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CHEMICAL ENGINEERING LABORATORY 3, CE 427

DRYING OF SOLIDS

I ntroduction

Materid covered here pertains to Chapter 24 of M,S& H. Please read relevant sections of this
chapter.

Drying involves the find remova of rdatively smdl amounts of water, or in some cases solvent,
fromamaterid. Excluding the partid drying of a solid by mechanica means, for example, by squeezing,
al drying operations depend upon the gpplication of heet to vaporize the volatile condtituents. All solid
materias have a certain equilibrium moisture content when in contact with air at a particular temperature
and humidity. If the temperature or humidity of the air is subsequently changed, then moisture is
exchanged until the new equilibrium value isreached. Thus, the Situation is andogous to a mercury
thermometer. At 20°C, for example, the mercury leve isa acertain point. If the temperature changes
to, say 25°C, the mercury level changesto anew equilibrium vaue.

The moisturein asolid is retained in two forms as shown in Figure 1. These comprise:
(8 Bound moisture, which exerts an equilibrium vapor pressure less than that of free water at the same
temperature. How this moisture is retained depends upon the nature of the solid; it may be retained in

fine capillaries, or adsorbed onto surfaces, or within acell or fibre wdls, or in physica/chemica
combination with the solid.

(b) Unbound moisture which exerts an equilibrium vapor pressure equd to that of water at the same
temperature. Thismoigtureis retained in the voids of the solid.
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The digtinction between bound and unbound moisture is a property of the specific solid under
congderation. If the solid represented in Figure Lisdried in ar of relative humidity 'A’, then dl of the
unbound and part of the bound moisture can be removed. Thiswill comprise the 'free moisture above
the equilibrium moisture content corresponding to the air condition. Hence the 'free moisture = (X-X*).
Note that the distinction between 'equilibrium’ and ‘free moisture contents depends both upon the nature
of the solid and the conditions. Also the bound moisture represents the equilibrium moisture content of
the solid in contact with air that is saturated -- that is, air with a rdative humidity of 1.0.

Drying Rate Behavior

A typicd drying rate curveis shown in Figure 2. Therate of drying, dX/dt, is plotted as the
ordinate againgt the % moisture above the equilibrium value, X-X*. Clearly, as drying proceeds, X
decreases and dX/dt would be a negative number. Since you are interested in the rate a which drying
is occurring, it makes more sense to plot , Which isapositive number. Asexplained before, the
equilibrium content, X*, is determined by the condition of the air being used to dry the solid.
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The word, "typicd," was used above because many types of wet solids would display this
behavior. However, the materidsthat you dry may not exhibit dl regions. If thisisthe case, this does
not mean that your samples disagree with "theory.” Rather it could mean: (1) that there are some
features of your sample that are atypica of most materias; (2) that you didn't take sufficient data to
resolve or discriminate a certain region or regions of the graph.

As shown in Fgure 2, there are four basic regions of the typica drying rate curve. When the
materid isfirg placed in the dryer, it could be a any point on the 4-region curve, but if it is sufficiently
wet, it will possibly be at either Point A' or A*. There will be ardatively short period of time during
which the rate ether rises or fdls until a seady-dtate drying rate is reached at Point A. Obvioudy, if you
want to "observe' thisfirgt region on your graph, you will need to take a number of data points early on
inyour run.

Section AB represents a constant drying rate. During this period drying takes place by
evaporation of moigture from a saturated surface. Thisinvolves diffusion of the water vapor through a
'gationary’ air film and into the bulk of the air.

The rate of evaporation is given by:
(1)

where K isthe overdl mass transfer coefficient for the gas film,
A istheareaof solid available for drying,
ps isthe vapor pressure of water at the surface temperature, and
pw isthepartid pressure of water vapor in the air stream,

Clearly, ps - pw isnot only the driving force for mass trandfer, but is o a measure of the capacity of

the ar tream to take-up moisture. Under steady state conditions the rate of evaporation isrelated to
the rate of heet transfer by forced convection so that,

)

where h  isthe heat trandfer coefficient,

is the temperature driving force (i.e., difference between the air and surface temperature)
and, under congtant drying Taurace €QUA S the wet-bulb temperature of air.

isthe latent hest.

Equation (1) is usualy expressad in terms of the humidity difference:
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where the symbol, #, stands for humidity and K' is the corresponding mass transfer coefficient. In this
period therefore, the rate of drying is determined by h, A and T and is hot influenced by conditions
within the solid. The heet transfer coefficient depends upon the ar velocity and the direction of flow,
and may often be approximated by:

(4)

where G is the mass flowrate per unit areaand C is a congtant for the system and is afunction of various
conditions including the direction of ar flow relative to the wet-surface. If air flow is pardle to the
surface under the conditionslisted in M,S& H (Re between 2600 and 22000), the heeat transfer co-
efficient may be afunction of mass veocity, G, and the diameter of the flow channd, D as:

ha G*¥D2 2 (5, MS&H 24.13)

Under other conditions when the flow is perpendicular to the direction of flow and air velocity is
between 0.9-4.5 m/s:
ha G*¥ (6, MS&H 24.14)

Asanoate, in Stuations where the gas temperature is high, for example with direct-fired driers, radiation
hest transfer may be important.

