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surface of the drying product became dry and rigid long before the center had dried out; the center
dried and shrank much later than the outer surface did and pulled away from the rigid surface
layers and caused a non-uniform shrinkage. Drying carrot in LPSSD, however, led to a more
uniform shrinkage; in this case shrinkage seemed to occur because the carrot structure could not
support its own weight and hence collapsed under gravitational force in the absence of moisture
(Achanta and Okos, 2000). This is because LPSSD offered a milder drying condition (since the
drying chamber was moister than in the case of vacuum drying). Dense or rigid large formation
might not as much be formed in the case of LPSSD as in the case of vacuum drying. The

photographs of carrot cubes both after drying and after rehydration are shown in Figure 6

Regarding the rehydration ability of carrot undergoing both drying processes it can be seen
in Table 2 that carrot that underwent LPSSD had much better rehydration capability than that
vacuum dried. This is also due to the formation of dense layers in the case of vacuum drying,
which led to non-uniform shrinkage mentioned earlier; the rather dense and rigid layers prevented
the re-adsorption of water and hence led to lower degrees of rehydration. This can also be seen
from SEM photographs of Figures 7a and 7b, which show the microstructure of LPSSD and
vacuum dried carrot, respectively. It is seen from these figures that carrot that underwent vacuum
drying developed a rather dense layer and its pore distribution was rather non-uniform comparing
with carrot that underwent LPSSD (see Figures 8a and 8b), which also did not have dense layer
that prevented re-adsorption of water. It was also found that, in general, there existed an adverse

relationship between the degree of rehydration and that of shrinkage.

Color Parameters

The changes of color parameters (Aa and AL) of carrot undergoing LPSSD and vacuum
drying are listed in Table 3. It was observed that all dried carrot was redder than fresh carrot as can

be seen from the positive Aa values. This is probably due to the concentration of color pigments in
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carrot when moisture is removed. On the other hand, it was observed that almost all drying
conditions (for both LPSSD and vacuum drying) yielded dried carrot with negative AL values,

which implied that the dried carrot was slightly darker than the fresh one.

It can be observed from Table 3 that, when comparing the effects of different drying
methods that LPSSD yielded carrot of redder and lighter colors than those obtained by vacuum
drying. These results were similar to those reported by Caixeta et al. (2002) who compared the
color values of potato chips undergoing impingement superheated steam drying and hot air drying.
It was also found that lower drying temperatures gave redder and lighter dried carrot. This may be

due to the fact that red color is attributed to the presence of f carotenes (Lin et al., 1998) and the
degradation of /3 carotene in carrot is inversely proportional to the drying temperature (Pan et al.,

1999). Operating pressure seems to have only a small effect on the colors of the dried carrot,

however.

CONCLUSIONS

Detailed experimental evaluation of low-pressure superheated steam drying showed that,
despite lower drying rates due to poorer convective heat transfer under reduced pressures, the
process gave superior quality dried product compared to that obtained using conventional vacuum
drying. It was observed that the effect of operating pressure was less significant than that of steam
temperature. It is interesting to note that the operating pressure and temperature affected the shapes
of the drying rate and temperature curves differently in steam drying and vacuum drying. The two
drying techniques yielded differing structural and optical properties of the dried product. Steam
drying provided better rehydration and a redder dried carrot than that obtained in vacuum drying

over the operating parameter ranges studied.
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NOMENCLATURE
m, = mass of an empty pycnometer, g
mp, = mass of a pycnometer filled with n-heptane, g
My, = mass of a pycnometer with sample and n-heptane, g
m, = masses of the sample, g
R = rehydration ratio, -
V = volume, cm’
V. = volume of fresh carrot, cm’
Greek letters
Pup = apparent density, g/cm’
£, = density of n-heptane, g/cm’
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Table 1. Average drying times of LPSSD and vacuum drying of carrot at various operating

conditions.

Drying time of LPSSD (min)

Pressure Temperature (°C)
(kPa) 60 70 80
7 389 280 198
10 N/A 290 210
13 N/A 317 230
Drying time of vacuum drying (min)
Pressure Temperature (°C)
(kPa) 60 70 80
7 235 205 159
10 241 223 175
13 255 265 206

N/A implies that, at this condition, the final carrot moisture
content of 0.07 kg/kg (d.b.) was not achievable

52
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Table 2. Physical properties of carrot undergoing LPSSD and vacuum drying at different drying

conditions.
Drying | Temperature | Pressure Volume Density Shrinkage | Rehydration
Process (°O) (kPa) (cm®) (g/cm’) (%) ratio
7 0.092 + 0.002¢ 1.43 £ 0.03" 90.80 + 0.09™ 5.19 £ 0.08"
T=60°C 10 N/A N/A N/A N/A
13 N/A N/A N/A N/A
7 0.092 + 0.008° 142+002° | 90.77+0.09" | 521 +0.09%
LPSSD | T=70°C 10 0.087 +0.01° 1500040 | 9121+007% | 5.10+0.14%
13 0.086 + 0.004° 1.51+£0.06% | 91.23 +0.102" 4.94 +0.04¢
7 0.093+0.009° | 143+0.11% | 90.8+0.09® | 523+0.15"
T=280°C 10 0.09 + 0.006° 144+001° | 90.82+006° | 5.19+0.05'
13 0.088 + 0.008" 1454008 | 91.09+0.02° | 515+0.07
7 0.092 + 0.009° 14201 | 90.85+0.11% | 439+0.18
T=60°C 10 0.09 +0.012° 1434004 | 90.97+0.14% | 4.17+0.16"
13 0.09 +0.007° 143003 | 90.99+0.08 | 4.10+0.04°
7 0.092+0.003 | 143+007° | 90.82+0.04> | 451 +0.03"
Vacuum .
. T=70°C 10 0.091 + 0.004™ 140 +0.09° | 91.08+0.04 | 4.47+0.09°
drying
13 0.091 +0.01" 1434002 | 90.93+0.05 | 4.13+0.07°
7 0092 +0.002° | 142+0.04% | 90.79+0.04° | 4.82+0.04%
T=280°C 10 0.092 + 0.009° 1424012 | 90.82+0.11° | 456+0.15°
13 0.09 + 0.009° 1424007 | 90.95+0.09% | 451+0.13
a,b,c,d e, f,

significantly different (p<0.05)

£ in the same column with different superscripts means that the values are

N/A implies that, at this condition, the final carrot moisture content of 0.07 kg/kg (d.b.) was

not achievable




Table 3. Average values of Aa and AL of carrot undergoing LPSSD and vacuum drying at

different operating conditions.

