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ABSTRACT

A dimensionless squation resembling the Dlttus-Boelter
eguation with modified exponents and sdditional dimension-
less groups has bheen éevalaped by J. J. Salumose, {12)

e Z(‘é’é”/ (c;,zag;‘af D f'ff:’/ /,@//

Salamone investigated the range of Beynolds number betwesn

50,000 and 200,000, The resulis of the corrplated data
gave the following szyaaaats fgr aqaatiaa. {1)

1445? G {f é??iz ﬁ?; %kéfg o5 )
7 Sy (LBl /&,ﬁ / (/ / {27/ ()

Binder and Pollara (19) iavﬁstigate&;tha lower turbulent

region of Reynolds susbers ranging from 10,000 - 70,000 to
deteraine the validity of Salamone's equation in this area.
In correlating their dats, Binder and Pollara gave the fol-

lowing equation:
7 fﬂ f/f 9; P ;n”?

E¥72 ’m&m;" = ;” 3
,{3; (/m/ (5 () (G @

Using the same equipment Constructed by Binder and Pollara
and cellaborators, sn additional amount of dats was cel-
lected and correlations drawn therefrom by the asuthors of
thig thesis. The prime intent of this thesis was to check
the magnitude of the constani and exponents of Salamons ‘s
eguation, It weas found from the data obtained ino this re-



port, that the magnitude of the comstant Z and the exponents

gave the following eguation:

) o0 . o
4L _ o3y (01505 ) 7(/%7 7 D/ /‘E'j ”"‘é} 54/
£ s ) (&) (&) (&) ¢

The data for equation (4) was obtained at the values of
Reynolds number from 50,000 to 200,000.




IRTRODUCTION

The purpose of this investigation was to collect
sufficient data to be incorporated in evaluating the con-
stant Z and the exponents in the eguation developed by J.
J. Salamopne. (12) His investigation was undertaken as a
result of a bhypothesis formed from fragmentary datz on sus-
pensions of finely divided solid particles of high thermal
conductivity, using water as a suspending medium. From the
data, it was inferred that higher film coefficients could
be obtained from water containing particles of high thermal
conductivity than from water alone.

Salamone (12) investigated the turbulent range of
Reynolds number 50,000 - 200,000 and correlated his data
by selecting a few runs of essentially constant viscosity

to obtain the exponents of the various groups.

Binder and Pollara {19) investipated the 10,000 - 70,000
Reynolds number range and correlated their datz in the same

manner as J. J. Salamone.

In the present investigation, Reynolds numbers of
50,000 -~ 200,000 were investigated. A small pari of the
data was obtained below 50,000, This method for correlat-
ing the data was not the same as that used by J. J. Salamone,
and Binder and Pollara.



The method exployed is of a statistical nature and
average results are obtained. In this manner use was made
of all the observed data. It was felt that this method
would produce a correlation that is representative of all

the data rather than of a8 few selecied values.



THEORY

In developing the empirical relationship of Numit
number, Reynolds number, Prandtl number, and the groups re
lating the physical properties of the individual components
of the slurry, it was assumed that the film coefficient was
8 function of the following:

0 = Pipe Diameter
X = Weight Fractien
= Thermal conductivity of the dispersion
/(gl = Medium
D5 = Average particle diameter
= Particle Shape
(5~ Specific heart of particle
()[:_._.,. Specific heat of dispersion medium
/° = Density of solid
(0 = Density of dispersion medium
,ae = Apparent bulk viscosity of the suspension
) = Velocity, based on bulk density

Weight fraction, density of the solid and dispersion
medium may be represented in the form of a bulk density.
Then assuming spherical shaped particles, and the equation
to be of an exponential type, the following expression may

be written:

b= Z (D024 0T
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And by dimensional analysis. the following equation wns

derived:

2 (28 () () 12) ()

The unknown consiants were evalusted by experimental

dats yielding the following eqnatian of J. J. Salamons: (12)

2 D/ex*’ﬁ ’é?’//'(ﬁ. //L/‘ ) /D} 5/('5 -
/

—— / / - /_..,MM
Multiplying both sides by and resrranging
to give:

Y4 .05 5 .05
12, 255)" (2] (2] / «) (L

As may be seen from the above equatiaa, the specific
heat of the solid and of the fluid, along with the effect
of the Reynolds pumber are of major importance. The group

(/~§§} "15’hecnmes significant when very small particles
are used as the suspended solid.

In obgserving the Reynolds number and the Prandtl num—
ber, the overall effect of bulk viscosity is only to the

one tenth power.

The method of determining bulk viscosity of the sus-
pensiong at the average temperature of the heat section was
the same as adopted by J. J. Salamone.
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It has been found that ligquids gernerally are Newtonian
or non-Newtonian, For Newtonian fluids, the ratio between
shearing stress and rate of shearing strain is the same for
all rates of shearing strain.

For a non-Newtonian liguid, the slope iz not constant
and hence depends on the rate of flow of the fluid,

S8ince it has been shown by previous investigators that
the suspensions used by the authors of this report were of
the nop-Newtonisn and pseudoplastic type, the method adopted
to determine viscosity wag by way of the pipeline viscometer,
where pressure «drop across & known length of pipe was noted
as a measure of stress on the fluild at knewn rate of flow.
The well-Enown Fanning friction equation was used to calcu-

late friction factor:

<255

Water was used to e¢slibrate the pipeline viscometer and
2 VYVon Karman plot was made of the friection factor versus
Reynolds nmumber, Fig. 4.

/!
;;ﬁjzgzz == é? /4%3 }égz v‘;%ﬁ - CZ 63
If the density, pressure drop, and weight rate of flow

of a suspension are known, the apparent viscosity may be
estimated from the corresponding Reynolds number. In this



investigation, viscesities were found to be essentially

constart from a Beynolds number of 75,000 to 200,000 with
the exception of iron oxide slurry. The magnitude of the
viscosity for the suspension was always greater than the
dispersion medium. Appreciable chenges in viscosity were

noted below 75,000 Reynolds number.




CRITICAL REVIEW OF PERTINENT WORK

A relatively meager amount of data on heat transfer to
suspensions can be found in the literature. BHoopes et al
{6) correlated data on the cooling of Filter Cel suspen-
sions with the Dittus-Boelter eguation.

At high Reynolds number Mac ILaren and Stair (7) corre-
lated their data on heating of Filter Cel (silica), but due
to the baked deposit formed on the heated section of the
exchanger from the silica suspension, correlation at low

Reynnlds numbers was not obtained.

Shandling (14) attempted ito measure the film cgoeffic-
ients of heat transfer of aluminum-water slurries. FNo
correlation was obtained due to the reaction taken place
between aluminum and water. Abnormally high film coeffic~
ients could result from such an investigation since alumipum
in a finely divided state reacts readily with water. Possibly
if the slurry were aged a long period of time a protective
oxide layer would form on the particles and enable one to
investigate aluminum in water slurries, provided the specific
heat and conductivity of the aluminum particle in this atate
were known. Shandling's results did give an indication
that film coeffieclents of heat transfer with this material
would be much higher than for water alone.
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Film coefficient heat transfer characteristics of

chalk-water slurries were investigated by Bonilla et al (3).
The data was obtained Ior concentrations uwp to 21%. Corre-
lation with the Dittus-Boelter eguation showed a deviation
within 13%‘/ Thermal conductivity of slurries,water being
ine suspending medium was obtained from weighted averages
of individuazl properties of the solid and liguid; the bulk
viscosity was computed from the Hastchek (3) relationship:

P /(é“/ # ., = viscosity of water
4 = vol i tieo £ 1id
2 {{1*- gé <%) Qb §: §§§§a§§§on “or e

,&(3 = bulk viscosity

A plot of the ratio between Nusseli number and the
Prandtl pumber raised to the one-third power (ééézgééiar—
sus Reynolds number, with percent molids as the parameter,
showed that the value of (’V%c}lj)dgcreaseﬂ with increasing
solld concentration. The relationship,

(Vo) =("Von ) 2528

SLURRY
where x is the weight fraction of the solid, was found to

hold approximately up to the slurry concentrations uander
investigation.

Orr and Dallavalle {10) investigated various suspensions
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of powdered solids in ethylene glycol. The data correlated
fairly well using the Dittus-Boelter eguation as modified
by Sieder and Tate {(13).

40 cu|®
K 0277/1“5/ //(za/

where

S

/4&5 ( ‘?});3

;:45""" bulk viscosity
AL = yigcomity of liguid

¢ = volume FPraction of solid
suspension

¢‘ = volume fraction of the
s0lid in 2 sedimented bed

2 K + K "?¢(/K,c“/(:s)
2K v Ks + @ (K ‘Ks)

A = thermal coenductivity of
€  the suspension

/A = thermal conductivity of
¥ the suspending medium

/{ = thermal conductivity of
5  the solid

¢ = the volume fraction of the
sclid

The equation above is the thermal mnalogy to electrical con-
dactivity as developed by Maxwell,

Film coefficients of heat transfer for fluids contain-
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inz no solids but of the non-Newitonian classification vere
correisted by Chu et a2l (5) using a viscosity correction
factor added to the Nusselt and Prandtl number relatiom.
The assumption in the above correlation is that the pseudo-
plastic viscosity may be regarded as some measure of its
deviation from simple Newtonian behavior. It i8 a reason-
able inference that the degree of pseudeplasticity may also
be a measure of the difference between the observed coeffic-
jent of heat transfer for the pseudoplastic fluid and the
value of the heat transfer coefficient predicted for a
simple Rewtonian fluid of similar viscesity by the already
established relations.

J. J. Salamone {12) investigated a variety of particles
suspended in water. A new eguation was derived by dimen-
sional apalysis and experimental data used to calculate the
constant and expenents of the dimensionless ratios repre-
gsenting individual properiies of the components of the sus-
pension, Viscosity, velocity, and density were measured
as bulk propertiez at the conditions of heat transfer.

An alternate method for predicting film coefficlents
of heat transfer was followed which consisted of calculat-
ing an effective conductivity to be substituted in the
present Diftus-Boelter equation. This effective conductiv-
ity was found to be 2 linear function of the surface area

of the suspended particles.
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Effective conductivity was calculated ficm a calibra-
tion curve based on fv%?ﬁ%;-‘ versus Reynolds number for
water. All data was taken above 50,000 Reynolds number to
minimize settling of the particles.

Binder and Pollara (19) constructed similar equipment
as used by J. J. Balamone with added lmprovementa. The
lower turbulent region of Reynolda number 10,000 to 70,000
was investigated in order to obtain better accuracy in the
constant and the exponents of the dimensionless groups. A
relationship of effective conductivity with Reynolds number
was shown to approach a limiting value above a2 Reynolds num-
ber of 50,000.
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DESCRIPTION OF APPARATUS*

"A schematic diagram of the apparatus which is
similar to that constructed by Bonilla (3) and
Salamone (12) was assembled for the purpose of
obtaining the data for this investigation as shown
in Figure 1.

“"The slurry was prepared and stored in a 55 gallon
drum provided with a *Lightening’' motor-driven
agitator. An Allis-Chalmers pump of adeqguate
capaclty transported the slurry from the storage
tank, through a by-pass, which was installed to
insure positive rate control and thorough mixing
by recycling slurry back into the tank, and then
through the system back to the tank.