On Figure 2, Point B at the end of the constant rate period, is termed the " Critica Moisture
Content.” At this point the surface of the solid is no longer saturated and ‘dry spots begin to appesr;
the outsde wet area, A, may therefore be reduced progressively and the rate of drying falls off. Point C
represents a condition when the origind surface film has evaporated completely. Beyond this point, the
rate of drying is controlled by the rate of moisture movement through the solid.

The second falling rate period, C to D, represents conditions when the drying rate islargely
independent of conditions outsde the solid. For example, if moisture transfer from within the solid to
the surface is by vapor diffusion, it is the forces which control this diffuson that determine the drying
rate.

In practice, transfer may be by any combination of liquid diffuson (e.g., with solids such as soap
which form sngle-phase solutions with moisture or when removing the last traces of bound moisture
from wood), capillary movement (e.g., with porous solids like clays) and vapor diffuson. In any event,
as moidture retrests further from the surface the rate of transfer fdls further until the Equilibrium Moisture
Content at Point D is reached, corresponding to the existing air conditions.

Because many materids are atypicdl, it is not practical to predict the shape of Figure 2 under
given conditions. Therefore drying tests are necessary. Thisinvolves suspending asamplein adryer or
duct. For reasons which follow from the description of drying, the prerequisites for meaningful tests are:



Equipment

The sample must not be too small and must be representative of the materid to be dried
in the plant.

The experimenta conditionsin the test dryer must be smilar to those that would prevail
in the full-scale unit in the plant. Thus, the solid should be supported in the test to
achieve the sameratio of exposed areato non-exposed area, and the particle geometry
should be the same as that of the materid to be dried in the plant. Other conditions as
regards radiant hegat transfer and the range of air temperatures, flow rates, and
humidities should be the same as well.

This experiment is carried out on a bench-scale batch drying unit conssting of a centrifugd fan,
an dectric 8-kw heater for preheeting the air, and a baance for weighing the samplesto be dried in the
hesated air stream as shown in Schematic below. The flow of air, which passes through a horizontd,
cylindrica duct, can be regulated by means of a damper at theinlet to thefan. The duct is 1600 mmin
diameter and 1350 mm long. Some of the samplesto be dried are made of porous pumice stone and
are suspended in the center of the duct by a support wire attached to the balance. Other sample
materids may be available dso.
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Oper ating Procedure




Experiments will be performed with the sphericd and cubica objects only. The outsde
dimensions and surface areas will be provided to you by the laboratory ingtructor/ or are written on the
sheet of paper next to the [aboratory experiment. The dry weight measurements, W, for each sample
are resolved down to 0.01 gram using the DIAL-O-GRAM baance. (Note: Thisis not the "bone dry
weight," but smply the weight after the sample has been in contact with ambient ar for an "infinite’
length of time)) Thisbdance hasavernier scde. In using the vernier, the vernier reading is made at the
vernier line which mogt closdly lines up with any of the other did graduations.

The sampleswill be soaked in ditilled water for two to three hours prior to your laboratory
LSS 0N

When ready to proceed with the drying operation, plug in the batch dryer system (220 volts, 2-
phase) and the digital temperature indicator (110 volts, 1-phase). Thisis usudly aready setup.

Turn the ar blower on (turn pointer dia from O to |) and adjust the air flow damper to give an
outlet air velocity of gpproximately 5 mv/s (984 ft/min = 16.4 ft/s) usng the rotating vane anemometer.
Allow the vaneto be in the air stream for about 15 seconds to enable it to reach steady speed and then
press and hold down the switch plate for reading. The vaue read may vary with distance. Be careful
how you hold the device and reproduceit ‘identicaly’ for dl your runs.

With the air heater st in the MIN position, determine the humidity of the flowing air by injecting
water onto the wet bulb dowly until the wet bulb temperature changes. When the wet bulb reaches a
steady low temperature, record both the wet and dry bulb thermocouple readings. Then, to proceed
with the drying experiment, increase the air heater setting to give atemperature of 29°C on the dry bulb
thermocouple.

Remove one of the wet solid samples from the water and carefully remove adhering water from
the surface by pressing it once on absorbent paper. Quickly suspend the sample from the hook
connected to the balance via the open end of the duct. Start timing and record weight at time zero. Be
sureto switch off blower when taking weight readings. Do thisrapidly and return ar flow as
quickly as possible.

Take weight readings a short time intervasinitialy, for example, say every 15 seconds or S0
and gradudly extend this period as the run continues, for example, 5 min. intervals after about 15 min.
Continue the drying process as long as the weight continues to decrease. 'Y ou must exercise some
engineering judgment regarding the measuring intervald If you don't take them often enough, you may
miss some important detall in the drying curve. Typical W vs. time plot is shown below.

Repeat the weighing procedure for each of the samplesto be dried.