Drying | Temperature | Pressure
Aa AL
Process (°O) (kPa)
7 0.2 +0.04° 0.01 +0.02"
T =60°C 10 N/A N/A
13 N/A N/A
7 0.17 £0.02¢ | -0.04 +0.03°
LPSSD | T=70°C 10 0.16 +0.06° | -0.04 +0.02°
13 0.16 +0.04% | -0.04 +0.04°
7 0.15+0.01° | -0.06 +0.08¢
T=380°C 10 0.15+0.01° | -0.09 +0.17%¢
13 0.15+0.06° | -0.08 +0.11%
7 0.10 +0.02* | -0.05 + 0.03%
T=60°C 10 0.10 £ 0.02%® | -0.06 + 0.03¢
13 0.09 +0.02* | -0.1+0.08%
7 0.07 £0.06* | -0.09 + 0.02
Vacuum .
. T="70°C 10 0.07 +£0.05* | -0.1 0.04®
drying
13 0.07+0.1* | -0.1+0.03®
7 0.07+0.01* | -0.1+0.06®
T=280°C 10 0.07 £0.04* | -0.1+0.03%
13 0.07+0.07* | -0.1+0.02%®

ab.edef i the same column with different superscripts means that the values are significantly

different (»<0.05)
N/A implies that, at this condition, the final carrot moisture content of 0.07 kg/kg (d.b.) was

not achievable
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Figure 1. A schematic diagram of the low-pressure superheated steam dryer and associated
units.

1, boiler; 2, steam valve; 3, steam reservoir; 4, pressure gauge; 5, steam trap; 6, steam
regulator; 7, drying chamber; 8, steam inlet and distributor; 9, electric fan; 10, sample holder;
11, electric heater; 12, on-line temperature sensor and logger; 13, vacuum break-up valve; 14,

insulator; 15, on-line weight indicator and logger; 16, vacuum pump; 17, PC with installed data

acquisition card



57

Moisture (kg/kg, d.b.)

0 ! 1 1 1 1 1 1 1 1 1 1 ! P 1

0515 30 45 60 75 90 105 120 135 150 165 180 195 210 225 240

Time (min)

Figure 2. Drying curves of carrot undergoing LPSSD during the first 4 hours of experiments

(Legends used are the same as in Figure 3).
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Figure 6. Photographs of carrot cubes both after drying and after rehydration
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(b)

Figure 7. SEM photographs of carrot undergoing

(a) LPSSD (b) Vacuum drying
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(b)

Figure 8. SEM photographs showing pore distribution of carrot undergoing

(a) LPSSD (b) Vacuum drying
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ABSTRACT

The present study aimed at investigating the drying rates and
inversion temperatures of model porous particles
undergoing low-pressure superheated steam and vacuum
drying. Molecular sieve beads, which were used as the
model material in this work, were dried as a thin layer in a
newly developed low-pressure superheated steam dryer. The
effects of wvarious operating conditions viz. steam
temperature and pressure on the drying rates of these
particles were then determined. The same dryer was also
operated in a vacuum mode, but without the application of
low-pressure superheated steam, to determine the effects of
the above-mentioned operating parameters as well as the
variation of the inversion temperature of the processes with
the operating pressure. The differences between the values
of the inversion temperature calculated from the rates of
drying in the constant rate period and those calculated from
the whole drying period were also pointed out and
discussed.

Keywords: constant rate period drying, molecular sieve,
pressure, thin-layer drying

INTRODUCTION

Despite the many advantages of near-atmospheric pressure
superheated steam drying, there still exist some limitations,
especially when applying it to drying heat-sensitive
materials, e.g., foods and bio-products [1]. Since most foods
or other heat-sensitive products melt, undergo glass
transition or are damaged at the saturation temperature of
superheated steam corresponding to the atmospheric or
higher pressures, one possible way to alleviate the above-
mentioned problems is to operate the dryer at reduced
pressure [1, 2, 3]. In addition to being able to preserve the
quality of heat-sensitive products, lowering the operating
pressure may also enhance the drying rates as well [1, 4, 5,
6,7, 8].

Several investigators have recently applied the concept
of low-pressure (or vacuum or sub-atmospheric pressure)
superheated steam drying to dry various types of heat-
sensitive materials. Elustondo et al. [3] studied sub-
atmospheric pressure superheated steam drying of wood

" Corresponding author.

slabs, shrimps, bananas, apples, potatoes and cassava slices
both experimentally and theoretically. A semi-empirical
model was developed assuming that the water removal was
carried out by evaporation in a moving boundary allowing
the vapor to flow through the dry layer built as drying
proceeded to predict the drying characteristics of material
undergoing this drying operation. A model proposed was
found to predict the drying kinetics reasonably well. More
recently, Devahastin et al. [9] studied experimentally drying
of carrot cubes both in low-pressure superheated steam and
vacuum dryers. They observed that the differences between
the two sets of drying times (belonged to low-pressure
superheated steam and vacuum drying) were smaller at
higher drying temperature. This suggested that raising the
drying temperature farther would eventually lead to equal
rates of drying at the so-called inversion temperature [1] due
to increased temperature difference between the steam and
the product as well as a reduction of the initial steam
condensation. The information on inversion temperature and
the effect of vacuum pressure on this temperature was still
missing, however.

