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ABSTRACT

Recent work on the drying of sand on a hot sur-
face, has suggested that thinner beds dry faster and
have higher heat transfer coefficients, because of
greater wetted areas at the hot surface. The problem
of this study has been to evaluate that suggestion.

Drying was done on a steam heated plate held at a
constant temperature of 220°F., Three bed thicknesses
of sand were used; namely, one-half inch, one inch and
one and one-half inch. Layer moisture content, compo-
site moisture content, amount of steam condensed, and
sand bed temperatures over intervals of time were taken
as primary data. Hot surface moisture contents, heat
transfer coefficients and drying rates were obtained
from this data.

The drying rates and heat transfer coefficients
were the highest with the one-half inch bed. The area
of wetted hot surface was also the greatest for the one-
half inch bed. Therefore, higher drying rates for the
one-half inch bed are the result of higher heat trans-
fer coefficients at the surface., These in turn are due

to the greater area of hot wetted surface.
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INTRODUCTION

Since the process of drying has been used by in-
dustry for many years, it would seem that the mechanism
of drying would be very well understood and described.

A survey of the literature revealed that air drying,

such as occurs im nature, has been very well described.
However, very little has been written about hot surface
drying. It has been only in recent years that the mech-
anism of hot surface drying has been advanced, publicized
and accepted.

This study has been a continuation of the efforts
in this field to more fully explain the hot surface dry-
ing phenomenon. Sand was selected as the material to be
dried, in an effort to lessen the number of variables in
the process. The effects of bound water on the process
were eliminated by use of a nonhygroscopic material like
sand and it was possible to obtain a uniform particle
size and shape by classification. Water was selected as
the liquid to be removed, since it represents one of the

major drying problems in industry.

Purpose and Scope of This Investigation

The purpose of this study has been to provide in-

formation which could be used with other work to further



explain the hot surface drying mechanism. It was hoped
that relationships between hot surface moisture content,
heat transfer coefficients and drying rates would aid
in this explanation.

Three sand bed thicknesses were dried; namely, one-
half inch, one inch and one and one-half inch. The hot
surface temperature was held constant at 220°F during
all runs, Moisture content, layer moisture content, a-
mount of steam condensed and sand bed temperatures mea-

sured at periodic intervals were taken as primary data.
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HISTORY

Drying is not a new operation. ZFor centuries, air
drying has taken place in nature and the mechanism of
air drying has been very thoroughly expounded in the
literature. However, very little work has been done on
hot surface drying. A brief description of air drying
might help to explain some phase of the mechanism of hot

surface drying and is for that reason repeated here.

Air Drying

Essentially, it has been generally agreed that
drying involves two steps; namely, the transfer of mois-
ture as either liquid or vapor through the solid to the
surface and transfer of water vapor from the surface of
the so0lid into the main drying medium. Further, it has
been generally accepted that during constant rate dry-
ing the latter case is an evaporation process from a
wetted surface. Vaporization later takes place from
within the bed.

However, the transfer of moisture through the sol-
id to the surface created some controversy. Sherwood (18)
from early work on drying, suggested that moisture trans-
fer took place by means of diffusion. Ceaglske and

Hougan (2) showed that flow of water in sand during air
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drying was due primarily to capillary forces. Hougan,
McCauley and Marshall (10) showed wide discrepancies
between diffusion equations and constant rate drying.

Haines (8) previously had explained how moisture
was held between particles by starting with a dry bed
of soil and adding water to it. His first stage of wet-
ness was called the pendular stage, wherein a small a-
mount of water was held at the points of contact of the
particles or suspended between the particles. Mlore wa-
ter added to the bed le& to his second stage of wetness,
the funicular stage, wherein the particles were covered
" by a continuous water film but the pore spaces were still
empty. After enough water was added to fill these pore
spaces, he reached his last stage, the capillary stage,
wherein all the cells between the particles were filled.

Ceaglske and Hougan (2) used the above terminology
and also the method of Haines to determine the effect of
suction in the sand, expressed as percentage of satura-
tion.

Pearse, Oliver and Newitt (16) concurred with
Ceaglske and Hougan and expanded the theory of air dry-
ing of granular materials. They explained that move-
ment of moisture in the bed depended primarily on gra-
vitational, capillary and frictional forces.

From this study, a brief summary of air drying



would be as follows: The bed was made up of small part-
icles between which were interconnecting void spaces. As
water started evaporating from the surface of the satura-
ted bed, concave surfaces developed in the large pores,
setting up suction within the bed. As more water evapora-
ted, this suctional force increased until it was great
enough to break the continuous water film. At this time
the water was pulled down the large capillaries and sup-
plied to the surface through the small capillaries, keep-
ing the surface particles wet., The constant rate drying
continued as long as there was sufficient moisture in the
bed to cover the surface particles.

When the small capillaries could not supply the sur-
face with enough water to wet the particles, the critical
moisture content was reached and the first falling rate
period began. Vaporization continued at the surface at
a reduced rate during this period.

The second falling rate period commenced when the
bed was sufficiently dry, such that particles through-
out the bed were no longer covered with a continuous
film of moisture. Water was said to exist in the pen-
dular state and vaporization occurred within the bed.

Newitt and Coleman (14) drying china clay, found
increased drying rates and prolonged constant rate peri-
ods in thinner beds. They felt the reason was due to

a reduction in friction opposing the liguid flow.



