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ILT20DUCT ICH

The purvose of this study lies in an attemdt to secure a
better understanding of the mechanism of drying on a hezted surface.
This paner has been limited to the investigotion of the factors and
mechanism involved in the orocess of drying sand on a heated olate.

Drying itself is nerhuos one of the oldest unit orocesses
used by man. de has used it in the drying of hides, foods, clay-
ware, etc., throughout the azes. Although drying has a2 loag history,
serious studles into the mechanism of drying have been left to recent
years.

As a orocess in our oresent dcy world, it occurs in meny of
our chemiczl and industrial operations. Drying is a orincioal
ooerztion in the manufucture of reyon, celloohane, »igments, dyes,
insecticides, fine chemicals, textiles, lezther, wood products,
ceramics, dried foods, soap, and nader (5). 4as a principal opera-
tion or some vart of a »rocess, drying can be an ajoreciable fraction
of the total investment and processing cost.

i{any studies have been advanced in an effort to determine
the mechanism znd controlling fuctors involved in drying in a
hooe of better understanding. Emoirical equations (8), diffusion
equations (5, 14), vaoor oressure equations (5), suction equutions
(2, 7, 8), and/or casillary flow equations (2, 7) are used in an
attemdt to use known data in the develoorment of driers or to

determine drying conditions. A consideration of the many different



oroverties of solids should lezd one to rezlize thot no one simole
mechanism could be used to predict the movement of moisture and
vayor in a solid during the drying »rocess.

To dzte most of the work done tow:rds deteraining the
mechznism of drying has been done in the field of air drying (8).
Soime work has been done in the field of infra-red, dielectric,
and heated surfices crying. These last three methods of drying do
not seem to have been covered to the extent as has air drying.

Sone worx on the drying mechcnism has been sublished or
written in the field of drying ja)yer oulo on heated surfcces (5, 12).
Lewis, icidams, znd Adams (4) anzlyzed daoto obtuined on the drying
of vaner oul> on drum driers. Sherwood (10) oresented a means of
calculztion of the influence of heat inflow through nondrying faces
on the rate of drying. Stucey (13) and Sherwood and Cummings (11)
have renorted and discussed dotz on the drying of various meterials
in oans, a method which is similar to drring on heated surfaces.
But little work seems to h:ve been sublished dealing with the
mechanism of drying grenular solids on heated surfeaces.

Kirschboum (3) has sresented miterial on the theoretical
nrinciples of evajsorative drying with hezted surfices. ie developed
basic equations and relcted them to the liollier diagram of enthaloy
versus moisture content. XFurther analysis of his work hazs not
been presented for the lacik of a trrnslction of the article.

McCrezdy (5) has osro:osed two general cases for the drying

of a wet slab on a heuted surface.



Cise I A continuously decreansing temserciure grodient
extends from the hot surfzce, throuzgh the slab
to the drying air.

Case II The tenierature gridient between the hot suriuce
and the drying =ir osasses tarouh a mininun temo-
erature in the slib cnd increases to the temieruture
of the hot surfuce wnd dryiag -ir.

Exoverimentzlly he hus dried sager oul . under the conditions of
C.se I znd Cuse II.

Under Cuse I drying, during the time of constant drying,
loc=l teijeracture in the slab renained constent until « critical
moisture content was adsroached, @nd then the temveratures de-
creased.

In the falling rate weriod, a zone of vudorization which
was originally formed beneath the closed face of the slab advanced
toward the ooen fuce. Between this zone of vaoorization and the
oren fzce, there was a free weter zone. In the first part of the
felling rate, the temoeratures in the slab decrecsed with & de-
creasing temverature gr-dient, znd the temser:iture difference
between the hot surfice znd the slcb increzsed. In the lotter
pert of the falling rete neriod, there wes an incre.sing temoera-
ture difference across the zone of vaoorization with a decreasing
temneruture difference between the hot slate o«nd the interface.
In the zone of free water the temverzture difference decreased.

Under Case II drying, the drying »rocess was similar to
that in cuse I excent th.t there were two zones of vajrorizztion:

one storting at the closed fuce and the other stirting at the

even fice of the slab. These two zones of vaoorizztion moved



towards each other througchout the falling rate veriod.

kicCre.dy also mude a study on influencing factors and con-
cluded that the factors tnut have the grectest influence on the
rate of drying of daser are the temjerature of the hot surf..ce and
the thickness of the ja-er. The tem.erature of the drying zir has
little effect on the rate of drying, 2s most of the heat reguired
for the drying »rocess is suo:lied from the hot surfzce. Changing
the relative humidity of the air has little effect on the rzste of
drying sroviding the difference between the hot surface and the
drying air temneratures is lurge.

Pearse, Oliver, and Newitt (8) agree that during the con-
stant rate veriod drying takes nlzce at the exyosed surface and
is a function of the diffusion of water vasor throuizh the zir film.
They apoly emvirical relationshios waich are found to hold for
the evaporation of water fromn free surfuces.