The present work therefore aimed at investigating the
effect of the vacuum pressure on the value of inversion
temperature when comparing the thin-layer drying rates of
the low-pressure superheated steam and vacuum drying of
model porous particles viz. molecular sieve beads. In
addition, the values of the inversion temperature calculated
only from the rates of drying in the constant rate period
were compared with those calculated from the whole drying
period (constant rate period and falling rate period) in order
to point out the fundamental difference between the two sets
of temperatures, obtained from two different sets of drying
rates, beyond which the drying rates in low-pressure
superheated steam drying were higher than those in vacuum

drying.

EXPERIMENTAL SET-UP, MATERIAL AND
METHODS

Experimental Set-up

A schematic diagram of the low-pressure superheated steam
dryer and its accessories is shown in Figure 1. The dryer
consists of a stainless steel drying chamber, insulated
carefully with rock wool, with an inner dimension of 45x

Tel: +662 470 9340; Fax: +662 470 9240; e-mail: peamsuk s@hotmail.com
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45x45 cm’; a steam reservoir, which received steam from
the boiler and maintained its pressure at around 200 kPa
(gage); and a liquid ring vacuum pump (Nash, model
ET32030, Germany), which was used to maintain the
vacuum in the drying chamber. Steam trap was installed to
reduce the excess steam condensation in the reservoir. An
electric heater, rated at 1.5 kW, which was controlled by a
PID controller (Omron, model ESCN, Japan) was installed
in the drying chamber to control the steam temperature and
to minimize the condensation of steam in the drying
chamber during the start-up period; with the use of a heater
the initial steam condensation during the start-up period was
reduced considerably. A variable-speed electric fan was
used to disperse steam throughout the drying chamber. The
steam inlet was made into a cone shape and was covered
with a screen to also help distributing the steam in the
chamber. The sample holder was made of a stainless steel
screen with a dimension of 12x12 c¢m?. The change of the
weight of the sample was detected continuously (at 1 minute
intervals) using a load cell (Minebea, model Ucg-3kg,
Japan), which was installed in a smaller chamber connected
to the drying chamber by a flexible hose (in order to
maintain the same vacuum pressure as that in the drying
chamber), and also to an indicator and recorder (AND A&D
Co., model AD 4329, Japan). The temperature of the steam
was also measured continuously using type K
thermocouples, which were connected to an expansion
board (Omega Engineering, model no. EXP-32, USA).
Thermocouple signals were then multiplexed to a data
acquisition card (Omega Engineering, model no. CIO-
DAS16Jr., USA) installed in a PC. LABTECH
NOTEBOOK  software  (version 12.1, Laboratory
Technologies Corp., USA) was then used to read and record
the temperature data.

4
: ® 3 B —=e—"
6 8

3 4 7 12
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Figure 1. A schematic diagram of the low-pressure
superheated steam dryer and associated units. 1, boiler; 2,
steam valve; 3, steam reservoir; 4, pressure gauge; 5, steam
trap; 6, steam regulator; 7, drying chamber; 8, steam inlet
and distributor; 9, electric fan; 10, sample holder; 11,
electric heater; 12, on-line temperature sensor and logger;
13, vacuum break-up valve; 14, insulator; 15, on-line weight

indicator and logger; 16, vacuum pump; 17, PC with
installed data acquisition card

Material and Methods

Molecular sieve beads, which have pore size of 0.3 nm and
an average diameter of 3.02 mm with the standard deviation
of 0.34 mm and bulk density of 750 kg/m® were used as the
tested material in this work. Prior to the start of each
experiment, distilled water (6.7 g) was added to beads (22 g)
to make the initial moisture content of the beads to be
around 0.3 kg/kg (d.b.), which was roughly the maximum
moisture holding capacity of the beads. The particles were
then left at room temperature for about 5 hours to allow
them to reach the equilibrium. The drying experiment was
preformed by placing roughly 28.7 g of saturated particles
(about 1000 beads) on the sample holder as a thin layer. The
drying chamber was then sealed tightly and valve 2 was
opened to allow the steam from the boiler to flow into the
reservoir; the steam pressure was maintained at about 200
kPa (gage) in the reservoir. A vacuum pump was then
switched on to evacuate the drying chamber to the desired
operating pressure and the steam regulator was opened to
slowly flash the steam into the drying chamber. Due to the
low-pressure environment of the chamber the steam became
superheated. An electric heater was used to maintain the
steam temperature at a desired drying temperature. At the
end of the drying process the break-up valve was opened to
allow the air into the drying chamber before opening up the
chamber door and loading off the samples.

The experiments were performed at the following
conditions: steam absolute pressures of 7, 10 and 13 kPa;
steam temperatures of 80°, 90° and 100°C. The flow rate of
steam into the drying chamber was maintained at about 26
kg/h and the speed of the fan was fixed at 2100 rpm.

For vacuum drying experiments the same experimental
set-up was used but without the application of steam to the
drying chamber. The same operating conditions were

therefore achievable.
RESULTS AND DISCUSSION

Drying rates of porous particles

Molecular sieve beads, which were saturated with moisture
(initial moisture content about 0.3 kg/kg (d.b.) or 23%
(w.b.)), were dried to their equilibrium moisture content at
each operating condition in the dryer using both low-
pressure superheated steam and vacuum conditions. At the
end of each experiment the drying rates were calculated
from the recorded weight changes, both during the constant
and falling rate periods. Since, strictly speaking, the
inversion temperature is defined only for surface moisture
evaporation and not for internal moisture removal, the
drying rates belonged to the constant rate period would first
be reported. The average drying rates, based on the rates
both in the constant and falling rate periods, were then
calculated and compared with the rates in the constant rate
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period to point out the fundamental differences between the
values of the inversion temperatures calculated using only
the rates in the constant rate period and those obtained using
the average drying rate in both drying periods.
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Figure 2. Constant-rate period evaporation rates of moisture
from molecular sieve beads at various operating pressures.

