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ABSTRACT
A systematic-study is conducted using an innovative technology for paper drying by apply-
ing ultrasound mechanism. The advantages include greater energy efficiency, lower drying
time and temperature, improvement of the product quality, and it is considered a green
technology. The effects of initial moisture content, thickness, and refining condition are
studied for different types of pulps (hardwood and softwood) using 23 factorial design of
experiments. Analysis of Variance show that in the range of the studied parameters, thick-
ness has the maximum effect on ultrasonic drying time followed by the initial moisture con-
tent. In addition, using a linear regression model, a relationships for the total time of drying
is provided. The results confirmed that ultrasonic drying is more efficient at higher moisture
content and higher thickness of the sample. These results are related to the structural char-
acteristic of the samples such as porosity, pore distribution, and surface roughness.
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1. Introduction

In an energy-hungry industry such as paper-making,
the main challenge is to improve the energy efficiency
of the process. As one of the most important compo-
nents in paper-making, the dryer section has a great
impact on the overall energy consumption. According
to Mujumdar,[1] although only 1% of original water is
removed in the dryer section, it is still the most expen-
sive and energy intensive unit in paper-making process.
The dryer section costs 40% of total capital cost and
consumes more than 60% of the total energy used in
the paper machine.[2] Thus, any improvement in paper
drying process may have a significant impact on the
energy consumption and carbon footprint at the global
level. Besides improvements to the current drying proc-
esses, developing new drying technologies is necessary
to decrease the energy consumption. One of the most
recently developed technologies for drying purposes
that has attracted attention in the last few decades is the
ultrasound assisted drying (UAD). Many studies have
been devoted to developing ultrasonic drying in differ-
ent applications including food conservation indus-
tries[3–9] and fabric drying.[10–12] UAD has widely
shown effectiveness on enhancing the drying processes
including freeze-drying, hot air drying, vacuum drying,

and fluidized bed drying. This mechanism has potentials
in decreasing the drying time, enhancing the energy effi-
ciency, and preserving the quality of the dried product.[13]

Specifically, in the beginning of the current century,
researchers have become more interested in investigating
this drying technology.[14–16]

Ultrasound is defined as the acoustic waves with
the frequencies higher than the upper limit of the
human hearing range, usually around 16–20 kHz.[17]

Vibrations in the range of ultrasonic wave frequencies
have the excellent characteristic of transporting the
energy to a great distance in the liquid phase without
significant dissipation. Ultrasonic waves have chemical
and mechanical effects[18] and experiments have
shown that ultrasound vibration represents the effects
such as agitation, acoustic streaming, thermal effects,
cavitation, and atomization. The effects of ultrasound
depend on many factors, including specific drying
condition, the nature of the material to be dried and
the ultrasonic equipment; and the mechanism may
vary significantly.[13] For instance, Peng et al.[10]

reported that at high moisture contents, ultrasound
induces acoustic nebulization and below a certain ini-
tial moisture content, ultrasound tends to just gener-
ate heat. There are two approaches for applying
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ultrasound mechanism to a medium: non-contact and
direct-contact. The original application of direct-con-
tact ultrasound at high-frequency was introduced by
researchers in the Oak Ridge National Laboratory
(ORNL)[10,19] to assist fabric and clothes drying.

The unique advantage of direct-contact UAD, also
known as high-frequency ultrasound, is inducing
atomization. There are two proposed mechanisms of
ultrasonic atomization: capillary theory and cavitation
theory.[10,20] According to the capillary theory, ultra-
sound generates capillary waves at the liquid-vapor
interface upon the excitation of a liquid droplet. At
sufficiently high oscillation intensities, the interface
becomes unstable and as a result the liquid ruptures
to form fine mist. The hypothesis in cavitation theory
is that the atomization happens through the hydraulic
shocks generated by the implosion of cavitation bub-
bles, especially near the interface of liquid and gas.
Atomization helps in mechanically removing of the
moisture content in the form of mist, separating water
from the porous material without thermal evaporation
and thus, largely saving time and decreasing the
energy consumption. Momen et al[19] reported signifi-
cant impacts of the atomization on reducing drying
time from hours to seconds and reducing energy con-
sumption of the unit by an order of magnitude.
Atomization helps in enabling high energy transfer
efficiency from the transducer to the materials. On
the other hand, the disadvantages of acoustic atomiza-
tion are inducing thermal effects and requiring the
presence of an important amount of bulk liquid,
which limit the application of this drying technol-
ogy.[13] More information about UAD can be found
in the review paper by Zhang and Abatzoglou.[13]

