L 10.6 . 8.2 9.3 9.1 10.0 10.6 10.2 8.2 
 

Lin 477 mm/3 in 437 gr4/3,min.  .hoh gill miA 366 grra/3 ;min 313 giW3 min 209 grm/3 min 248 grm/3 min 622 gm/3 Tin 566 grm/3 min 513 grtv3 Min 394 grm/3 min 246 gria/3 min :35 

238 239 • 238 240 236 236 235 238 239 23 239 4 240 

171 171 170 171 169 169 169 169 170 . 170 165 ' 170  

1843 18.4 18.2 18.1 18.8 18.0 18.9 18.8 . --;---'.: 18.5 20..0 13.5 

9.6 9.6 9.6 9.6 9.6 9.6 9.6 5.6 5.6 5.6 5.6 • 5.6 
 

29.65 29.65 29,65 • 29.65 29.65 29.65 29.65 29.65 29.65 29.65 29.65 29.65 .., 

82.1 89.1 • 92.6 95.14 100.0 128.0 119.2 82.5 93.4 100.2 104.0 132.7 

7.5 6,7 6.7 6.7 7.0 7.2 6.3 1.5 2.0 2.0 2.0 1.5 

8.5 7.5 7.5 7.5 8.0 8.5 0.0 2.0 2.2 - 2.0 2.0 .1 c,.._ 

11,8 11.5 U.S 11.5 U.S 11.5 11,2 3.5 3.5 3.5 3.5 3.5 

13.7 13.2 13.2 33.2 13,2 12.5 12.6 5.0 4,..6 67 4.7 4.2 

16.2 '.U4„7 1h.7 iii.7  14.5 13.5 13.2 5.5 5.5 5.5 5.5 14.6 

19.8 18.5 18.5 18,5 17.5 16.5 16.5 5.0 7.5 7.2 7.2 6.0 



Run We. 16 RJ)21. No. 17 run i\-o. 18 2,m Wo. 19 fi:22  Ao. 20  V,un No.21 . Run 22 Run No.23:: EltaNscAi,114::::Run.No. 25 Run No. 26 Run No. 27 ..,....   -    
1.46 1.55 1.58 1.50 1.56 1.20 14141 1.51.: 14:1 - - 1.60 *35.4 '30 34.7 0G 

.90 5.95 5.85 5.99 5.79 5.80 5.95 5.89 5.98 5.99 5.90 6.05 

6.11 6.10 5.98 6.20 5.90 6.09 6.12 6.10 6.10 6.18 6.10 6.20 

6.08 6,11 6.00 6.18 5.92 6.06 6.10 6.08 6.10 6.17 6.09 6419 

5.80 5.78 5.70 6.00 5.67 5.70 5.79 5.77 5.81 t 95 5.90 6.00 

6.10 6.11 5.98 6.16 5.91 6.07 6.10 6.09 6.0 6.15 6.10 6.18 

6.10 6.11 6.10 6.20 5.96 6.07 6.10 6.09 6.10 6.20 6.10 6.21 

2.02 2.33 2.61 14.30 3.28 1.83 2.3, 2.63 3,87 h.70 115.5 °C 5240 °C 

10 1/b 1b/30 sec 7 lb/30 See 11 1/6 lb/30 see 2 1/1) lb/65 aez h 7/16 lb/min 13 5/16 100 sec t 5/16 lb/30 sec 7 1/4 11)/30 See b 13/16 lb/min 3 lb/Thin 11 1/2 lb/30 sec 6 1/16'lb/ra1n 
) 

10.6 10.2 6.2 10.8 ,7 r ;,) 10•6 11.0 10.2 10.1 11.1 13.8 12.6 

566 grm/3 min 513 grra,..3 nin 39h grm/3 min 246 grm/3 min 354 gm/3 min 563 grm/2 min ' 499 grm/2 min 486 grm/2 ?Li.n 358 grm/2 min 310 grm/2 min 519 grm/3 in 266 grm/2 .5 mm 

239 239 234 2b0 232 239 240 2b0 238 240 243 . 241 

170 170 165 170 165 170 170 170 168 170 127 126 

18.5 18.5 20.0 18.5 19.9 18.7 18.5 18.7 19.0 18.4 25.5 25.4 

5.6 5.6 5.6 ' 5.6 5.6 3.0 3.0 3.0 3.0 3.0 23.1 23.1 

29.65 29.65 29.65 29.65 29.65 29.65 29.65 29.65 - 29.65 29.65 29.5h 29.5b 

93.4 100.2 104.0 132.7 114.9 86.9 98.9 102.6 125.7 139.6 104.9 110.3 

2.0 2.0 2.0 1 -.> 1.6 0.2 0.2 0.2 0.2 0.2 13.5 13.5 

2.2 2.0 2.0 2.2 2.2 0.5 0.5 0.5 0,5 0.5 17.7 17.7 

3. 3.5 3.5 3.5 3.5 1.3 1.2 1.2 1.2 1.2 30.1 30.1 

h.e 67 h.7 L..2 4.5 2.0 1.7 1.7 1.7 1.7 34.0 360 

5.5 5.5 5.5 .b.8 c..!.  ^ „;.0 2.5 2.2 2.2 2,0 2.0 36.9 1.,r,. 0 ,,,..,,,, 

7.5 7.2 7.2 6.0 6.5 3.8 3.5 3.5 3.0 3.0 41.9 4149 

* 00 10000 Thermometer used inste4d of thermocouple - Runs 26 ttrougn Runs 51 



TABLE I (cont.) 