Hot Surface Drying

In spite of the difference in the mechanism of
heat and mass transfer between air and hot surface dry-
ing, drying rate curves of similar shape have been re-
ported. Ernst, Ardern, Schmied and Tiller (5) reported
a constant rate period followed by a variable rate peri-
od for the vacuum drying of Prussian blue on heated
shelves. Lrnst, Ridgway and Tiller (6) dried Sil-0-Cel
in the same manner. They also reported a similar dry-
ing rate curve and showed that in vacuum shelf drying,
heat was supplied at both the top and bottom of the bed.

Likewise, LicCready (13%), drying paper pulp on a
hot surface, showed a constant rate period, followed by
a first and second falling rate periods. Hougan, llc-
Cauley and Marshall (10) showed a few curves for mois-
ture distribution within a granular bed, dried on a hot
surface and introduced the phenomenon of wvapor condensa-
tion within the bed. King and Newitt (11) found a pseu-
do-constant rate followed by a falling rate while drying
glass beads.

Tambling (19), using salt solutions instead of water,
showed that at 12 per cent moisture, 60 per cent of the
salt concentrated near the hot surface and about 15 per
cent at the open surface. This indicated that liquid

was vaporized at the hot surface, rose through the bed

and left the salt behind. Some of the vapor condensed



in a region above the hot surface, picked up salt and
moved toward the hot surface. Some liquid movement to
the air surface also took place.

Hadley and Eisenstadt (7) studied the movement of
moisture in a granular material due to temperature gra-
dients by using radioactive tracers. They also reported
a liquid migration toward the hot end and a vapor move-
ment away from it. Further, they observed that below a
certain moisture content, migration was due to vaporiza-
tion and not capillarity.

Dreshfield (4) used dye migration to determine lig-
uid migration in paper pulp. He measured the moisture
content of the fibrous sheets using beta-ray transmis-
sion and advanced the following description of the mech-
anism of hot surface drying: At the start of drying,
there was a short period of time during which the dry-
ing rate and the temperature distribution adjusted from
the initial conditions to the conditions of constant
rate drying.

Heat was added to the sheet at the hot surface and
caused vaporization to take place. This wvapor rose
through the sheet and entered the air stream at the open
surface. Partial condensation took place as this vapor
rose and transferred heat to the sheet. This heat moved °
by conduction in the direction of decreasing tempera-

ture. At the open surfgce, a small fraction of the heat



" was transferred to the air by convection and the re-
mainder caused vaporization.

This process continued until the zone at the hot
surface became too dry to maintain a steady rate of
vaporization. At this time, the temperature drop across
the hot zone increased and the rate of heat transfer to
the sheet decreased. The temperatures of the rest of
the sheet decreased and the drying rate decreased ac-
cordingly. Below the critical moisture content, the
zone in which vaporization occurred moved slowly away
from the hot surface, and a continuous readjustment of
temperature within the bed took place. Liquid migra-
tion continued in the falling rate period, probably
until the front of the zone of vaporization had reached
the zone of maximum moisture content. By this time,
the moisture content of the sheet was very low and re-
maining water was removed by vaporization and diffusion
of water vapor from the interior.

Ludt (12), working independently of and simulta-
neously with Dreshfield, dried sand and essentially con-
curred with him in describing the mechanism of hot surface
drying. Ludt however, pointed out that heat transfer
through the sand bed.was due primarily to passage of hot
vapors through the bed. Harbert, Cain and Huntington (9)
reported transfer to be by some other means than con-

duction., ZLudt further explained that the hot surface



was supplied by small capillaries and that the hot sur-
face moisture content was constant during constant rate
drying. Plate temperature was found to be the most im-
portant factor in determining the constant drying rate.
Both Ludt and Dreshfield concurred that the critical
moisture content was primarily determined by the hot
surface moisture content.

Ludt stated that bed thickness influenced the crit-
ical moisture content but had little effect on the con-
stant drying rate. Retford (17) expected a maximum dry-
ing rate at some intermediate bed thickness., When dry-
ing sand on a hot surface, he found the one-half inch
bed dryed at a faster rate than either a one or a one
and one-half inch bed.

Ludt, Bohl and Retford commenced the work leading
to this study and designed the equipment with which this

study was made.
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EQUIFMENT AND PROCEDURE

Equipment

The drying process was carried out on a steel
plate, heated with steam. This plate, one-quarter inch
thick by 12% inches in diameter, was welded to a circu-
lar steam chest (Diagram No. 1l). On the underside of
this plate was welded a cone shaped funnel with an up-
per diameter of seven and one-half inches and a lower
diameter equivalent to an one-half inch pipe. A pipe
was welded to this end and extended through the bottom
of the steam chest to an one-quarter inch needle wvalve.,

Steam entered the chest through an one-~half inch,
18 psig. supply line equipped with a globe valve. A
pipe was connected to the bottom of the chest, enabling
excess steam and condensate to be removed. This line
led through a needle valve to two glass condensers con-
nected in series with capacity to condense the full out-
put of the supply line. Steam entered the funnel inside
the chest, through eight one-quarter inch inlet tubes.
These tubes were L-shaped and welded to the side of the
funnel in such a way that the portions of the tube on
either side of the funnel pointed down. This permitted

steam to pass freely through the tube but prevented con-
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densate from so doing. The chest,.funnel, condensate
pipe and valve were all well insulated with one inch
magnesia block and rock wool insulation.,

The temperature of the hot surface was measured
by use of three No. 20 gage Iron-Constantan, fiberglass
over asbestos thermocouples.(Diagram No. 2). These ther-
mocouples were soldered in grooves which ran radially at
120 degrees toward the center of the plate. One thermo-
couple measured temperature at the center of the plate,
the second measured it at a point one and three-quarters
inches from the center and the third at a point three
and one-half inches from the center., The centers of
the hot Jjunctions were approximately 0.05 inches below
the surfacé of the plate. The thermocouple wire in the
groove was covered with a strip of copper sheet, which
was soldered to the plate. The iron lead wires were
connected to a common ice bath cold junction, while the
constantan lead wires were connected to individual throw
type swithes.