List of experimentsto perform:

Ensure that the WET-BULB isWET for al RUNS.




1. RUN 1: Set air flow rate to 5m/s. Perform COMPLETE drying experiment (al phases) with
the round object that has been soaked in the water.

2. When work is completed with the round object soak it in water. Determine the gpproximate
time required to get the dX/dt data for the constant drying rate phase.

3. RUN 2: Now with the air flow rate at the same rate, perform the COMPLETE drying
experiment for the cubical object.

4, After step 3, soak the cube in water aswell and determine the amount of time you need to do

W, gms

T I T R e e

t, min

the experiment for in order to find the dX/dt information for the constant drying rete.

Beyond this point we will perform a series of runsin the constant drying rate phase only (experiments
are of ashorter duration). The experiment is designed like thisi) For the round object we will keep the
ar flow rate at 5mv/s and perform experiments at 4 temperature vaues Ty, T, Ts, T4 (RUNS 3-5 snce
one of the temperature runs has aready been done in RUN 1 above). Cover as wide arange of
temperatures as possible. ii) For the cubical object, we will keep the temperature constant at ambient
room temperature and perform experiments at 4 flow rates between 1-10m/s (G, G;, Gz, Gs) (RUNS
6-8 since one of the temperature runs has aready been donein RUN 2 above). Since the objects need
to be completdy saturated with water before the run, soak the solidsin water for at least 1/2 hour
before each run. Proceed as follows:

5. Ensure that the round object has been soaked in water for 1/2 hour. Place object in flow at a
given temperature, say T;. Perform the drying experiment in the constant drying phase only.

6. Now soak the round object in water.

7. Do the experiment with the cube now at afixed air flow rate, say G;. Perform the drying
experiment in the congtant drying phase only.

8. Now soak the square object in water.

9. By thistime the round object in step 6 must have soaked for ~1/2 hour. Change the
temperature and flow rate so that we can do the experiment for the round object at the second
temperature. In this fashion, stagger the experiments for the round and cubica object and repeat



steps 5-8 aboverttill dl the data has been collected (4 temperatures for the round object and 4
gasflow rates for the square object).

Treatment of Data

1. Tabulate the operating conditions for each run, asfollows:

Run1l Run?2 Run3 Run4 Run5 Run6 Run7 Run 8

Specimen (Data provided by TA)
Materia
Dimendons
Dry Mass, W,, gm
Surface Ares, in?

Inlet Air Condition
Dry Bulb Temperature, °C
Dry Bulb Temperature, °F
Wet Bulb Temperature, °C
Wet Bulb Temperature, °F
Hot Air Temperature, °C
Hot Air Temperature, °F

Air How Veodity, ft/min

2. For each run, tabulate the specimen weight, W, versustime, t, and plot these data. Use a separate
graph sheet for each run. Edtimate the find equilibrium weight, Sgnified as W*, for each specimeniin
RUNS 1 and 2. 1t should be evident from the graph what thisweight is; in fact, it should even be
evident from your data, assuming you took data for a sufficiently long time that the weight was not
changing, or a least was changing very dowly with time.

3. For eech weight, W, cdculate X, the per cent change in weight from the equation:

where W = weight of the specimen.
W, = initid weight of the dry specimen before soaking.

Thus, the find equilibrium moigture content is



In principle, X* should be the same for each specimen of a given materid, regardless of the shape.
However, it would be different for different materids.

4. Prepare the following spreadsheet tabulation for each specimenin RUNS 1 and 2:

A B C D E
Time, Min. W, Grams X% X - X*
The drying rate, , Is approximated by the numerica estimate, . Thus
For each specimen, plot versus X - X*, asshown in Figure 1. What region or regions of the

typicd drying curve are exhibited?

5. No doubt you will find considerable scatter in your plots. Go back to your origina plots of Part 2
above. Draw smooth curves through the data as best you can. For each specimen, using some
[udgment, pick off about 20 points of W versust. Set up a spreadshest tabulation asin Part 4.
Then prepare adrying curve plot for each specimen based on the smoothed data. Again, Try to
identify the various regions of the typica drying curve. Alternaivey, use afitting routine to draw a
smooth curve (splines) through the data and then use the derivative of the curve to get the drying
rate.

ANALYSISOF DATA WITH VARYING GAS FLOW RATE AND TEMPERATURE in the
congtant drying region for runs 1-8:

6. For each of the runs use the experimenta datato find the mass trandfer flux, N . Then gpply Eq. 2to
determine the hegt transfer co-€fficient, h, asafunction of ether the gasflow rate, G, or
temperature, T. Make plotsof hvs. Gand T for the sphere and cube. Determine the exponent n or
come up with a description of the dependences.
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Address the following questions in your report:

)] What isthe effect of shape on mass trandfer and on the estimated hest transfer co-efficient, h?
Why?

i) What isthe effect of gas flow rate on the estimated heet transfer co-efficient, h? Why?

iif) What isthe effect of air temperature on the estimated heet transfer co-efficient, h? Why?