TAV,ULA7I0N OF ORIGINAL DATA 

R" " 28    2un YP., 29 Rn4  P.D. 30  , Run ri" 31   .  '';t1' ' '-',  32 Run IctPt -P . Run 4401,  314 1-14'n  '". 35 aun  N" 36  

Fluid Inlet Temp. 4,1.1r. 2.3 ° 32.6 t 32,F t 32.4 °O 37.0 c0 374.0 O0 36.3 °G 3.4 0(.: 34.8 o 
36

k; 

Lx. ,LiaIl Tesp. #2 M.V. 6.10 5.83 5475 5.77 5.81 5.73 5.72 5.83 5.88 5.4 

Ex. 'hall Temps 1/3 M014 6.29 5.98 5.90 ;-91 6.02 6.00 5.95 6.08 6.10  ..,- 

ibc., -,";att Temp. #h k.V. 6.25 6.01 5.9h 5.90 6.00 5.90 5.90 6.00 • 6.00  J.,  

i, air Temp. # M.V. 6.07 s.77 5.70 5.69 5.80 5.80 5.80 5.n8 '4.91 c' 

,-W11 Temp. 06 L.V. 6.22 6.02 $.95 ' 5.91 6.00 5.91 5.90 6.00 6.00 ,)... 

Ex, 11 Amp. #7,,I. 6.29 6.02 5.95 -090 5.95 -.0 5.90 6.00 6.00 e..•  f 

Mid Outlet T. 0 L.V. 60.8 ct 15-5.5 °; 44.2 uo h-,,.0 °o 147.0 00 49.3 00 49.0 00 51.2 00 57.1 °0 t! ) 
1414.4 

• 

Fluid an Rate 10 lb/2 min 13 7/8 lb/min 9 3/8 lb/30 sec 9 5/8 lb/min 11 zie lb/30 sec 8 1/14 lb/30 sec 12 1/2 1b/in 9 1/2 lb/min 10 1/2 lb/2 min 12 lb/j( 

Steam 14e1, Presel,reiFSIU 1!,.0 10.1 2.0 3.5 9..2 6.5 6.0 9.0 9.5 7.c 

Steam 4ass Rate 245 gra/2.5 in 269 grm/2 min 301 gm/2 min 228 grm/2 1,1in 3142 grm/2 min 273 grm/2 min 245 grm/2 min 222 grm/2 nin 18$ gm/2 min 324 gr;7 

Orifice Upstream T, ,0F 1,0 0 ,.....", 238 232 231 236 2314 233 236 237 23C 

Critics Downst,mam Tr, °P 121 152 152 152 150 10.5 150 151 1145 

1  Orifie Downstream 25.5 d„) ^r,  , ...* 22.5 23.0 23.2 23.6 23.9 23.6 23.5 23m 
' Akt,Clitra )in. ag. 
% Solids 23.1 23.1 23.1 23.1 20.14 20.14 20.14 20.4 20.4 20. 

Barometric Prese:Ire,In.Hg. 29.514 29.54 29.54 29.54 29.60 253.60 29,60 29.60 29.60 29, 
Fann Viscometer Data: 

Avg. Tetv.)°F 116.6 103.1 101.3 101.3 107.6 109.6 106.8 109.9 1111.6 103, 

lb/100 ft2 @ 3 RPM 9.0 13.0 13.5 13,5 10.0 10.0 10.0 10.0 10.0 10, 

lb/100 ft2 (di 6 RPM 17.5 13.0 17.7 17.7 12.0 12.0 12.0 12.0 12.0 19. 

lb/10i) f1.2 g 100 am 25,,o 3u.0 30.1 30.1 19.4 19.h 19.h 19.4 4.9,2 20, 

ihilW ft2 :37! 200 1 ' 33.0 33.5 3.0 31,.0 22.1 22.1 22.1 22.1 22.0 22. 

1b/100 ft2 4?,  300 JU 35.5 36.2 36.9 36.9 2b.1 214.1 2!!,.1 24.1 23.5 24. 

lb/100 ft2 0 600 MI 40.2 i41.0 141.9 141.9 28.0 26.0 28.0 28,0 27.5 23. 