"The circulatory system consigied of a heat trans-
fer section for transfer measurements, two cool-
ing sections consisting 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 tem-
perature of the slurry in the heating section; the
second section consisted of 100 ft. of close wound
%" copper tubing in the slurry storage tank which
maintained the slurry feeding the system at iso-
thermal conditions.

*411 1lines in contact with the slurry were 85-15
brass, except as noted above.

"The heat transfer section comntained a %" I.P.S.
brass pipe inside a 1}* wrought iron pipe which
in turn wss surrounded by a 2i" wrought iron pipe.
Steam was circulated through both annulay spaces,
the ouier serving as a guard heatsr. Iron tees
and bushings located at the ends of the 23" and
13" pipe provided the inlet and outlet for the
steam in botih annular sections., Sealing of the
outer annulus was accomplished by screwing 24 x
13" reducing bushings into the 23" tees and in-
serting the 13" pipe which was then welded to the
bushings. Sealing of the ioner annuli was accom-
plished with the ald of reducing bushings, close
nipples, and unions which were turned down inside
and packing added to serve as a packing gland at
each end, Air vents were provided at each end
of the inner annulus.

*Binder-Pollara (19)
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"Heating of the slurry was accomplished in the 3§
pipe by steam flowing in the inner annulus counter
current to experimental solution over a length of
8 ft.. Provision was made for collecting and weigh-
ing the condensate obtained from the ianner annulus.
The 12 f£t. length of the inmer " pipe provided
ifor a calming sectlon of approximately 2 ft. at
each end. Each end was connected to a 1" tee cen-~
talning a thermometer well in which ¢il was used
as a heat transfer medium. The thermometers useod
toe record the inlet and ocutlet slurxy temperatures
were gradusted in 1/10°C and ranged from -1° to
1019C. Brass flanges with rubber gaskets were in-
stalled between the ends of the %" pipe and the
thermometer well tees to minimize end effectis due
to heat conduction betwean the heating section and
the rest of the apparatus.

"The thermocouples were installed in the " brass
pipe in the following manper: Three grooves were
cut into the pipe wall at either end with the aid

of a milling machine. Four of these were made
18"long, two camnanaiag.apgraxingtely 12" from
elther end of the %" brass pipe. The third commenc-
ing at the same pnint as the others on both ends

was extended over to the center of the 3" pipe.

The grooves were wide enough to accommodate a set

of copper-constantan thermocouple wires No.32

gauge. The thermocouple junction was positioned
into the groove and the iatter filled with molten
solder. The solder was smooth and polished with
emery cloth until the surface was uniformly circular,.
The thermocouple wire was snugly positioned along the
length of the grooves and some litharge cement with
glycerin was usad to fill the remsaining volume with-
in the grooves, The entire pipe surface was pol-
ished smooth with fine emery paper. In all, six
capper-constantan thersocouple junctions were attached
to the outer surface at the top and boittom near the
ends and the center of the inner annulus. A draw-
ing of §ha theraoconple installation is shown in
Figure 1.

“The wires for three 8f the thermocouples at each
end were taped to the i inner brass pipe and sur-
rounded with individual strands of plastic trans-
lucent tubing for protection. This provision was
made for the length of wire extending from the 3"
pipe out to a terminal block adjacent to a retary
selector switch, In addition to the use of a strand
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of plastic tubing for each set of thermocouple
wires, & larger size of plastic tubing was used
to contain all three of the individual thermo-
couples at each end,

"The thermocouple wires, contained within the plas-
tic tubing, were connected to a terminal block and
from this polint connected through a rotary switch
to a Leeds Norihrup poriable precision potentiometer.
An ilce bath was used as a reference junction.

“The heating section was completely insulated with
85% magnesia pipe insulation and aluminum foil.
The cooler was a double pipe type beat exchanger
consisting of 1" brass I.P.3, pipe inside a 27
standard iron pipe. Cold water was ecirculated
counter-currently i¢ the slurry through the annular
space.

“The viscometer consisted of an insulated i" XI.P.S.
brass pipe with pressuwre faps spaced 6 ft. apart,

A 2 ft. long calming section preceded the pressure
drop section, Approximately 30 in. beyond the
pressure drop secition provislion was made for g tee
eonteining a thermometer well. A tetrabromoethane
manoseter was used to determine pressure drop data.
Traps were installed just after the pressure traps
to prevent slurry particles from reaching the mano-
meter lines. Lines to and from the fraps were made
of tramsparent Excelon plastic tubing. This pro-
vision enabled viewing alr or solid material which
occasionally found its way into the manometer lines.
The sanometer was so built that the traps and trans-
parent lines counld be convenlently flushed with
water. This was done before all readings to remove
sediment and air from the lines and traps.

“The pipe returning to the slurry tank was provided
with a set of guick opening valves to conveniently
allow diverting the slurry into a weighing tank
for flow rate memsurements. A cooliag 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.
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TABLE 1

PHYSICAL PROPERTIES OF MATERIALS* AXD SUPPLIERS

MATERIAL SUPPLIER DENSITY SPECIFIC THERMAL AVERAGE
@ 20°C  HEAT @ 60°C  CONDUCTIVITY  PARTICLE SIZE
gu/cc BTU/LB-OF BTU Microns

RRE-TT-OF

Chalk

Powder

Atomite Thompszon 2.71 0.209 0.40 2.5

:ninnun {Company) (Pexry) (Perry) {Company)
Co.
Monteladr,
Kl J‘
Snowflake 2.71 ¢.209 0.40 6,0
(Company) (Perry) (Perry) (Company)

Number 1 2.7 0.209 0.40 14.0

White {Company) (Perry) (Perry) {Company}

Iron Binney & 4.06 0.0823 0.257 6.5

Oxide gnith . {Company) (Company) {Company) (Company)

-Yt, Hb L]

*A11 properties of water from Badger & McCabe
Thermal conductivity of brass (85-15 red brass)
90 BTU/(HR.) (°F) (FI.)

81
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EXPERINMENTAL PROCEDURE

The fifty gallon drum was filled with approxtﬂateiﬁ
two hundred lbs. of water,

Valves on the discharge of the pusp were closed and
power to the pump turned on. The valve on the recirculat-
ing line was then opened to the desired position., The valve
controlling flow into the sguipment was then sot mecording
to the desired manometer reading.

Steam was admitted to the system through a hand valve
and constant pressure valve. All cooling water valves were
opened, these included, cooling water for the fifty-five
gallon drum, the condensfate from the steam trap, and the
double pipe cooler which was to cool the heated water to
the average temperature of the heat section before entering

the viscometer.

When the temperature of the water flowing in and out
of the heat section, was constant, readings were taken eof
the thermocouples, viscoaity tempersature, inlet and ocutlet
water tempersature, manometer reading, water rate in pounds
collected per interval eof time and the condensate rate.
Average time aliowed for eguilibrium was approximately
thirty minutes.

From the observed heat transfer water data a plot of
”V%7€L>.4!versns Reynolds number was constructed to
7
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calibrate the egquipment for the cslculation of effective
conductivity, Fig. 3.

From the eobserved pressure drop water data, a VYon
Karman plot was constructed. The wvariables plotted were

/ e

Jﬁj?FrQ versus /QﬁeJJf?, Fig. 4. These gave a straight
1ine which agreed fairly well with the Von Xarman eguation!:

3ot W pematet
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The water data as noted in Table II was taken in two

parts., The first set of data numbered from 101 to 110 wes
on heat transfer only and was used to construct the plot

in figure 3,

The second set of data from 111 to 129 was used to con-
struct the Von Karman plot in figure 4.

After completing the test runs with water, the desired
welght of any solids were added to the water in the fifty-
five gallon drum and the agitator set in motion., The equip-
ment was allowed to come to eguilibrium as was evidenced by
the constant temperature resdings eof the slurry at the in-
let and outlet of the heat sxchanger.

The readings obmerved and recorded were the following:

1. Thermocouple readings in millivoltis a total of six
readings averaged; the average millivolt readiag
was converted to degrees F. and corrected to in-
dicate the film coefficient tempeorature.
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2. The water temperature inlet and outlet from the
heat section.

3. The viscometer temperature which is controlled
by the double pipe cooler to the average temper-
ature of the heat section.

4. M¥Manometer differential.

5. Bteam pressure.

&, GSteam rate as determined by weighing condensate
collected over a measured period of tinme.

7. Slurry flow rate as determined by weighing a
sample over a measured period of time. The methed
used to collect the slurry was by diverting the
flow with quick opening valves having allegedly
sinilar pressure drop characteristicsz (see dis-~
cugsion of results).

8. Density of the suspension was obiained by weighing
in a ealibrated volumetric flask.

The density obtained in step eight (8) above was used

to determine the weight fraction of the solid in the slurry
from previcusly consiructed density versus weight fraction

curves, Fig. 2.

The weight fraction data wss obtained as follows:

A flask whose welght and volume were known was filled
with water and weighed. After the water had been emptied
from the flask, a small guantity of dry solids was intro-
duced into the flask and weighed. The flask containing
the weighed sample of solids was then filled with water to
the known velume mark and weighed again. By subtracting the
weight of the flask from all of the observed weight read-



26

ings, the density of the solid plus water was obtained
when divided by the weight of the water having the sasme
volume. Thus, the density of the solid plus liguid was
known; the weight fractin was equal to the known weight
of solid added, divided by the weight of water plus solid,

ey
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OBSERVED DATA AND CALCULATED RESULTS FOR WATER

WATER

TENP. OO

IN

4o,80
53.85
5h.55
48.90
58‘51
62.55
6Q.00
k71.10
42,62
56.10

OUT

67.90
79.60
7590
73.20

85.21
8k .95
8h.90
Th55

75.35

INLET
STEAM

306
14.0
10.0
10.3
23.0
22&5
24.0

8.3

8.k

8.5

91.0
113.0
113.0
113.0
122.0
127.0
125.0
101.0

9500
105.0

COND*8*TE
TIME 70
PRESSURE COND'S’TE COLLECT
(ps10)  TEMR.SF

(vam.)

OBSERVED DATA AND CALCULATED RESULTS FOR WATER

MANOMETER
READING (IK.)

62.0
55.0
3.13

23.25
38.50
62.00
61.25
39.22
29.25

12.60

o115

51.62
37.25
£20.00
58.00
46,50
38.00
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25.80
kr.40
5520
75.70
76.10
6.90
h9.70
25’@
28.30
183.00
169.00
lz}}* 300
120.00
191.00
170,50
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FRICTION
FACIOR ¢

0.0194
0.0200

0.0562
0.0237
0.0213
0.0205

D0186
0.0190
0.0209
0.0202
0,0241
0.0283
0.0169
0.0168
0.0166
0.0172
0.0165
0.0165
0.017.
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TEMP. °C

56.0
66.0
66.0
63.0
TL.6
74,0
72‘0
61.0
60.0
65.0

WATER
HEAT

.

16%.3
£12.5
237'.@
227.0
267.0
3140
2&.0
£39.5
210.0
283.0

- HEAT

SECTIOR
- Re. Ho.