To the best of the authors’ knowledge, ultrasound
assisted drying of paper products has not been investi-
gated fundamentally. This paper is devoted to experi-
mentally understand the effects of controlling
parameters on direct-contact ultrasonic drying of
paper samples. The independent variables considered
in this study are the initial dry-basis moisture content
(DBMC), final thickness of the sample, and refining
condition of the pulp (unrefined vs refined). The
methodology used is the 23 factorial design of experi-
ments to be able to investigate the main and inter-
active effects among the independent variables on
paper drying characteristics. In addition, the rough-
ness, whiteness index, and tensile strength of the
ultrasonically dried samples are studied. It is import-
ant to mention that drying of paper is a continuous
and not a batch process. Thus, the application of
ultrasound mechanism with direct-contact transducers

in paper drying is not practical. Nevertheless, this
study, based on direct-contact ultrasonic drying, pro-
vides basic data toward fundamental understanding of
the application of ultrasound mechanism to drying of
paper samples. Furthermore, the data provided in this
paper will pave the way for validation of fundamen-
tally developed models. For instance, the ultrasound
pressure wave could be incorporated in the theoretical
model by Noori et al..[21]

2. Materials and experimental method

Figure 1a illustrates the experimental setup for
direct-contact ultrasonic drying. The major components
in the experimental setup include: a power amplifier
(AG 1014, T&C power), an ultrasound transducer
(SMIST25F16RR112), a microbalance (Sartorius
BCE6200, 0.001 g accuracy), and a FLIR infrared camera.

The results of ultrasonic drying were compared to
those dried by direct-contact with a hot plate (Corning
PC-420D). In this case, the samples were simply placed
on the top of hot plate maintained at 80 �C.

In preparation of the hand-sheet samples, the pro-
cedure of TAPPI T205 standard was followed to get
150% dry-basis moisture content. For the samples
with 100% dry-basis moisture content, the samples
were dried at ambient until the desired initial mois-
ture content was reached.

Four different pulps were used in the experiments:
unrefined and refined softwood and hardwood. The
pulps were Northern Bleached Hardwood Kraft
(NBHK) and Northern Bleached Softwood Kraft
(NBSK). The refining was done at the mill using the
Beloit Double Disk refiner. The pulps had initial con-
sistency of 4%. The pulp consistency is defined as the
percentage by weight of ovendry fibers in a stock sus-
pension (slurry). By adding water, the desired initial
weight is obtained.

The diameter of the hand-sheet samples was 19.8mm
to precisely match the transducer’s surface size. The
mean thickness (t) of the hand-sheets was measured
using a digital thickness gauge (accuracy 0.002mm).

Figure 1b shows the piezoelectric transducer used
in the experiments. This was a mist generator trans-
ducer with the resonant frequency of 1.7MHz and its
surface area was 314mm2. Since the sample needs to
be in direct-contact with the transducer, the sample
size is the same as the transducer (Figure 1c).

The changes in moisture content was measured by
intermittent measurements of the sample’s weight at
10 sec intervals. The dry-basis moisture content
(DBMC) of the samples was calculated as:
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DBMC ¼ Weight of water
Weight of dry matter

¼ mt �mbone�dry

mbone�dry

(1)

where mt is the mass of the sample at time t and
mbone-dry is the mass of the totally dried sample, deter-
mined by drying it in an oven until its moisture is
fully removed.

The uncertainty analysis for the derived quantities
is calculated according to Kline and McClintock[22]

and are given in Table 1.
The standard deviation of the reported experimen-

tal results for DBMC is 3.8, determined based on
repeating each corresponding experiment five times.

Color analysis is done using colorimeter ColorFlex
EZ. This device measures the color based on CIELAB
color system (L�a�b). The results of colorimeter
measurements are used to calculate the change in
color index (DE) and whiteness index (WI) for hand-
sheets dried by ultrasound mechanism.