Sand bed temperatures were also measured by No. 20
gage Iron-Constantan thermocouples. These thermocouples
were mounted in a bridge, built of two parallel strips
of micarta held together by two brass rods.(Diagram No.
3). The six thermocouples were arranged on the bridge
in such a way that it was possible to measure tempera-

tures throughout the bed. The hot junctions extended
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three-quarters of an inch beyond the micarta face into

the sand and ran at the same level for approximately

three inches. The e, m. f., generated. was measured on

a Leeds and Northrup Portable Precision Potentiometer.
Metal rings of 10% inch diameter were used on the

plate surface to hold the sand in place. Glass tubes

of one and one-half centimeters in diameter were used

as sample tubes during the drying rate runs. Layer sanm-

ples were taken with iron tubes of 0.625 inches in diam-

eter fitted with micarta liners or bushings 0.125 and

0.250 inches in height. The tubes and rings were of the

height of the sand bed being investigated.

Procedure

Prior to each run the surface of the hot plate was
cleaned with a course emery paper, followed by medium
emery paper and finished with a fine emery paper; namely,
3=M emery paper of the wet-or-dry type, grit sizes 180,
280 and 400. The bottom of the retainer ring was also
cleaned each time to assure a smooth fit on the plate.

The retainer ring was placed on the plate and the
sampling tubes were placed inside the ring at least one
and one-half inches from it and two inches between tubes.
Dry Ottawa sand of 40-60 U.S. Standard mesh size with a
density of 102.6 pounds per cubic foot was poured into
the tubes and around them to the height of the ring.
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The bed was leveled smooth with a straight edge to the
height of the ring and tubes. Eight layers of cheese
cloth was placed on the bed to prevent erosion when the
bed was wetted.

All the air and the steam which had condensed in
the chest and lines was removed by opening the inlet and
blow down valves wide. After the pressure in the line
had built up to 15 psig. again, the inlet valve was
closed. The chest steam pressure was allowed to drop to
three psig., at which time the blow down valve was closed.
This allowed enough heat to remain in the bed and plate
to heat the distilled water, from room temperature to
approximately 190°F, after it was carefully poured on
the cheese cloth. If this pressure were not allowed to
drop, addition of the water would cause blow holes to
form as a result of the sudden vaporization at the hot
surface. The bed was fully saturated and after the ex-
cesé water had drained off, the cheese cloth was removed.

The steam inlet and blow down valves were opened
slightly. The steam inlet valve had to be opened very
slowly and the temperature of the plate held at 212°F
long enough to allow the water above approximately 20
per cent moisture content (#water/#dry Sand) to be va-
porized. Otherwise the excessive vaporization would
actually lift the sand bed in toto from the plate. It

was necessary to puncture the thicker beds to allow this
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vapor to escape. After the excess water was removed in
this manner, the inlet and blow down valves were mani-
pulated until the desired surface temperature of 220°F
was reached. A record of chest pressure and surface
temperature was made. During the run, the inlet and
blow down valves were regulated to hold the surface tem-
perature .constant.

After the surface temperature was constant, the
accumulated condensate from the funnel was drained off
and a timed run started. A sample tube was taken from
the bed at the same time and immediately placed in a
numbered glass weighing bottle and sealed. These sam-
ples were removed at periodic intervals by carefully
extracting each sample with laboratory tongs.

The condensate from the funnel was also collected
at the same time as the moisture samples were taken.
This was done by inserting the tip of the pipe leading
from the funnel into a graduated cylinder, quickly
cracking the needle valve and collecting all the accumu-
lated condensate. When steam started to come through,
the valve was closed and the liquid level in the gradu-
ate read and recorded.

Layer moisture samples were taken during separate
runs. The hot surface was prepared as before. The mi-
carta bushings were fitted into the iron tubes and placed.

on the plate in the same manner as the glass tubes.
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Sand was added, leveled with a straight edge and wetted
as before. While the sand was drying, these units were
removed at intervals with tongs. The micarta bushings
were slipped from the iron tubes and separated into in-
dividual weighing bottles. Condensate samples were
taken simultaneously.

Sand bed temperatures were also taken during sepa-
rate runs. After the surface was cleaned,'the micarta
thermocouple bridge with the six thermocouples, was
placed on the plate. All strain was removed from the
thermocouple wires, so that the bridge would stay in
place and level with the plate. The height between each
thermocouple junction and the plate was measured and
recorded. Several glass sampling tubes were placed on
the plate also, keeping them at least two inches away
from the thermocouple junctions. Sand was added as be-
fore, covering the tubes and thermocouples completely.
The sand bed was leveled and water added as before.

After the plate temperature was brought up to 220°F
again, a timed run was started. Sand bed temperatures
and moisture samples were taken at timed intervals. No
funnel condensate samples were taken because the temper-
atures for the runs were correlated by use of the mois-
ture samples.

