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ABSTRACT Breaking and disintegrating of biomass compacts during fluidized drying in a 
superheated steam (SS) dryer is a common problem observed during the initial stages of SS drying 
process. This can create a challenge to the drying process itself and the quality of the product dried 
in the SS dryer. The present work investigated the moisture changes, volumetric strain recovery 
rate, crushing resistance and maximum tensile stress of single cylindrical compacts produced from 
wet distiller’s spent grain (WDG) under SS drying conditions. After densification, compacts were 
dried in SS at 110, 130 and 150°C with SS velocities of 0.9, 1.1 and 1.4 m/s. For a specific 
temperature and velocity, the compacts were exposed to SS for time periods of 5, 120, 300 and 
600 s and their drying characteristics were analyzed. The results obtained from the study were 
compared with oven-dried compacts dried for a 600 s period. An increase in percentage volumetric 
strain recovery of 78 – 130% was observed while drying the compacts in SS as compared to the 
initial physical properties of the compacts. Results showed that SS drying had a substantial role in 
stimulating the relaxation of stresses stored in the compacts as compared to the convection hot-air 
drying process. 

Keywords: wet distiller’s grain, compacts, superheated steam drying, crushing resistance, 
maximum tensile stress 
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INTRODUCTION Superheated steam (SS) drying is an emerging technology utilized by the 
industries for drying biomaterials. Food and pharmaceutical industries are showing more interest in 
SS drying technology as the technique helps  enhance the product color, causes less shrinkage, 
gives better rehydration properties, increases drying rates and reduces potential microbial 
decontaminations substantially (Ezhil, 2010). Strict laws regarding environmental pollution and 
energy savings in many countries offer another incentive for using SS drying technology (Beeby 
and Potter, 1985).  

Distiller’s spent grain (DSG) is the major by-product of distilleries. Currently, livestock industries are 
the major market for this by-product. Distiller’s spent grain is generally stored and transported in big 
containers. During shipping and storage, caking and bridging of DSG are the common problems 
that hinder its flowability (Ganesan et al., 2008). Increasing the bulk density of DSG  by 
densification process can help overcome handling limitations such as caking and bridging 
(Tumuluru et al., 2010).  
In order to quantify the compact’s breaking and disintegration characteristics while drying it with SS, 
it is important to determine the changes in physical characteristics of the compact with drying time. 
The strength of wet distiller’s spent grain (WDG) compacts could be determined using the diametral 
compression test. Diametral compression test is used as a technique for characterizing the strength 
of wide range of materials, such as concrete, pharmaceutical tablets, and biomass compacts 
(Procopio, 2003; Fell and Newton, 1970; Amaya et al., 2007). Zamorano et al. (2011) used 
diametral compression testing for determining the crushing resistance (which was defined as the 
maximum crushing load a pellet can withstand before cracking or breaking), and tensile strength of 
five different types of pellets produced from leaves of olive trees, olive trees (branches of different 
size), almond trees, black poplar and holm oak trees.  

The agglomeration and disintegration of biomass compact inside the dryer during the initial stages 
of fluidized SS drying is a common problem reported by researchers (van Deventer, 2004; 
Prachayawarakorn and Soponronnarit, 2010). The crumbled compacts and fines may interrupt the 
drying system, particularly in the case of a fluidized-bed dryer (Prachayawarakorn and 
Soponronnarit, 2010). Thus, the problem remains whether such compacted product can withstand 
vigorous movement inside the SS dryer without disintegrating. Therefore, the analysis of factors 
such as volumetric strain recovery rate and strength of the compact at different time periods of SS 
drying are important when analyzing the stability of the compact during drying.   The main objective 
of this study was to determine the moisture changes, volumetric strain recovery rate, crushing 
resistance and maximum tensile stress of single cylindrical compacts produced from WDG under 
different SS processing conditions. 