DE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðL�2 � L�1Þ2 þ ða�2 � a�1Þ2 þ ðb�2 � b�1Þ2

q
(2)

WI ¼ 100�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð100� L�Þ2 þ ða�2 þ b�2Þ

q
(3)

The 2D porosity of the samples are estimated from
microscopic images taken with Keyence VHX-7000 4k
digital microscope. Thresholding is applied to the
microscopic images to measure the pore volume

percentage of the hand-sheets in 2D using ImageJ soft-
ware.[23] Non-contact profilometry measurements are
performed using ZYGO 3D profilometer. In addition,
Multitest-dV Mecmesin device is used for measuring
the tensile strength of the hand-sheets. The samples are
chosen as rectangular shapes with about 19.8mm in
length and 5mm in width. The length between the grips
is fixed at 11mm for all the tests conducted and there-
fore 9mm of the length is in the grips’ region.

3. Design of experiments

Factorial design is a systematic method for designing the
experiments to determine the relationship between the
factors in an experiment and the response value (out-
come). In addition to the effect of individual factors, it
also helps to understand the interactive effects of differ-
ent factors in analyzing the results.[24] In this study, 23

factorial design was applied by considering three main
factors: the initial moisture content, final thickness, and
the refining condition of the pulp. Each factor has two
levels in this design and the replicate number is 5.
Minitab software was used for statistically analyzing the
experimental results by applying analysis of variance
(ANOVA). In the analysis, p-values less than 0.05 were
considered statistically significant. The relationship
between the response value of the experiments (i.e., the
total time of drying) and the factors is investigated using
a linear regression analysis as follows:

Y ¼ f xð Þ

¼ b0 þ
Xk
i¼1

biXi þ
Xk
i¼1

Xk
j¼1

bijXiXj

þ b123X1X2X3 þ bcp � CP

(4)

Figure 1. (a) The major components of the experimental setup, (b) ultrasonic transducer and (c) hand-sheet.

Table 1. The experimental derived uncertainty.
Derived Quantity Maximum Uncertainty

DBMC ± 8.15 %
Whiteness Index ± 0.25 %
Change in color ± 3.04 %
Energy efficiency ± 5.61 %
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where Y is the predicted response as a function of the
factors; k is the number of factors, and Xi (i¼ 1, 2, 3)
are the controlling factors. b0 is the constant coeffi-
cient, bij are the coefficients for the interactive effects

of the factors and b123 captures the interactive effect
of all the three factors. CP is the center point of the
cube in 23 factorial design and bcp is the coefficient

for the center point.
Table 2 shows the nine designed experiments along

with the upper and lower levels for each factor. In this
table, the first 8 experiments are the corners of the cube
and the nineth experiment is center point of the cube.
Abbreviations are employed to define each of the experi-
ments and are used in the remaining of the paper.

4. Results and discussion

4.1. Illustration of ultrasonic drying

As it was mentioned in the introduction, the mechan-
ism of ultrasonic drying is atomization due to the
mechanical vibrations. Figure 2 shows the atomization
for two hand-sheet samples with two different moisture
contents. Figure 2a shows the atomization for an over-

saturated unrefined softwood hand-sheet and Figure 2b
shows the atomization for the same unrefined softwood
hand-sheet with moisture content 150% DBMC. For
the over-saturated hand-sheet the amount of moisture
that is removed by atomization is much higher than the
moisture that is removed from the sample with 150%
DBMC moisture content. Therefore, ultrasonic atom-
ization rate is higher at higher moisture contents. With
the overly saturated samples, the excess moisture
resides on the sample surface, thus readily removeable
by the ultrasonic mechanism.

Looking at the IR camera images of the unrefined
hardwood hand-sheet (150% initial DBMC) placed on
the surface of the transducer at selected times (Figure 3)
implies that the temperature increases steadily from the
center of the transducer toward the outside, which con-
firms that the center oscillates the most. A similar behav-
ior was also observed in Ref.[10] in ultrasonic drying of a
fabric sample. Temperature measurements during the
ultrasonic drying experiments revealed that the tempera-
ture of the surface of the sample increases up to about
80 �C before complete drying. Hence, it is concluded
that the dominant mechanism for direct-contact

Table 2. Upper and lower levels of factors for 23 factorial design of experiments for both hard-
wood (H) and softwood (S). R defines refined and unR defines unrefined.