At the end of each run, the weighing bottles con-

taining the moisture samples were weighed. They were
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pPlaced in a constant temperature oven and dried for
twenty four hours at 10500. A check for dryness, re-
vealed that the samples were completely dry after eight
hours in the oven. After drying, the samples were

weighed dry and tared.

Limitations of Egquipment and Procedure

The biggest drawback in the use of micarta bushings
to determine layer moistures, was the breaking down of
the resin at the temperatures used in the study. This
resin deposited a thin film on the hot surface and cut
down heat transfer. The discrepancy caused by using
these bushings, will be discussed in further detail un-
der the section on Discussion of Results. In any future
work, it might be advisable to use teflon or glass fiber
reinforced epoxy tubing (if available in these small
sizes). Also, it would be advisable to use brass tubes
instead of iron, to reduce the corrosion of the tubes.

Some vaporization may have occurred between the
time the samples were removed from the bed and before
they were slipped into the individual weighing bottles.
However, this delay was shortened by making the bushings
fit very loosely into the tubes, enabling them to be
slipped out very rapidly. Also, the top bushings were
slipped out first, with the bushings closest to the
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hot surface being sealed in the weighing bottles first.

As the condensate from the funnel was collected,
some vaporization of liquid may have occurred, due to
the pressure drop through the valve. Also, some flash
evaporation may have taken place because of the high
temperatures of the condensate. Counterbalancing this
may have been some condensation of steam at the end of
the collection., All three errors were small., The col-
lection was accomplished quickly and the liquid level
read immediately.

From the behavior of the one inch bed on heat up;
namely, rising from the plate, it is expected that the
drying rates and heat transfer coefficients were lower
than they probably would have been without the rising.
This phenomenon might bear some future investigation.

No provision was made for removal of non-condensa-
bles from the steam. However, the continuous purging
of the chest should have reduced this error. Condensate
was removed from the steam in the line, preceding entry
into the chest, with a trap. The design of the entry
tubes into the funnel acted as a baffle in further re-

moving any condensate before entry into the funnel.
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4.1

3.3
3.7
3.7

367
347
3.7
347

13¢5
11.0

746
5.8
4.3

4.8
4.4

o6
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Heirht _ - ~ter
in, oy ol

20025 === ,1202
e1575 mwm o102
0275 wm= o117
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«1253 00625 wwe 1240
01375 mwe 41193
¢ 575 === 41313
0625 emmm 4116G2
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«0352

<0635 o 0G25 mwme 0543
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«0231
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<0087 00625 wme 40754
01275 @me 0016
0573 _—— 0055;.'\‘-1
o625 wmmam o057
¢E75 == 41030

* Part of sample lost in transfer.
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e575 == 40323

eSS ww 40201

15 3.6 10.5 0536 0525 ~= 0323
: . 01375 wme JCHO4

375 e WO0I3

0¢75 —— e UDDD

18 305 704 .0551 00625 - 00431
: 21575 == ,0529

375 == 40616

o025 we 40529

«E75 == L0502

20 3.5 447 0513 c0525 == 40175°*
| . 1575 == WU751

o070  wm= JODTD

.‘—"35 Lated .O"’"“)l

75 -= 40523

22 3.5 4.3 0533 0625 == 1132
01375 == ,0566

0375 == W01

G5 e GO453
.@75 - 0525

® Parts of samnle lost,
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14 (cont.) = 1 inch Bed
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e L3375 mew L1l
375 ww. 207
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e 275 ma L1397
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TS wme G203

«143
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0025 we L,1018
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mun 15 (cort,) - 1 inch Zed

Layer lLolsturs
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Tine Irescure Conlens T atep Leicht ARG
“ing noiTe le ' ine ., o.i/ ...l
24 5&6 10'8 0‘3)?)5 0062 - .1):‘4
01275 == ,0757
0575 - 41730
32D e o133
ol75 = U754
23 345 6.8 «03456
1375 a= L1177
05?') -— oG 03
0375 == 4052
1575 me G553
0273 w= o037
o025 e (O3
375 e G057
49 345 4,3 «02353
Dun #15 « 1 inch Ted
4,3 17.0 o« LG43 o DGAS e G145
e 1375 ww 17542
0575 = o153
0(3&’..5 hanad '1’312
e 075 = G151
4,2 16.5 « 14346
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o H7H me G1TAG
o025 wm 41511
0375 = 41535



Run #15 (conts) = 1 inch Bed

Laycer lioisture
Time Pressure Condensate  zVater Height 7. ater
nin, DSifg rl, %%rT wand in. #222 b§§§

12 3.9 14,5 1042
15 5-9 1605 01492 00525 - 1323
1575 «= 415006
0375 - 01712
o025 eme (1444
20125 e 41453
09075 == 1322
13 3.9 14.2 »1022 0125 == ,1252
0625 == L0335
0875 e o017
21 508 8.2 00758 00625 Lannd 00973
01575 ww L0327
275 == ,0320
02 g 00579
875 == L0761
<4 340 8.5 «0583 0125 mme 400061
0575 - OC44
0625 == L0532
«O75 @= L0407
27 %¢0 74 05852 el25 == ,0721
375 == 40632
D25 = ,0592
oE75 == 0601ld
39 3¢5 6.8 0643 0125 e= ,00639
~ 0375 = 40335
0625 - o rr}
875 == JCGHO4
33 505 704‘ -00612 0125 -aen 00625
0375 - 00670
622D w= JCLEY
0875 haand 00498

o0 3.5 S 4 <0141
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Lioyer loisture