. . . . _ 
(cont.)  

tAL DATA  
,... . , .. . . . . . . . 

iMzi. O. 36 •. ,?,TI,  ,:f -,,- man 140,  38: ,LRuil 9 , . 1-.3-• li-1) '.40 :::';:'•:Run ':-.'"'- Ljt '-..:1'-'1'.. "" :$' ..,:_„.., 7:'...'M',.J.:'.,mi,'...;-',....,„.. --, irl,i''''''-00)44  - .:::11•1-12-' ''''' -4:'-':;-----,  ----ii.:. 
C . .. m .  37.8 °C , 31,0 G  61p3 °C 35414 00 314.8 0C 35.9 '0 33.14 C 35.5 °C 39.L "0 40.1 c0 c',.m ,.;  

...... ... ..... . . . 
5.'72 5.0 5.83 

3)4.8 (410 

5..65 .5.70 5.39 5.83 . 5.81 5.96 '4-08 5.60  ... ..• 

5.95 6.08 6.10 '5.90 5.90 . 6.16 6,00 5.98 617 6.17 ''''', .8.11 5.94 

5.90 6.00 . 6.00 5.83 5.88 6.08 6,00 6.00 6.114 6.07 r,  71f 2o:a 54,96 

5.80 L',", )'.,:',. -Iv.- 5.91 5.71 5.71 5.92 5.81 5.83 6.00 6.02 5.75 5.714 

5.90 6.00 6.00 , 
5.81 5.36 6.07 5.93 5.93 6.08 6.09 5.75 5.83 

5.90 6,00 ' 6,00 5.85 5.90 6.10 6,01 6.02 6.20 6.20 5.35 6.00 

-0. o, 9.0 00 51.2 80 57.1 00 411.14 0 116.5 eC )414.S ec 50.0 u 51.7 00 62.3 Qc 65.5 °C 52.4 °O 42.14 00 

it lb/min 9 1/2 lb/min 10 1/2 lb/2.mi4 12 lb/39  sec 9 7/8 lb/30 sec 12 1/4 100 sec 8 3/8 1b/30 sec 10 1/4 lb/30 sec 9 lb/Min 9 5/8 ib/ 1 1/2  min 13 3/3 lb/min 12 1/2 lb/30 see 10 

8.0 9.0 9.5 7.0 7.7 11.7 9.1 9.5 11.5 11.5 6.6 8.6  

g'2 mm 222 grm/2 min 183 grm/2 -min 324 grm/2 aft 299 gi.m/2 min 209 gikm/Min 185 grin 196 grthiin 166 grm/min 135 gra/min 299 grm/2 min 14146 grm/2 it 115 

233 236 237 230 232 AD 236 236 241 2141 230 235 

143.5 150 151 1149 10 158 14o 139 1142 1140 135 95.5 

231 0' 23.6 23.5 23,8 260 2.0 25.14 25.5 25.2 25.5 26.2 29.4 

20.4 20.4 20.h 20.4 20.4 13.7 13.7 13, 13.7 13.7 13.7 10.1 

29.60 29.60 29.60 29.60 29.60 29693 27693 29.93 29.93 29.93 29.93 29.96 

.08.8 109.9 114.6 103.3 106.1 102.2 109.0 114.1 125.6 128.0 113.1 913.0 

10..0 10.0 10.0 10.0 10..0 lisl 14,1 4.0 3.8 3.8 14.„,0 1.3 

12.0 12.0 12.0 12.5 12..3 4.5 4.1 4.3 4.2 14.2 0 
40 1.8 

19.14 19.14 19.2 20.0 19.7 6.2 6.1 6.0 5.2 5.2 6,0 3.1 

22.1 22.1 22.0 22.3 22.2 i...,LI , 7,3 7.2 6.9 6.9 7.2 4.1 

24.1 214.1 23.5 24.5 24.3 3.8 8.3 8.1 7.9 , 0 to, 8.1 .4.9 

28.0 228.0 27.5 23.7 28.3 10,09 10.3 10.1 9.3 .3 10.1 6.8 



ri fZuri Re 1,t2 Puri 19.o  h3 Elm No, 44 P.= lio4  it5 tu ir,lia. 14 :  -: Rim: ko.: 41 *,  
Li 0 ID, 

0.0 o0 37.8 0C 31.0 0 : 334::., O , 365 G 5. 4, 34.7 '°•C 34.5 6c 33.7 c 
Li , 5.46 5.88 5.60 5.77 5.70 5.73 5.72 5.71 5.76 5.73 t _ - 
• 6.17 6.17 5.8h 5,94 5.96 6.05 6.03 5.88 5.98 5.95 

6;14 6.07 rt 7r 5.96 5.87 5.89 5.80 ,,,, 5.90 5.95 5.94 

k-4  6.00 6.02 5.75 5.74 5.83 5.85 5.85 .5.70 5.81 5.74 

6,08 6.09 C e ,,,10l, 5.88 5.90 6.00 6.00 ff gl 5.89 

A.20 6.20 / 5.35 6.00 6.00 6.11 6.08 5.94 6.05 5.99 

1 62.3 00 65.5 QC 52.4 °C, 42.4 00 46.2 00 49.7 0c, 52.9 °C 0 1 4 i  „N 504 O0  
'cl. 
1 9 -5./mia 9 5/8 lb/ 1 1/2 min 13 3/8 lb/ain 12 1/2 lb/30 sec 10 lb/30 see 7 1b/30 sec 12 lb/min 11 3/8 lb/30 sec 7 lb/30 see 12 1/8 lb/30 sec 
1 
1 11.5 11.5 6.6 8.6 10.0 10.4 9.6 8.0 9.0 8.1 