Experiment Number

Factors

Refining Condition
Initial Moisture
Content – DBMC (%) Thickness (mm)

H or S-unR-100-0.3 Unrefined 100 0.3
H or S-unR-150-0.3 Unrefined 150 0.3
H or S-unR-100-0.6 Unrefined 100 0.6
H or S-unR-150-0.6 Unrefined 150 0.6
H or S-R-100-0.3 Refined 100 0.3
H or S-R-150-0.3 Refined 150 0.3
H or S-R-100-0.6 Refined 100 0.6
H or S-R-150-0.6 Refined 150 0.6
H or S-Center Point 50% Unrefined

& 50% Refined
125 0.45

Figure 2. Comparing the ultrasonic atomization for (a) an over-saturated unrefined softwood hand-sheet with (b) an unrefined
softwood hand-sheet with 150% DBMC.
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ultrasonic drying initially is atomization but at the final
stages of drying, heating is also important. In addition,
as the hand-sheet dries and moisture content decreases,
due to the bulging effect, the temperature of the hand-
sheet decreases.

4.2. Comparing ultrasonic drying with conductive
heat drying

To have a better illustration of the effect of ultrasound
mechanism on drying, thermal drying of hand-sheets
is conducted at temperature equal to 80 �C to extract
the sole impact of ultrasound.

Figure 4 compares the drying curves for an ultrasonic-
ally dried hand-sheet with a hand-sheet dried using con-
ductive heating at 80 �C. This figure shows that in the
presence of ultrasound mechanism, the drying time
decreases by almost 30% and hence, ultrasonic drying is
faster than conductive drying under the operating condi-
tions considered here. This finding confirms the favor-
able effect of atomization in ultrasonic drying. Many
studies (e.g., 15 and 17) have shown that the ultrasonic
atomization enhances the heat and mass transfer coeffi-
cients, supporting the results reported in this study.

4.3. Analysis of the factorial design of
experiments

Figure 5 is representing the ultrasonic drying curves
for hardwood and softwood, respectively. The plots

are at different combinations of initial moisture con-
tent, thickness, and refining condition of the pulps.

Ultrasonic drying takes place in two phases: a rela-
tively constant-rate drying period followed by a fall-
ing-rate drying period. The constant drying rate
period corresponds to the removing of free water
within the pores of paper, while the falling drying rate
period is governed by the associated (bound) water
trapped inside the fibers. This is typical regardless of
drying mechanism.

Comparing the plots in Figure 5 implies that in gen-
eral, unrefined samples dry faster than refined samples
and the drying time for softwood is lower than for
hardwood. In addition, increasing the thickness and the
initial moisture content of the sample increase the dry-
ing time. The shortest and longest drying times corres-
pond to S-unR-100-0.3 and H-R-150-0.6, respectively.
These observations are potentially related to the sheet
formation, impacting the pore structure. In general,
hardwood has lower Canadian Standard Freeness (CSF)
and higher Water Retention Value (WRV) compared to
softwood, which makes it harder to dry. It is important
to mention that for refined samples, these results may
vary depending on the refining method. Furthermore,
hardwood is denser than softwood and therefore its
permeability is lower. This will be addressed in more
detail in the next sections.

To analyze the results of the 23 factorial design of
experiments, the response value is considered as the total
time of drying which is discussed in the next section.

Figure 3. Selected IR image sequences at different times of ultrasonic drying for unrefined hardwood hand-sheet (150% initial
DBMC) placed on top of the transducer. The temperatures are in �C.

DRYING TECHNOLOGY 5



4.4. Effect of controlling factors on total
drying time

The Analysis of Variance (ANOVA) is done for both
hardwood and softwood samples and each experiment
is repeated 5 times. Figure 6 shows the Pareto charts
of the standardized effects, which determines the mag-
nitude and the importance of the effects, both for the
main factors and their interactive effects. The refer-
ence line, the red line on the charts, depends on the
significance level, which is defined as 0.05 in this

study and the bars that cross this reference line are
statistically significant. Figure 6 shows that for both
hardwood and softwood, of the parameters explored,
thickness has the maximum effect on ultrasonic dry-
ing time followed by initial DBMC and refining con-
dition of the pulp. The interactive effects of the
parameters are less important for predicting the ultra-
sonic drying time. The results of linear regression ana-
lysis for total time of ultrasonic drying are reported in
Table 3. The coefficients of determination, R2, are
99.43% and 95.28%, meaning that the model could

Figure 4. Comparing the drying curves for conductive heating with ultrasonic drying for an unrefined hardwood hand-sheet with
150% initial DBMC.