% 10

753
'108.0
LN
1123.0
1k2.0
205.0
106.0
-~ 15.0
191.0
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OPSERVED DATA FOR SUSPENSIONS

SLURRY SLURRY MANOMETER THERMOCOUPLE READIMGS (Mv.) SLURRY STEAM COND'S'TE  COND'S'TE
RUN TIME COLLECTED READING , TP . OC PRESSURE COND'S'TE  WEIGHD TIME VISCOMETER WEIGHT
ro. (sEc.) (1BS.) (Im.) = 1 fo 3 A {5 6 1IN oy  (PSIG)  TEMP.OF Lbs,-0z. (an.)  g=e.%. -
ATOMITE ~ ,
1 26.5 50 58.75 3.9% 3.30 3.66 4,75 5.04 4L.& 56.00 79.80  13.7 g8 209 4.0 68.0
22,5 50 63.50 3.90 3.40 3.63 L.70 k.99 4.85  59.06 80.4¢ 134 - 100 217 4.0 69.0
4.3 50 20.50 b0k 3.48 3.81 1.81 5.06 h.gs k9,70 80.90 13,7 93 17-7 k.0 65.5
63.0 50 10.00 k.25 3.92 4,01 4.87 5.10 5.00 43.98 Ba68  13.7 80 1h-g 4.0 63.6
27.1 T 28.4o 5,00 3.68 3.75 %.79 5.02 4.91 51.95 80.47  13.7 5 18.1% 4.0 66.0
2.8 50 62.60 3.56 3.20 3.50 .70 5.00 k.85 56.50 78.02 127 1k 20-12 k.G 67.0
23.3 50 58.00 3.45 3.12 3.50 4.70 %.96 5.86  52.98 7640  12.7 1z 15~1 3.0 65.0
26.6 50 k2,10 3.45 3.15 3.50 5.65 h.95 5.80  51.00 7642 127 112 1413 3.0 6420
37.2 50 22.50 3.64 3.35 3.70 4.78 5.00 k.00  47.60 7845 1.7 ygg 12-16 3.0 64.0
9.8 50 13.00 3.85 3.62 3.95 4.82 5.00 4,90  48.30 82,00 127 . 3 1h7 4.0 65.0
2.0 50 62.50 3.56 3.26 3,59 4,80 5.09 4.9% | 55.05 T7.00  13.1 104 1548 3.0 63.5
, 22.0 50 58.60 3.61 3.23 3.63 k.00 5.2 h.96 ' 56.00 78.00, 13.5 1,  1ba1s 3.0 6.0
13 24,2 50 ko.25 3.58 3.32 3,69 4.8% 5,11 %69  S5h.OO 77.45 13.5 o 111 3.0 C 634
ik 26.5 50 33.12 3.67 3.40 3.77 4.85 5.11 5.00  s52.80 77.80  13.5 101 1%-0 3.0 63.0
15 31.9 50 26.75 3.76 3.45 3.85 k.90 5,11 5.00.  Sl.12 78.80  13.5 93 12.12 3.0 - 63.0
16 hy.5 50 i4.70 3.96 3.65 4.10 4.95 5.16 5.06 49.00 80.60  13.5 % b7 0% 4.0 &4.0
17 a1..7 50 59.0 3.32 2,99 3.20 4.49 5.0% 4.89 50.10 68i9c  1k.2 98 1521 3.0 57.0
18 23.3 50 50,0 3.35 3.05 3.30 L.55 5.07 .88 19.65 69.85  1b.2 102 145 3.0 57.5
19 27.0 50 39.5 3.5 3.10 3.50 4.35 5.05 4.20  49.80 T1.65 13.9 99 13-1k 3.0 3.0
20 31.9 S0 29.5 3.50 3.20 3.46 4,65 5.03 4,88 48.95 T3.05  13.0 93 12413 -~ 3.0! 575
21 38.8 50 £26.0 3.65 3.30 3.60 .74 5.09 k.95 k7.8 73,15 @ 13.4 -00 160 §.0 58.0
22 2,2 50 59.7 3.50 3.10 3.30 4.65 5.08 .91  sk.00 72,65 1k.0 118 14<8 3.0 64,0
23 £3.3 50 50.5 3.50 3.18 3.35 4.70 5.09 4.90  sSk.85 73.80  1h.2 113 148 3.0 64.0
2h 2.7 50 61.5 3.50 3.16 3.36 k.70 5.05 4.89 56.60 Th.60  1L.0 113 1hel§ 3.0 65.0
25 22.3 50 53.0 3.56 3.22 3.50 4.69 5.06 4.90 56.70 5.8  13.6 113 Ihal 3.0 65.0
26 25.1 5G k2.5 3.51 3.18 3.40 471 5.08 o1 5295 7h.70 - 1.1 113 148 3.0 6%.0
o7 £29. 50 3.8 3.66 3.36 3.52 L.75 5.07 5.95 56.00 78,40  1k.2 113 13-2 3.0 66.0
28 k2,0 50 16.5 3.75 3.35 3.56 .83 5.12 %.99 4700 .80 k.6 113 1210 3.0 68.0
29 3.9 50 23.0 3.80 3.50 3.61 L.80 5.13 h.99  56.50 80.85 k.5 g3 1he2 .0l 67.0
30 21..0 50 60.5 3.51 3.20 3.40 k.70 5.08 .95 s56,k0 75.37 1.1 ok -1k 3.0 65.0
3 20.8 50 63.5 3.4%5 3.10 3.30 4.68 5.0k k.80 Sh.70 73.37 1h.2 106 =13 3.0 63.5
32 22.8 50 52.8 3.46 3.69 3.33 &.64 k.95 L.76  53.00 73.30 13.2 106 148 3.0 63.0
33 27.3 50 36.3 342 3.16 3.40 k.69 5.00 k.81 50.90 Th.AO : 102 13-14 3.0 63.0

2
g
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- SLURRY gsg&m %ﬁmﬁggﬁa THERMOCCUPLE RBADDIGGS {MV.) 31113!%& ETRAH . COMD'S*EE  CONB'S'TE SLUKRY SLURRY
RUR  gime LLECTED  EBADIE ] , ; » YRESSURE CORD'SYTE  WRIGHRD TS VISCOMETER  WEIGHT DEHSITY
. (sEc.} {(u®s.) (Im.)» a2 f2 83 £ & #6 i O (psm) 2 OF  Lus.-Oz. (.} e, The.<0z.  TENP.SC
SHOWFLAKE{ CONP'D) |

34 33.9 50 16.88 3. ;5 3435 3.55 501 5.05 k.gs - 4680 ?z.zes k.5 90 1i-1h 3.0 &£2.0 S5 85

35 40.2 50 17.00 3.80 3.40 3.60 .80 5.05 b.92  §7.50 73,3  1h.S o9 131-14 3.0 63.0 Q5 85
35 19.7 50 &5 3.70 5.29 3.53 L.70 5.08 5.85 5690 7540 3.'3;,8 106k -0 2,0 66.0 29 €5

37 22.0 50 53.50 3.69 3.20 341 R0 .00 k.00 56,38 7438 140 T . 910 2,0 £5.5 Yol &5

2 24.8 50 ka.o5 3.71 3.23 3.5% .69 5.00 5.1 53.35 7. 13.6 100 814 2.0 6h.5 =10 &5
39 30.3 50 £3.50 3.8% 3.30 3.55 B9 5.05 B0 52.00 783 4.5 93 8.2 2.0 £5.0 GwlC 65
bo k8.5 &0 14,38 tms 346 3.75 5.85 5,05 .93 H7.50 80.30 1k.5 83 610 S - 54.5 : S=11 £5
¥0.1 WHITE

BL O 2.7 50 8.50 3.3& £.95 3.36 k¢§:} %.0% k;;} 50.3 6845 s 3G h 2.0 [ 30 535 £10 €5
L2 £3.7 50 .25 3.35 2,99 3.80 k.58 b0 4.0 35.50 £0.00 k.8 g7 theil 3-.;6 £9.5 8<10 5
43 32.1 5G 30.00 3,47 3.16 3.27 .58 5.&&- 5,83 6.5 7000  1B.0 33 168 3.5 575 Bl 65

Lk 82.3 50 5,50 3.9% 3.61 3.71 4.80 5.09 k.96 36.310 T7RAY 143 73 e13 3.0 56.7 B8.1G €5
s 36.1 50 22,?' 3.52 3.12 3.3 4.68 5.05 L9k L5600 T2a0 1k.S g% 13-4 3.0 59.0 8«10 £5
46 g‘gz 50 L’g 356 3.32 3. Fe L6 5.05 k.85 BA.70 72 135 93 1312 2.6 59.7 INES 65
7 50 1 3,?8 3.2% 345 2.73 5.05 2&9& B85 TheE5 14,0 33 13-h 3.0 53.5 8a15 &5
48 50 3.%4 3.02 3.26 h.66 S.0h 5L0 T8 3hY W0 15-8 3.0 61.5 8-15 65
by s;.c 56 iz:;;zs 344 3.09 3.29 4.63 s.o0 la.gs Sheol YL 13.5 o7 153 3.0 0.6 Be15 65
50 215 50 37.00 345 3.10 3.30 k.90 2 D0 581 49.30 7240 135 95 -8 3.0 0.8 8-15 €5

51 20.5 50 60.75 345 3.69 3.30 .75 5.09 ha90 52.05 AR5 1. 200 15415 2 <X 9-5 63

52 2.0 50 L4B8.50 3.45 3.13 3,33 k.71 5.01 4L.8% go 70 7288  13.6 97 15~3 3.0 62,0 G=5 &5
53 32,8 50 27.00 3.50 3.25 3.4% 5,78 5.05 5.90 7.60 7578 13.8 g3 135 3.0 61.0 o 65
sk 120.0 50 3.25 5,18 3.90 4.12 4.96 5.19 5.12 3570 8350 1.5 72 =11 3.6 5240 G<5 65
55 £7.3 50 37.50 B.55 3.21 3.31 k.75 5.08 &

96 560 TR 140 95 el 5.0 62.5 G5 65

% Tetrabrowostham
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TARLE %o, L

OBSERVED DATA FOR SUSPERSIONS

WEIGHT , INLET '
SLURRY SLURRY MAROMETER TEERMOCOUPLE READINGS {MV.) SLURRY STEAM COND'S'TE  COND'S'TE SLURRY SLURRY

RUE TIME COLLECTED  READING TeMP.% PRESSURE COFD'§'TR  WEIGHT TIHE VISCOYETER  WEIGHT DENSITY
BO. (sEc.) (Lm8.) {In.) * #1 #2 43 & f5 P IN P {PBIC) TEMP., F Lba.-0z. (mn.) TEMP. C Lbs.-0z.  TEMP. C
IRON OXIDE