I 
/166 /min 135 ganAdri 299 grW2. min 446 zrm/2 in 451 gm/2 min 355 grm/2 min 3142 grW2 min 347 grm/2 min 353 grm/2 Win 37h grm/2 air. 
i - 
; 241 241 230 235 236 239 237 233 235 234 

3.42 lip 135 95,5 86 150.5 141 137 139 138 

I. 25.2 4 2505 26.2 29.4 29.6 23.6 25.3 25.8 25.6 25.7 

13.7 13.7 13.7 10.1 10.1 10.1 10.1 10.1 10.1 10.1 

2993 29.93 29.93 29.98 29.98 29.98 99.98 29.98 29.98 29.98  

125.6 128.0 113.1 9t3.0 103.4 107.8 111.9 103.2 106.4 101.4 
i 

3.6 • 3.8 4.0 1.3 1.3 1.2 1.2 1.3 1.2 1.3 

4.2 4.2 4.3 1.8 1.7 1.6 1.5 1.7 1.6 1.8 
. ."., / 3.0  6.0 3.1 3.1 :,),,.. 3.1 3.1 3.1 

6.9 6.9 7.2 4.1 4.1 ha. , 3.9  

7.9 7.9 8.1 14.9 4.7 14„6 4.3  4.0 4.9 

9.3 9,3 10.1 6.8 6.3 6.1 5.9  











Experimental Results  

Table II is a tabulation of the experimental results calculated from 

the original data presented in Table I. 

The heat balance for 140 of the 51 runs were within 5;,. The remaining 

11 runs were within 10%. An analysis of the heat balances shoved that the 

amount of heat transferred based on the condensate rate and steam quality 

are more accurate and more consistent than those based on the temperature 

rise of the slurry. Therefore, the heat transfer coefficients were based 

on the heat :riven up by the steam and not on the temperature rise of the 

slurry. (See Discussion of Results) 

The six thermocouples, cemented into ',he brass pipe of the heat ex- 

changer, indicated that the pipe wall temperature vas no more than F. 

below the temperature of the steam at the higher slurry flow rates. At 

the lower flow rates, the pipe temperature as close to the steam tempera-

ture. 

Table III is a tabulation of the slurry viscosities at corresponding 

shear rates calculated from the original Fenn viscometer data presented 

on Table T. Figures 7 through lh are plots of the data from Table III. 

The curve or curves on each graph are for only one percentage concentra-

tion of solids. In most cases, one viscosity curve is used for more than 

one heat transfer run. A small variation in average bulk temperature had 

very little eiTect on the viscosity and, therefore, can be represented by 

one curve. eore than one curve on a grze.h is due to a larger variation 

in average bak temperature. These curves show the non-Lowtonian behavior 

of the slurries. A jewtonian fleid would be represented by a horizontal 

line. 



The bulk viscosity of the slurries flowing through the heat exchanger 

were determined by calculating the shear rate and findini7 the correspond-

ing viscosity from the viscosity curves. The shear rate was calculated 

from the following equation (11): 

The viscosity determined. by this method. was used to correlate the 

heat transfer data. 

The eynolds numbers ranged from 0.9 to 2020 for the 51 runs. 

The thermal condcti7ity of the slurries were calculated using the 

following equation (22): 

chere; Xv = fraction of solids by volume 

Kb m thermal conductivity of slurry 

Ki m thermal conductivity of liquid 

KP m thermal conductivity of solids 

The thermal conducti-ity of the slurries did not vary to any great extent 

with change in solids content and were within 10;, of the value for water. 

The effect of natural convection on the heat transfer coefficients was 

investigated by usinr the following equation (7): 



Where: F1 and F2 are dimensionless factors that can vary between 0 and 1. 

NGr 
is the Grashof number - (D3e2g)  (SAT) 

N
Pr 

is the •randt1 number - (EAL) 
kl: / 

The empirical equation (8) 

1/3 
hD ll 4-- *0  1.75 

( Lquation (5) 

is a standard equation that is used to calculate heat transfer coefficients 

in the laminar region. The additional term in equation k10), not included 

in equation (5)0 represents the correction for natural convection. Lsing 

equation (10), the correction for natural convection for 33 runs was less 

than 1%, for 11 runs it was less than 2-; and for the remaining 7 runs it 

was less than 5.,% The effect of natural convection was 'within experimental 

error and, 1.hererore, could be disregarded. 

t.cillations (5) and (10) were not used to correlate the heat transfer 

data because it was desired to use an equation having the Reynolds number 

as one of the dimensionless groups. Gorrel-ting the data with this type 

of equation would make it possible to put the veynolds number on the ab-

scissa of the graph which would easily show the range of the laminar region 

.n which the work was done. 

The following equation was used to correlate the heat transfer data: 

:here: d and e are constants determined from the plot of the data. 



Fi7ure 15 is a plot of the heat transfer data for all 51 runs. From 

this plot, constants d and e were found to be 0.70 and - 2/3 respectively. 