They hold that the forces which are likely to affect the
movement of free water in a solid are those due to grovity,
friction, convection, and carillarity. The relative magnitude
of these forces devends uson the stfucture of the bed and of its
comyonent parts, and upon any fictors which mey cause a change
in the Jshysicel properties of the water such as temperature. 4also,
if the bed is exvosed to a temverature gradient, movement of water
by distillation may occur. Any unbalanced osressures would in
effect cause a movement of water.

In a contimuation of Ceaglske and Houszen's work (2), Pearse,



Oliver, and Newitt have summarized the following conclusions as
to varticle size «nd controllings forces as a result of their ex-

perimental work in air drying:

Particle Size (en.) Forces Controlling
10-1 Gravitational and Caoillary.
1072 Gravitational and Cavillery.
10:? Canillary.
10~ anillery.
10_5 Canillary and Frictionzl.
lO"6 Caoillary and Frictional.

dWhile the work of Pearse, Oliver, znd liewitt (8) is more
asdlicable to relutively course granular solids; Oliver and Hewitt (7)
continued the work with beds com.osed of fine oarticles. They
czrme to the conclusion from the work with fine «nd relatively cocrse
grznular solids com:osed of non-vorous particles that the moisture
moveanent is governed by the structure of the bed. There is a
distinction of beds into two ci.tejories, namely (1) beds in which
the moveuent of moisture is controlled solely uy capillary forces,
and (2) beds in which the czoillary forces are limited by vuooriza-
tion within the vores and moisture movement is largely o vaoor
diffusion. A third classificctioa might be made in which the
structure of the ved is such thet, under one set of conditions,
cadillary forces are controlling and, under aznother set, va»sorization

effects become »ronounced.
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EXPLAIEITRD PA0CLDU L

The s:nd used for the solid c:me from sandy l:oke deds near
Cuoro, sichigzn. Yhe screen sznalysis with st..nderd screens was &s

follows:

Screen -o. Cwmletive vercent ret:zined
40 5.4
60 33.5
100 33.0
200 96.9

The sand collected on screen lio. 60 was used for this study. This
would nluce the dizmeter of the nurticles bpetween the limits
0.25 - 0.42 mn.

About one und seven temths of a pound of 40-50 sand wes
weighed out on a beam balance. To this sand was adéed enough
water to bring the total weight to two pounds. This nlaced the
originzl moisture content &t avoroxinctely 15 oercent.

In the first series of runs when the >lute temjerature was
below the boiling noirt of water, the water wdded wes et its
boiling point. The surcose wis an attemHt to reduce the tine to
heat the s. »le to a constint drying rute.

“he sand and w.ter were mixed thorouchly tosether. The
i1ized send sample was then »nlaced ia = mold consisting of an anmular
ring for the sides cnd a sheet of clezr »lustic for the bottom.
The ring wzs one inch hi h ond hed an intern.l dia:.cter of seven
inches. The ring was made of gulvanized iron sheet. Yhe deoth

of the sand in this mold w. s 0.75 inches.



The sand in this mold wzs taen pluced on & heanted .lcte,
and the olastic sheet was removed. A brass ring with an one inch
internal diazmeter, 1.5 inches externul diameter, cnd two legs
1.5 inches long, holding six theruocouvles evenly svaced around
the ring, was olaced in the middle of tre sand slab.

These thermocou.les, Leeds wnd liorthruos, o. 20, covser-
constentan, duslex, glass insulated, were spaced 1/16, 1/3, 5/15,
1/2, 11/16, and 15/15 inches from the heated nlete. The thermo-
cousle 15/16 of a inch from the plate wos 3/16 inches from the
ooen or top surface of the sand slad. Its ourjose was to give
one some idea of the tenvercture of the zir layer above the surface
of the slab.

An electric hot .late was used as the source of heat. It
was connected through three variable rheostuts so thit the temdera-
ture could ve controlled throughout a run.

Two circular steel olates one foot in diameter and ewch
one 0.75 inches thick were sliced on the hot :late. IThe steel
slates were used in hones to zet & detter distriovution of heat.

“he electric >late itself was sudject to hot ssots, and the steel
slates placed upon it were un zttem t to remove tais fault.

Six thermocou.les were .luced hoelf way between the two fuces
of the toy two circular slates. One was at the center, =nd the
others ¢t a disti.nce of 1, 2, 3, 4, snd 5 inches ressectively cwey
fron the center. A seventh thermocou:le was nlaced zbout 1/15
of an inch from the to» fuce end sbout one inch from the center.

These thermocousles were also Leed and iiortaru», wo. 20,



cosyer-constuntan, duslex, and glass insulcted wires.

All tnermocousles were conmnected throuch throw switches
to & Leeds and :lorthrus notentiometer using an ice solution «s
the cold Jjunction.

Fron a series of sreliminary runs, it wuas observed thet
the temuerature dro» in the steel :late and in the sand ot the
szme level from the center to the outside edges was within one
degree F. zt temverztures u> to as hish as 250 degrees F. As this
temserature ¢ros across the diumeter of the steel :lote =znd scond
was smell, it was not considered necessury to t:ike the tem erature
at vorious dist:nces from the center. So the tenseratures re-
corded both in the steel >Hl:i:ite and s:nd bed were from the center,
and these were consicered to be the averige tex:erstures through-
out the oslate and s.nd slab.

