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266 CHAPTER 22

Equation 2 is applicable when the Reynolds number for
quddmpsml&sbhanlo Dmpdmmewsm&lmostal—
ways less than 500 microns, and are usually in the range of

. 20 to 150 microns.

The rate of evaporation of drops may be expressed in terms
of heat transfer or mass transfer. In terms of beat fer, the
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tary dryers, vacuum rotary and vacuum tray dryers, and in.
fra-red dryers.
Apnnapaldxﬁereneebetweenmdxmctdmngmddum
drymgmdnt,wﬂhthefonnu,themtem]nsum&l]yu,
higher temp than the ding air, so that heat i5
1 ferred to the air instead of from the air.

evaporation rate is given by the equation:

dw  2nk,D,
il U ®)
where
dw .
i evaparation rate, pounds per hour;

The Folling-Rate Period. In the discussion of the periods of
drying, it was shown that the drying process is discontinuous,
eoumstmgofapenodofsoonstantra&eafevapomhonmd;
period in which the rate continuously decreases. (See Fig.
2.) This latter period is ususlly designated as the falling-rate
period. It begins when the constant-rate period ends at the
ecritical moisture content. Ilmemuml moxsttue eonhentu
less than the required final tent, the
rate period will constitute the whole of the drying process
On the other hand, if the initial moisture content is less than
the critical moisture content, as in the case of some slow-
drying materials, such as soap and wood, then no constant
mtewdlappeat,udthewholeofthedmngmmbe
in the falling-rate period. This period, in the most general
case, can be divided into two zones which may be termed
(1) the zone of unsaturated surface drying, and (2) the sone

The zone of unsaturated surface drying follows immediately
after the critieal point and results from a progressively de-

creasing wetted surface. With the surface no longer completely -

wetted, dry portions of the solid protrude into the air film,
80 that the rate of evaporation per unit of total surface is

wetied surface in this zone is frequently
a linear function of the water content, so that the curve repre-
senting rate of drying vs. water content of the solid is straight
in this region, as shown by line AD in Fig. 2. The mechanism
of drying is essentially the same as during the constant-rate

The zone where internal liquid flow is in control is usually
the second zone of the falling-rate period. In this phase the
rate of mternal lxq\ud movuncnt by one or more of the con-
trolling ly, such as diffusion,
mp:.llanty, ete., will determine t.he drying rate.

When diffusion does control in the falling-rate period, it
obeys the same fundamental laws of diffusion as those ap-
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Rg. 3....Rate of Evaporation Chart?

Drying at Air Temperatures above the Boiling Point of the
Liquid. When the temperature of the drying air is maintained
above the boiling point of the liquid being evaporated, or when
superheated vapors are used for drying, the usual ethons

for mass transfer, ing rate of evaporation as a fi
of the VBpOr- pressure dxﬁemnee lose s:gmﬁunee, since large
errors are int in the for vapor-

driving force due to its appuenﬂy small value. Such (;ms can
be treated conveniently on a basis of heat transfer, since a
temperature difference must always exist in order thac drying
may proceed.

Conslant-Rals Pmod When Ha:u Tmmfa- Depends on
Clonds and R ion. In drying, where heat
transfer and drying do not depead on the flow of hented gases,
the drymg rate depends e:ther on heat

plying to the diffusion of heat. Thus for the case where the
surface is dry or at the equilibrium moisture content, and the
solid has a unif initial moisture distribution, the followmg
rate equation holds for relatively large values of time 6, and
when (w — w.)/(w, — v) < 0.8

dw wd
I-—E(W—W-) @

where

w = moisture content on dry basis, at any time 8, pounds
of water per pound.

w, = moisture content at equilibrium with external condi-
'.lons pounds of water per pound of dry material.

we = tent at start of diffusional period, pounds
of water per pound dry material:

d = the liquid diffusivity, square feet per hour.

L = one-half material thickness, feet.

walls to wet matert meontactmthmnhsuﬂm,
or on radistion, or both. This applies to drum dryers, agitated
pan dryers, indirect continuous sheet dryers, steam tube ro-

Equation 4 is restricted to a slab-shaped solid, the length
of which is large compared with the thicknesa.

For some materials the drying time in the falling-rate period
varies directly with the thickness. When this occurs the falling
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foble 2 ... . Approximate Classification of Materials Most
Likely to Obey Equations 4 cnd 5
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under definite conditions of air humidity. This bound maisture
is in 8 st.uw of equilibrium with the water vapor in the sur-

sals Obeying Equoficn 4

. A d in the water vapor content will
decr.ense the mount of equilibrium bound water. Water so

1. Single-phase solid systems such as soap, gelatin, giue.

2, Wood and similar solids below the fiber saturation point.