56 3%.2 5 50.50 3.50 3.25 3.33 %.73 5.0L k.86 53.25 7.37 1k.0 97 . 13 3.0 62.0 8.10 65
57 37.0 75 34,50 3.49 3.20 3.30 4.73 5.05 4.89 50.42 70.65 1b.6 a7 19+11 4.0 61.0 8-10 65
58 30.0 50 30.75 3.56 3.30 3:40 4.75 5.06 4.95 g \93 T2.65  1kh.6 95 1ha1 3.0 62.0 8.10 65
59 37.3 50 20.75 3.70 3.45 3.50 4.80 5 08 h.gs 8.30 7h.38  1h.2 92 130 3.0 62.0 8«10 65
Y 33.0 Y] 55.00 3.6} 3.35 3.46 l; 80 5.14 &.95 55.70 713.80  1k.9 96 16-13 3.5 60.0 8-15 65
62 37.0 75 ka.75 3.65 3.3% 3.45 4,80 5.04 4,90  53.42 T340 1k 96 155 3.5 65.0 8-15 65
63 2.8 S 33.25 3.76 3.50 3.55 4.81 5.05 k.92  sSh,50 5,45 k.2 96 . 13-5 3.0 66.0 8«15 65
& 61.0 Vi) 17.50 3.95 3.73 3.80 4.90 5.10 5.00 49.55 5,25  14.6 96 R & £ 3.0 68.0 8-15 65
65 9.9 56 12.00 h.23 k.00 4.0k 4.9k 5.10 5.0k Sh.40 045  14.6 96 T gl 3.0 74.0 8~15 65
66 31..0 5 69.00 3.75 3.40 3.53 4.80 5.01 4.9% 59.45 76.10 13,8 95 13<11 3.0 68.0 g-2 65
67 33.6 ) 52.00 3.80 3.51 3.58 Lk.80 5.01 h.9%  59.20 T6.h0  13.5 93 13-6 3.0 69,0 9«2 65
€8 0.4 75 36.20 3.8;{ 3.60 3.74 k.84 5.09 .97  57.75 7T7.05 13.8 80 LlwaT 3.0 70.0 Gmp 65
69 36:0 50 2].1-50 l"'l 3-90 3:98 h’o% 5¢09 5'01 58 55 '{9.25 ’ 1*"*5 79 6"'0 2»0 75.0 9“2 65

¥ () 59.8 50 9.25 L.ho h.3h %.36 5.99 5.15 5.06  4B.00 T70.00 1h.S 63 86 4.0 65.0 9-2 65
71 30.2 75 61.50 4.01 3.79 3.79 4.85 5.10 5.97 65.80 8.70 1k.1 89 16-6 k.0 75.0 gelt 65
72 33.0 75 51.00 4,05 3.76 3.8% 4.90 5.10 5.01. 63.%0 79.65 1.2 89 &-3 2.0 T5.¢ gl 65
3 28.2 50 32.75 4,16 3.96 3.96 4.88 5.08 5.01. 63.20 .7 13.8 8 6~6 2.0 76.0 Guly 65
3 34.0 75 48.00 4.15 3.99 3.95 4.88 5.10 5.00. 68.50 83.00 1k.1 87 Ttk 2.0 80.0 Ot 65

* Teirabromoethane



TABLE TI0. IV

ADDITIONAL VISCOSITY DATA

WEIGHT

SIURRY  SLURRY SLURTY
RUN  HANOMETER TIME COLLECTED VISCOMETER WEIGHT
¥o. rEapIne{Im.)* {oEc.) (LBS.) TRMP. %0 Lbs.-0z.
ATOMITE
75 59.00 3.3 75.0 650 9-1
7 38.7% 35.8 75.0 64.0 9~1
78 17.25 41.3 80.0 64,0 9.1
79 8.¢0 .7 50,0 64.0 Gl
80 9.50 58,2 50.0 61.0 81k
81 18. 39.6 53.0 61.0 8-1%
82 29.85 31.0 50,0 61.0 8-14
83 30.50 39.0 75.0 62.0 81k
ah 59.00 Rn.6 750 62.0 8.1k
85 62.50 30.4 75.0 0.0 9-3
86 58,00 3.7 75.0 61.0 9
87 43.80 3.7 75.0 0.5 9=
88 38.10 3.8 75.0 &1.0 99
g9 27.00 k7.9 75.0 60.0 9-9
9{} 3..5:5@ 6? bﬁ ?ﬁ &g %:0 9"'9
SHOWFLAKE
B3 56,75 23.0 50.0 67.G 8.7
92 h6.00 2h.5 50.0 62.0 8.7
93 34,00 28.7 50.0 62.0 8.7
9‘1* 5&?5 7709 50&0 6106 8“7
35 11.85 58,2 50.C 63.0 8.7
96 63.50 19.9 50.0 61.0 9-5
97 57.50 2.0 50.0 62.0 D5
98 5:25 aii‘ig Sﬁaﬁ 62&5 9’5
99 %450 32*5 56 L 62*9 ?"5
100 15.75 k.6 50.0 62.0 Qw5
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EXPERIMENTAL RESULTS

In general, the apparatus as used by these investiga-
tors was feund to be adeguate for the work undertaken. How
ever, there were sevwral shortcomings to the apparatus, some
of which were corrected and ethers which were sot, since to
correct them would iavelve major alteration., Some of these
recognizable difficuliieos could have been circumvented mt
it was felt that the costs of eguipment secessary would make
them prohibitive. MNodifications to flow arrangement were made
te partially negate the influence of these difficulties.

It iz well to note that msny of the afarementioned diffi-
culties were not of the nature that could be detected upon
only visual inspection of the equipment, but sanifested them-
selves only after the “feel” of the equipsent was had. Con-
sequertly, these investigators were compelled io resun sev-
sral slurries, and also water, for heat transfer data sad

particalarly for pressure drop.

Considershble 4ifiiculty was axperienced in keeping the
flow rate conztant to the exchanger, and since this is the
most important single factor in bringing the equipment to
thermal equilibriun, was a matter of serious concern. From
calonlations 1t was found that s manometier fluctuwation of
{" conld not be tolerated. After considerable investiga-
tion it was finally deduced that the pressure drop in the
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system was varying when the slurry was diverted to the weigh-
ing tank from normal recirculatien. By process of elimination
it was found tbat the quick opening valves used for diverting
flow of slurry from slurry tank to weighing drum were inherent-
1y different insofar as pressure deop was concerned. Ia order
to alleviate this difficulty these valves were removed and a

piece of hoze was used for the diversion of flow.

Keeping the flow rate constant was =111l more difficult
at low rates of flow, and at very low flow rates was almost
impossible, This explains the lack of data for flow rates of
below 50,000 Reynolds mumber. At low flow rates particle
fall-out from the slurry is more pronounced. This precipitated
material prebably coats out on the pipe constricting the flow
area thexreby causing fluctuations in the flow rate.

The method for obtaining data was as indicated in the
section marked “Experimental Procedure’, that is, both heat
transfer and viscosity data were taken simultaneously for
each run. Since difficulty was experienced in obtaining
proper manometer readings, the cause of which was previously
degeribed, the results for viscosity for runs 1 through 16
and 22 through 35 were unreliable and could be taken withk no
degree of certainty. In order to arrive at more accurate
figures for viscosity, additlonal runs were made for viscesity
for atomite and snowflake chalk and curves pletted showing

viscosity versus flow rate. In pﬁe;aring slurries for this
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additional dais approximsticn to the welight percgent 0 the
slurries of the formal runs wers made. Is this way the vis-
cosity for the formal runs was emtimated from these plots by
interpolation. Additional viscosiiy data was salso taken for
water in ordsy to have s sore accurate Voo Rarsan type plot
in the calibration of the pipe line viscometer.

Befiersace to Table ¥II “"Correlsted Resulis” shown that
por cent devixtion of tle caloanlated value of “B” fram ex~
parisental value of "b™ is completely ont of order for runs

70 through 74.

This does net conclude thati the experimental eguatien
ior b developed is incorrsct in some ranges since the large
devistion obtained in these runs are due to a plainly sessigsn-
able cause, Those runs were made with an iros oxide siurry
of extromely high percent solids for & materisl such ss ithis.
When suck bighly cencenirated siuyrries are used, particle
iall-out becomes iacreasingly sore proncounced asd significant,
Thess particles tend to coat out o the tube surface invalidat-
ing soy thwrmal saalogies which are dyaws concerning a heat
trsnsfer mochanism such as used bere. Since there is as
assignable cause for the=se deviations, the iaferences to be
deawn from themt into correlations of results were disregarded.

The deviations of calculated film coefficlients from ex-
perisental ones for ihe remainder of the data appear to give
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satisfactory results, the average deviation of 21l runs
being in the range of § to 6%. larger deviations of 15 to
20% are probably due to particle fall-out as described before
due to the high concentration of slurries. These deviations,
it may be noted, bave been recorded as ¥ and - depending on
how they fell referenced to the experimental value of film
coefficient. This was done so as to facilitate the correla-
tion of experimental results as described uander seciion
marked "Correlation”. Statistically, if the sum of the devis-
tions equals o or close to o, the experimental eguation used
in calculating film coefficilents is representative of the
data. This was the case¢ in the results of this experiment.

In his thesis, Salanone has presenied a discussion of
probable error using experimental technique of this nature.
8ince the equipment used for gatheriang data of this report,
and the materials used, were substantially the same, Sslamone's

figure of 10% overall error is applicable to this report,



4 - % B
4 [ (113
smgasN PRBE RPN
p H
444 1444 14 1 ! g 11T
(17117 4 - B o -4 \.\A . $-
.
1] B H1414H p
T -
agp REw -1
: ] 24 -
4 . ] - p
13 ERONERE s
P N pe 113
2528 3 nShnbnde s 1 1 R - - el
- - a 1
3 T :
. !
8! L] R e O N
,_
4

b0 o

(e sy pasne

RN O S

/4
25/

0 90
P4

A%

7o
Raye oF Frow

g0

4O

Ny [ ;.L

N ! ] o 9 ¥ ¥
........ B wo\ux A Go.&n\ ”
N 7 o /! -




PR S
—4

S ;
b . N
'
oy . . . . .
b v R e - + . )
. . .
i . i .
N - e ey B . v
i 1
: i
i Lo !
: i
1
! ;
| .
+
N 1
' I

PORNDI——

ﬁl!o‘f...A

ST

!
!
f

T 100 /Az FO 30 ZCn /50 227

%o

LE5 fMnd

—

18 8L 801

H '

. o +- 1 . '
134T ] : .
HHTHONH i Uy
T1IHH . 13 — :

4
an nw ]
SguNan 1
nERy
AuugNnns sn :
-
susps s !
RN al :
sagas) H L 3
suga » 3 A
IR B
e s T
HHH TN N S
BRRBRRN
13111+ M REE s
usRpEan R )
3T K ’

] 1 MR D
nEahRes 1 L
anpal N 111 . AA

H- H
H
] a8
ana L
ssegn 3
N




MRS SRR S

oy
[#:0]

o

15O

e e e

I e Satat e

1

. 2po . 30 1

I}
1
j_

W m .....
{1138
E L ~
e

v =

a4 rE oF [Flow {BS/ruwl

i : ¢
B | |
o |
“ | “ Q
T | /‘l
HYAREN
I SR ........ ~” .......

Zo




........

ow/

L

o

e e o

L4

b

i
1

IEECENETE SUESERRNNE SRR CEEELE SR
RTINS SN I
N R IL__&

......