Yo orotect the drying slcb from wir currents wnd to hely
set up naturel connection curreants, the c¢rying aodaritus was shielded.
This shield extended 14 inches zbove the drying surface. This was
done in nhooes thaut it would lecd to more uniform results.

An one inch internal dizmeter cosoer tube machined down
to & wall thicikness of 0.031 inches was used to tolte szmnles.
Samles were tcken ot various time intervzls oy drop:ing the coover
tube down through the s:ind bed then renoving it with the san:le
within its shell. %<his sin le w.:s then divided into 1/3 of an
inch loyers, and wut into oreviously weighed weighing bottles.

This orocedure was reduced to a minimum time, znd the tine involved



aversged cosroximztely two minutes.

These weighing bottles with the sand som les were then
weighed ¢z¢in and slaced in 2n oven kedt at 240 desrees I'. for
an overnight veriod. The weisning bottles were removed, 2llowved
to cool, and weigzhed the fincl tine.

To hels determine the possidle migration of water in the
sand ved during the dryinz >rocess, a five vercent sodium chloride
solution was used in Runs 23 and 24, and a two cercent solution
was used in Run 25 &s the moisture mixed with the sand. Samoles
were tuken in the srevious way. after the drying and final weigh-
ing, the scmoles were mixed with 50 ml. of distilled water to
dissolve the NzCl.

Hohr method for the determinction of chloride was used to
determine the chloride content in each szmole.

Temoerztures &nd moisture content were all recorded against

time and cyzcinst the distince from the heated surfice.
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TABLE - I
Run 12.
Time Percent hoisture Content -~ Gms. Water Total
min. Gms. 5, D. Sand Aver.
Distance from Plcte - Inches
0-1/8 1/3-1/4 1/4-3/8 3/8-1/2 1/2-5/3 5/3-3/4
90 15.7 15.1 15.8 15.5 15.9 15.4 15.9

No temoerature grzdient was imoosed usoa scnd. It was

allowed to stend for 90 minutes before sandles were token.
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Lasii - II

Run 13.

Pressure 74 m.oa.
Room temverazture 82°F,
Wet bulb temoerature 699,

Tine Temoerature - °F.
min. Plate Distance from Plate - Inches Air
1/15 1/3 5/15 1/2 11/16 15/16
0 195
1.5 130 147 152 129 118 112 92
5. 178 157 154 144 134 126 102
10. 179 150 158 143 140 132 114
15. 179 161 158 143 140 133 114
30. 178 160 158 150 142 134 117
Lo, 180 162 160 151 14 135 113
Ls, 181 153 151 152 144 1356 119

60. 182 154 152 154 146 137 122
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TABLE - III

Zun 13.

Pressure 744 mm.
Room tenverature 82°F.
Wet bulb temnerzutre 59°F,

Tine Percent lioisture Content -_Gus. :oter Totel
min. Gns. 3. D, sond Lver.
Distance from Plate - Inches
0-1/3 1/8-1/4 1/4-3/3 3/3-1/2 1/2-5/8 5/3-3/4

15 12.7 12.71 12.3 11.6 11.43 11.44 12.03
30 9.02 9.60 9.34 9.62 9.53 9.70 9.47
L5 5.72 7.05 7.03 7.35 6.92 7.30 7.13

60 3.78 4,26 4.18 L.33 L.32 3.77 4.11
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Run 14.

Presgsure 742mm.
Room temoerature 90OF,
Wet bulb temverature 78°F.

~

Time Temnerature - °F,
nin. Plzte Distance from Plate - Inches
1/16 1/8 s5/15  1/2  11/16 15/15

0 195

1.5 173 152 147 135 126 119 100
5 178 160 156 143 139 131 111
10 173 161 160 152 144 135 118
20 177 164 160 152 144 137 124
30 178 164 160 152 145 1356 121
50 179 154 161 153 145 137 121
60 173 164 160 152 145 1356 121
70 176 162 150 152 144 135 120
80 176 154 161 154 147 133 123

90 179 157 154 149 143 136 122
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Tasia V
dun 14,
Pressure 742 mm,
Room temoerzture 90° F.
Wet buldb temvderature 78° F,
Time Percent ioisture Content - Gns. Jcter Total
min. Gms. B. D. Sand Aver.

Distence from Plate - Inches
0-1/8 1/3-1/4 1/4-3/8 3/8-1/2 1/2-5/8 5/3-3/4

0 19.9
30 10.20 11.02 10.25 11.30 11.40 10.40 10.76
60 4.20  4.43 5.47 5.40 5.10 4,95 4.93

90 0.135 0.40 1.82 2.10 0.35 0.85 334



TaBla - VI
mun 15.
Pressure 735 mm.

Roon temnerature 399,
Wet Bulb temperzture 77°F.