MATERIALS AND METHODS  
Raw materials and initial sample preparation The raw material (stillage), a mixture of corn 
and wheat in the ratio 9:1, used for this study was obtained from a local distillery (Mohawk Canada 
Limited, a division of Husky Oil Limited) in Minnedosa, MB. To separate the raw material into 
different fractions, the stillage was centrifuged in a Sorvall General Purpose, RC-3 centrifuge 
(Thermo Scientific Co., Asheville, NC). The centrifuge was operated for 10 minutes at a relative 
centrifugal force of 790 × g, with a 1000 mL sample container, rotating at a speed of 2200 rpm on a 
radius of 0.146 m. The supernatant (thin stillage) was discarded after centrifugation; the remaining 
part contained the semi-solid fractions (solubles or condensed distiller’s solubles-CDS) and the 
coarse fractions (wet distiller’s spent grain-WDG). After the separation, due to the presence of 
larger than 1 mm particles, the particle size of the WDG fractions was reduced using a laboratory 
grinder.  This preparation step increased the uniformity in mechanical strength of samples.  The 
CDS and WDG fractions were kept in separate airtight packages and stored in a freezer at -15°C. 
Before experiments, appropriate amount of WDG samples was thawed at room temperature for 3 
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hours (h). The initial moisture content of the WDG fraction was 69.0% wb (wet basis) which was 
measured by the air-oven-drying method (AACC, 2000) using a laboratory oven (Thermo Electron 
Corporation, Waltham, MA) in which 2 g samples were exposed to 135°C for 2 h.  

Densification using a single compacting unit The WDG compacts required for the study 
were produced using a single compacting unit designed and fabricated at the University of 
Manitoba, MB, Canada. The unit consists of a 6.4 mm diameter plunger, a 6.5 mm diameter die 
hole and two base plates. The compacting unit was attached to an Instron universal testing 
machine (UTM) (Model 3366 Universal Testing Systems, Instron Corp., Norwood, MA) equipped 
with a 10 kN load cell. Samples were compressed at a crosshead speed of 50 mm/min and the 
preset load for the test was set at 4000 N corresponding to a pressure of 120.6 MPa. Our 
preliminary experiments indicated that the initial moisture of about 25% wb was best suited for 
producing compacts without clogging the compaction unit. Therefore, oven-drying was used to 
reduce the initial moisture content of WDG samples to the required level. Then, at ambient 
temperature, a 0.4 g sample at approximately 25% wb was fed into the die, compressed to the 
preset load, and held under compression for 180 seconds (s) to arrest the spring back effect; the 
compact formed was obtained by separating the base plates and descending the plunger through 
the die until the compact was dropped down (Tumuluru et al., 2010; Mani et al., 2003).  

Moisture content and density of the compacts The moisture content of the compacts was 
determined using ASAE S358.2 method (ASAE, 2004). Single compacts were dried in the 
convection oven at 103°C for 24 h. The compact produced had a moisture content of 23.0% wb. 
For compact density determination, mass and volume of the compact was measured immediately 
after removing the compact from the die. The volume of the compact was calculated by measuring 
its length and diameter using a Vernier caliper (Tumuluru et al., 2010). The mass measurements of 
each compact were done using an electronic balance with an accuracy of 0.001 g (Model 
Adventurer Pro AV313, Ohaus Corporation, Pine Brook, NJ). The compact produced had a density 
of 1100 kg/m3. 

Superheated steam drying conditions The SS drying equipment was designed and 
fabricated in the Department of Biosystems Engineering, University of Manitoba. The full 
description of the drying equipment can be obtained from a previous publication by Zielinska et al. 
(2009). Experiments were carried out under SS temperatures of 110, 130 and 150 ± 1°C. For each 
temperature, three different steam velocities of 0.9, 1.1, 1.4 ± 0.01 m/s were used. Drying was 
carried out at chamber pressure of 100 – 102 kPa. Drying chamber was pre-heated for few minutes 
before experiments to avoid possible steam condensation on the inner walls of the chamber. Each 
sample was exposed to SS for 5, 120, 300 and 600 s under different drying conditions. Measuring 
the physical properties of the compact at the beginning of SS drying process was important as the 
previous studies reported an unavoidable condensation at the beginning of SS drying process 
(Prachayawarakorn and Soponronnarit, 2010). Since this initial condensation may influence the 
material properties, measurements were taken at approximately 5 s initially. 