TARLE IO, V

CALCULATED RESULTS FOR SUSPENSIONS

APPARENT BLURRY 7 HEAT EXe. EFFRECTIVE VISCOSITY
_ MEAN. Sp. FLOW VISCOSIaY HEA"‘ VISCOMETER SEC‘I‘IOH FIIM THERMATL, CORRECTED
RUN DERSITY WEIGHT % HEAT RATE CP. §R FRICTION Re, COEFF.  CONDUCT. 7O 65°¢
X0. LES./FL.3 SOLIDS BFU/LES.OF  LES./MIN  (HEAT SECT:) FACTOR T * ** (cp.)
1 65.6 11.% 0.9115 113.0 0.601 26k.,5 107.5 kszo 0.559 0.630
2 65.6 1.4 0.9115 131.0 0.588 275.0 127.0 5220 0.61% 0.630
3 65.6 1.4 0.9115 T2.7 0.635 £23.2 69.6 3190 0.51k% 0.640
4 65.6 1.4 0.9115 7.7 0.843 182,0 35.6 2250 0.475 0.820
5 65.6 11.h 0.9115 88.5 0.620 248.0 86.0 ko30 0.600 0.630
6 - 67.3 15.2 0.8739 138.0 0.688 279.0 119.0 5250 0.585 0.710
7 67.3 15.2 0.8732 1£9.0 0:T10 285.0 111.0 5000 0.580 0.710
8 67.3 15.2 0.8739 113.0 0.728 2670 97.4 4620 0.580 0.710
9 67.3 15.2 0.8733 80.8 0. 71;3 235.0 85.0 3420 0.405 0.720
10 67.3 15.2 0.8739 60.3 0.800 192.0 k6.0 2570 0.487 0.800
1 70.2 23.2 0.8220 143.0 0.800 279.0 107.5 L4610 0.516 c.810
12 76.2 23,2 0.8220 129.0 a 785 269.0 g7.4 70 0.571 0.810
13 70.2 23.2 ¢.8220 124.0 0.800 2590 ‘ 9h.0 3940 0.475 G.810
14 70.2 23.2 0.8220 113.0 0.810 251.0 85.4 3620 0.455 0.810
15 T70.2 23.2 0.8220 9%.3 0.810 23185 . 71.0 3195 0.4s5 0.810
16 70.2 23.2 0.8220 67.7 0.9790 180.0 31 2300 0.598 0i970
17 62.4 3.0 0,9727 138.0 0.643 2720 0.01745 131.0 1320 0.356 0.601
18 62.4 3.0 0.9727 128.9 0.533 274 0 0.01L70 1k8.0 ko70 0.354 0.5ko3
19 62.4 3.0 0.9727 111.0 0.70h 255.0 ©.0180 96.5 3870 0440 0.652
20 é2., 3.0 0.9727 < 0.586 238.0 0.0185 98.0 3380 0.391 0.555
21 62.4 3.0 0.9727 773 0.559 221.5 0.0190 84.5 2920 0.383 0.533
22 62.8 .k 0.9628 1410 0.581 260.0 149.0 k210 0.345 0.570
23 62.8 R 0.9628 129.0 0.576 253.0 137.0 Lo60 0.36L 0.570
a4 63.7 6.4 0.9494 11;2.0 0.585 267.5 152.0 4630 0.400 0:590
25 6h.2 8.0 0.9367 134.5 0.589 257.0 138.9 ksog 0.428 0.605
26 65.0 9.9 0.9217 119.5 0.637 258.0 115.0 4060 0.k1k 0.625
27 63.2 . 5.0 . D.9605 102.0 0.55% 237.0 - 112.5 3710 0.k60 0.575
28 65.0 9.9 6.9217 T T 0.670 219.,6 65.3 2920 0.h52 0.640
29 k.2 8.0 0.9367 86.0° 0.573 211.0 91.9 3320 0.413 0.605
36 65.0 9.9 0.92.7 143.0 0.632 270.9 1kk.0 4630 0.475 0.640
31 67.9 17.1 0.8650 1%3.3 R.713 250.0 119.0 kiko . 0.460 0.700
32 67.9 S iTa 0.8650 131.6 0.'720 249.0 : 111.5 hiio O.h27 0.700
33 68,4 18.3 ©.8550 110.0 0.736 £39.0 91.3 3720 0.h52 0.710
34 68.4 - 18.3 0.8550 752 0.963 £13.0 7.8 270 0.579 0.920
35 68,4 18.3 0.8550 ThsT 0,963 £13.0 , 47k 2800 0.539 0.920
36 70.2 23.0 0.8180 152.3 0.915 262.0 0.01815 162.0 4520 0.325 0.915
37 70.2 23.0 0.8180 136.k 1.500 k1.0 0.0204 55.5 Lo6o 0.619 1.500
38 70.6 2.1 0.8090 121.0 0.795 , 243.0 . 0.0185 93.0 4080 0,53k C.{F
39 T0.6 2h.1 0.8090 99.2 0.820 228.0 0.0193 74.0 3420 0.4h1 0.820
4o 71.0 25,2 0.8020 .6 1.110 183.0 0.0221 35.7 2320 0.486 1.110

* BTU/H:.-E‘L‘.EAGF
## BIU/Hr,=FT.~=CF



CALCULATED EESULTS FOR SUSPENSIONS

APPARENT SLURRY , HEAP EXP. EFFECTIVE  VISCOSITY

MEAN. Sp. FLOW YISCOSITY HEAT VISCOMETER  SECTION  FIIM THERMAL CORRECTED
Ruy DENSITY 5 WEIGHT % EEAT RATE cP. BTU/HR. FRICTION Re. No.  COEFF.  CONDUCT. 0 65°¢
NO. LBS./FT. SOLIDS BPU/LES. F  LBS./MIN. {HEAT SECT.) X ) FACTOR x 103 * R (cp.)
b1 634 5.5 0.9565 138.0 G.702 258,0 0.01770 120.0 4230 ' 0.395 0.648
b2 63.4 5.5 0.9565 126.6 0.710 255,0 0.01790 109.0 3800 ' 0.367 0.655
43 63.h 5.5 0.9565 93.5 0.710 227.0 0.01885 80.6 3000 10.350 0.640
by 63.4 5.5 09565 36.5 0.868 147.0 0.02380 5.7 430 1 0.336 0.765
45 63.4 5.5 0.9565 83.1 0.685 229.0 0.01935 74.0 2830 10,360 0.630
46 65.6 11.3 0.9108 g2.4 0.710 232.5 0.01505 9.9 3460 0,483 o,
Y7 - 65.6 11.3 0.9108 743 0.770 217.0 0.02015 59,1 2800 0.440 0.710
13 65.6 11.3 0.9108 k2.0 0,70k 286.1 C.OLTEO 123.5 K70 0.436 0.670
ko 65.6 11.3 0.9108 124.0 c.8z0 256.0 0.01850 92.8 3880 0.k27 o.gz
50 65.6 1.3 0.9108 3090 0.729 248.0- 0.01850 91.8 3660 Ou428 - 0.
51 8.4 18.4 0.85k7 146.4 0.725 273.0 0.01755 123.8 ksp0 . 0.39% 0.694
52 £8.4 18.% 0.8547 185.0 0.762 2550 0.01935 100.1 L2806 - 0.lgh 0.705
53 68.4 8.5 0.8547 93.2 0.769 232.0 0.01935 72.0 3220 0.4588 0. 720
54 €8.4 18.4 0.8547 25.0 2.870 112.% ©.03380 5.3 1067  0.622 2.640
55 68.4 180 0.8547 110.0 0.895 251.0 0.01930 75.0 3650 10475 0.860
56 63.3 2.9 0.9764 131.5 0.510 251.5 0.01680 157.3 3810 0.301 0.490
57 63.3 2 9 0.9764 122.0 0.555 261.0 0.01720 134.6 3700 0.321 0.518
59 63.3 _ .9 0.976k 80.5 0.495 222.0 0.01820 29.5 2860 0.313 8.470
&0 63.3 2.5 0.9764 - 54,3 0.458 188.6 0.01980 72.3 2120 U.281 0.435
61 65.6 7.2 0.9413 136.5 0.615 251.0 0.01760 136.0 3730 '0.306 0.615
62 65.6 7.2 0.9413 121.5 0.660 27,0 0.01780 1l2.0 3580 0.329 0.644
63 65.6 7.2 0.9413 105.1 0.600 224.0 0.01790 107.2 3180 0.203 0.600
&4 65.6 7.2 0.9413 73.8 0.620 193.0 0.01910 T2.7 275 . 0.255 0.59%
65 65.6 T.2 0.9413 60.2 0.560 153.4 0.01990 63.6 1735 - 0.21% 0.
66 67.0 9.8 0.9205 145.0 0.676 £39,0 0.017HO 131.0 306 0.317 0.705
X 67.0 9.8 0.9205 13h.0 0.690 228.1 0.01760 119.0 34ho 0.315 0.720
68 67.0 9.8 €.9205 111.5 0.600 215.0 0.01770 113.6 3050 0.27TL 0.620
69 67.0 9.8 0.9205 8%.0 0.610 173.% 0.01850 84.0 2160 L0.216 0.6h%
70 67.0 9.8 0.9205 50,6 0.879 110.5 0.02195 35.2 910 C.111 0.805
7L 68.0 11.7 0.9005 1k8.9 0.650 £216.0 0.0LT710 140.0 3550 0.350 0.730
72 68.0 1L.7 0.9005 136.5 0.602 210.5 0.01704 138.0 3110 0.229 0.660
73 68.0 1.7 0.5005 106.% 0.59% 170.5 001771 109.6 2310 0.182 0.653
™ 68.0 11.7 0.9005 132.0 0.585 188.5 0.01700 137.6 2990 0.217 0.675
# BIU/Hr. « FI°-OF

#% BFU/Hr.~ FI-OF



RUN  DENSITY 3
§0.  LBS./PD.

ATQMITHE

5 68.5
70 50.5
44 6645
78 66.5
79 66.5
3 65.1
81 65.1
82 65.1
83 65.1
& 65.1
85 70.2
86 70.2
87 70.2
88 0.
89 70.2
20 T0.2
SNOWFLAKE

o1 62.35
a2 62.35
23 62.35
9 62,

9 62.35
96 68.35
ST 68.35
98 = 68.35
99 68.35
100 68.35

ADDITICORAL

TABLE 10« VI

RE-RUA DATA TOR VISCOSITY CALCULATED

FLOW
RATE
LES./MIK.