Time Tenserature - °F,
min. flzte Distance from plzte - Inches Air
1/15 1/3  5/16 1/2 1/15 15/16
0 192
1.5 175 153 148 135 125 119 100
5 175 151 157 143 138 128 109
10 176 162 159 150 142 134 117
20 174 152 159 151 142 134 120
30 175 152 159 151 142 132 113
Lo 177 154 160 152 142 134 1183
50 176 153 150 152 143 134 122
60 175 162 150 152 142 132 118
70 174 152 159 152 143 134 120

80 176 153 157 150 11 132 120



17

Run 15.

Pressure 735 mn.
Room temverzture 89°F,
Wet buld temorerature 77°F.

Tine Percent iloisture Content - Gas,. ‘Woter Total
min. Gnas. B. D. Sand Aver,

Distance from Plate - Inches
0-1/8 1/3-1/4% 1/4-3/8 3/8-1/2 1/2-5/3 5/3-3/4

0 20.3
20 12.90 10.50 11.00 12.50 13.10
40 10.40 5.77 8.25 8.3% 8.15 8.32 3.33
60 k.02 L4.40 L.47 1.70 L L7 1.04 3.35

30 0.78 1.70 1.74 1.54 0.45 0.27 1.08
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T.3LE - VIII
Run 16.
Pressure 729 mm.

Room temnerature 83°z.
Wet buldb temverature 77°F.

Time Tempercture - °F,
min. Plate Distance from Plate - Inches Air
1/15 1/8 5/15 1/2 11/15 15/16
0 183
1 174 144 138 125 116 109 95
5 172 156 152 142 133 125 105
10 172 157 154 146 137 120 109
15 172 158 155 145 138 130 113
25 172 159 155 147 139 130 115

30 173 159 156 147 140 132 115



Run 15.

Pressure

Ta3lo - IX

729 nm.

Room temnerature 83°F. o
Wet buld temderature 77 I.

Time
min.

15
17
30
33

Percent lHoisture Content - Gms. Water
Gus., 3. D. Sand
Distance from 2li:te - Inches

0-1/8 1/8-1/4 1/4-3/3 3/3-1/2 1/2-5/8 5/3-3/hk

11.50 10.40 10.50 11.00 11.50 12.30
11.50 10.80 10.60 10.50 10.80 11.50
8.756 9.14 9 .45 9.43 9.40 10.00
7.71 7.80 3.50 3.50 8.90 9.02

19

Total
Aver.

14.2

11.22

11.12
9.3%6
8.41



Run 18.

Pressure

735 mm.

Room temperature 73°%.

Wet bulb temnerature 70°F.

Tine
min.

0
0.5
2.5
5.0
10.0
20.0

25.0

4508 - X

Temperzture - F.

Distance from Plate - Inches

1/15  1/3  5/15 /2 11/13
151 54 132 112 102
177 173 1358 138 123
135 131 157 149 130
139 135 172 153 135
138 185 172 154 136
133 185 173 154 136

20

Air
15/15

33



TaBLE - XI
dun 18.

Pressure 736 mm.
Room temperzture 78°F,
Wet buldb temperature 70°F.

Tine Percent ioisture Content -_Gms. Water
min. Gms. B. D. Sand
Distance from Plate - Inches
- 0-1/3 1/3-1/% 1/4-3/8 3/8-1/2 1/2-5/8 5/8-3/4

11 10.30 10.30  10.20  10.50 10.70 10.20
13 9.80  9.60 9.97 9.80  9.77 9.75
27 4.83  5.30 5.50 5.58  5.50 5.20
29 3.75 40 L.s3 k.50 474 b.35

21

Total
Aver.

10.72
9.73
5.34
.45
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Da3IE - XII
fun 19.
Pressure 733 mm.

doom temoersture 79°F.
Wet bulb temverzture 67°F.

Time Temmerzture - OF.
min. Plate Distence from Plate - Inches air
1/15 1/8_ 5/15 1/2 11/15% 15/16
0 237
1.5 203 175 159 154 137 125 101
5 209 185 180 165 154 141 112
10 209 133 133 170 158 1446 120
15 208 183 134 171 160 148 124
20 209 190 135 174 162 150 125
25 210 192 133 175 154 150 127
30 212 195 192 130 156 151 122
35 221 134 130 170 150 149 125

) 225 175 172 164 155 145 125



DaB8lE - XIII
Run 19.

Pressure 733 mn,
Room temverature 79 F.
Wet bulb temderature 67°r.

Dine Percent loisture Content -_Gns. wWater
min. Gms. 8. D. Sand
Distance from Plate - Inches

0-1/8 1/8-1/4 1/4-3/8 3/8-1/2 1/2-5/3 9/3-3/4

0

10 11.4  11.6 11.3 11.2 11.20 12.8
20 7.35 8.25 7.67 3.3 9.02 9.5
30 1.93 k.01 b.34 4,72 k.22 4.95
40 0. 1.51 2.65 3.05 2.98 0.83

24

Totel
Aver.