Time rressure Condensate Jiater  Hei ht < lathop
Line R3ie nle w2 oond "‘.ﬂ. P A o]
0 4.2 — 02390
4 4,0 23.0 2210 e0025 e .1723
0375 == -13 3
3 4,0 27.2 #1756
12 4,0 29.4 1552 D025 == ,1314
o 1375 me 41GC0
e025 w=w L1335
8125 == (13D5
09375 - ¢1453
15 4,0 25,2 e 0C2¢
20 3.5 15.4 <1453 e0025 == 41143
0375 - 01448
0325  wme 01402
375 == ,1716
24 37 15,6 Q0757
=3 3.7 10.0 e1326 0025 == ,1203
01375 == (1504
0375 haand 01556
.ods - 01432
.\)75 S 01336
32 37 846 #0371
1575 «= 41033
375 == 41031
-635 - o099
313 == 00923
49 %¢5 ©ed «0077*

* Part of sanple lost.



1un 18 = 1 inch Bed

Tinec iressure Concenscate “ater
rivvtes psiz. il o TOTT SOl
0 4,2 — 1470
2 4,2 17.0 01252
4 4.2 15.3 0978
6 4.0 1445 « 0744
8 3.9 . 13.2 «0C30
10 3¢9 : 12.8 OS54
12 3,8 6.5 L0317
13 3.3 5.4 - W O479
16 3.8 £.0 | 0221
12 3.9 4.8 0234
29 3.7 5.0 45109
22 3.7 2.3 +0G22
Eun 1) - 1 inch Zed
0 4e5 —— '.1612
3 3.5 13,3 .1925¢
G 34 17.5 «1553
2 3ot ‘ 15.4 150
12 3.4 11.3 '. 277
15 3¢5 15.5 ——

*.otc: These samxples developed blow holes

durins heat up and arc aiscarded.



.uan ;1% (conbte) = 1 inch bed

N
\J1

i, IR Coniymeate ot ihy
13 5e3 10.3 «0c2l
2l 3.2 7.8 eUvLl
el 3.2 7ok oLl
27 3.2 ©.8 0231
390 3.1 73 00523

Fun #20 « 1 inch Ped (Silicone treated tuves)
o 4.3 — 112
3 4.0 19.7 eli322*
6 3.9 13.0 «1275
2 2.3 156.4 el152*
i2 3¢5 18.1 U357
15 36 12.3 DS ¥
13 Sed 73 UG
21 LIS 8.0 «0730*
24 Ded 7 e2 0525
27 3eD Gel «U513*
30 Sed 540 ey
33 3«5 75 oUAL
36 3¢5 52 oCo%
33 34 5S4 L03532*
42 Selt 4.8 L1l

*Samnle tubes treated with silicone greass.
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AR _prit. “ 1. T
0 5.5 - e 230D
3 4.4 10,8 1715
6 4.0 E.6 1313
9 3.9 73 11745
12 39 De¢5 ol 10
15 3.9 5.2 o Ot
13 Je5 4.5 #1350
21 %45 4.5 1835
24 55 4,2 « 0015
27 345 Dot o7t
50 3.5 5.8 001
33 3¢5 6.6 o CLL/
35 3.5 5.2 e CGL2
37 3¢5 6.9 «0245
42 3¢5 5¢5 «C214

Iote: Cn heat up of the ted, the entire bted railsed
from the hot surface about an one quarter iuch. Tlic Bone
ples seemed to be riding on a cushion of vapor as each
tute would settle a fraoction of an inch when the toings
were put on to remove the sancles This run is tyoical

of the runs whilch were discarded for thils rsason.



144

¥q1
cot
321
cel
04T
9T
381
£81
£8T
£81
¥81

vl 041
YA a3t
g4t 130 ¢
IAA S 881
eeT 26T
481 86T
¥61 £03
¥61 {41
gel S{e14
a8t ecs
ect 8Co
861 S0d
961 g03

dg = sanjexaduwag

[XA ¢
Csl
1451 8
681

081
86T
¥03
803
(8}
0) €
(0] K-
) ¥
ote
o012
(e} X1

) €

ota

8291

c ¢ og
g2 ¥
g°e 23
g2 ca
g°c 81
e°e 9T
y°< 148
L A et
vee ot
9°2 13]
8°2 o
8°¢ ¥
82 3
A 4 0
—IMex . oid

sInssANg UL}

Pag Youy [ ~ Sof umy



091
14°2 ¢
got
a9t
1°3:) 8
991
991

891
3°] ¢
(4:2¢
1 4:) ¢
LT
[FAS
gLt
84T
84T
84T
64T
6.1

$9UOUT = 03014 9A0qQy 3UFTaY

do = sxnj3Baedmay

691
0Ll
(A ¢
-7 ¢
6.1
£8T
881
g6t
86T
1413 4
061
g6t

&1
64l
181
¥81
881
£61
661
€02
203
403
403
902

0]