Figure 2 shows the rates of water evaporation in the
constant rate period at various operating temperatures and
pressures. It was found, as expected, that raising the drying
temperature led to higher constant rate period (CRP) drying
rates due to increased temperature difference or gradient
between the steam (or air) and the samples as well as a
reduction of the initial steam condensation in the case of
superheated steam drying. In the case of low-pressure
superheated steam drying, the temperature difference was
the difference between the superheated steam and saturation

temperature at the corresponding operating pressure, while
the temperature difference was the difference between the
air and wet bulb temperatures in the case of vacuum drying.
While the temperature differences (or driving force for heat
transfer) of vacuum drying were higher at lower operating
temperatures than those of low-pressure superheated steam
drying, the values of the heat transfer coefficient were lower
due to inferior thermal properties of air. Raising the drying
temperature, however, led to higher temperature differences
and hence higher CRP drying rates. The counter-acting
effects of the heat transfer coefficient and temperature
difference led to inversion phenomenon, as shown also in
Figure 2, where the CRP drying rates of vacuum drying and
low-pressure superheated steam drying were equal. Beyond
the inversion temperature the CRP drying rates of steam
drying were higher than those of vacuum drying due both to
the increased temperature differences and higher heat-
transfer coefficients.

When the operating pressure increased (at the same
operating temperature) it can be seen that the evaporation
rate was lower. This was due to the fact that the boiling
temperature of water at higher pressure is higher; this led to
decreased temperature difference and hence lower water
evaporated rate.

As mentioned earlier, the CRP drying rates depend on
the rate of heat transfer and hence the difference between
the surface temperature of the sample and the drying
medium temperature. For this reason, the drying
temperature had only a small effect on the rates of vacuum
drying as compared with the case of low-pressure
superheated steam dying since the wet-bulb temperature
changes only slightly with increased drying temperature
compared with the change of boiling temperature, especially
at lower operating pressures.

Inversion temperature

Figure 3 shows the effect of operating pressure on the
inversion temperature, which was calculated from the CRP
rates (Figure 2). The inversion temperature at the operating
pressure of 13 kPa was obtained by extending the plots of
drying rates to the point where rates of vacuum and low-
pressure superheated steam were equal. The data here
confirm that the inversion temperature depends on the
operating pressure and correlates almost linearly with the
operating pressure. This is because water at the surface of
particles evaporates faster at lower pressures than at higher
pressures because the difference between the boiling point
and superheated steam temperature was higher as mentioned
earlier. It is seen also from Figure 3 that when steam drying
was performed at lower operating pressures (less than 7
kPa), its CRP drying rate would be higher than that of
vacuum drying even at temperatures lower than 97°C. Using
these conditions to operate the dryer would yield shorter
drying times and this might preserve the quality of the
product better.



The 15" International Symposium on Transport Phenomena, 9-13 May 2004, Bangkok, Thailand

110
105 [
100 | /
95 |

90

Inversion temperature (°C)

85

80

5 6 7 8 9 10 11 12 13 14 15
Pressure (kPa)

Figure 3. Effect of operating pressure on inversion
temperature (based on CRP drying rates) of molecular sieve
beads.

Figure 4, on the other hand, shows the average drying
rates calculated from combined constant rate period (CRP)
and falling rate period (FRP) drying rates when using the
operating pressure of 7 kPa. The intersection point was
obtained by extending the plots of drying rates to the point
where rates of vacuum and low-pressure superheated steam
drying were equal. As mentioned earlier, the CRP drying
rates depend only on external heat and mass transfer
conditions since free water is always available for
evaporation at the surface of the samples. However, in the
FRP the rates depend not only on the rate of external heat
transfer but more on the internal resistances to heat and
mass transfer, which are somewhat material-dependent.
Therefore, the inversion temperature calculated from
combined CRP and FRP rates (or temperature at the
intersection point, 113°C) was not equal to that calculated
from only CRP drying rates. It can also be seen from Figure
2 (a) and Figure 4 that the differences between vacuum and
steam drying rates calculated only from CRP rates were
greater than those between vacuum and steam drying
calculated from combined CRP and FRP rates. This is due to
the fact that in FRP the resistances of heat and mass transfer
of superheated steam drying were lower than those of
vacuum drying because the drying medium of steam drying
was water. These effects of FRP drying rates therefore
increased the values of the combined (or overall) drying
rates of superheated steam drying and hence led to smaller
differences between the overall drying rates of vacuum and
steam drying.
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Figure 4. Average rate of moisture removal from molecular
sieve beads at an operating pressure of 7 kPa.

In addition, it can be seen from Figure 4 that the
inversion temperature calculated from combined CRP and
FRP rates (113°C) was higher than the inversion
temperature calculated from only CRP rates (97°C). This is
because towards the end of FRP of low-pressure
superheated steam drying the drying rates were lower than
those of vacuum drying since the equilibrium moisture
content of particles in low-pressure superheated steam
environment was higher and hence lower driving force for
moisture transfer. This is due to the fact that the drying
chamber had higher humidity values than the drying
chamber of vacuum drying. For example, the equilibrium
moisture contents of particles dried at 80°, 90° and 100°C
using low-pressure superheated steam drying were 0.8, 0.5
and 0.2% (d.b.), respectively, at the operating pressure of 7
kPa. At higher operating pressures (say, 13 kPa) the
moisture contents of particles dried in a low-pressure
superheated steam dryer were even higher and these led to
the reduction of the combined rates of drying of the low-
pressure superheated steam drying. Therefore, at higher
operating pressures the intersection points of equal rates of
drying might not even be obtainable (data not shown for the
sake of brevity).