3. Last stages of drying starches, textiles, paper, clay, hydro-
philie solids, and other materials when bound water is
being removed.

Materials Obeying Equotion 5

"_ Coarse granular solids, such as sand, paint pigmenta, min-

eraly, ete.
9. Materials in which moisture flow occurs at conoentruuona
sbove the equilibrium moist tent at h

saturation, or above the fiber saturation point.

rate can be exp d with fatr by the following
equation: .
(v (dw/ds). ;
=) = (- 5)
de), w0 ™ ¢
(dw/d8), = the constant drying rate, pounds per (hour)
(pound dry material).
(Q = falling rate, pounds of water per (hour) {pound
@ /i of dry material).
w, = the critical moisture content, pounds per pound
dry material.

)
1, may then be substituted in Equation 5.

Table 2 givea an approximate classification of materials that
are most likely to obey Equations 4 and 5.

‘The appropriate expression for (d-"—7

Equilibrium Moisture Content
lnthedryxngofsohds:trslmpomtwdwungmshbetwem
A h
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Rg. 4....Typicol Equilibrivm Moisture Content Curves!

obtained from Table

d by a solid in equilibrium with the bumidity of the

g air, is des d as the equilibrium moisture
conlent. Such moisture may be held as adsorbed surface films
or condensed in ﬁne capillary structures at reduced vapor
pressure.

The ethbnum moisture oonzent vanes with the temper»
ture and dity of the air. C ],
cotrelation of equzhbnum moxstum eontent should take thme
two factors into , at low
e.g., 60 to 120 F, a plot of ethbnum moisture content os.
percent relative huxmd;t.y, expressed as 100 (p/p,), is essen-
tially independent of temperature. Such a plot usually re-
sults in a curve of double curvature with a point of inflection
(see Fig. 4).

APPLICATION OF HYGROMETRY TO DRYING

In analyzing any particular drying problem it is sometimes
advisable to consider the thermodynamic changes involving
the drymg medium, smce in most cases the drying medium is
an air-wat The th dy ic process can
be traced on a psychmmetnc chart.

The psychrometric chart, Fig. 5, suggested by Grosvenor,tis
suitable for most drying calculations. The adiabatic cooling
lines on the chart indicate the patbs along which the changes
in the thermodynamic properties of the air occur in an adia-
batic dryer.

The theoretical sbnht.y of air to pick up momhxre eone-
spands to the difference b the final
at u‘e t-bulb i tely the diab
coaling temperature or thermodynsxmc wet-bulb temperature)
and the initial moisture content at the supply air dew point.
The maximum possible pickup is never achieved in practical
dryers because on the basis of good design, this would be
undesirable. Experience has shown that there is an optimum
pickup which isa funct.mn of the mdependent drying vmnbls
and is less than the tical value as obt
from the psychrometric chart.

It should be noted that in practice the process will not
necessarily foliow exactly the adiabatic cooling line since
there may be a transfer of heat to the tray or conveyor itself.

Use of the psychrometric chart for analyzing drying prob-
lems is illustrated by Ezample 1.

Ezample 1: Assume a dryer having a c: ity of 100 1b of
gelatin p’;l:hour at11.1 pen:eyst bon: A b&?ﬂye initial mois-
ture content is 228 percent bone-dry basis and the final mois-
ture content i3 to be 32 percent bdpe-dry basia. The rate of pro-
ductioo of bone gelatin is 90.5 ib per hr. Sy gply alr ig
availsble at 120 F dry- bulb 85 F wet-bnlb with make-up
air at 88 F dry-bulb an d 65F wetbulb. Air is exhausted
from the dryer at I(X)F dry bulb and 84.5 F wet-bulb.

Find (1) the mount of make-up and exhaust air,
and (2) the percem.age of recirculated air.

Solution: Refer to psychrometric chart, Fig. 5, and obtain
the humidity ratio of tbe make-up air and of the "exhaust air.
In order to maintain a steady-state condition in the dryer the
water which is evaporated from the mat.enal must bo carried
away by the air. the di the
htumdny ratio of the exlnust air and that of the make-up air
(known ss pickup) is equal to the water evaporated from the
Eut:tnd divided by tha pounds per bour of dry air in the ex-

l? The moisture in exhaust air at 100 F dry-bulb and
B45 wet-bulb in found to be 0.022 1b per pound of dr;
The moisture in make-up air at 80 F dry-bulb and 65 wet.—
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