Figure 5. Ultrasonic drying curves for refined and unrefined hardwood and softwood samples.
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account for 99.43% and 95.28% variability in data,
respectively for hardwood and softwood. Based on the
ANOVA analysis, the models show a significant effect
of the considered factors on drying time (p< 0.01).
These data imply that the predicted correlations by
linear regression analysis are adequate in describing
the drying time.

It should be noted that there is a lack of detailed
fundamental work on ultrasonic dehydration in the
literature, and therefore no in-depth understanding of
the phenomena in moist porous material. Recently,
the author in[25] has explored the ultrasonic atomiza-
tion phenomena in microscale and has investigated
the impacts of non-dimensional parameters on the

process, including Reynolds number, Webber number,
Strouhal number, and Froud number.

The quality of the product is a very important fac-
tor in determining the applicability of any drying
technology. In the next sections, the measurements
related to color, microstructure, surface roughness,
and the tensile strength of the hand-sheets dried using
ultrasound mechanism are provided.

4.5. Colorimeter measurements

Figure 7 compares the whiteness index for an ultrasonic-
ally dried hand-sheet (H-R-150-0.3) with a sample dried
using conductive heating at 80 �C. This figure shows that
direct-contact ultrasonic drying slightly improves the
whiteness index and therefore the product quality.

The results of colorimeter measurements for the
change in color index (DE) and whiteness index (WI) for
ultrasonically dried hand-sheets are shown in Figure 8.

Change in color after drying is between 1 to 6 and
the whiteness index is higher for softwood compared
to hardwood samples (Figure 8).

The results represent that overall the whiteness
index for unrefined samples are higher than refined
samples. In addition, increasing the thickness and
increasing the initial moisture content, increase WI.
The enhancement of lightness and whiteness index
with increasing the thickness is an implication of
increasing the porosity of the samples with increasing

Figure 6. Pareto charts of the standardized effects from ANOVA analysis for total time of ultrasonic drying: (a) hardwood and
(b) softwood.

Table 3. Coefficients for equation (4) calculated from linear regression analysis.
b0 b1 b2 b3 b12 b13 b23 b123 bCP R2 (%)

Hardwood Drying time (sec) 50 0.167 61.111 100 1.444 �0.833 �294.444 �2.778 �11.25 99.43
Whiteness index 74.889 �0.014 �4.13 �1.809 0.086 0.012 4.796 �0.018 0 97.4

Softwood Drying time (sec) 68.333 0.067 �38.889 5 1.333 0.133 61.111 �0.667 0.833 95.28
Whiteness index 55.307 0.101 42.156 �0.218 �0.273 0.004 0.732 �0.008 0 96.2

Figure 7. Comparison of whiteness index for ultrasonic drying
with heat conductive drying at 80 �C for H-R-150-0.3.
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the thickness. More details will be addressed in the
next section.

ANOVA analysis is done for WI and the results show
that thickness has the maximum effect on WI of the hand-
sheets dried with ultrasoundmechanism. The results of lin-
ear regression analysis are reported in Table 3.

4.6. Microscopic measurements

Paper is a porous medium and one of the important
parameters in determining its properties is porosity

(e). Figure 9 shows the pore distribution in the optical
microscopic images for hardwood and softwood
hand-sheets. It should be noted that the initial DBMC
for all these samples is 150%.

Comparing the microscopic images for hardwood
and softwood reveals the differences in the fiber sizes
and pore sizes in different samples. Unrefined samples
have larger pores compared to refined samples, while
refined fibers are more uniform compared to unre-
fined fibers. Additionally, the fibers are coarser and
longer in unrefined samples. Softwood samples have

Figure 8. Change in color and whiteness index of ultrasonically dried hand-sheets.

Figure 9. Optical microscopic images for hardwood and softwood samples dried with ultrasound mechanism. The initial DBMC for
all the samples is 150%. Magnification is 1000X.
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coarser fibers compared to hardwood samples. Using
ImageJ software,[23] thresholding is applied to these
microscopic images to measure the pore volume per-
centage of the hand-sheets in 2D. Figure 10 summa-
rizes the results of these 2D measurements. This
figure shows higher pore volume for unrefined sam-
ples compared to refined samples. 2D pore volume
for softwood samples is higher than hardwood sam-
ples. Increasing the thickness, slightly increases the
pore volume. These findings are evident that unre-
fined samples dry faster than refined samples and the
drying rate for softwood is higher than that
for hardwood.

4.7. Profilometry measurements

Color view of the surface profiles for hardwood and
softwood samples are shown in Figure 11. It should
be noted that the initial DBMC for all these samples
is 150%.

