
1 3

Heat Mass Transfer (2017) 53:1751–1759
DOI 10.1007/s00231-016-1931-1

ORIGINAL 

Drying kinetics and characteristics of combined infrared‑vacuum 
drying of button mushroom slices

Fakhreddin Salehi1 · Mahdi Kashaninejad2 · Ali Jafarianlari2 

Received: 30 October 2015 / Accepted: 17 October 2016 / Published online: 28 October 2016 
© Springer-Verlag Berlin Heidelberg 2016

L	� Half slab thickness of the slices (m)
K	� Slope
k	� Drying rate constants in models (1/s)
L	� Lightness/darkness that ranges from 0 to 100
MR	� Dimensionless moisture ratio
Mt	� Moisture content at time t (kg water/kg dry matter)
Me	� Equilibrium moisture content (kg water/kg dry 

matter)
M0	� Initial moisture content (kg water/kg dry matter)
N	� Number of observations
n	� Number of constants
R	� Correlation coefficient
t	� Drying time (min)
∆a	� a2 − a1 (redness/greenness)
∆b	� b2 − b1 (yellowness/blueness)
∆E	� Color changes
∆L	� L2 − L1 (lightness/darkness)

1  Introduction

The button mushroom (Agaricus bisporus) is the most 
widely cultivated and consumed mushroom throughout the 
world and it contributes about 40% of the total world pro-
duction of mushroom [1, 2]. Mushrooms are extremely per-
ishable and the shelf life of fresh mushroom is only about 
24 h at ambient conditions [3]. Hence, they should be con-
sumed or processed promptly after harvest and for this rea-
son the mushrooms are traded mostly in processed form in 
the world market. Dehydration is one of the important pres-
ervation methods employed for storage of mushroom and 
dehydrated mushrooms are valuable ingredients in a variety 
of sauces and soups. As mushrooms are very sensitive to 
temperature, choosing the right drying method can be the 
key for a successful operation [1, 2, 4].

Abstract  Infrared-vacuum drying characteristics of but-
ton mushroom (Agaricus bisporus) were evaluated in a 
combined dryer system. The effects of drying param-
eters, including infrared radiation power (150–375  W), 
system pressure (5–15 kPa) and time (0–160 min) on the 
drying kinetics and characteristics of button mushroom 
slices were investigated. Both the infrared lamp power 
and vacuum pressure influenced the drying time of but-
ton mushroom slices. The rate constants of the nine dif-
ferent kinetic’s models for thin layer drying were estab-
lished by nonlinear regression analysis of the experimental 
data which were found to be affected mainly by the infra-
red power level while system pressure had a little effect 
on the moisture ratios. The regression results showed 
that the Page model satisfactorily described the drying 
behavior of button mushroom slices with highest R value 
and lowest SE values. The effective moisture diffusivity 
increases as power increases and range between 0.83 and 
2.33 × 10−9 m2/s. The rise in infrared power has a nega-
tive effect on the ΔE and with increasing in infrared radia-
tion power it was increased.

List of symbols
a	� Redness/greenness that ranges from −120 to 120
b	� Yellowness/blueness that ranges from −120 to 120
Deff	� Effective diffusivity (m2/s)
D0	� Pre-exponential factor (m2/s)
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One of the oldest methods for the preservation of food 
is drying, which consists in removing water from the prod-
uct in order to provide microbiological safety [5, 6], and 
the most popular drying method includes convection. In 
this method the drying agent supplies heat to the material 
and removes moisture from the material at the same time. 
The method itself is a low-cost one, but has the disadvan-
tage of entailing a time-consuming process. During contact 
with oxygen that is present in the air, the product becomes 
exposed to high temperature for a long time, and such 
exposure reduces the content of some valuable components 
which readily undergo oxidation at elevated temperature. 
Another drawback of the convective method is the concom-
itant substantial shrinkage [7].

The specific heat and thermal conductivity of mush-
rooms was determined by Shrivastava and Datta [8] for a 
moisture content (MC) range of 10.24 ± 89.68% w.b. (wet 
basis) and temperature range of 40–70  °C. Both the ther-
mal properties increased almost linearly with the increasing 
levels of input variables. The specific heat of mushrooms 
varied from 1.7158 to 3.9498 kJ/kg °C for the experimental 
range of variables studied. Multiple regression models with 
high R2 values were developed to correlate these properties 
as a function of input variables.

One of the ways to shorten the drying time is to supply 
heat by infrared radiation. This method of heating is espe-
cially suitable to dry thin layers of material with large sur-
face exposed to radiation [9]. Application of infrared heat-
ing to food drying is recently of special interest because 
of the progress in radiator construction. Their efficiency 
is between 80 and 90%, the emitted radiation is in nar-
row wavelength range and they are miniaturized [10, 11]. 
Infrared radiation is transmitted through water at short 
wavelength, while at long wavelength, it is absorbed on the 
surface [12]. Infrared radiation has some advantages over 
convective heating. In spite of these advantages, applica-
tion of infrared energy in food processing is rather scarce. 
It is used for heating and cooking soybeans, cereal grains, 
cocoa beans and nuts, ready-to-eat products, braising meat 
and frying [13]. Drying of seaweed, vegetables, fish flakes 
and pasta is also done in tunnel infrared dryers. Infrared 
drying found also application in food analysis to measure 
water content in food products [14].