143.5
138.0
113.0
T2.6
k6.4
51.5
5.7
96.8
13-5 l5
1k2.5
148.0
142.0
130.0
113.0
940
67.0

130.5
122.5
10k,5
38.5
575
150.1
1kz.5
124.1
92.3
67.2

CALCULATED HESULTG

VISCOMETER
WEIGHT % FRICTION
SOLIDS  FACTOR
13.6  0.01731
13.6  0.01760
13.6  C.G1825
13.6  0.01980
13.6 0.0224%0
10.0  0.02120
10.0  0.01555
10.0  0.018h45
10.0  0.01875
10.¢  0.0172L
£23.0  0.01815
23.0  0.01830
23.0  0.01855
23.0  0.01900
23.0  0.015%0
23.0  0.0290
2.6 0.01670
2.6 0.01730
2.6 0.0L7G0
2.6 G.022C0
2.6  0.01930
18.0 ©0.0L735
18.0 0.0L745
18.0  0.01810
18.0  0.01095
18.0  0.02020

HEAT
SECTION
Re. lio.
x 310

130.1

*

& » -

»

o * - &

t ]

R GV 00 N0 W E W i O

-

s 2289 Eh Ry esr okl

»
[l

162.0
139.5
123.0
35.7
T4 7
132.5
128.0
187.6
69.5
58.7

APPAREIT
VISCO8ITY

(cp)

0.6h5
Q.661
0.676
0.687
0.905
0.682
0.549
0.619
0.562
0.630
0.903
0.899
0.880
0.826
0.830
1.045

0.522
0.537
G520
0.660
Q.470
0.675
0.680
0. TQ
Q’&‘L’i‘
0.700

42

VISCOSITY
CORR. 10
65%
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CORRELATION

The method utilized to correlate the results of the
data in this report was of a statistical natfure.

The eguation was assumed to be of the expomential type:
pe) y‘ i/ }«; n r
40_ 7/o, /(__.ij_.;:-*/[ﬁj
Az Z/A?//g el (K L D

If in a group of runs, using the same material through-

out, a ratio such as the following may be written:

(s0/m) 2 (R )RS (Coles ) (ks /o) (Ds/D) =om 1
(hO/~KE), Z (@e}f[ﬂ){/&’g/(/{(frj/ﬂf}; (Ds/D) <o~ 2

Vet
Since for one particalar material the groups /é:)/

Cs L
. cancel out along with the constant Z, the
< Ly |

following remains:

//7 D/K;}, _ //@ejiéff':}/,y
(HO/)Ar), (Re)f ()7

And further = gﬁf‘-‘é—

b _ (Re)” (s}’
ez / 2 é’); / /Zb/zy

Or

/Qaqr(;9;/262}’“ 6 /ngﬁt?e,//ingz}r‘?/!Qn;{Zﬁﬁb,/tlzz?,}
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may be solved for the oxponents b and y using an additional
equation made up similarly from two other runs. All the
data in this report was utilized in solving the exponents of

b and y, i.e., the exponent for Reynolds number and Prandtl

number .

in solving for the sxponent of(Z;/‘£>5), the runs from
slurries having particles of different diasmeter were utilized.

The equation may be written as follows:

he (R (BL (D) aromre
hHs (R e/sb (i Prjsg (Ds)l  snowriaxe

Sisce b and y were found previously, all that need be

found is the value of the exponent r which may be found by
solving the above equation in the following form:

154 ,&2¢,‘// /4é64// /ng4
/ = . fs)
oafé/"—s'/ b /og = +y/ac; s, + fog Dﬂ'“:f

The exponents for the remsining groups were solved by

utilizing slurries having different specific beat and
thermal conductivity.

The equation from two runs is as follows:

Acm,‘-g(ee i /y <l ) ffs/x,y"/asm/“
/5;§£¢§ e ~r C;'/C;f /Kﬁjffo 1525/25)
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which is solved simultaneously with another eguation made
up similarly from two other runs of chalk and copper from
J J. Salamone (12).

From the exponents for the various dimensionless groups
obtained by Salamone (12), Birnder and Pollara (19), and these

investigators, the following equation results:

;é%i?yig CLCMZ?,(64227/‘7Z}C£?;/’25_é%;i/tgjéigf_'CﬁjZEég_ .07

The data in figure 10 was plotted with the ordinate egual

to ,54)
Af

o [ 2 ]

and Reynolds number as the abscissa, The curve drawn

through the points was selected malnly on the premise that
data obtained at high Reynolds numbers were more reliable
than low Reynolds number. The mean of these data was found
by arithmetic average. ‘It was found that the data of this
report and the data of J. J. Salamone (12), when treated
according to the method described previously, 1.e., averag-
ing the ratios of the runs and solving by simultaneous
equations, gave a value of .76 for the slope of the line to
be drawn through the plotted data. Heance, by this method an
intercept of .027 was obtalined, which is equivalent to the
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constant of the Dittus-Boelter gquaition used for simple
Newtonian fluids,

It may be seen from figure 10 that the line drawn
through the plotted data represents the bulk of the data
in the heavily concentrated portion of the plot, and at

lower Reynolds numbers as well.



(o s )P (8 (0 )¥2 00
RUN 3 8 » Ry i %! (52 ) D
K0. Re. x 10 Re.’% 105 ) { £ ) 8
ATOMITE
1 107.5 10.59 2.93 1.00 0.52 2.51
2 127.0 i2.11 £.88 1.0C 0.52 2,51
3 69.6 7.49 3.06 1.00 0.52 2.51
b 35.6 4.39 3.84 1.00 0.52 2.5,
5 86.0 8.88 3.00 1.00 0.52 2.51
6 119.0 11.k8 3.26 1,00 Q.52 2,51
7 113.0 10.79 3.35 1.00 0.52 £2.51
8 97.4 9.79 3.40 1.00 0.52 2,51
9 85.0 8.78 3.46 1.00 0.52 . 2,51
10 !‘600 5«38 3168 1¢m 0052 2’51
11 107.5 16.59 3.68 1.00 0.52 2,51
12 97.h 9.79 3.62 1.00 0.52 2.51
13 9%.0 .52 3.67 1.00 0.52 2.51
14 85.h 8.82 3.7L 1.00 0.52 2.51
15 7,100 ‘ 7‘63. 3#?3. 1-00 9'52 2651
16 3.k 3.95 4.2%6 1.00 0.52 2.51
SHOWFLAKE
'1"'7"“""2%.*0 12.41 3.09 1.00 0.52 2.31
18 148.0 13.68 2.66 1.00 0.52 2.31
3.9 9605 9 72 3#‘31. 1.00 0.52 2:31 -
2.4) 98.0 9.8% 2.78 1,00 0.52 2.5t
21 8.5 8.7 2.77 1.00 0.52 2.31
22  149.0 13.76 2.85 1.00 0.52 2.3
2_3 13‘700 12986 21& 1.00 0452 2431.
2h  152.0 13.98 2.87 1.00 0.52 2.3
25  138.9 13.00 2.87 1.00 0.52 2.3L
26 115.0 11.18 3.07 1.00 0.52 2.31
27 125 10.99 2.73 1.00 0.52 2.3
28 65 3 712 3.20 1.00 0.52 2.31
30  1hh.o 13.39 3.04 1.00 0.52 2,31
31 119.0 11.49 3.36 1.00 0.52 2.31
32 111.5 10.91 3.39 1.00 Q.52 2.31
33 91.3 9.30 3.50 1.00 0.52 2.31
34 37.8 5.50 L.z 1.00 Q.52 2.31
35 4¥7.4 5,50 .25 1.00 0.52 2.3L
3  101.5 10,12 k.08 1.00 0.52 2.31L
37 54.85 6.19 6.00 1.00 0,52 2.3
38 92.6 g.51 3.65 :L.ec 0.52 2.3
ko 35.9 h.ho h.7h 1;00 0.52

2.3l

6.0

b7

164.0
193.0
1.0

624
1he.6
17L.0
189.0
k.6
105.1

5
133.3
11kh.2
103.7

AT

57.5

153.7
1770
135 .0
1h0.7
122.0
171.0
165.0
186.6
182.0
152.5
157.0
105.3
136.0
1?5.0
lkglo
140.4
128.5

Th.h

78.5
130.0

129.0
105.5
5647



Re. x 103 k,’i 102 g

RUN
m‘
ﬁbp 1 WHITE
§I 120.0
2 109.0
L3 80.6
4 25.7
k6 - T79.5
hy 59.1
48  123.5
kg 92.8
50 1.8
51  123.8
52 . 100.1
53 T72.0
54 5.3
55 T5.0
IRON OXIDE
56 157 3
57 134.6
58  109.6
59 99.5
60 72.3
6l  136.0
62 112.0
63 107.2
6l T2.7
&5 63.2
{66 - 131.0
67 - 119.0
63 113.6
69 8k.0
70 35.2
7. 1h0.0
72 138.0
73 109.6
™ 137.6

11.70
10.7L
8.he

3.36
7.86
8.35
6.56
11.8%

9.h2

9.3k
11.86
10.00
7-69
.90
7.9%

1k.36
12.68
3.9.71
z‘ 9.96

pyes

12‘79 '

10.95
10.57
T-75
6.95
iz
1149
11.08
8.70
h.32
13.09
12.94
10.71
12.91

1.%
1.00
1.00
1.00
1.00
1.C00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00

OQ%
0.981
0.981
0.981
0.981
0.981
0.981
0.981
0'981
0.981
0-?81
0.981
0.981
0.981
0.981
0.981
0.981
0.981
0.98L

PABLE TO. VII

AT Py

ml::'t o

2.1

2.11
211
2.11
2,11
2.11
2,13
2,11
2.11
2.1
2,11

233

2&1

2«.11

+106

h.‘

1400
320

1430

220
2
3460
3850

§

5):

E

3500

g8

1680

3820
3450
3080
2320
1960
3970

1710

3180

3830

2175

3050

3550
310
2310
2590
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TABLE BO. VIIL

CORRELATION OF DATA OF SALAMONE, BINDER ~ POLLARA, FRANKE - RINALDI

BD _ Zkae.) Co ) 10K e )] (b))
g ==l i
( 231«
Exponent For
g;?upa Determined
7. J. Salamone Q.131 Ofﬂ C.72 G.05 | 0.35 2.050
Binder - Pollsra | 0.346 Q. 0.72 0.08 1 0.35 ]-0.152
Fronks - Rinalal {0.0138 O, 0.79 .05 | 042 | 0.106
Weighted Arithmetic Average For Exponents
ch ALy ) (K,g {cg ) gn
———F (& {7 ) B
¢ % 3 L%y L%y
0. Thée 0.0563 Q.376 0.07%5
LOINDED TO ——m 0.75 0.056 0.3680 0,076 |
et T b
e K,
- 0 056 .38
g Cp AL, % ” E Ks ) (€ ) (D
SR B R B R A



SALAMORE DATA: COPPER "M

oy Re. No.
0. T X 10§0
e 145.0 101.2
oy 129.0 83.6
2 128.0 79.0
=2 10L.5 1.0
23 75.0 39.1
Q} 5&;9 234 3
25 1k8.0 109.3
28 141.0 101.0
27 137.0 31.9
> 116.0 8.0
29 l}-i-ﬁ -Q 65‘ﬂ
30 76.0 40.1
> 161.0 k.2
A 148. 100.0
3 137.0 9L.6
E 123.5 78.1
36 76»3 38’
31 147.0 110.5
o 1.5 103.h
39 l3h_'5 93.2
4o 129.0 ok
v 83.0 2.8
¥y 157.0 117.8
s 1%8.5 109.4
\Z 143.5 38.2
46 127.0 B2
¥ 111.0 66,6
Py 69.1 3.1
b 153. 127.8
% 153.0 119.6
% 138.0 1040
ﬁg 12? O 88 ]
23 108.0 6
5# 1694 5 '\khg



RUN
NO.
22
EY
56
59
61
63
65

67
69
7
72
73

Th
™

76

78
79

82
110

113

SALAMONE DATA {COWP'D) COPPER "B

T

154.0
148.0
132.0
10%.0

95.0

3845
175.0
167.0
151.0
130.0
101.0

SALAMONE DATA (CONT'D) COPIER "C"

179.0
145.0
132.5
116.0
101.0
180.0
157.0
133.5
110.0

81.0

SALAMONE DATA (CONT'D) SILICA

136.0
128.0
119.0

% 10

122.0
106.5

@!‘8
50.8
13.3
136.0
122.5
106.5
83:2
53.9

« & 4 %

-

» * *

4 Pe8REpEsE
o ONRQ S oW

»
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HO.