Superheated steam flow measurement and velocity calculations Steam flow rate was 
adjusted using the steam flow rate control valve to achieve the desired steam velocity. Steam 
velocity was calculated based on the volumetric flow rate and cross-sectional area of superheated 
steam flow from the bottom plate through the drying chamber. Volumetric flow rate of the steam 
was calculated by measuring the amount of condensate exiting the SS dryer in 3 minutes, and 
correlating it to the tabularized values (Irvine and Liley, 1984) of specific volume for the processing 
temperature and pressure.  

Mass Change Measurement Drying experiments were conducted for determining the mass 
changes of compacts during drying. An aluminum tray with a plastic mesh at the bottom was used 
as a sample holder. The sample holder was suspended inside a hollow pipe, attached to the steam 
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entrance, from a thin wire attached to an electronic balance (Model TR-403, Denver Instrument 
Co., Arvada, CO) located on the top of the drying chamber.  The mass changes were measured 
with an accuracy of 0.001 g. The empty sample holder was placed in the drying chamber for ~10-
15 minutes before the experiments. This facilitated in bringing the temperature of the sample holder 
to the temperature of the drying medium and eliminated the possibility of condensation on the 
surface of the sample holder during drying. During the experiments the sample mass was weighed 
intermittently (Kemp et al., 2001) at specific times (5, 120, 300 and 600 s) while the flow of SS was 
diverted from the chamber using the solenoid valve. Changes in moisture content of the compact 
were determined based on the measured mass changes. 

Volumetric strain recovery Dimensions of the compacts subjected to drying were determined 
experimentally using an imaging technique comprising a digital camera (Canon Powershot G9) and 
a PC. Digitized and calibrated images were processed with a software package Image Tool 3.00 
(The University of Texas Health Science Center, Houston, TX). The volume of the samples was 
calculated for each image using the dimensions of the compacts obtained from the digitized 
images.  The percentage volumetric strain recovery was determined for each sample using 
Equation 1. 

Percentage volumetric strain recovery = !!!!!
!!

 × 100      (1) 

where, 

Vi – initial volume before drying 

Vf – final volume after drying 

Diametral compression test The diametral compression test was used to determine the 
crushing resistance as well as maximum tensile stress of the compacts. The basic assumption 
behind the analysis of the diametral compression test was that the stresses and strains in the 
cylindrical specimen can be derived from a linear elastic solution satisfying the generalized Hooke's 
law (ASTM, 2011; SHRP Protocol P07, 1993). In this test, after exposing the compacts to SS for 
specific time periods, a small piece of the single compact of approximately 4 mm thickness was cut 
and placed between two flat, parallel platens of the Instron machine. An increasing compressive 
load was applied at a constant rate until the compact failed because of cracking or breaking.  The 
cracking or breaking of the compact was initiated by the tensile forces distributed over a significant 
portion of the diametral plane resulting from the applied compressive load or stress (Garcia-
Maraver et al., 2010). 

Crushing resistance or hardness and maximum tensile stress The maximum crushing 
load a compact can withstand before cracking or breaking is called the crushing resistance or 
compressive resistance or hardness (Kaliyan and Morey, 2009). The compressive resistance test 
simulates the compressive stress due to weight of the top compacts on the lower compacts during 
storage in bins or silos, or crushing of compacts in a screw conveyor (Gilbert et al., 2009; 
Zamorano et al., 2011). Crushing resistance of the compact was measured on the assumption that 
it simulates the vigorous impact forces or stresses acting upon compacts during SS drying in a 
spouted or fluidized bed dryer. For the current study, compressive load at fracture was obtained 
from a recorded stress–strain curve from the Instron machine.  
The value for the maximum tensile stress of the compacts was calculated using the Equation 2 
(Hertz, 1895; Fahad, 1996; Procopio, 2003).Where, P = applied load, D = compact diameter, t = 
compact thickness 