CONCLUSION

Effects of operating parameters, i.e., drying temperature and
pressure, on the rates of vacuum and low-pressure
superheated steam drying of model porous particles were
experimentally investigated in this study. In addition, the
values of the inversion temperature calculated only from the
rates of drying in the constant rate period were compared
with those calculated from the whole drying period
(constant rate period and falling rate period) in order to
point out the fundamental difference between the two sets of
temperatures beyond which the drying rates in low-pressure
superheated steam drying were higher than those in vacuum
drying. It was found that the inversion temperature
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calculated from combined CRP and FRP rates was higher
than the inversion temperature calculated from only CRP
rates. At higher operating pressures the intersection points of
equal rates of drying might not even be obtainable.
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Abstract

The present study is aimed at investigating the drying rates and inversion temperatures for
model porous particles undergoing low-pressure superheated steam and vacuum drying.
Molecular sieve beads, which were used as the model material in this work, were dried as a thin
layer in a low-pressure superheated steam dryer. The effects of various operating parameters viz.
steam temperature and pressure on the drying rates of these particles were determined. The same
dryer was also operated in a vacuum mode to determine the effects of the above-mentioned
operating parameters as well as the variation of the inversion temperature of the processes with
the operating pressure. The differences between the values of the inversion temperature
calculated only from the rates of drying in the constant rate period and those calculated from the
whole drying period are pointed out and discussed. Page’s equations and a single-term
exponential equation were found to satisfactorily describe the kinetics of low-pressure

superheated steam drying and vacuum drying system, respectively.

Key words and phrases: constant rate period drying, empirical models, falling rate period drying,

molecular sieve, thin-layer drying

Introduction

Despite the many advantages of near-atmospheric pressure superheated steam drying, there
still exist some limitations, especially when applying it to drying heat-sensitive materials, e.g.,
foods and bio-products.’ Since most foods or other heat-sensitive products melt, undergo glass
transition or are damaged at the saturation temperature of superheated steam corresponding to
the atmospheric or higher pressures, one possible way to alleviate the above-mentioned problems
is to operate the dryer at reduced pressure.'” In addition to being able to preserve the quality of
heat-sensitive products, lowering the operating pressure may also enhance the drying rates as

well, 48
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Some investigators have recently applied the concept of low-pressure (or sub-atmospheric
pressure) superheated steam drying to various heat-sensitive materials. Elustondo et al.” studied
sub-atmospheric pressure superheated steam drying of wood slabs, shrimp, banana, apple, pear,
potato and cassava slices both experimentally and theoretically. A semi-empirical model was
developed assuming that the water removal was accomplished by evaporation in a moving
boundary allowing the vapor to flow through the dry layer built up as drying proceeds. The
model proposed was found to predict the drying kinetics reasonably well. More recently,
Devahastin et al.” studied experimentally drying of carrot cubes both in low-pressure superheated
steam and vacuum dryers. They observed that the differences between the two sets of drying
(low-pressure superheated steam and vacuum drying) were smaller at higher drying
temperatures. This suggested that raising the drying temperature further would eventually lead to
equal rates of drying at the so-called inversion temperature' due to increased temperature
difference between the steam and the product as well as due to a reduction in the initial steam
condensation that occurs as the wet material enters the drying chamber at a temperature lower
than the saturation temperature of steam at prevailing pressure. Such information on the
inversion temperature for the low-pressure superheated steam drying system and the effect of
vacuum pressure on this temperature is still missing, however. Although Shibata et al.* and
Shibata et al.'” have, respectively, studied the steam drying mechanisms of sintered spheres of
glass beads under atmospheric pressure and vacuum. They reported that the drying mechanisms
in the two processes were different and that superheated steam drying under vacuum gave lower
critical moisture contents as well as higher drying rates in the falling rate period than those in air
drying under vacuum, they have not reported any information about the inversion temperature of
the systems.

The present work therefore is aimed at investigating the effect of vacuum pressure on the
value of inversion temperature by comparing the thin-layer drying rates obtained in low-pressure

superheated steam drying (LPSSD) and in vacuum drying of model porous particles viz.
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molecular sieve beads. In addition, the values of the inversion temperatures calculated only from
the rates of drying in the constant rate period were compared with those calculated from the
whole drying period (constant rate period and falling rate period) in order to point out the
fundamental differences between the two sets of temperatures, obtained from two different sets
of drying rate information, beyond which drying rates in low-pressure superheated steam drying
are higher than those in vacuum drying. Three simple mathematical models that enable
prediction of the drying behavior of molecular sieves undergoing LPSSD and vacuum drying are

also proposed and compared.

Experimental Set-up, Material and Methods
Experimental Set-up

A schematic diagram of the low-pressure superheated steam dryer and its accessories is
shown in Figure 1. The dryer consists of a stainless steel drying chamber, insulated carefully
with rock wool, with inner dimensions of 45x45x45 cm’ ; a steam reservoir, which received
steam from the boiler and maintained its pressure at around 200 kPa (gage); and a liquid ring
vacuum pump (Nash, model ET32030, Germany), which was used to maintain vacuum in the
drying chamber. A steam trap was installed to reduce excess steam condensation in the reservoir.
An electric heater, rated at 1.5 kW, controlled by a PID controller (Omron, model ESCN, Japan),
was installed in the drying chamber to control the steam temperature and to minimize
condensation of steam in the drying chamber during start-up; with the use of a heater the initial
steam condensation during the start-up period was reduced considerably. A variable-speed
electric fan was used to disperse steam well throughout the drying chamber. The steam inlet was
made into a conical shape and was covered with a screen to help distribute the steam in the
chamber. The sample holder was made of a stainless steel screen with dimensions of 12x12 cm®.
The change of the mass of the sample was detected continuously (at 1 minute intervals) using a

load cell (Minebea, model Ucg-3kg, Japan), which was installed in a smaller chamber connected
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to the drying chamber by a flexible hose (in order to maintain the same vacuum pressure as that
in the drying chamber), and also to an indicator and recorder (AND A&D Co., model AD 4329,
Japan). The temperature of the steam was also measured continuously using type K
thermocouples, which were connected to an expansion board (Omega Engineering, model no.
EXP-32, USA). Thermocouple signals were then multiplexed to a data acquisition card (Omega
Engineering, model no. CIO-DAS16Jr., USA) installed in a PC. LABTECH NOTEBOOK
software (version 12.1, Laboratory Technologies Corp., USA) was used to read and record the

temperature data.