The final heat transfer equation developed from this work is as follows: 

for an L ratio of 68.7. 
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TABLE III 

TA BULATION OF SLURRY VIS COS I. TY Vill.'“LS 6fiEAR RATE 

PPP 
Shear Rate 
(Sec -1) 

600 
9142 

300 
471 

200 
314 

100 
157 

6 
9.42 

3 
4.71 

---- Visc Visc Vise Vise Vise Vise 
Scale 
hdg 

x 
10)  

Scale 
hdg 

x 
10)  

Scale 
?dr 

x, 
10)  

Scale 
hdg 

x 
10)  

Scale 
12dg 

x 
10)  

Scale x, 
Rdg 103  

Run No. 
L1 LB 

FT.SLG 
LB 
r12 1--7820 

LB 1.A, 
P14  

LB 
FT.EC 

1,13 
F 

LB LB 
TT2 irbEc 

LB LB LB 
7T2 FP.SLC 

1 0.365 12.5 0.315 21.5 0.298 30.6 0.267 54.8 0.370 581.0 0.135 922.0 

2 0.365 12.5 0.315 21.5 0.298 30.6 0.267  54.8 0.370 581.0 0.135 922.0 

3 0.365 12.5 0.315 21.5 0.298 30.6 0.267 ',4.8 n.170 531.0 0.135 922.0 

14 0.362 12.4 0.315 21.5 0.300 30.8 0.275 c6.4 0.172 587.0 0.132 902.0 

5 0.365 12.5 3.315 21.5 0.298 30.6 0.267 54.8 0.170 581.0 0.135 922.0 

6 0.352 12.1 0.305 20.8 0.305 31.3 0.272 55.8 0.165 564.0 0.125 855.0 

7 0.360 12.3 0.315 21.5 0.315 32.3 0.976 56.6 0.180 615.0 0.135 922.0 

8 0.198 6.3 0.162 11.1 0.137 14.0 0.118 214.2  0.085 290.0 ').075 512.0 

9 0.185 6.3 0.147 10.1 0.132 13.5 0.115 23.6 0.075 256.0 0.067 458.0 

10 0.185 6.3 0.147 10.1 0.132 13.5 0.115 23.6 0.075 256.0 0.067 458.0 

11 0.185 6.3 0.147 10.1 0.132 13.5 0.115 23.6 0.075 256.0 0.067 458.0 

12 0.175 6.0 0.145 9.9 0.132 13.5 0.115 23.6 0,080 273.0 0.070 1.794 

13 0.165 5.6 0.135 9.2 0.125 12.8 0.115 23.6 0.085 290.0 0.072 492.0 

14 0.165 5.6 0.132 9.0 0.128 13.1 0.112 23.0 0,080 273.0 0.068 465.0 

15 0.080 2.7 0.055 3.8 u.050 z.1 0.035 7.2 0.020 68.4 0.015 103.0 

16 0.075 2.6 0.055 3.8 0.048 4.9 0.035 7.2 0.022 75.1 0.020 137.0 

17 0.072 2.5 0.055 3.8 0.047 14.8 0.035 7.2 0.020 68.4 0.020 137.0 

18 0.072 2.5 0.055 3.8 3.017 , .8 0.035 7.2 0.020 68.14  0.020 137.0 

19 0.060 2.0 0.048 3.3 0.342 140  0.035 7.2 0.022 75.1 0.015 103.0 

20 0.065 2.2 0.050  3.4 0.045 /4.6 0.035 7.2 0.022 75.1 0.018 123.0 

21 0.038 1.3 0.025 1.7 0.020 2.0 0.013 2.7 0.005 17.1 0.002 13.7 



TABLE Ill (cont.) 

TABULATION OF SLURRY VISCOSITY VERSUS SHEAR RATE 

RPM 
Shear Rate 

(Sec -1) 

600 
942 ' 

300 
471 

200 
314. 