The surface roughness depends on the species and
texture uniformity. In this study, TAPPI T205 standard
is used for preparing the samples, however the bulging
effect during the experiments might have influenced
the smoothness of the surface and its uniformity.

Figure 12 shows the results of profilometry meas-
urements. The maximum standard deviation is 0.05.
Sa is the average roughness, Sq is the root mean
square roughness evaluated over the complete 3D sur-
face. Sz is the maximum height of the areal surface,
which is the peak to valley height. Figure 12 shows
that refined samples have lower roughness compared
to unrefined samples. Overall, the roughness index for
softwood samples is higher than hardwood samples.
Hardwood samples are more uniform, and they are
more suitable for producing smoother surfaces.
Qualitatively, the important point here is that ultra-
sonic drying does not change the behavior of soft-
wood and hardwood after drying.

4.8. Tensile strength measurements

Tensile strength plays a significant role in various
applications of paper products.

Figure 13 compares the tensile strength for H-R-
150-0.3 dried using ultrasound mechanism and using
conductive heating at 80 �C. The results show that

Figure 10. 2 D pore volume measurements using thresholding
of the microscopic images of samples dried with ultrasound
mechanism. The initial DBMC for all the samples is 150%.

Figure 11. Color view of roughness measurements for hardwood and softwood samples. It should be noted that the initial DBMC
for all the samples is 150%.

DRYING TECHNOLOGY 9



ultrasonic drying does not seem to decrease the tensile
strength.

The tensile strength measurements revealed that
moisture content does not show much influence on the
tensile strength of the dried samples within the range of
the parameters considered in this study. The stress-
strain curves for the samples at 100% DBMC and for
the center points are illustrated in Figure 14 and Table
4 summarizes the results. In general, the refined pulps

have a higher ultimate tensile strength (UTS) compared
to that of unrefined pulps. According to Motamedian
et al.,[26] refining is a common procedure in paper mak-
ing industry to improve the mechanical properties of
the final product. In addition, the tensile strength is
affected by the sample basis weight and thickness. The
hand-sheet with a higher thickness has a lower strength
because of the stress gradients in the thickness direc-
tion. Hagglund et al.[27] proposed a linear elastic 2D
finite element analysis to model the stress field under
the jaws. The model proposes that the clamping condi-
tion during the test results in higher stresses at the sur-
face and lower stresses in the middle of the sheet.
Batchelor et al.[28] showed that the level of stress con-
centration highly depends on the thickness and the
grammage of the paper samples. As a result of the stress
gradients in the thickness direction, increasing thick-
ness and grammage reduces the strength of the sample.
Furthermore, the tensile strength for the center points
is between the tensile strengths for refined and unre-
fined samples.

4.9. Energy analysis

It is very important to apply sufficient electrical power
to the transducer to induce atomization of water in
the moist medium. For the transducer used in this

Figure 12. Surface roughness measurements for samples dried with ultrasound mechanism. The initial DBMC for all the samples
is 150%.

Figure 13. Comparing stress-strain curves for H-R-150-0.3 with
ultrasonic drying and with conductive heat drying at 80 �C.
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study under the operating frequency of 1.7MHz,
10W power is applied to allow for the atomization to
take place. As the sample dries, due to the changes in
impedance, the load power to the transducer changes
by drying time. The records show that the changes of
load power, for the transducer used in this study, dur-
ing all the experiment is almost the same and it is
represented in Figure 15.

The following equation is defined to calculate the
energy factor (EF), which is defined as the ratio of the
thermal energy required for evaporation to the total
load power (LP) applied to the transducer:

EF ¼ ðm0 �mtÞhfg
Ðt
0
LP tð Þdt

(5)

where m0 and mt are the initial and the instantaneous
weight of the sample. hfg is the latent heat of evapor-
ation and it is assumed to be constant at 2500 kJ/kg. t
is the time.

Figure 16 compares the energy factor for all the
experiments conducted as a function of time. The

energy factor initially increases with the drying time
mainly because of the increase in the direct contact
ultrasound transducer surface temperature. However,
after reaching its maximum, it decreases simply due
to the drop in the available moisture to atomize espe-
cially on the sample surface exposed to the ambient
air. The overall results confirm that, the unrefined
samples have higher energy factors compared to
refined samples. This finding agrees with the fact that
unrefined samples dry faster than refined samples.
Increasing the basis weight (thickness) of the samples
increases the energy efficiency and partially it is
related to the porosity of the sample as discussed in
previous sections. In general, the results show that
ultrasonic drying is less energy efficient compared to
direct thermal drying for the operating conditions
considered in this study. As it was illustrated in

Figure 14. Stress-strain curves for different types of pulps with different thicknesses.