Material and Methods

Molecular sieve beads (Fluka, No. 69837), which have a pore size of 0.4 nm and an
average diameter of 3.02 mm with a standard deviation of 0.34 mm and bulk density of 750
kg/m® were used as test material in this work. Prior to the start of each experiment, distilled
water (6.7 g) was slowly but continuously sprayed on to the beads (22 g) to make the initial
moisture content of the beads to be around 0.3 kg/kg (d.b.), which was roughly the maximum
moisture holding capacity of the beads. The particles were then left in a tightly closed box at
room temperature for about 5 hours to allow them to reach equilibrium. The drying experiment
was performed by placing roughly 28.7 g of water-saturated particles (about 1000 beads) on the
sample holder as a thin layer. The drying chamber was then sealed tightly and valve 2 was
opened to allow the steam from the boiler to flow into the reservoir; the steam pressure was
maintained at about 200 kPa (gage) in the reservoir. A vacuum pump was then switched on to
evacuate the drying chamber to the desired operating pressure and the steam regulator was
opened to slowly flash the steam into the drying chamber. Due to the low-pressure environment
in the chamber the steam became superheated. An electric heater was used to maintain the steam

temperature at the desired drying temperature. At the end of drying the break-up valve was
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opened to allow the air into the drying chamber before opening up the chamber door and loading
off the sample.

The experiments were performed under the following conditions: steam absolute pressures
of 7, 10 and 13 kPa; steam temperatures of 80°, 90° and 100°C. The flow rate of steam into the
drying chamber was maintained at about 26 kg/h and the speed of the fan was fixed at 2100 rpm.

For vacuum drying experiments the same experimental set-up was used but without the
application of steam to the drying chamber. The same operating conditions as those used for

LPSSD were therefore achievable.

Results and Discussion
Drying rates of porous particles

Molecular sieve beads, which were saturated with water (initial moisture content was about
0.3 kg/kg (d.b.) or 23% (w.b.)), were dried to their equilibrium moisture content at each
operating condition in the dryer using both low-pressure superheated steam and vacuum
conditions. During each experiment the drying rates were calculated from the recorded weight
changes, both during the constant and falling rate periods. Since, strictly speaking, the inversion
temperature is defined only for surface moisture evaporation and not for internal moisture
removal, the drying rates in the constant rate period (CRP) are reported first. The overall average
drying rates, based on the rates both in the constant and falling rate periods, were then calculated
and compared with the rates in the constant rate period to point out the fundamental differences
between the values of the inversion temperatures calculated using only the rates in the constant
rate period and those obtained using the overall average drying rates in both drying periods.

First, the drying curves for the thin-layer of particles undergoing LPSSD and vacuum

drying at some selected conditions are shown in Figure 2. The drying curves for LPSSD at
different conditions were quite different; also, the effect of temperature on the drying curves was

greater than the effect of pressure, while the drying curves for vacuum drying at different
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operating conditions were rather similar. It is seen that the drying times of LPSSD at an
operating temperature of 80°C were longer than those of vacuum drying for all operating
pressures tested. However, the drying times for both processes operated at 100°C were quite
similar. This is due to the fact that increased drying temperature led to higher drying rates
resulting from sharply increased temperature differences or gradients between the samples and
the ambient steam in the case of superheated steam drying. However, the temperature differences
between the air temperature and the wet-bulb temperature in vacuum drying increased only
slightly as the drying temperature increased. In addition, it can be observed that the equilibrium
moisture contents of the beads undergoing LPSSD were much higher than those undergoing
vacuum drying. For example, the equilibrium moisture contents of particles dried at 80°, 90° and
100°C using LPSSD at an operating pressure of 7 kPa were 1.5, 0.9 and 0.2% (d.b.),
respectively, while the equilibrium moisture contents of particles were 0.09, 0.05, 0.02% (d.b.),
respectively, in the case of vacuum drying at the same pressure. This led to increased humidity in
the drying chamber of LPSSD and hence reduced the vapor pressure gradient, which is the
driving force of the drying process. Therefore, the drying times of most LPSSD were higher than

those of vacuum drying.

Figure 3 shows a comparison of the observed drying rate curves in superheated steam
drying with those in vacuum drying at different operating conditions. For all conditions the
drying rates fluctuated marginally but remained nearly constant as the moisture content
decreased until the critical moisture content for each condition was reached. The drying rates
then decreased continuously in the falling rate period (FRP). It can be seen from this figure that
the critical moisture content was different for different conditions in the case of superheated
steam drying (the critical moisture contents of particles dried, for example, at 80°, 90° and 100°C
were 20, 17 and 15% (d.b.), respectively, at the operating pressure of 7 kPa), but were quite

similar in the case vacuum drying (17% (d.b.) over the temperature range of 80°- 100°C at the
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operating pressure of 7 kPa). It was also observed that the lower-pressure and higher-temperature
superheated steam led to larger amount of water evaporation and also to higher critical moisture

contents.