100 
157 

6 3 
9.42 4.71 

visc Ific VISc v sc visc -Vise 
Scale 
Rdg 

x 
10 

Scale 
Rdg 

x 
103 

Scale 
Rdg 

x Scale 
Rdg 

x 
103 

Scale x 
Rdg iO3 

Scale x 
Rdg 10-5  

Run No. 
L3 
- T FT.SE0 

LB LB 
P72 

LB 
FEC 

LB 
l'i'V FL.3E0 

LB I.;3 
i'r FT.SE0 

L LB LB 
:,,T FT.SEC 

L3 LB 
1 FT.SEC 

22 0.035 1.2 0.022 1.5 0.017 1.7 0.012 2.5 0.005 17.1 0.002 13.7 

23 0.035 1.2 0.022 1.5 0.017 1.7 0.012 2.5 0.005 17.1 0.002 13.7 

24 0.030 1.0 0.020 1.4 0.017 1.7 0.312 2.5 0.005 17.1 0.002 13.7 

25 0.030 1.0 0.020 1.4 0.017 1.7 0.012 2.5 0.005 17.1 0.002 13.7 

26 0.419 14.3 0.369 25.2 0.340 34.8 0.301 61.7 0.177 604.0 0.135 922.0 

27 0.419 14.3 0.369 25.2 0.340 34.8 0.301 61.7 0.177 604.0 0.135 922.0 

28 0.402 13.7 0.355 24.3 0.330 33.8 0.290 59.5 0.175 598.0 0.090 615.0 

29 0.410 14.0 0.362 24.8 0.335 34.3 0.300 61.5 0.180 615.0 0.130 889.0 

30 0.419 14.3 0.369 25.2 0.3140 34.8 0.301 61.7 0.177 604.0 0.135 922.0 

31 0.419 14.3 0.369 25.2 0.340 34.8 0.331 61.7 0.177 604.0 0.135 922.0 

32 0.200 9.6 0.241 17.9 0.221 22.7 0.194 39.8 0.120 410.0 u.100 684.0 

33 0.200 9.6 0.241 17.9 0.221 22.7 0.1914 39.8 0.120 410.0 0.100 6814.0 

34 0.280 9.6 0.241 17.9 0.221 22.7 0.1914 39.8 0.120 410.0 u.100 684.0 

35 0.280 9.6 0.241 17.9 0.221 22.7 0.194 39.8 0.120 410.0 0.100 684.0 

36 0.275 9.4 0.235 16.1 0.220 22.6 0.192 39.4 0.120 410.0 0.100 684,0 

37 0.287 9.8 0.245 16.8 0.223 22.9 0.200 41.0 0.125 2427.0 0.100 684.0 

38 0.283 9.7 0.243 16.6 0.222 22.8 0.197 40.4 0.123 420.0 0.100 684.0 

39 0.109 3.7 0.088 6.0 .075 7.7 0.062 12.7 0.0145 154.0 0.041 280.5 

40 0.103 3.5 0.083 5.7 0.073 7.5 0.061 12.5 0.044 150.0 0.041 283.5 

41 0.101 3.5 0.081 5.5 0.072 7.4 0.060 12.3 0.0/43 147.0 0.040 273.5 

142 0.093 3.2 0.079 5.14 0.069 7.1 0.052 10.7 0.042 143.5 0.038 260.0 



TABLE III (Cont.) 

TABULATION CF SLURRY VISCOSITY VERSUS RATE 

RPM 
Shear Rate 
(Sec -1) 

600 
942 

300 ' 
1471 

200 
314 

100 
157 

6 
9.142 

3 
4.71 

Scale 
%, , -p 

Vise 
x 

iO 
Scale 

itdg 

Visc 
x 

10') 
Scale 
nq! 

Vise 
x 

 10') 
Scale 
Rdg 

Vise 
x 
10)  

Scale 
lidg 

Vise 
x 
lo 

Scale 
Rdg 

Vise 
x 
10.' 