σx = 2P/πDt                 (2) 
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RESULTS AND DISCUSSION  
Mass change/ moisture content measurements Moisture content of compacts over drying 
time for different SS drying conditions is shown in Figure 1.  The first stage of drying is referred to 
as a warm-up period where the sample is heated to the saturation point and only condensation of 
water vapor is observed with quantities dependent on SS conditions (temperature and its velocity) 
and the surface area of the compact. Condensation normally takes place when the material is at a 
lower temperature than the saturation temperature of steam (100°C at atmospheric pressure). 
During that period, a 5 s exposure to 110 and 130°C shows an increase in mass of the compacts; 
since in our case the surface area of the compact was small (~2.9 cm2), it took only less than 120 s 
to evaporate the condensate from the sample surface. For 150°C the amount of initial condensate 
deposited was not measurable. This was because of the high SS temperature the amount of 
condensate deposited was too small and a quick evaporation of the condensate had occurred. For 
110ºC, there was a 5.2, 3.1 and 2.3% increase in moisture content after 5 s of SS exposure for 0.9, 
1.1 and 1.4 m/s steam velocities, respectively; whereas, for 130ºC, there was a 3.4, 2 and 1.7% 
increase in moisture content for 0.9, 1.1 and 1.4 m/s steam velocities, respectively. 

 
Figure 1. Moisture content of WDG compacts under different SS processing conditions for time 
periods of 5, 120, 300 and 600 s (T- temperature and V- superheated steam velocity). 

Volumetric strain recovery The results of the percentage recovery of volumetric strain as a 
function of drying time for different drying conditions is shown in Figure 2. The recovery of the 
volumetric strain was mainly due to the relaxation of stresses stored in the compact while drying. 
The action of stresses caused the volumetric change of the compact while drying. Dwianto et al. 
(1999a, 1999b) observed the release of stresses stored in the cell wall polymers of the Sugi wood 
under high temperature steam. 
The relaxation of stress was observed immediately after placing the compact in the drying medium, 
i.e. during the warm-up period. During this period, the initial condensation of steam along with the 
rapid raise in temperature of the compacts accelerated the relaxation of stresses in the compact. 
The stress relaxation in the compact can be due to the elastic extension of the polymer matrix 
causing building up of pressure within the compact. Iyota et al. (2001) reported that due to the 
sudden heating and rising of moisture content in the material during the warm-up period, the quality 
of the dried material as well as the drying processes is greatly influenced by the condensation 
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phenomenon. Our results showed that, the percentage volumetric strain recovery was substantially 
higher for compact dried at 110°C compared to 150°C. For example, at a SS velocity of 0.9 m/s, 
there was a 12% decrease in volumetric strain recovery with an increase in temperature from 110 
to 150°C for a 5 s drying period. This may be due to the higher amount of initial steam 
condensation and low moisture removal rate at 110°C compared to 150°C. 