Infrared drying was applied before or after freeze-dry-
ing of shiitake mushroom to shorten the drying time, to 
enhance the rehydration, and to better preserve the aroma 
compounds and color by Wang et  al. [15]. The results 
showed that the combination of freeze-drying (for 4  h) 
followed by infrared drying saves 48% time compared 
to freeze-drying while keeping the product quality at an 
acceptable level. The application of infrared drying also 
helps produce a more porous microstructure in dried shii-
take mushrooms.

In the vacuum method the contact between the material 
being dried and oxygen is limited. Owing to the reduced 
pressure, effective drying can be achieved at low tempera-
ture [16]. In recent years, infrared-vacuum drying has been 
investigated as a potential method for obtaining high qual-
ity dried food products, including fruits, vegetables and 
grains. Infrared-vacuum drying combines the advantages 
of both infrared heating and vacuum drying. The low tem-
perature and fast mass transfer conferred by vacuum com-
bined with rapid energy transfer by infrared heating gener-
ates very rapid, low temperature drying and thus it has the 
potential to improve energy efficiency and product quality 
[1]. The effect of vacuum in infrared drying operation is 
system specific, and for successful design and operation of 
an industrial infrared-vacuum drying system, knowledge of 
the drying characteristics of the material to be dried under a 
range of condition is vital [17].

Pan et al. [18] used sequential infrared and freeze-drying 
(SIRFD) to produce high-quality dried fruits at reduced 
cost. The products dried using SIRFD had better color, 
higher crispness, higher shrinkage but poor rehydration 
propensity compared to those produced by using regular 
freeze-drying [18].

Infrared-vacuum method, when properly applied, can 
be used for achieving a high-quality product. Many stud-
ies were done to process mushroom by hot air drying [1, 
19–21], vacuum heat pump drying [22], osmotic dehydra-
tion [23], drying in a fluidized bed [24], infrared drying 
[25] and convection-microwave drying [1, 26, 27]. How-
ever, we found no report on Infrared-vacuum drying of 
mushroom slices in the literature. Therefore, the aim of the 
present work was to investigate infrared-vacuum drying 
characteristics of button mushroom slices in respect to dry-
ing kinetics, moisture diffusivity and color changes of the 
dried products.

2 � Materials and methods

2.1 � Sample preparation

Fresh button mushrooms (A. bisporus) were obtained from 
market and kept in cold storage at 4–5 °C (Table 1). Prior 
to drying, mushrooms (5 cm in diameter) were thoroughly 
washed to remove the dirt and graded by size to eliminate 
the variations in respect to exposed surface area. Slices of 
desired thickness were obtained by carefully cutting mush-
rooms vertically with a vegetable slicer and the slices from 
middle portions with characteristics mushroom shape were 
used for drying experiments without any pretreatments. 
They were immediately placed into the dryer.

Hence, drying of thin layers seems to be more efficient 
at far-infrared radiation (FIR 25–100  µm), while drying 
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of thicker bodies should give better results at near-infra-
red radiation (NIR 0.75–3.00  µm) [14]. Slices of button 
mushroom with 5  mm thickness were prepared with the 
aid of a steel cutter. Moisture content of the samples was 
determined in a vacuum oven at 70 °C for 6–8 h (AOAC, 
method no. 934.06). The initial moisture content of the 
slices was ranged from 89.68% ± 0.7 (wet basis) and about 
9 in dry basis. Experiments were carried out in triplicate 
and an arithmetic average was taken for data processing.

2.2 � Infrared‑vacuum drying

The button mushroom slices were dried in an infrared-
vacuum dryer (Infrared radiation lamp (NIR), Philips, Ger-
many; Vacuum oven (VO), Memmert Universal, Schwa-
bach, Germany) (Fig.  1). The effect of infrared radiation 
power (at three levels 150, 250 and 375 W), system pres-
sure (at three levels 5, 10 and 15 kPa), time (0–160 min) on 
the drying kinetics and characteristics of button mushrooms 
slice were investigated. Then the dried samples stored in an 
air-tight packet till the experiments.

Weight loss of samples was recorded by using a digital 
balance (Digital balance, LutronGM-300p, Taiwan), with a 
sensitivity of ±0.01 g.

2.3 � Drying kinetics

The experimental moisture content data were nondimen-
sionlized using the equation:

where MR is the dimensionless moisture ratio, Mt, M0 and 
Me are moisture content at any time, initial moisture con-
tent and equilibrium moisture content (kg water/kg dry 
matter), respectively. (Mt − Me)/(M0 − Me) was simplified 
to Mt/M0 as the relative humidity of drying air continuously 
fluctuated during drying experiments [28, 29].