.11.1n No, 
LB 
T2 

LB 
1SU 

. 1 
1'1C: 
LB LB 

F 
LB 

.11. ...'.; 
L2 

1:417:•:.LC 
Li i LB 

F72: 
LB 
FT.SSC-TrT4  

LB , LB 
FT.SEC 

143 0.093 3.2 0.079 5.)! 0.069 7.1 p.052 10.7 0.042 110.5 0.038 260.0 

44 0.101 3.5 0.081 5.5 0.072 7.1~ 0.060 12.3 0.01_,3 1147.0 0.040 273.5 

145 0.068 2.3 0.00 3.14 0.0bl h.2 0.031 6.h 0.010 61.5 0.013 89.0 

146 0.063 2.1 0.47 3.2 0.0)1 h.2 0.031 6.14 0.017 58.1 0.013 89.0 

47 0.061 2.1 0.917 3.2 0.01.1 14.2 0.031 6.4 0.016 54.7 0.012 82.1 

43 0.059 2,0 0.01+3 2.9 0.039 14.0 0,030 6.2 0.015 51.3 0.012 82.1 

49 .063 2.1 0.0147 3.2 0.0141 14,2 0.031 6.14 0.017 58.1 0.013 89.0 

50 0.061 2.1 0.0146 3,1 0.0h1 1..2 0.031 6.4 0.016 54.7 0.012 82.1 

51 0.068 2.3 0.0149 3.14 0.0141 11.2 0.031 6./1 0.018 61.5 0.013 89.0 



FIGURE 7 

VISCOSITY OF 12.9% HALF MICRON AND FINER KAOLIN SLURRY 

Viscosity vs. Shear Rate 



FIGURE 9 

VISCOSITY OF 5.6% HALF MICRON AND FINER KAOLIN SLURRRY 

Viscosity vs. Shear Rate 



FIGURE 10 

VISCOSITY O 3.0% HALF MICRON AND FINER KAOLIN SLURRY 

Viscosity vs. shear Rate 



FIGURE 11 

VISCOSITY OF 23.1 TWO MICRON AND FINER KAOLIN SLURRY 

Viscosity vs. Shear Rate 



FIGURE 12 

VISCOSITY OF 20.4% TWO MICRON AND FINER RAOLIN SLURRY 

Viscosity vs. Shear Rate 



FIGURE 13 

TI.C.--,,I'L." C; 1i. (,.. 1'..iC . IO A]sii iilsi...c,R il__4CLI.1. SL 

Vis;.;oldt:,/ vs. LiL,ear Rate 



FIGURE 14 

14 CF 10.1c/Q T7TC ACRON A:::,-; ANER XAOLliv 61011Y 

71$cozity vi,. 'hear Rate 



FIGURE 5 



Discussion of Results  

The heat balances were rather satisfactory. The heat transferred 

based on the steam quality and condensate rate was accurate to three sig-

nificant figures. Based on the temperature rise of the slurry at the 

hi,her flow rates, it was also accurate to three figures, however, at 

the lower flow rates it was acclirate to only two figures. This was due 

to a auctcation in the outlet temperature which varied as much as 10% 

of the temperature rise of the slurry even tholuil the temperature was 

taken after the slurry flowed throwth a mixing valve. without any method 

of mixing, even at the higher flow rates, it was found that there was 

much error in the outlet temperature. 'lotting the heat balances versus 

the flow rate showed that the data based on the heat content of the 

steam was more reliable. The Plots of this data always formed a smooth 

curve, while the data based on the temperature rise of the slurry often 

straddled on both sides of this curve, especially at the lower flow rates. 

As a resat, the heat transfer coefficients were based only on the heat 

given up by the steam and not on the temperature rise of the slurry. It 

should be pointed out that with a guard jacket on the heat exchanger and 

the entire 'mit well insulated, including the steam trap, the neat losses 

mere quite snail. Also, the steam calorimeter was located at the entrance 

of the heat exchanger steam jacket. 

The first approach in determining the viscosity of the slurries was 

by means of a pipeline viscometer. The pressure drop due to friction, 

throu'rh a 1" x 9'  low pipe was so small that it could not be measured 

to any degree of accuracy, especially at the lover flow rates. This 

method was, therefore, not used. A literature search vas made to find 



other methods of determining viscosity that cold be used instead. A 

method used by many investigations was to use laboratory viscoetee data 

and relate these data to pipeline flow. 

A 1'ann viscometer was used to determine the viscosity of the slurries. 

This instrument, which is rather an expensive piece of laboratory equip-

ment, was just reconditioned before it wee used. This is one of the 

types of viscometers used in the clay industry to measure viscosities of 

clay Slurries. The data from :.he Fenn viscometer was significant to 

three figures. The viscosity curves, shown on Figures 7 through 1I, are, 

no doubt, a rather accurate representation of the non-'llewtonian behavior 

• of the 8Ve   slurries. '-sing the equation 11r- , the shear rates of the 

slurries flowing through the heat exchanger were calculated using the 

average velocity. From the viscosity curves, which mere determined at 

the average temperature the slurry was at in the heat exchanger, the 

shear rate was used to find the corresponding bulk viscosity. This vis-

cosity was used to correlate the heat transfer data. A variation in the 

mass rate throueh the heat exchanger by a factor of ten caused the bulk 

viscosity to change by about a factor of thirty. Therefore, by increas-

ing the mass rate by a factor of 10 caused the j.eynolds number to increase 

by about a factor of 300, since the slurries were eseudoplastic. The non-

` emtonian behaviors of the fluids used were not knoen at the time of the 

equiement design. This made sizing the equiement and establishing flow 

rates difficult. 

several additional comments can be made about the viscosity curves 

shown en Figures 7 through lb. Generally speaking, the slopes of all the 



viscosity curves are anroximately the same. Ilov,ever, as the solids con-

tent of the slurry became greater, there is a tendency for the viscosity 

curves to have a slightly greater slope, indicating a more non-Newtonian 

behavior. Also, an increase in solids caused the viscosity curves to 

shift upward on the graphs, indicating higher viscosity. At the same 

solids content, the finer kaolin produced a higher slurry viscosity than 

the coarser material, but the non-Newtonian behavior (i.e. slope of curve) 

was about the same for bt)th materials. 

The fo1lowin7 eciation (7) was used to determine effect of a 

natural convection on the heat transfer coefficients: 

i-nere: F1 and F2 are dimensionless factors that can vary between 

1 and 0. 

This equation is for heating fluids flowing vertically -upward. 1e At;sselt 

numbers varied from 9.07 to 32.35. the Urashof numbers varied from 0.188 

to 6300. The Prandti numbers varied from 31.6 to 500. 

The correction for nat'Ird convection vas quite small 'or :,11 51 runs 

and within experinental error. ,he correction for natural convection was, 

therefore, disregarded. It was found, however, that at the higher flow 

rates along with hiller v',scosities, the correction for natural convection 



was very small. Conversely, at the lower flow rates along with lower vis-,  

cosity, the correction became more significant. However, it was still 

less than 5o of the Ilusselt number. 

it was bronght out in the Experimental results that it was desired 

to correlate the heat transfer data using an equation wh'ch had the 

heynolds number as one of the dimensionless groups. This made it Possible 

to Plot the data with the Aeynolds number on the abscissa of the graph 

easily showing in v.hat range of the laminar region the work was done. 

The equation that was selected to correlate the data was of the same 

form as that developed by 6ieder and Tate. This equation can be expressed 

in two different ways* 

Ahere: d, e, 2, and g are constants determined from the plot of the 

data. As can be seen from Figure 15, the heat transfer data was correlated 

using r,quation (13). The data rave a rather satisfactory plot and, there. 

fore, it was felt that there was no need to develop a special equation 

based on this work. 