€81
14421 8
481
081
681
10¢
903
603
o12
ot3
ota
603

881
oet
15(:1 ¢
961

409
(4} ¢
ote
0ot
o012

(0}
(0} €

04£0°
¥c¥0°
£6¥0°
¥3380°
£480°

-

L180°

1414150 O

cyot’

g ¥3
g°e 02
g°'e et
3¢ o1
g 4 ¢
9°¢ et
9°¢ 01
9°C 8
L 9
L e 1 4
8¢ ]
8¢ 0
=~¥sq . TdtE

sansseIy SuUTL

Peg youy [ = 34 uny



Dun 24 - 1% inch Ded

Loegser olzoure

Pine Iressure Condensate Aot Hci;ht Sl
“ing,  mMoi-, -1, MUY in, ol

0 545 ——— «2130 ¢0025 == ¢10)2

¢1u75 = 01J 5

‘)() — l(--o-)o

.6.?5 - 0(-) )O

.\r<5 -~a .d':‘.’jo

lclﬁs - .JQJO

16575 == 4200
3 4,0 17.2 «1635
5 4,0 15.4 1502
9 4,0 15.3 1258

12 4.0 179 #1403 00025 w= 41072

..L J/) onen Qllj?

o/r,'“) Lt .ZL:.."/B

0CZD  we 410557

'S me g 1457

1.125 - 410510

1,575 = 01503
15 3¢9 12.0 «1123

13 37 17.0 1271 125 == ,1517

375 wmew 41253

.625 - 1255

ol7D == 41303

l..!.dS “oan 01145

1,575 o= (1343
1 Z7 15,2 «0370
24 2.6 15.3 «C707
27 246 15.0 o044
50 3¢5 11.” «C533

33 2.3 7ot «O42
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Dun 25 = 1% 4inch B2

_ Layer "olsture
Tiue Iressure Condensate “Yater Heisht {otop

[1in,e neie, =1, R i1ie roy oand
0 4,5 — 017260 00025 w= 1336
01375 == ,1935
e 37D == 41332
0025 wmwm 42170
13125 == J1045
14375 == 1746
5 4.5 44,5 «1G05 0025 == 1403
ol;?j - .l;(.)#'
0575 == 41703
W05 == 41575
1.3125 w= (1373
L4375 == 13552
13275 == L1212
75 e G122
0025 e G145
875 e= 41353
1ol == J1553
1,375 == 1237
e137/5 we 41150
o375 == @ldUc
«02D  we (1530
875 == G142
1,125 = 143D
20 4.7 21.0 1243 20025 == ,1013
01375 ma 41350
¢500  wam 41530
875 mm o115
1.12) == ,1111
1,375 == ,1092
1375 wm 410656
e375 == 41162
02D w= olub7
14125 == 41187
1.375 == ,1213
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Run 25 (conte) = 1% inch Bed

Layer loisturs
Tia2 tressure Condensgate _IMater  Ileight .wimr
nizn, pzise mle %ugx o aud i-, .

5*‘) 305 2302 +0880 00625
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104375 hannd 921}70
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01575 R .l? J«..
0375 == #1721
0025 == 1570
08‘75 had .l l
1.125 == .1733
L4375 a= 01"75
01575 - 01102
0375 - 011‘\41
0D == o140l
o875 w= 1443
1e125 == ,1255
1,375 == 41202
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2un 23 (cont,) = 1% inch Bed
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PRESENTATION OF DATA

Four to six runs with glass tubes for moisture
samples, were used to determine drying rates for each
bed thickness. Each run was plotted on a moisture-time
graph. The slope of the constant rate period was deter-
mined by the method of least squares. Plots for each
bed thickness were correlated to obtain similar mois-
ture content at zero time. The correlated data was plot-
ted on a composite moisture-time graph for each thickness
(Graphs No. 1, 2 and 3). The method of least squares
was again used to determine the slope of the constant
rate period. The curved portion of each plot was drawn
in such a way as to represent the average of the points.
Drying rates for each bed were calculated from these
graphs, using the slope or dw/d9 to represent the rate,
at any instant. The rates were plotted against moisture
content on graph No. 4.

Heat transfer coefficients were calculated from the
amount of steam condensed and were plotted against average
moisture content for each bed (Graphs No. 5A, 5B and 6A).
A smooth curve was drawn through the points with a straight
line to represent the average of the points during the
period of constant hot surface moisture content.

Four to six other runs with iron-micarta sample units

49
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were used for each bed thickness to determine layer
moistures., This data was grouped for each bed, in such
a way that samples of similar composite moisture con-
tent were averaged in two per cent moisture intervals.,
(For example: all samples between 14 and 16 per cent

were grouped in one interval)., These groups were all
plotted on individual layer moisture content-height a-
bove plate graphs. A smooth curve was drawn through the
points. This was repeated for each group and the smoothed
curves plotted on a composite layer moisture-height above
plate graph (Graphs No. 7, 8 and 9). The moisture con-
tent of the layer closest to the surface and the mois-
ture content of the layer of maximum moisture were plot-
ted against composite moisture for each bed (Graphs No.
10, 11 and 12).

Heat transfer coefficients were plotted against hot
surface moisture contents (Graph No. 6B). These values
were taken at the same average moisture contents.

Two to four tests were made to determine tempera-
ture distribution within the beds. Temperatures were
plotted against height above the plate at various mois-
ture contents (Graphs No. 13, 14 and 15).

A special plot showing the difference in drying
times between the iron-micarta units and the glass units

was shown by graph No. 16.