83

85
86
o7

91
9E
93
9l
95

10C
kEeil
102
103

1 O\ 70 80 B9

SALAMONE DATA (CONT'D) CARBON

T

158.0
143.0
180
108.5

Yih IO
103.0

SALAMONE DATA (CONT'D) ATOMITE CHALK

185.0
155.0
152.0
123.0
104.0
157.0
128.0
127.0
106.0

85.5
lh’la5
1285.1
117.2
103.0

84.0

55.4

BINDER - POLLARA DATA COPPER

163.0
138.0
166.0
126.5
106.0

92.3

57.9

54.0
.3
2}5-3«
Sll'v

22.2
24.8
12.6



FRARKS - RINAILDI DATA ATOMITE CHALX

RUN Re. No.
HO. P x m§°
1 202.0 107.5
2 237.0 127.0
3 137.0 9.6
h 8.5 35.6
5 177.0 85.0
6 215.0 119.0
7 199.0 111.0
8 181.0 97.h4
g 132.0 85.0
10 o9%,0 6,0
11 167.0 107.5
12 165.0 97 it
13 1hk.0 k.0
ik 129.0 8.4
15 116.0 71.0
16 73.3 3.4
FRANKS - RINALDY DATA (CONT'D) SNOWFLAKE CHALK
i7 188.0 13.0
18 £16.0 148.0
19 165.0 96.5
20 172.0 98.0
2 149.0 8h.5
22 209.6 149.0
23 202.0 137.0
oh 227.0 152.0
25 222.0 138.9
26 186.0 115.0
27 192.0 112.5
28 128.5 55,3
29 166.0 91.9
30 215.0 1540
3 17h.0 119.0
3z 172.0 111.5
33 150.0 91.3
3k 91.0 k7.8
35 96.0 47.
% 152,0 145311;.5
9 rc .9
38 158.0 92.6
39 105.5 4.0

)4-0 §6 . 5 35 h
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BINDER ~ POLLARA DATA (CONT'D) APOMITE CHALK

xmy’

Re.

Run

HO.

65061&.10

*+ * 5

o Q
SEIGEAL ARLR

133..456?89.@

- POLLARA DATA {CONT'D) SROWFLAXE CHALK

Bl

h1h689236183

7%%%399%% &

185.0
130.0
135.5
113.0
90.0
ok
36.4
TL.0
95.2
118.0
143.0
lﬁ.s
BINDER - POLLARA DATA (CONP'D) No. 1 WHITE CHALK

ln&ﬁuh&f&?ggmnm

282?285 523

BARARNI A9 44

l23k56789m



FRARKS - RINATLDI Dava {CONT'D) No., 1 WHITE CHALK

180.0
170.0
13k.0

3.33.5
155.0
117.5
202.0
155.0
161.0
186.5
1&2’0
136.5
15.9
13616
267.0
2h0.0
204 .0
20h.0
161.0
225'-0
20b4.0
196.0
1.5
109.5
219.0
1%.0
188.0
13L.5
1.k
205.0
191.0
1ha.8
181L.0

*‘{h.o
795

123 5
92,8
91.8

123.8

100.1
72.0

5.3
5.0

157.3

13%.6

109.6
99.5
T2.3

136.0

112.0

107.2
72.7
63.2

131.0

112.0

113.6
84,0
35.2

140.0

138.0

109.6

137.6
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D1ISCUSSION OF RESULTS

The heat transfer film coefficient is expressed in
terms of three dimensionless groups, namely, Nusselt,
Reynolds and Prandtl for fluids. Additional dimensionless
éraugs have been found to be of significance in this in-
vestigation. These are the ratios of the specific heat
of the solid to the specific heat of the suspending medium

Cs / C £ > the ratio of thermal conductivity of the solid
to that of the suspending medium f(;,ﬂﬂgr , and the ratio
of the tube diameter to the suspeaded particle diameter

O/fDs -

The results obtalned in this investigation gave an
exponent for the Reynolds group equal to 0.80, while the
exponent of the Prandtl group was 0.79. Chu et al (5)
stated,

"The degree of pseudoplasticity of the fluid

may be regarded as a messure of its deviation
from simple Newtonian behavior. It is a res-
sonable inference that the degree of pseundo-~
plasticity may also he & messure of the differ-
ence beiween the ohserved coefficient of heat
transfer for the pseudoplastic fluld, and the
value of the heat ¢{ransfer coefficient pre-
dicted for a simple Newtonian fluid of similar
viscosity by the already established relations.”

Salamone (12) and Binder-Pellara (19) contend that the
paeudoplastic characteriatics of slurries have a sig-
nificant effect on the magnitude of the heat transfer film

coefficient.
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It may be seen from the results obtained in this

present investigation that the product of the Reynolds

group and the Prandtl group in effect render the viscaaity;av
of the fluid virtually insignifieant, i.e., viscosity ,6(3 .
Hence, a reasonable inference indicates that in Salamone’s
derived equation, an exact value of viscoslity is not nece-
ssary sionce even large deviations from true viscosity lead

to sazll errors.

The cré/a:?’ group bears an exponent of 0.42 indi-
cating that the convective transport of heat contributes
significantly to the mechanism of heat transfer. Thus,
materisls having high specific heats cause more heat to
be transferred te the bulk of the fluid.

The magnitude of the exponent for the 43?‘£2§ group
was determined to be 0.05 by Salamone and 0.106 by these
authors. Salamone's value tends to minimize the importance
of this group whereas the value of 0.105 renders this group
very significant. Thus it follows that the smaller the
particle diameter of the smspended solid the greater the

value of the beal transfer film coefficient.

K5/Kl’ exponent was found to be 0,05, The signi-
ficance of this group is solely dependent upon the material
being suspended and the suspending medium and hence may or
may not be significant. For the materials used in this
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report the ‘f{g//}<¥* group waz of liitle consequencae.

However, for materials such as the copper particles
used by Salamone, this group is of definite importance.
The increase in the value of the film coefficient using
this group amounts to approximately 37% which indicates
its degree of importance. Since copper possesses perhaps
the highest thermal coanductivity of commercial metals, then
the value of 37% increase is probably the upper limit of in-
crease which may be expected in a heat transfer mechanism

such as this.

The values of the heat transfer film coefficlients ob-
tained by these iavestigotors were somewbat higher than
those of Salemone but not as high as these of Binder-Pollars.
The results in this report agreed within 12% of Salamone's,
the greatest difference being the slope of the line drawn
through the plotted data, (see Pig. 10).

It im possible that the difference in the method of
installatiion of thermocouple leads in the apparatus used
accounted for these differences as pointed out in Binder-
Pollara thesie. However, this difference of 12% cannot be
definitely attributed to this sgince 12% lies within the
expected degree of accuracy for this investigation.
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Inspection of the final equation developed in-
dicates a close similarity to the Dittus-Boelter equation
with added correction groups 1£3}/£33 s <:5}fcap , ’(3/?§f .
The most notable exception is the exponent for the Prandtl
group which is approximately double that of the exponent
for the Prandtl group in the Dittus-Boelter equation. It
is obvious from the above that the Dittgs~80eltar squation is
inadequate for the calculation of film coeffiecients for
slurries, unless the correction groups are used and the

Prandtl group exponent modified.

An additionel possible correction faetor which
must be investigated concerns the shape of the particle sus-
pended. As was seen in the derivatlion of the Salamone equa-
tion, the particles were assumed ito be of spheroidal shape.
If heet transfsr, in a mechanism such as this, is at all de-
pendent upon particle surface area, then consgiderable error
can be introduced by the asswmption of spheroidal particles,
In commercial operations, where solid particles are used,
such as catalysis, the shape factors most freguently encoun-
tered are in the range of 1.0 to 1.78., This means thst gene-
rally particle surface area may be as much as 75% greater
than that possessed by a perfect sphere., The eflfect of par-
ticle shape is & phase of the mechanism that has not yet been
ascertained., This poses & consideration that may lead to
considerable investigation, but is dependent upon finding



62
a suitable method for determining particle shape,

The conclusions draw in thls investigation are
predicated upon the fact that the particles used are insol-
uble dorat least relatively ipsoluble in the suspending
medium,. Sufficient industrial applications exist to warrant
the investigation of solutions composed of particles sol-
uble in the suspending medium, insofar as heat transfer is
concerned. Various concentrations of solutions could be

used in addition to saturated and supersaturated solutions.



DISCUSSION OF CORRELATED RESULTS

As may be seen from the discussion under section en-
titled "Correlations” that a different method was used for
obtaining the values of the various exponents, than was
used by Salamone (12) and Binder-Pollsra (19). This method
was specifically adopted by these authors in order to in-
clude the major portion of the data so that conclusions
drawn would be representative of the data as s whole. This
method differed from that of Salamone and Binder-Pollara in
that their method was selective and limited; actually the
values obtained were only representative of the few runs
used to obtain results.* As evidence of this, calculations
using all of Salamone’'s data gave a value of 0.72 compared
with & value of 0.57 to 0.62 obtained by Salamone for the
exponent of Reynolds number group. The range of this value
manifests the inadequacy of the method upon which the 3ala-

mone correlations are predicated.

Inspection of the final Correlation Plot (Fie. 10) on
which is plotted data of Salamone, Binder-Pollara and these
authors, reveals the complete disagreement of the Binder-
Pollara data with the bulk of the datas obhtained by SBalamone
and these authors.

*From page 59 Salamone Thesis, "There is no theoretical jus-

tification for the broken line of Fig. 21 as this suggests
that the error 1lies in the slope and intercept.”
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Furithermore, it may be noted that the data below
Reynolds pumber of 50,000 correlates sstisfactorily when
the Binder-Pollara data is disregarded. The bulk of Binder-
Pollara data, altbough in disagreement from the bulk of
data, does show symmeiry; sufficiently to induce the con-
clusion that a constant error must have been committed in

experimenial technique.
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SUMMARY AND CONCLUSIONS

Although water suspensions of solid particles such as
chalk, s&nd iron oxide bhehsve as pseundoplastic non-Newtonian ma-~
terials in that viscosity decreases with increasing flow
rate to a limiting value, the results of this investigation
show that the viscosity is not as eritical as previously
believed. This 1is evidenced by noting the values of the ex-
ponents of the Prandtl and Reynolds groups.

In using t{his expression for design, if a method is
devised for estimating viscosity, then the viscosity ob-
tained may be used for calculation of film coefficient. If
the viscosity used is within approximately 15% of the actusal,
this deviation will lead to little error.