17.1

11.58
8.35
4.03

1.84

At about 34% min. a samsle was tzken from the surface.

lioisture equaled .3 .
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7.3L3 - XIV
Zun 21.
Time Temperature - °F.
min. Plute Distence from Plate - Inches Air
1/15 1/8 /15 1/2 11/15 15/15
0 257
.33 240 176 155 14 125 115 102
2.5 223 194 190 174 155 141 110
5.0 221 201 197 183 165 150 117
10. 221 203 199 137 171 154 123
15. 222 203 201 1389 170 153 129
20 225 195 192 130 161 146 127
25. 229 130 173 170 153 145 127
30. 230 170 159 152 152 142 122
35. 230 135 164 153 143 136 122
40. 229 153 161 155 146 133 120
Pressure 740 mm,

o,
Roonm temoercture 32777,
Wet buldb temcerature 72°F.



TABLE - XV

Run 21.

Time Percent Moisture Content - _Gms. Water

nin. Gms. B. D, Sand

Distance fron Plate - Inches
0-1/8 1/8-1/4 1/4-3/8 3/8-1/2 1/2-5/3 5/8-3/4

5 9.8 9.1 3.85 8.7 9.7 9.95
10 5.9 7.15 5.3 5.4 5.4 5.8
15 L,2 L 45 4.3 4.32 4,11 4.13
20 2.12 2.82 3.01 3.04 3.1 2.83

0"
Pressure 740 .

Room terer-ture 87°%,
et bulb tem_ erature 72°F.

26

Total
Aver.,



Run 22.

Tine
min.

10.
15.

20.

Pressure

Rdoom temderzture
Wet buld terverature

214

744 mn,
82°F.

LB - XVI

Tennserature - °F,

Distznce froa “l=te - Inches

1/15 1/3 _ 5/15 1/2 11/15
180 171 153 138 128
195 190 174 159 142
201 196 131 165 148
200 196 183 154 145
197 192 180 151 145
192 189 175 156 142
177 174 155 152 140
158 166 157 146 131
153 160 153 144 127
151 158 150 143 124
158 155 148 141 126
154 150 140 137 121
158 154 143 130 124
150 1556 145 130 123
152 157 145 133 124
152 157 145 135 125

729%F,

27

Air
15/16

111

120

124
123
125
124
118
119
117
117
117
119
119
120

120
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TABLE - XVII

Run 22.
Time Zercent itoisture Content -_Gms., Wuter Total
min. Gms. 8. D, Sand Aver.

Yistance from flate - Inches

0-1/8 1/3-1/4 1/4-3/3 3/3-1/2 1/2-5/3 5/3-3/4

0 15.28

5. 10.2 10.3 10.0 170.2 10.5 10.8 10.35
10 5.95 5.3 5.7 5.3 6.55 7.0 6.55
15 L. 5.1 5.2 5.15 5.6 5.2 5.15
20 2.7 3.2 3.3 3.7 3.1 3.4 3.24
Pressure 744 mn,

Room temperature 82°7F.
Wet buldb temoerature 72°F.



Percent NzCl Dry Basis

Mo
-

15 - XVIII

Distunce from Ylote - Inches

1/3-1/4% 1/4-3/3 3/8-1/2 1/2-5/8 5/3-3/4

fun 23.
Tine
min.

0-1/8
0.
5. 4,940
10. 4 .430
15. 5.500
20. 5.950
Pressure

.215

739 mn.

1.039

1.3390

1.885

29

Aver.

1.337



Run 24.

Cime
mnin.

10.

15.

Zressure
Roon temlerature

Percent ¥all Dry 3Sasis
Distance from Pl te - Inches

Tasne - XIX

2.11

2.45

3.97

131

737 mm.
859,

Wet bulb temneruture

341
-255
143

154

30

Aver.

.705
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TABLE - X

Run 25.
Tine Percent haCl Dry Basis
min. Distance from Plate - Inches Aver.
0-1/3 1/3-1/4 1/4-3/3 3/8-1/2 1/2-5/3 5/3-3/h
0. .233
10. .397 .105 .0%4 .125 149 504
20. 767 L0445 .050 L0554 .079 .352
Pressure 733 nm.

Room temverature 83°F.
Wet buld temseruture 779,



Ta3nl - XXI

Aun 20.
Tine Temoerature °F.
nin. Slete Interf.ce Temn. Diff.
.5 228 170 58
3. 213 193 <0
5. 212 194 18
10. 211 193 13
15. 210 193 12
20. 211 2090 11
25. 214 202 12
30. 222 199 32
4o. 231 171 50
50. 233 150 73
65. 230 161 69

80. 227 169 53



Zun 22.

Tine
min.

75
3.0

10.
15.
20.
25.
30.
4o.
4s.
50.
55.
60.
70.

TABLE - XXII

Temoerature OF.

Plate Interface Tenn., Diff.
230 190 4o
215 195 19
218 205 12
216 203 13
215 202 13
216 195 21
217 130 37
217 170 274
215 153 52
215 161 Sk
215 158 57
215 161 54
216 153 53
214 165 L8

33
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DISCUSSION

There are three oeriods of drying: (1) a heating-up period
where the solid is being hezted to a constunt rute; (2) the constant
rate veriod during which the water is being vaoporized at a constant
rate, and (3) the falling rate neriod in which the drying rcte is
contimiously decreasing. Drying includes &1l three neriods oro-
viding that the criticzl moisture content has not been reached

before the constant rate is involved.