Graph No. 1
Moisture Content vs. Time
% inch Sand Bed
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Graph No. 2
Moisture Content vs. Time
1l inch Sand ERed
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Moisture Percentage — MNry Basisz

Graph No. 3
iolsture Content vs., Time
1% inch Sand Bed
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Graph No. 4
Drying Rates vs,
Moisture Contents
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Graph No. 5
Heat Transfer Coefficients
vs, iloisture Content
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Graph No. ©
Heat Transfer Coefficients

Moisture Content
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Layer Moisture Fercentage - Dry Basis

Graph No. 7
Layer Moisture vs.
Height Above Plate
% inch Sand Bed '
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Graph No. 8
Layer Moisture vs.
Height Above Plate
1 inch Sand Bed
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Graph No. 9
Layer lloisture vs.
Height Above Plate
1% inch Sand Bed
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Graph No. 10
Layer Moisture vs,
Composite Moisturse
% inch Sand Bed
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Graph No. 11
Layer lMoisture vs,
Composite loisture
1l inch Sand Red
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Layer loisture vs,
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Graph Ilo, 13
Temperature vs., Height
Above Plate
% inch Sand Bed

SR e

Temperature - °F

X /46 to 6%

200+ N\

180} \
.//5% Moisture
~N
~N
N

170-—\\ ’
160{- \ \ % \
1504~ \
140 J | | ] |

o -10 .2b .30 .“&O n% ’

Distance From Hot Plate - Inches



Temperature - ©OF

Graph Lo. 14
Temverature vs. Helght
Above Flate
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Graph No. 15
Temperature vs, Height
Above Plate
1% inch Sand Bed
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Graph o, 16
Moigture Cortent vs. Tine
1}2 inch Sarxd Ted

(To illustrate discrepancy in
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Hot Surface Layer Moistures

The hot surfaée moisture content approached a
constant value during constant rate of drying (between
approximately 8 and 16 per cent moisture), for each bed
thickness studied. A constant value of moisture content
was also observed for the layer one-eighth' of an inch
above the plate, for moisture contents corresponding to
the constant hot surface moisture contents. Maximum
moisture contents within the bed were observed at heights
approximately 40 per cent of the total bed height above
the hot surface. Table A lists these values as obser-
ved from graphs No. 7, 8, 9, 10, 11 and 12.

TABLE A

Bed Hot Surface Layer Moisture Distance From
Thickness Moisture 1/8" Above Plate Plate to Maximum

inches ﬁﬂater #Nater Moisture
Dry Sand Dry Sand inches

¥ .158 «136 «1875
1 122 122 «375
1% .102 «110 .625

The hot surface moisture content and the distance
to the maximum moisture content for the three beds were
inversely related; namely, the hot surface moisture con-

tent increased as the distance decreased.
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It has been explained in the literature that the
hot surface was supplied with water by the small capil-
laries. The resistance to this flow of water would be
largely determined by the length of travel in these cap-
illaries; assuming the viscosity of the fluid, the num-
ber and diameter of the capillaries and the friction
per unit length of capillary remained fairly constant.
From this, it would follow that the greater the length
of the capillary, the greater the resistance to the flow
of water. This explained why the moisture content at
the hot surface of the one and one-half inch bed was
less than the moisture content at the hot surface of the
one inch bed and also why the moisture content at the
hot surface of the one inch bed was less than the mois-
ture content at the hot surface of the one-half inch
bed.

As mentioned in the chapter on Equipment and Proce-
dure, the resin in the micarta bushings used to measure
the layer moistures broke down at the temperatures used
for this study. This resin deposited a thin film on
the hot surface, impeding heat transfer. This meant the
temperature drop across the film at the hot surface was
greater for the iron-micarta units than for the glass
sampling tubes. As observed previously, the deviation
in drying rate increased with time. It followed that

the greatest deviation resulted from the samples that
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were in the bed the longest length of time and this is
substantiated by graph No. 16. Since this deviation
increased, the heat transfer decreased for the iron-
micarta units and the effective hot surface temperature
also decreased.

Ludt observed a decrease in hot surface moisture
content with an increase in hot surface temperature.
Therefore, the error that developed using micarta bush-
ings increased the measured hot surface moisture content
for the longer runs; namely, the one and one-half inch
bed. For this reason, the true value of the hot sur-
face moisture content would be expected to be even lower

than recorded.

Drying Rates and Heat Transfer Coefficients

The drying rate of the one-half inch bed was the
highest.of the three beds studied. During the constant
rate period, the rate dropped when the bed thickness was
increased from one-half inch to one inch. No significant
rate change was observed when increasing the bed thick-
ness to one and one-half inches,

The heat transfer coefficients during the same peri-
ocd were also greater for the one-half inch bed. Table B
lists the drying rates and the heat transfer coefficients

for the three beds as observed from graphs No. 4, 5 and
O6A.
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TABLE B
Bed Drying Rate Heat Transfer Coefficients
Thickness Wate BTU 2
Inches Hr,-Ft®s Hr.- “F - Ft.
% S.4 355
1 3.3 245
1% 3.3 235

The higher heat transfer coefficients for the one-
half inch bed indicated a greater heat transfer for that
bed. The reason for the increased heat transfer, might
have been due to the area of the wetted surface at the
hot surface. Graph No. 6B showed the heat transfer
coefficient increased as the hot surface moisture content
increased. It also showed that at low moisture contents,
the heat transfer coefficients became fairly constant.
Therefore, a partial explanation of the increased drying
rate for the one-half inch bed would be the result of
higher heat transfer coefficients due to a greater area
of wetted surface at the hot surface.