For a specific temperature and velocity the percentage volumetric strain recovery was observed to 
decrease with drying time, i.e. the compact was observed to shrink with an increase in drying time.  
For example, when the drying time was increased from 5 s to 600 s, a 21 and 30.9% decrease in 
percentage volumetric strain recovery was observed for 110 and 150°C, respectively at 1.4 m/s SS 
velocity. This shrinkage may be due to the reduction of moisture content of the compact with time 
while drying. Nathakaranakule et al. (2007) reported that chicken meat dried with SS at 
temperature of 160°C had more shrinkage than that dried at 120°C; moreover, the percentage of 
shrinkage of dried chicken meat depended on the drying time. Statistical analysis of the results 
showed that for different drying times, a significant difference (P ≤ 0.031; overall significance level = 
0.05) in the percentage increase of the volumetric strain recovery was observed for each drying 
conditions expect for 110°C (0.9 and 1.1 m/s). When considering the effect of different SS 
velocities, a significant difference (P ≤ 0.01; overall significance level = 0.05) in the percentage 
increase of the volumetric strain recovery was only observed for 110°C at 120, 300 and 600 s of 
drying. Whereas, for different SS drying temperatures, a significant difference (P ≤ 0.044; overall 
significance level = 0.05) in the percentage increase of the volumetric strain recovery was observed 
for different treatment conditions except when the SS velocity was 0.9 m/s, with 120 s drying time, 
and when SS velocity was 1.4 m/s with 300 s of drying time. 

 
Figure 2. Percentage volumetric strain recovery of the compacts as affected by drying time under 
different SS processing conditions (T- temperature and V- superheated steam velocity). 

Diametral compression test After exposing the compacts to different drying periods a 4 mm 
slice of the cylindrical compact was cut and used for diametral compression testing. Due to the high 
fibrous nature of WDG, the fracture line of the compacts was difficult to identify during diametric 
compression testing. Crushing resistance as well as maximum tensile stress (Equation 2) was 
determined for the compacts after they had been exposed to SS for various time periods.  
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The values of crushing resistance and maximum tensile stress of the compacts are shown in the 
Table 1. During the early period of drying, the compacts were not brittle and didn’t break between 
the compression plates. Due to the presence of high moisture, the compact behavior under 
compression resembled the behavior of a viscoelastic material. The crushing resistance of the 
compact depended on the temperature and velocity used in SS drying.  

Table 1. Crushing resistance and maximum tensile stress of compacts dried under SS at different 
drying conditions (Values in parenthesis indicate standard deviations (n= 3)). 

 

Temperature 
(°C) 

Velocity 

(m/s) 

Time  

(s) 

Crushing 
resistance (N) 

Maximum tensile 
stress (kPa) 

110 0.9 600 17.2 (1.7) 522.2 

 1.1 600 19.2 (4.2) 568.9 

 1.4 300 15.5 (1.0) 481.2 

  600 19.9 (2.2) 605.9 

130 0.9 300 21.3 (4.1) 633.5 

  600 31.4 (1.1) 976.0 

 1.1 300 22.6 (6.2) 701.0 

  600 28.2 (6.5) 868.7 

 1.4 300 21.7 (4.0) 656.1 

  600 33.8 (3.4) 1086.9 

150 0.9 120 18.4 (1.7) 555.7 

  300 23.5 (2.2) 727.6 

  600 29.4 (3.9) 899.4 

 1.1 120 22.8 (1.7) 677.1 

  300 30.0 (1.5) 933.5 

  600 31.3 (5.8) 977.5 

 1.4 120 17.8 (2.6) 526.9 

  300 22.1 (4.8) 701.5 

  600 30.5 (3.0) 956.1 

 
Due to the slow moisture removal rate, the compact dried at a lower temperature (110°C) has long 
residing time in the drying chamber. Amount of initial condensate deposited was also higher at 
lower temperature (Figure 1). As seen from the results, the strength of the compact dried at 150°C 
was increasing quickly with time compared to those dried at 110°C. Results showed that, for a 600 
s drying period, the compacts dried at 110°C have lower strength compared to those dried at 
150°C. This higher strength may be attributed to the fact that: at higher temperature (150°C), the 
amount of initial condensate deposited was low and the moisture removal rate was high due to 
higher heat transfer rates. Statistical analysis showed that: with the increase in drying time, 
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crushing resistance of the compact showed a significant difference (P ≤ 0.034) for 110°C (1.4 m/s), 
130°C (0.9 and 1.4 m/s) and for 150°C (0.9 and 1.4 m/s) (Table 1). Whereas, for maximum tensile 
stress, a significant difference (P ≤ 0.033) was observed for 110°C (1.4 m/s), 130°C (0.9, 1.4 m/s) 
and for 150°C (0.9, 1.1, 1.4 m/s). 