The Hecting-up Period

lloisture content was higher ot the bottom of the slab before
the slab wes olaced on the hot surfice (see Table I). In this
tyoe of distrioution, gr vititional forces were controlling, and
this zccounted for the greater concentration of water at the bottom
of the slub.

When the wet slab was olczced on the hot surfoce, flash
vasorization took sluce @t the interf:ice between the hot vlate and
the closed fuce of the sund slcb. There was a grewt deal of
veporization. In fact, the system fuinctioned as a »icked distillation
column. The vanor vassed up through the bed condensing as it
traveled. The use of sodium showed the effects of this heating-up
veriod. In zun 23, the orisincl sodium chloride content was
1.337 nercent. During the five minutes before a san)le weas t.ien,

the sodium was dedleted to an averzge of 0.575 vercent for the to»n



5/8 inches of the slab. The total thickness of the slab wus
3/# inches.

The migration of sodium chloride must be accoroznied by a
similer movement of liquid water. If the woter is triveling down-
ward as shown by the data, there must be a diffusion of wcter
vaor uo through the bed from the heated surface. This vavor
condensed, diluting the solution of salt, and in turn carried the
szlt orck to the bottom surface. This explains the high concen-
tration of salt at the hot olate.

A raosid heating-un seriod followed slzcing the slcd on the
heated surface. 4Yhe terjercture increcsed to & maxirum, at which
tine constunt drying started. <he difiusion of water vador throush
the sled cccounted for the relctively ranid hewting-un overiod.

The »slote termvercture decrewsed to & mininwa during t¢.e
heating-up seriod. If the electric vower was not controlled wt
this minimum point, the olute temveracture sterted to increcse.
This decrease woas caused Dy the vanorizetion of the water when the
wet slab was placed on the nlete. Also, the slub was =t room
temperature and had to be heated uo until it was in equilibriun
with the hot plate.

During this heating-uon seriod, the moisture wzs distrivuted
in an inverted bell shzvoe manner. That is, the moisture was in
grecter concentrotion at the two fauces. This tyoe of curve wes
char.cteristic of scmcles tixen cduring the heating-us seriod as

shown b7 the data. When the curvature of the roisture distribution
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gredient re:ched & relatively flat position, the heating-up veriod

ceased and the constant rate period sterted.

The Constant Iete Period

The constant rate veriod was charwcterized by constant con-
ditions. %he temperature reached a maximun in the slab and remcined
relatively constant. The tenvderature grodient wi.s 2lso constant
during this period. %Yhe temerature difference between the hot
olate and the closed face remsined constant. 4Also, the moisture
during this veriod was distriouted evenly ccross the slab. There
wes very little moisture grcdient.

The tem.erazture in this seriod remzined constant uutil the
falling rute ceriod wuas adsrocched. <“here were slight variations
caused by externzl conditions such as the plate temoercture and air
currents.

The temnerature difference at the hot surface interfioce was
constent. The temperature differences remained within the limits
of ten and fifteen degrees for the constant rate neriod regnrdless
of the »late temjeratures th:t were used. Greph 15 shows this
correlation between temnerzture difference and nlate temercture
when one was Hlotted zgzinst the other. These temperature
differences and nlate temderatures were tcken from different runs
during the coanstant rate veriod.

Transitional Feriod

There was no definite break between the constant rate Deriod

and the falling rate veriod. Rather there was & tronsitionsal seriod

cduring wnich the closed face started to dry out faster than the rest
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of the slab. In other words, there was & lower moisture concen-
tration at the hezted surfuce.

In this »eriod between the constant znd falling raote veriods,
the zone of vavsorizotion started to move uoward toward the top
surfazce of the slab. <The grashs of rioisture versus distaunce show
that this movement of the zone of vanorization was characterized by
a parwoola tyose curve. The curve extends from a low =t the hot
surf-.ce interfi.ce, to & hizgh »soint, and then to a low concentration
of moisture. This movement of the zone of vaorizestion towerds the

oven face is also su>orted by HeCrecdy (6).

53]

alling sate Period

The &
In the falling rate oeriod, the temverature declined. It
decrezsed until the minimum was reached -nd then started to rise.
The temserature gradient decrecsed in such a manner that the tem-
verature near the hot vlste decreased the most. The temjerature
et the oren foce rermeined constant for a seriod of time cnd then
decreased also. 4As in Run 22, the tenwverature =t the «ir interface
remeined constant for tweaty minutes (see gr=-h 10).
The tenserature diffevence detween the slate and the inter-
face incre.sed during the falling rate veriod. It increcsed to a

meximun and then decrezsed. This increased tenserature difference
was ccused by increased thermel resistunce. 4Yne increcsed thermal
resistence w:.s due to the drying out of the sand at the interf:ce.

Graoh 11 shows how this temperature difference changed during the

drying vprocess.