However, other factors also entered into the rate
of drying. As observed from the data of the one inch
bed,lRun #21, lower heat transfer coefficients and slow-
er drying rates occurred when on heat up to the constant
plate temperature, the bed rose from the plate. During
the course of the tests, it became evident that the one inch

bed was the most difficult to keep from rising.



During heat-up, the one-half inch bed rose from
the edges near the ring, the vapo:.escaped and the bed
commenced to dry normally. The oﬁ; and one-half inch
bed had to be punctured a few times to allow the ex-
cess vapor to escape and it too settled down to normal
drying. However the one inch bed, even though punctured,
persisted on rising from the plate., At times, as with
run #21, the entire bed appeared to be fiding on a cush-
ion of vapor. This vapor decreased the heat transfer
coefficient and slowed down the drying rate. Perhaps,
this strange phenomena was responsible for the drying
rates of the one inch bed being as low as they were.

The average vertical deviation of experimental
points from the moisture-time'curves showed that data
for the one inch bed deviated the most., Table C lists
the maximum deviation and the standard deviation for

the three beds studied.

TABLE C
Bed Maximum Deviation Standard Deviation
Thickness # Water J ¢ 53
Inches #Dry Sand é = X ; X
¥% 0205 0095
1 .03%70 .0163
1% .0425 .0152

Although, the critical moisture content was very
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difficult to pin-point for the three beds, it appeared
to vary with thickness, as observed from graphs No. 1,
2 and 3. The critical moisture contents appeared to oc-
cur around four, six and seven per cent for the one-half,

one and one and one-half inch beds respectively.

Sand Bed Temperatures

Sand bed temperatures were shown by graphs No. 13,
14 and 15. It was necessary to determine the tempera-
ture of the sand at the hot surface, to calculate the
heat transfer coefficients. These temperatures were de-
termined by extrapolating the temperature vs. height a-
bove plate graphs to zero height. This showed that the
temperature of the sand at the plate surface was 210°F
for all three bed thicknesses during the constant rate
period. The temperature distribution was similar for
all three beds, although, the open surface temperature
of the thinner beds were the greatest. These tempera-
tures reached a constant value during the constant rate
period. However, when the critical moisture content was
reached, the temperatures throughout the bed started to
fall off sharply.

Retford reported slightly different results; namely,
higher heat transfer coefficients, higher drying rates

and temperature distributions. The only difference in
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the equipment used for this study and his study was
the thickness of the hot surface plate. The three-
quarter inch plate used by Retford was turned down to
one-quarter inch. It was inconceivable that the fhin-
ner plate made this difference, but perhaps the condi-

tion of the surface was different in the two cases,
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CONCLUSIONS

The highest heat transfer coefficients were obtained
with the one-half inch sand bed.

The greatest drying rates were obtained with the one-
half inch sand bed.

The higher heat transfer coefficients and greater
drying rates with the thinnest bed. appeared to be
the direct result of the greater area of wetted hot
surface.

The critical moisture content appeared to vary with
bed thickness; the thinnest bed had the lowest criti-

cal moisture content.
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Sample Calculations

1. Drying Rate - The drying rate was expressed
in pounds of water evaporated per square foot of area
per hour. It was obtained by multiplying the slope of
the moisture content-time line by the density of the
sand, the height of the bed and conversion of time (min-
utes to hours).

R = m'hlo (60)

For a slope of -.00425 for the 1) inch bed, deter-

mined by the method of least squares, the drying rate

would be:
R = (0.00425) # Water - (0.125) % <
# Dry Sand - min.
(102.6) (60) min. 3,27 # Water
X —r =
fto ¢ HI‘.-ft

2. Heat Transfer Coefficient - The heat transfer
coefficient was expressed in BTU.'s per hour per square
foot of area per degree Fahrenheit. It was obtained by
dividing the heat transferred per unit area by the tem-
perature drop across film at the hot surface, according
to the following formula: H = Qaﬁbt

The heat transferred per unit area (Qa) was calcu-
lated by determining the amount of heat given off by the

milliliters of steam condensed per unit time.
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Q, = €0 °Fva
Ap

Qa for an interval when 39.2 milliliters of steam

condensed and was collected in four minutes would be:

hr. 4 min. x ml.,

Qa = 60 min, x 39.2 ml. 0.00211_# x 958.6 E%H
2 =

0.30656 ft.
2

3,880 Btu./Hr.-ft.

The temperature drop across the film at the surface
was determined by subtracting the extrapolated surface
temperature of the sand from the plate surface tempera-
ture. The surface temperature of the sand was determined
by extrapolating the plot of bed temperatures (Graph No. 13)
to zero height above the plate surface. The plate tem-
perature was constant at 220°F.

Therefore, H = Q /ot =_3,880 Btu,/Hr.-ft.°

- 3
- %88 Btu./Hr. -ft.°2- °F.
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Nomenclature
Ap - Area of plate over funnel (ft.a)
c Milliliters of condensate per time (ml/min.)
h Height of Bed (ft.)
H Heat transfer coefficient (Btu./hr.-ft.z-oF)
HV Latent heat of vaporization of steam (Btu./#)
m Slope of drying curve (#Vater/#Dry 3Sand - min.)
Py - Density of sand (#/cubic foot)
Py — Density of water at 2129F (#/ml.)
Q Total heat transferred by steam (Btu./hr.-ft.2)
Rate of vaporization (#Water/hr.-ft.a)
At - Temperature drop between plate and sand ( °F)
e Time interval (min.)
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