Physical characteristics of WDG compacts under oven-drying Oven-drying of the WDG 
compact was performed for comparing the drying characteristics of SS dried compact. Single 
compacts were dried in the convection hot-air oven for a 600 s period at temperatures of 110, 130 
and 150°C. Volumetric strain recovery, density change, crushing strength and maximum tensile 
stress of the compact were determined after the oven-drying. Moisture content of the compacts for 
a 600 s drying period at 110, 130 and 150°C were 6.1, 4.6 and 3.5% wb, respectively. Percentage 
volumetric strain recovery and percentage density change for oven-dried compacts are shown in 
Figure 3. 

 
Figure 3.  Percentage change in density and percentage volumetric strain recovery of compacts 
dried in convection hot-air oven at three different temperatures. 

Table 2. Crushing resistance and maximum tensile stress of compacts dried in convection hot-air 
oven for 600 seconds (Values in parenthesis indicate standard deviations (n= 3)). 

 

Temperature 

(°C) 

Time 
(s) 

Crushing 
resistance 
(N) 

Maximum 
tensile stress 
(kPa) 

110 600 49.4 (2.3) 1576.7 

130 600 47.2 (5.4) 1497.7 

150 600 45.4 (8.1) 1460.3 

 

Percentage volumetric strain recovery and percentage decrease in density was lower for oven-
dried compacts compared to SS dried ones. While the ‘percentage volumetric strain recovery’ 
between SS dried (Figure 2) and oven-dried compacts were compared, it was found that: for a 600 
s drying period, SS dried compacts (SS velocity =1.4 m/s) had a 125.5 (for 110°C), 75.2 (for 130°C) 
and 85.3 (for 150°C) % increase in the ‘percentage volumetric strain recovery’ compared to oven-
dried compacts.  
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Crushing resistance and maximum tensile stress for oven-dried compacts are shown in Table 2. 
Since oven-dried compacts had smaller volume and higher density compared to SS dried compacts 
for 600 s drying period, oven-dried compacts had higher strength compared to SS dried ones. It 
was found that for SS dried compacts (SS velocity =1.4 m/s), there was 147.8 (for 110°C), 39.7 (for 
130°C) and 48.8 (for 150°C) % increase in the crushing strength compared to oven-dried 
compacts. Whereas, for maximum tensile stress, there was a 160.3 (for 110°C), 37.8 (for 130°C) 
and 52.7 (for 150°C) % increase for oven-dried compacts compared to SS dried ones. The 
comparison between the SS dried and oven-dried compacts clearly indicates the influence of SS in 
accelerating the relaxation of stresses stored in the compacts.  

CONCLUSION The effect of SS drying on the physical properties of WDG compacts was 
analyzed. During the warm-up period of SS drying, at 110 and 130°C, an increase in moisture 
content of 1.7- 5.2% was observed due to the condensation of steam on the compact surface. 
Approximately 78 – 130% increase in percentage volumetric strain recovery was observed while 
drying the compacts in SS. The volumetric strain recovery was due to the relaxation of stresses 
stored in the compact during the densification process. A significant portion of the stress was 
relaxed during the warm-up period of SS drying. The percentage strain recovered was more for 
compacts dried at a lower temperature compared to those dried at higher temperature. As drying 
proceeded, the compacts shrank with the reduction in moisture content depending on processing 
conditions. Crushing resistance of SS dried compact ranged between 13–34 N and the maximum 
tensile stress ranged between 420- 977kPa. Oven-dried compact showed only a 42–46% 
volumetric strain recovery. Hence, it had a higher crushing resistance and maximum tensile stress 
compared to SS dried compacts. The study showed that SS had a significant role in accelerating 
the relaxation of stresses stored in the compacts compared to convection hot-air drying process.  
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