The moisture distribution during the fealling rate seriod
wis & ovell shased curve. <he nmoisture concentrition was the greatest
in tne center oortion of the sand slabd. The slab w..s drying out at
both surfuces. 4s drying Hroceeded, the two surfuces became com-
oletely cary.

The temerazture decrec~se of the falling rate veriod occurred
between the limits of 3.4 to & vercent moisture, dry basis. 4
correlation of the moisture content z2nd the temoerzture showed that
the temoercture in the slab decrensed at a criticzl moisture content.
Grashs 12 and 13 show thnt this critic.l noint occurred within the

saine range for four different slate temberatures.

Drying .ctes
Uhe drying rcute was the gre. test for the hizher »lite ten-
Derature. Wwhen averagze moisture co.:tent was dlotted aszinst time,
the slooe of the curve gave the drying rute. Granh 9 shows thot
the slove of the curve for the hiher plate temnvser.tures is grecter

than the slooes for lover tempneratures. The steevder the slope of

the curve, the greater the drying rate.

Zones of Vajorization
Vaoorization of moisture was taking bslace at both surfaces
of the sand ved. This wes indicated by the d rying out of the two
surfzces. 4also, the dGata on the movement of sodiun chloride showed
that water woes moving towards both surfaces. The greztest movement

of water was in the direction of the heated surfzce. This movement



of water to these surf ces indicuted th.t vasorization was tulzing

olzce there.

Sources of Possible kirror

A cert:in amount of error was »robably introduced while
taking sumoles of sund. Vanorizotion of noisture most likely con-
tinued even cfter the s:mple was reioved f rom the slab. To reduce
this source of incccur ¢y, the time element was reduced to a
ninimun,

It wus felt that the temderatures recorded were within the
limit of »lus or uinus one degree. It is .nossible that there nmay
hive been several occasions when this did not hold true.

Probably soue error nzy have resulted in the construction

and exteasion of curves.

(W2l



COLICLUSION

Heating-up Period

1. l.oisture content w.s hisher =%t the botton of the slud
before the slud wes sleaced on the hot surfice.

2. On olzcing the sand slad on the not slite, flash vasori-
z:.tion took onluce.

3. 4 reoid heatiang-un period followed oslucing the slab on
the heated 7late, and the temnerature increased to 2 maximum at which
time constant drying sturted.

L, The nlate tem:eracture decreused to a minimum.

5. The moisture was distributed in an inverted bell shave

nanner.

The Constant Hate Period
1. The tem)erature rezched a maximum in the slzb and remained
relatively constant.
2. The temoeruture cradient was constant.
3. The temserature difference between the hot slate and the
closed face remcined constent.

4. “he moisture was distrivuted evenly .cross the slabd.

m

Transitionzal Period
1. There wzs no definite brezk vetween the constant rate

period and the fzlling rate veriod.



2. Yhe zone of vaoorization started to move toward the top

sur{zce of the slab.

The ztlling Lte Period

1. The temveruture reached a minimun and then increzsed.

2. 4t first the temjercture decreazsed fuster at the heated
surface than the osen face.

3. The temjerature difference ovetween the late and the
interfoce increzsed to a meximun and then decreased.

4. The moisture distribution was a bell shaned curve.

5. The temvercture decrease of the falling rate oeriod

occurred between the limits of 3.4 to & tercent moisture, dry basis.

Drying Rates
1. The drying rate was the greatest for the hizher plate

temrerzture.

Zones of Vasorization
1. Yhere were two zones of vavorization. One startinzg at
the hot »nlate interface, znd the other sturting at the oven face.
2. The greutest movenent of liquid witer wis toward the

hezated surface.
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T 305 - XIII
Run 11.
Pressure 733

Room temoerature 80°F.
Wet bulb temoserature 74°F.

Time Temserature - OF,
nin. Plate Distance from Plute - Inches Air
1/15 1/3 _5/1% 1/2  11/15 15/1%
0 187
2. 159 141 138 127 120 115 104
L, 170 150 147 138 132 125 108
5. 170 153 150 142 135 127 108
10. 170 155 153 145 139 131 112
15. 170 155 153 145 139 132 114
20. 170 155 153 146 140 133 115

30. 170 155 153 145 149 133 114



DA3LE - XXIV

Run 11.
Time Percent lioisture Content ~_Gnsg. Vater
min. Gms. 8, D. Sand
Distance from Plate - Inches
0-1/8 1/3-1/% 1/4-3/8 3/3-1/2 1/2-5/3 5/3-3/k
0

15 13.7 11.95 13.5 14, 14.1 14.1
30 10.7 9.85 10.5 10.93 11.9 12.33
Pressure 733 mm.

Room temderature 859F,
Wet bulb temperzture T74°F,

Totel
AVET.

15.95
13.545

11.14%



Run 20.

Pressure 741 mm.
Hoom temoerature 78°F.
Wet bulb temderature 56°F.