Table 4. Ultimate tensile strain and ultimate tensile stress for
different samples.

Sample
Ultimate Tensile

Strain (%)
Ultimate Tensile
Strength (MPa)

H-unR-100-0.3 2.58 6.28
H-unR-100-0.6 4.31 6.67
H-Center Point 4.6 9.47
H-R-100-0.3 7.64 13.29
H-R-100-0.6 7.63 12.15
S-unR-100-0.3 4.4 5.57
S-unR-100-0.6 3.39 6.6
S-Center Point 11.07 17.29
S-R-100-0.3 13.05 33.93
S-R-100-0.6 10.61 27.49

Figure 15. Changes in load power as a function of drying
time. 10W forward power is applied to the transducer
(red line).
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Section 4.1, ultrasonic drying has higher drying rates
at higher moisture contents. This can be observed
from the energy factor plots in Figure 16, which
energy factor is higher at 150% DBMC compared to
that of 100% DBMC. To confirm the effectiveness of
ultrasonic drying at high moisture content levels, an
additional test was conducted with a paper hand-sheet
with initial DBMC of 700% (H-R-700-0.3). As shown
in Figure 17, the ultrasound energy factor reaches to
about 1.7, illustrating the increase in effectiveness of
ultrasonic drying with the increase in mois-
ture content.

5. Summary and conclusions

Hardwood and softwood hand-sheet samples are dried
using direct-contact ultrasound mechanism. The
results confirm that ultrasonic drying mechanism is
more efficient at higher moisture content levels. IR
camera images for the temperature on the surface of
the transducer revealed that by applying ultrasound,
first the temperature in the center increases and then
by propagating the oscillations through the surface of
the transducer, the temperature increases through the
surface. Comparing the drying curve of ultrasound

Figure 16. Comparing the energy factor for hardwood and softwood samples.

Figure 17. Illustration of the effect of high moisture content on DBMC and energy factor for H-R-700-0.3.

12 Z. NOORI O’CONNOR ET AL.



mechanism with the drying curve from thermal dry-
ing at 80 �C showed a significant decrease in drying
time. ANOVA is done for both hardwood and soft-
wood. The independent factors in the analysis are
including initial moisture content, thickness, and
refining condition of the pulp and two high and low
levels are considered for each factor. The results
showed that for the total time of ultrasonic drying,
the thickness has the maximum effect and after that
initial moisture content is important. These findings
for ultrasonic drying behavior of paper samples are
related to the structural characteristics of the samples.
Therefore, microstructure of the samples is investi-
gated and the surface profilometers are measured. The
results showed that softwood fibers are coarser than
hardwood fibers. Therefore, the pores in softwood are
larger and the porosity is higher compared to hard-
wood. In addition, unrefined samples have larger
pores compared to refined samples and hence, unre-
fined dries faster. Therefore, as it is expected, the
structure of the sample (refined, unrefined, or a mix-
ture) has a significant impact on drying curve. The
quality of the ultrasonically dried samples is measured
using colorimeter analysis for whiteness index. Using
regression analysis two equations for both hardwood
and softwood are provided. These equations describe
the total time of drying and whiteness index. To ana-
lyze the energy efficiency of the ultrasonically dried
samples, energy factor (EF) is defined as the ratio of
the energy required for evaporation to the energy that
generates the ultrasonic vibrations. The higher energy
factor means the process is more energy efficient. The
results showed that the energy factor for direct-con-
tact ultrasonic drying for the current setup is 0.2-0.6.
This implies that better design of transducers is
required to increase the efficiency of the process.
Furthermore, increasing the initial moisture content
to 700% results in higher energy efficiency for ultra-
sonic drying compared to thermal drying. The energy
factor for unrefined samples is higher than refined
samples, which agrees with the fact that unrefined
samples dry faster than refined samples. The refined
samples show higher tensile strength comped to that
of unrefined samples. This study provides the founda-
tion for the next studies of fundamental understand-
ing of ultrasound mechanism for hand-sheet drying.
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