The heat transfer egation resulting from this work is as foliowst 



This equation is for an L/D ratio of 68.7. The Sieder and Tate _F;quation 

(21) for laminar flow is as follows: 

For an L/D of 68.7, this equation becomes: 

The ,,evnolds number exponent was found to be the same from this work 

as that of the Sieder and Tate equation. lioever, there is a difference 

in the intercepts. substituting 68.7 in the Sieder and Tate eq- ation for 

the L/D term, the constant becomes 0.455. From this work it was found to 

be 0.70. This difference, is no doubt, mostly due to the viscosity cor-

rection term included in the Sieder and Tate equation but not included 

in the equation developed from this work. The reason for not including 

this term was because there was no data available and to obtain the neces-

sary data would have been quite a difficult task. Also, it was felt that 

this term would make only a small difference in the final correlation and, 

therefore, could be disregarded. 

In order to ret a constant of 0.)155 in the equation restltinc, from 

0.14 
this work, the '-w term, if included in this equation, would have 

to be equal to 0.65. In the case of a .ewtonian fluid, the viscosity 

term is usually less than one. For exaupic, with an averaee bulk tempera-

ture of 100°P and a pipe wall temperature of 235°F, this viscosity term 

for water is eq:al to 0.839. At these two temoeratires, wIlioh are in the 



same; range as the to- ..t;rat'..ro* :43otity u :,.(ater by 

a ra-:-.:tor u' 3 .5 . ..,itter, the average chars:-.,a bet, wen tho bJ.kIdscosity 
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CON0LWIONS  

An evation similar in form to the Sieder-Tate equation for Newtonian 

fluids can be used to calculate the heat transfer coefficients in terms of 

various dimensionless groups of the non-Newtonian slurries studied in this 

work in laminar flow. The heat transfer coefficients for slurries of half 

micron and finer kaolin and water are as follows: 

1. For a solids content of 12.9 weight percent the heat transfer 

coefficients ranged from 62.60 to 36.35 for a ,eynolds number 

range of 61.6 to 0.09. 

2. For a solids content of 9.6 weight percent the heat transfer 

coefficients ranged from 7610 to 50.10 for a Ileynolds number 

range of 156.11 to 1.2. 

3. For a solids content of 5.6 weight percent the heat transfer 

coefficients ranged from 96.90 to 59.25 for a Reynolds number 

range of 555.5 to 6.0. 

4. For a solids content of 3.0 weight percent the heat transfer 

coefficients ranged from 130.2 to 12h.1 for a ILeynolds number 

range of 2020 to 71.7. 

The heat transfer coefficients for slurries of two microns and finer kaolin 

and water are as follows: 

1. For a solids content of 23.1 weight percent the heat transfer 

coefficients ranged from 9h.20 to 57.60 for a Reynolds number 

range of 563 to 3.5. 

2. For a solids content of 20.h weight percent the heat transfer 

coefficients ragged from 99.00 to 55.60 for a iie.ynolds number 

range of 61.3 to 5.6. 



3. For a solids content of 13.7 weight percent the heat transfer 

coofricients ranged from 12.2 to 88.10 for a ::eynolds number 

range of 296.1 to 49.9. 

h. For a solids content of 10.1 might percent the heat transfer 

coefficients ranged from 133.8 to 122.h for a ieynolds number 

range of 625.0 to 1614.0. 

The degree of Pselldoplasticity did not sig:iificantly change with 

solids content or particle size for the kaolin slurries studied in this 

work. Ho4ever, an increase in solids content increased the viscosity at 

any given shear rate. Also, at identical solids contents the kaolin of 

finer particle size gave higher values of viscosity than the coarser 

material. 



1%)1•1., 1C1,15,  

A - iirea for heat transfer - rt2 

C - Specific heat - BTU/lb - °F 

D - '"ioo diameter - ft 

f - Friction factor - di'iensionless 

O - !lass velocity - lb/hr - ft2 of cross section 

g - Acceleration due to gravity - 1i.17 x 108 ft/hr2 

h - Coefficient of heat transfer -,etween fluid and surface - 3T: /hr - ft2 - °F 

K - fhermal conducitivity - '3TU/hr ft2 °F/ft 

L - Length of heat transfer tube - ft. 

- Dimensionless group - i.e. - NRe  - Reynolds number 

P - :'ressure - lb/ft2 

q - Heat transfer rate - -117/hr 

✓ - Pipe rackls - ft 

S - Cross section of stream in a tube - ft2 

T - Absolute temperature - °F. 

t Temperature - °F 

U - Uverall heat transfer coefficient - ft2 - °F 

✓ - Average velocity - ft/sec 

w -lass rate of flow - lb/hr 

x - Percent of dry solids by weight in slurry 

- rractIon of solids by volume 



Subscripts  

b - For bulk 

c 'Tor condensate 

f For fan 

- For inict 

1 - ;or liquid 

m - For 10 mean temperature 

o - For outlet 

p For particle 

s - For steam 

v - For volump 

w or wall 

Greek 

A - For difference 

- ?iscosity of fluid - lb/hr - ft 
centipoises x 2.142 

- 3.1)416 

f Density of fluid - 1h/ft3 

1(- Shear rate - sec-1 

T'- Shear stress - lb/ft2 
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