Time Temperzture - °F,
min. Plste Distance from Plate - Inches Air
1/15 1/8  5/15 1/2 11/15 15/15

0. 248

.5 228 155 150 134 117 109 95
3. 213 183 132 165 145 132 107
5. 212 190 135 171 155 140 114
10. 211 193 189 175 161 145 122
15. 210 194 191 173 162 145 124
20. 211 195 192 130 1ok 156 125
25. 214 199 139 185 156 150 125
30. 222 185 181 170 157 145 121
35. 229 171 153 150 150 137 113
40. 231 163 165 157 148 139 122
50. 233 158 156 150 141 128 113
65. 230 160 158 146 130 123 117
80. 227 166 163 151 137 122 118

95. 224 165 153 152 140 130 117



TABLE - XXVI
Run 20.

Pressure 741 ma.
Roon tem)ercture 78°%%F.
Wet bulb teoerature 65°F.

Time Percent ioisture Content - _Gus. Water
min. Gms. B, D, Sand
Distance from Plate - Iaches
0-1/8 1/3-1/4% 1/4-3/3 3/8-1/2 1/2-5/3 5/3-3/4

10. 10.7 10.2 9.93 10.45 11.38 12.3
20. 5.13 5.95 5.3 5.75 7.1 7.15
30. 2.34 3.5% .1 L.36 4.52 4.39

40. 0.53 1.3 2.54 2.75 2.54 .96

Totzal
Aver.

10.83

ON
W

3.87
1.87



Ta31E - XKXVII
idun 23.

Pressure 739 mn.

Time Temaerature - °F. Air
nin, Plate Distance from Plate - Inches Tem».
1/15 1/3 5/16 1/2 11/15 15/15

0 282

.5 207 175 155 147 132 119 107

5.0 234 205 205 1388 154 157 121

10. 235 206 205 193 171 143 123

15. 239 204 202 191 172 143 131

13. 229 199 198 189 159 143 131



TAa3LE - XXVII
sun 23.

ressure 739 mn.

Time Temserature - °F. Air
nin. Plate Distance from Plate - Inches Temy.
1/15 1/3 _ 5/16 1/2  11/15 15/15
0 282

.5 247 175 155 147 132 119 107
5.0 234 205 205 133 154 157 121
10. 235 206 205 193 171 143 123
15. 239 204 202 191 172 143 131

13. 229 199 138 189 159 143 131



Ta3LE XXVIII
fun 23.
Pressure 739 mna.
Tine Percent Hoisture Content —_Guns. water
nin. Gms. B. D. Sand

Distance from Zlzte - Inches
0-1/8 1/3-1/4 1/4-3/38 3/3-1/2 1/2-5/3 5/3-3/4

0.

5. 11.40 11.30 11.40 11.40 11.67 12.8
10. 5.90 192.00 10.00 10.20 17.23 11.17
15. 7.92 9.05 9.03 9.40 3.53 7.33

13. 4.92 6.33 5.85 7.33 5.0 5.84

Total
Aver.

11.66
9.58
8.55

5.30



Run 24.

Pressure 737 .

Room temojerasture 8597,

Wet buld temrerature 78°F.

Tine Temoerature - °F

min. Plate Distunce from Plate - Inches
1/15 1/8  5/15 1/2 11/15

0. 296

1.5 247 203 133 155 164 134
3.5 240

5. 240 203 208 194 130 152
10. 243 208 203 195 180 157
15. 242 208 206 195 130 159
20. 243 202 198 185 172 154

30. 242 177 176 153 154 134

Air
Temp.

15/15

106

120
134
137
133

125



Run 24.

Pressure 737 mon.
dAoom temperzture 850r,
Wet bulb teroer=ture 738°F.

Tine Percent .ioisture Content -_Gms, water Jotal
min. Gms., 5. D. Sund Aaver.
Distunce from Plate - Inches
Q-1/3 1/3-1/% 1/4-3/3 3/3-1/2 1/2-5/3 5/3-3/h

0
5 7.72  8.28 8.55 3.85 8.13  8.74 8.39
10 k.90  5.95 7.61 5.01 $.25  5.11 5.13
15 2.52 3.3k 3.85 3.91 k.33 b4.55 3.75

20 0.45 1.57 2.55 2.59 2.63 2.35 2.07



DLO0IH - 20T
fua 25.

Pressure 733 mm.
Room temoerzture 83°F.
Wet bulb temderature 77°F.

Time Percent iioisture Content -_Gms. VWater Totul
min. Gng. B. D, Sand Aver,
Distance from Plate - Inches
0-1/8 1/3-1/& 1/4-3/8 3/3-1/2 1/2-5/3 5/3-3/h

10 9.45 9.00 9.54 10.25 9.51 10.40 Q.

20 L .ok 5.82 5.04 6.45 5.20 5.40 5.98



TARLE - LIII
fun 25.
Pressure 7338 mn.

Room temperzture 83°F.
Wet bulb temoserzture 779,

Tine Temsercture - © ', Air
nin. Plate Distance from Plate - Inches Teno.
1/15 1/8  5/15 1/2 11/15 15/15
0 275
1. 259 195 185 159 12 114 97
5. 236 205 203 190 158 147 115
10. 236 205 206 194 172 143 121
15. 235 206 204 193 159 143 126
20. 232 202 195 137 156 143 1256
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