Figure 4 gives the rates of water evaporation during the constant rate period at various
operating temperatures and pressures. It was found, as expected, that raising the drying
temperature led to higher CRP drying rates due to increased temperature difference between the
steam (or air) and the samples as well as a reduction of the initial steam condensation in the case
of superheated steam drying. In the case of low-pressure superheated steam drying, the
temperature difference was the difference between the superheated steam and saturation
temperature at the corresponding operating pressure, while the temperature difference was the
difference between the air temperature and the wet-bulb temperature (not saturation temperature
since, in this case, the level of vacuum was not that high that the effect of convection by the fan
could be negligible) in the case of vacuum drying. While the temperature differences (or driving
force for heat transfer) in vacuum drying were higher at lower operating temperatures than those
observed in low-pressure superheated steam drying, the values of the heat transfer coefficient
were lower due to the inferior thermal properties of air. Raising the drying temperature, however,
led to higher temperature differences and hence higher CRP drying rates. The counter-acting
effects of the heat transfer coefficient and the temperature difference lead to the inversion
phenomenon, as is evident in Figure 4, where the CRP drying rates of vacuum drying and low-
pressure superheated steam drying are seen to be equal. Beyond the inversion temperature the
CRP drying rates of steam drying were higher than those of vacuum drying due both to the
increased temperature difference and higher heat transfer coefficient.

When the operating pressure increased (at the same operating temperature) it can be seen
that the evaporation rate was lower. This was due to the fact that the boiling temperature of water
at higher pressure is higher; this leads to decreased temperature difference and hence lower water

evaporated rate.
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As mentioned earlier, the CRP drying rates depend on the rate of heat transfer and hence
the difference between the surface temperature of the sample and the drying medium
temperature. For this reason, the drying temperature had only a small effect on the rates of
vacuum drying as compared with the case of low-pressure superheated steam dying since the
wet-bulb temperature changes only slightly with increased drying temperature compared with the

change of boiling temperature, especially at lower operating pressures.

Inversion temperature

Figure 5 shows the effect of operating pressure on the inversion temperature, which was
calculated from the CRP rates (Figure 4). The inversion temperature at the operating pressure of
13 kPa was obtained by extending the plots of drying rates to the point where rates of vacuum
and low-pressure superheated steam drying were equal. The data here confirm that the inversion
temperature depends on the operating pressure and correlates almost linearly with it. This is
because water at the surface of particles evaporates faster at lower pressures than at higher
pressures because the difference between the boiling point and superheated steam temperature
was higher as mentioned earlier. It is seen also from Figure 5 that when steam drying was
performed at lower operating pressures (less than 7 kPa), its CRP drying rate would be higher
than that of vacuum drying even at temperatures lower than 93°C. Using these conditions to
operate the dryer would yield shorter drying times and this might preserve the quality of a heat-
sensitive product better.

Figure 6, on the other hand, shows the overall average drying rates calculated from
combined constant rate period and falling rate period drying rates at various operating pressures.
The intersection point was obtained by extending the plots of drying rates to the point where
rates of vacuum and low-pressure superheated steam drying were equal. As mentioned earlier,
the CRP drying rates depend only on external heat and mass transfer conditions since free water

is always available for evaporation at the surface of the sample. However, in the FRP the rates
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depend not only on the rate of external heat transfer but more on the internal resistances to heat
and mass transfer, which are somewhat material-dependent. Therefore, the inversion
temperatures calculated from combined CRP and FRP rates (or temperature at the intersection
point, in the case where P = 7ka, 109°C) were not the same as those calculated from only the
CRP drying rates. It can also be seen from Figure 4 and Figure 6 that the differences between
vacuum and steam drying CRP rates are greater than those between vacuum and steam drying
calculated from combined CRP and FRP rates. This is due to the fact that in FRP the resistances
to heat and mass transfer of superheated steam drying are lower than those of vacuum drying
because the drying medium of steam drying was water. These effects of FRP drying rates
therefore increase the values of the combined (or overall) drying rates of superheated steam
drying and hence led to smaller differences between the overall drying rates of vacuum and
steam drying.

In addition, it can be seen from Figure 6(a) that the inversion temperature calculated from
combined CRP and FRP rates (109°C) is higher than the inversion temperature calculated from
only CRP rates (93°C) of Figure 4(a). This is because towards the end of FRP of low-pressure
superheated steam drying the drying rates are lower than those of vacuum drying since the
equilibrium moisture content of particles in low-pressure superheated steam environment is
higher and hence there is a lower driving force for moisture transfer. This is ascribed to the fact
that the drying chamber has higher humidity values than the drying chamber in vacuum drying.
As mentioned earlier, the equilibrium moisture contents of particles dried using LPSSD were
higher than those dried using vacuum drying (see Figure 2). At higher operating pressures (say,
13 kPa) the equilibrium moisture contents of particles dried in a low-pressure superheated steam
dryer are even higher and these lead to reduction of the combined rates of drying of the low-
pressure superheated steam drying. Therefore, at higher operating pressures the intersection

points of equal rates of drying might not even be accomplished (see Figures 6(b), 6(c)).
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Mathematical modeling

Simple mathematical models that enable prediction of the drying curves of molecular
sieves undergoing LPSSD and vacuum drying were developed based on the well-known Page’s
equation,'' single-term exponential equation and two-term exponential equation (Arrhenius-type

model).