The final eguation developed {(equation 4) is now based
upon more than two hundred runs of slurries composed of a
rather large variety of physical propertles. The bulk of
the data falls within 12% of the mean of these points; well
within the limits of the accuracy to be expected in an in-
vestigation of this nature. Hence, the equation developed
can be used in the design of heat transfer eguipment for
slurries and reasonable degree of accuracy can he expected.
It has been mentioned by Salamone that the equation may be
used with equal success with pipelines varying from 3/8" to
13" dia, (1.P.S.).



86

Cantion shonld be exercised in using the developed
equation for design purposes, especially when using sus-
pending mediums other than water. 8till another case that
requires particular caution is the one when high slurry
concentrations are used. From the work conducted it is
reasonably certain that materials of about 2.4 density
or less could be safely used in slurry concentration up to
approximately 20%. Not enough data 1s available for pre-
dicting the upper limit of concentration when materials of
higher density are used, and 2 2 consequence this phase

offers considerable room for further investigation.

These authors feel that the amount of data above
50,000 Reynolds number is presently sufficient teo formulate
the conclusions herein drawn regarding water suspensions
of solids, but are fully aware of the fact that the range
below 50,000 Reyanolds mumber presents considerahle work

for future investigations.

Furthermore, a great deal of work is to be done using
suspending mediums other ithan water. Due to the extensive
industrial applications which could result, it is suggested
that hydrocarbon oils might be good suspending mediums to
begin with,
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OF SYMBOLS AND UNITS

LConstant, dimensionless,

Heat fransfer surface, sq.ft.
Lonstant, no dimensions,.

+3quare feei of suspended so0lid sur-
face per unit volume of slurry,
sqg.{t./cu.it,

.Specific heat of fluid or suspend-
ing medium, BTY/(LB,(°F).

.S3pecific heat of suspended selid,
BTU/{LB,) (°F)

Pipe diameter, ft.

Average dismeter of suspended solid
particles, £t.

Constant, dimensionless.

Friction factor, dimensionless, con-
stant, ne dimensions.

Constant, no dimensions.

.Dimensional cemstgnt, 32.2 (1B)
(¥Ft.)/(LBg) {sxe::abgz.i

Film cosfficient of heat trausfer,
BTU/ (ER)-(Sq.ft.) (°F).

.Constant, dimensionless.
.Constant, diwensionless.

.Thermal condugtivity of fluid or sus-
pending medium. i¥ry/(ER) (°F) (Ft.).

.Bulk thermal conductivity of suspen-
sion, BTU/(HR) (°F) (¥t.).

,Effeatiie thermal conductivity of
suspension, BTG/(HR) (°F) (¥Ft.).
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.Thermal conductivity of suspended
solid, BTU/(HR) (°F) (Ft.).

.length of pipe, ft., any linear
dimension,

Any mass dimension.
Lonstant, dimensionless,

.Presaure drop over a leagth of pipe,
1lbs./sq.ft.

.Heat tranzfer rate, BTU/Hr.
Constant, dimensionless.

.Temperature, °F, any temperature
dimension.

Jogarithmic mean temperature differ-
ence between average inside pipe sur~
face temperature and ianlet and out-
let slurry temperature, °F.

.Linear velocity, ft/sec.

JLinear velocity of suspension, based
on the bulk density of the suspeunsion
ft/sec.

.Weight fraction of solid.

Lonstant, dimensionless.

Fusselt number, h D/k, dinensionless.
Prandtl pumber, quk, dimensionless.

.Reynolds mwmber, DV /.44, dimension-
less.

Yolume fraction of smolid.

.Yolume fraction of solid in sedimented
hed,

.Depsity of fluid, LB, /cu.ft.
.Bulk density of suspension, LBy/cu.ft.



.Donsity of solid, LB /eu.lt.
.Viscosity of fluid.

Vigcosity of fluid at wall tem~-
perature.,

Apparent bulk viscosity of sus-
pension,
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11,

13.

13.

14,

15.
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SAMPLE CALCULATICOHNS

SAMPLE RUN NO. 49 {No. 1 Waite) *

1.

2.

6.

SIUBRY DENSITY: Weight Of Water & 65°C To Fill

Voiumetric Flask™ 8.6 Lba.

(8. -
Slurry Density = 62.37 3.5 = 65.6 Lbs./?t.B
WEIGHT 4 SOLIDS: 65.6 Lba.j?’c.sz 69.6  gmfec ® 1.05 gm/ce
2« 3

From Flg, 2 ¥t. % Chalk™11.%

MEAN SPECIFIC HEAT: ~ }.—(lﬂCa )x

= je{1=~0,2).113% 0.9108

FLOW RATE: = 124.0 Lbs./Min.

SLURRY HEAT: = g (Bete) (Temp.Rise) (SP.EHT.)

=(124.0) (60) (1.8) (71.50 - 50.60) (0.9108)
¢~ 256,000 PIV/HR.

VISCOMETER FRICTIOR FACTOR:

5 p=47.75 (62.%) (2.9638 - 0.995) T b9 Lbs/Sq. Fi.
12 woere v, = Rate/60 (area)( £))

£=5 D 2ge b
Fé b L ?;L
£ a (6h.) (489) (65.6) (0.620/12)
{6.95) (8.0}

- 12k
; 6 "t‘a".’y‘éigﬁg" e
£ = o.01850 Y& = 2,042 Cb

* Calewlations Of Water Rune The Ssme
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SAMPLE CALCULATIONS (CONT'D)

T. APPARERT VISCOSITYI:

1 - 1 . T3
Vs Jo.o1850
From Fig. & Re. ¥ F = 12.50 x 10°

Be. = 12.50 x 10/ ¥ 501650 - 92,800 ?__

(2.68 )
L, (Viscoaster) D c:“‘gz) (@)

0.000672 (91,500}

=

_ 2.6h
= T.000672 (0.622/12) (91,800)
b - 4 0«&29 GP-

Average Pemp. In Heat Section. 61.05%

Viscemeter Temp. £0.6%¢
Viscosity Water At 61.05%C 0.h618 CP.
Viscosity Water At 60.69C 0.4645

Corrected To Heat Sect. Tempe 0.829 x 4619 0.820 CP.
,Léb ARG

G

8., HEAT 3ECTION REYROLDS RUMBER:

e th 9(2. )

AT L by O
A

2.6

I

0.000672 (0.820) (0.622/1I%)
92,800

]
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SAMPLE CALCULATIONS (CON2'D)

9. EXPERIMERT FILM COEFFICIENT OF HEAT TRANSFER!

b =q/a Bt
g = 256,000 BYU/HR. (Bee Calc.5)

& =(3.1k) (0.622/12) (8.0)%1.30 m.‘?

{Theor.) or 1.30 x 1.0625=1.38 *

(M1l Tolersnce Can Give Thickness 12.5 % Less
Or Average 6.25 % Leas)

Arithmetic Average.0f All Millivolt Readlngs
Is 4.0b7 MV. Equivalent To An Outer Surface
Temperature 0f 207.86°F

Drop In Temp. Across Well®F_ q (Pipe Wall Thick.)

Kﬁieta.}. Aﬁ.vera,ge

K For Brass =90 BYU/(HR.) (°F) (F2.)

- 000 {0.109/12 = 16.0°
Cp Ego 1. C.731/0. 16.0°F

Average Inner Tempersture 207.856 ~ 16.0%191.86%F
6t = (191.86 - 123.10) - (191.86 - 160,70)
}..910 - -7@
a4 = L7.7°%
= 256,000/ (1.38) (47.7)
3880 BTU/(HR.) (SQ.FE.) (°F)

b
L
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SAMPLE CALCULATIONS {(CORNP'®) -

10. EFFECTIVE THERMAL CONDUCTIVITY:

For Re.= 92,800 Ordinate Of Fig.3¥ 265

4
265 = (np/k,) / (¢, £, /% )

=( 1 {(1D) }3,.567
AT G et

= {1 0.622/1 ) Aaadd
= (g (BRogEaE o
K = o.h27 BRU/(HR.) (F7.) (°F)

11. CALCULATED FILM CORFFICIENT USING DEVELOPED EQUATION:

0.8 .79 G.05 0.5 0.106
£ - oam (v, Py e, ) (x) %o, ) 233;
: £ (2 (5
Gt ey B (I

0.8 Q.79 Q.05

b %0.6%122 =0.0138 (92.8 x 10%)  [(1.00) (0.820 x 2.1;2;] [e.s@a ]
S‘Q 3 ’hg 0'3?3 P 0'3’{
o] [l 1

( %.61 x 10°

h =380 PU/(HR.) (°F) (sq.¥2.)
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TARIE WO, IX

The following table sbows the combination of runs used in detera
mining various exponents for the eguation of this report by the method
described under section merked "Correleiion.”

REYNGLDS NUMBER EXPONENT
ATOMITE

Runs: Y and 3, S and 7, 9 and 11, 13 and 15 - Averaged For Equation 1
Buns: 2 and b, 6 and 8, 10 and 12, 14 and 16 - Averaged For Equation 2
Equation 1 a.nd‘e solved simdltanecusly yield expopent O.777
SNOWFLARE

Runs: 17 and 19, 21 and 23, 25 and 27, 29 and 39, 33 and 35

Averaged For Eguetlon 1

Runs: 18 aend 20, 22 and 24, 26 and 28, 30 and 32, 3% and 36, 38 and 40
Averaged For Eguation 2

Bquation 1 and 2 solwed simultarecusly yield exponent 0.785

No. 1 WHITE ' '

Runs: 41 axd %3, 45 and 47, 49 and 51 - Aversged For Equation 1

Runs: 42 and 46, 48 and 50, 52 and 55 - Averaged For Equation 2
Bguation 1 and 2 solved simultaneously yield exponent 0.837

IRON OXIDE

Runs: 57 and 59, 6L and 63, 65 and 67, 69 and Tl - Aversged For Bquation 1
Runs: 56 and 58, 60 amd 62, 64 and 66, 68 and 70, 72 and Th

Aversged For Equstion 2

Bquation 1 and £ solved simultanecusly yleld exponent 0.790
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PRANDTL, GROUP EXPORENT

Using equations developed from groupings listed under Reynolds
Number Exponent sbove, an exponent of Q.79 is obtained for this

Eroup .

p/D, GROUP

SNCWFLAKE ~ No. 1 WHITE

Runs: 17 and &1, 22 and 50, 24 and 43, 26 and 51
ATOMITE -~ No. 1 WHITE

Runs: 1 and 41, 15 and 50, 3 and 43, 12 and 51
Salving simultaneocusly yields expoment For D/D;  0.106

o /Cs and K/Kp GROUPS

ATOMIIE

Runs: 1, 15, 3, 12
IRON OXTDE

Runs: 57, 61, 65, T2

BAL/MONE COPPER "B"

Runs; 57, 61, 62, 64

BNOWFLAKE

Runs: 17, 22, 24, 26

Bolving three similianecus sguations ylelds the following exponents:
gﬁs ) Exponent = 0.42

( %

Exponent®0.05 {Rounded From 0.04T)

P T
] bgﬂmw'
LT W N

Z (Intercept) = 0.0131
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