Page’s equation

X, -X
MR = ﬁ = exp(—kt")

eq
The parameters k and 7 in the equation were determined from the experimental data and
were correlated as follows:

For LPSSD

k=-239x10"+2.86x10°T-7.13x10°P-3.83x10°TP +5.42x10* InP

R?=0.95

n=1.87-391x10>T+1.11x10"'P-5.44x10*TP-4.35x10" In P

R* =0.86
For vacuum drying

k=-742x1072-7.07x10°T -1.01x102P+1.22x10° TP +1.12x10"" In P

R* =0.96

n=112-240x10"T-7.88x107°P+4.92x10*TP+2.21x10"" In P

R?=0.73

Single-term exponential equation

(1
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X, - X
MR zﬁzaexp(—bt) (2)

For LPSSD

a=1.12-1.41x10"T+4.53x10° P-6.87x10°TP+6.53x10> In P

R?*=0.75

b=-6.15x107 +1.12x10°T -9.75x10> P+ 7.56 x10° TP +3.77x10 > In P

R* =091
For vacuum drying

a=9.68x10" +1.22x10° T +1.59x10*P-2.73x10°TP~1.12x10"" In P

R? =0.94

h=197x107 -3.74x10*T -2.13x10 > P+1.08x10* TP +1.03x107" In P

R* =0.70
Two-term exponential equation

X - X
MR = sz_—)(::: a, exp (_ blt)+ ¢, exp (_ dlt) 3)

For LPSSD

a, = (0.699P " Jexp(-51.312/T,,, )

R*>=0.62



b, = (354.576P " Jexp(- 2958/, )

R* =095

¢, =(5.63x107° P*** Jexp(-1269.76/T,, )

R?=0.59

d, = (827.98P " Jexp(~3175.72/T,,, )
R*=0.93
For vacuum drying

a, = (3.709P"* )exp(~1056.055/T,,, )

R? =0.53

b, =(0.164P** )exp(~185.677/T,, )

R? =049

¢, = (1.63x107 P )exp(2773.12/T,, )

R?*=0.75

d, =(4.73x107 P )exp(871.105/7,,, )

R?*=0.95
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The equations were fitted with experimental data; the fitted equations were evaluated based
on their R* and standard error of estimation. Comparing the three drying models, the results show
that Page’s equation fits the experimental data better than single-exponential equation and two-
term exponential equation in the case of LPSSD, while single-exponential equation fits the
experimental data well in the case of vacuum drying at operating temperatures in the range of
80°-100°C and pressure of 7- 13 kPa as exemplified in Figures 7 and 8. The minimum R’ of
Page’s equation was 0.997 and its maximum standard error of estimation was 0.0181 in the case
of LPSSD while the minimum R’ of single-term of exponential equation was 0.998 and its
maximum standard error was 0.0233 in the case of vacuum drying. Drying constants of Page’s
equation (k and ») and of single-term exponential equation (a and b) are found to depend on the

operating temperature as well as pressure.

Concluding remarks

Effects of operating parameters, i.e., drying temperature and pressure, on the rates of
vacuum and low-pressure superheated steam drying of model porous particles were investigated
experimentally in this study. In addition, the values of the inversion temperature calculated only
from the rates of drying in the constant rate period were compared with those calculated from the
whole drying period (constant rate period and falling rate period) in order to point out the
fundamental differences between the two sets of temperatures beyond which the drying rates in
low-pressure superheated steam drying were higher than those in vacuum drying. It was found
that the inversion temperatures calculated from combined CRP and FRP rates was higher than
the inversion temperatures calculated from only CRP rates. At higher operating pressures the
intersection points of equal rates of drying might not even be obtainable. Empirical models
which describe the experimental drying curves are also proposed. It is found that the Page’s

equation and single-term exponential equation can fit well the experimental data for LPSSD and
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vacuum drying, respectively, over the ranges of operating temperature of 80-100°C and pressure

of 7-10kPa.

Acknowledgements
The authors would like to express their sincere appreciation to the Thailand Research Fund

(TRF), National Science and Technology Development Agency (NSTDA) and the International

Foundation for Science (Sweden) for supporting this study financially.

Nomenclature

a = constant of single-term exponential model, -
a; = constant of two-term exponential model, -

b = constant of single-term exponential model, -
b, = constant of two-term exponential model, -
cy = constant of two-term exponential model, -
d; = constant of two-term exponential model, -

k = constant of Page’s equation, -

MR = moisture ratio, -

n = constant of Page’s equation, -

P = absolute pressure, kPa

t = drying time, min

T = temperature of drying medium, °C

Taws = temperature of drying medium, K

Xeg = equilibrium moisture content, kg/kg, (d.b.)
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X = initial moisture content, kg/kg, (d.b.)

X; = moisture content at any time, kg/kg, (d.b.)
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Figure captions

Figure 1. Schematic diagram of the low-pressure superheated steam dryer and associated units

Figure 2. Drying curves of molecular sieve particles

Figure 3. Drying rate curves of molecular sieve beads undergoing LPSSD and vacuum drying at

various operating pressures

Figure 4. Constant-rate period evaporation rates of moisture from molecular sieve beads at

various operating pressures

Figure 5. Effect of operating pressure on inversion temperature (based on CRP drying rates) of

molecular sieve beads

Figure 6. Average rate (CRP+FRP) of moisture removal from molecular sieve beads at various

operating pressures

Figure 7. Comparison of fitted models with the experimental data in the case of LPSSD

Figure 8. Comparison of fitted models with the experimental data in the case of vacuum drying
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Figure 1. A schematic diagram of the low-pressure superheated steam dryer and associated units
1, boiler; 2, steam valve; 3, steam reservoir; 4, pressure gauge; 5, steam trap; 6, steam
regulator; 7, drying chamber; 8, steam inlet and distributor; 9, electric fan; 10, sample holder; 11,
electric heater; 12, on-line temperature sensor and logger; 13, vacuum break-up valve; 14,
insulator; 15, on-line weight indicator and logger; 16, vacuum pump; 17, PC with installed data

acquisition card



Moisture content (kg/kg, d.b.)

0 80°C,7kPa
80°C, 10 kPa
80°C, 13 kPa

® 100°C, 7 kPa

+100°C, 10kPa

v 100°C, 13 kPa

40 50 60 70 80

Time (min)

(a) LPSSD

Moisture content (kg/kg, d.b.)

0.00

&9

o 80°C,7kPa
80°C, 10 kPa
80°C, 13 kPa

®  100°C, 7 kPa
100°C, 10 kPa

v 100°C, 13 kPa

v

10 20 30 40 50 60 70

Time (min)

(b) Vacuum drying

Figure 2. Drying curves of molecular sieve particles
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