Selected thin-layer drying models, detailed in Table  2, 
were fitted to the drying curves (MR versus time) [28, 30]. 
A nonlinear estimation package (Curve Expert, Version 
1.34) was used to estimate the coefficients of the given 
models. The two criteria of statistic analysis have been 
used to evaluate the adjustment of the experimental data 
to the different models, R (correlation coefficient) and SE 
(standard error). A good fitting between the experimental 
data and the correlations is obtained when there is a com-
bination of the high R value and the values of SE, which 
should be as low as possible [28].

(1)MR =
Mt −Me

M0 −Me

Table 1   The specifications of the measurement equipments

No. Name Type Capacity Manufacturer

1 Button mushrooms A. bisporus – Iran

2 Infrared radiation lamp NIR 150, 250 and 375 W Philips, Germany

3 Vacuum oven 1–100 kPa Memmert Universal, Schwabach, Germany

4 Digital balance GM-300p 1–300 g Lutron, Taiwan

5 Scanner G3110 Hp Scanjet, China

Fig. 1   A schematic diagram of the infrared-vacuum dryer: (1) vac-
uum pump; (2) insulator; (3) sample tray; (4) infrared lamp; (5) pres-
sure gauge; (6) drying chamber; (7) vacuum break-up valve

Table 2   Applied mathematical models to kinetics modeling of button 
mushroom drying

MR moisture ratio, t time (min) and n, k, b, l, g, c and a are coeffi-
cients of models

Model Equation

Approximation of diffu-
sion

MR = a exp (−kt) + (1 − a) exp (−kat)

Quadratic MR = a + bx + cx2

Page MR = exp (−ktn)

Newton MR = exp (−kt)

Midilli MR = a exp (−ktn) + bt

Logarithmic MR = a exp (−kt) + c

Verma MR = a exp (−kt) + (1 − a) exp (−gt)

Two term MR = a exp (−k0t
n) + b exp (−k1t)
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2.4 � Calculation of moisture diffusivity

In most studies carried out on drying, diffusion is gener-
ally accepted to be the main mechanism during the trans-
port of moisture to the surface to be evaporated [28]. Fick’s 
second law of diffusion has been widely used to describe 
the drying process during the falling rate period for most 
food materials [31]. The solution of diffusion model, con-
sidering negligible external resistance, in terms of average 
moisture content, negligible shrinkage, constant diffusion 
coefficients and temperature, is presented for slab geometry 
[28]:

where MR is the moisture ratio (dimensionless); t is the 
drying time (s), Deff is the effective diffusivity (m2/s); and L 
is the half slab thickness of the slices (m). For long drying 
periods, Eq. (2) can be further simplified to:

The effective diffusivity was calculated through Eq. (3) 
by using the method of slopes. The effective diffusivities 
are typically determined by plotting experimental drying 
data in terms of lnMR versus time (as given in Eq. 3). From 
Eq. 3, a plot of lnMR versus time gives a straight line with 
a slope (K) of:

2.5 � Color measurement

In order to investigate the effect of drying methods on color 
changes of dried button mushroom, a computer vision sys-
tem was applied. Sample illumination was achieved with 
HP Scanner (Hp Scanjet G3110). Since the computer vision 
system perceived color as RGB signals, which is device-
dependent, the taken images were converted into L∗a∗b∗ 
units to ensure color reproducibility [32]. In the L∗a∗b∗ 
space, the color perception is uniform, and therefore, the 
difference between two colors corresponds approximately 
to the color difference perceived by the human eye. L∗ 
(lightness/darkness that ranges from 0 to 100), a∗ (redness/
greenness that ranges from −120 to 120) and b∗ (yellow-
ness/blueness that ranges from −120 to 120) were meas-
ured [33].

The calculation of color changes (ΔE) for total color 
difference was made with the following equation [33]:

(2)MR =
8

π2

∞
∑

n=0

1

(2n+ 1)2
exp

(

−(2n+ 1)2
π2Deff t

4L2

)

(3)MR =
8

π2
exp

[

−π2Deff t

4L2

]

(4)K =
π2Deff

4L2

(5)�E =

√

(�L∗)2 + (�a∗)2 + (�b∗)2

In this study, the image analysis of dried button mush-
rooms was performed using Image J software version 
1.42e, USA. The fresh button mushroom exhibited a light 
color, with L∗

1, a
∗

1 and b∗1 equal to 93.61, −2.55 and 14.99, 
respectively.

2.6 � Uncertainty analysis

Uncertainty analysis is a powerful tool when it is used in 
the planning and design of experiments. The measurement 
inaccuracy in the experimental studies may occur from 
causes such as lack of accuracy in measurement equipment, 
random variation in operating condition, calibration proce-
dure and data recording. Uncertainty of any measurement 
can be expressed using the general expression given below 
[34, 35]:

where UY is the uncertainty in the result, u1, u2, …, un are 
the uncertainty in the independent variables; z1, z2, …, zn 
are the independent variables and Y is the function of the 
independent variables. The drying air temperature, the rela-
tive humidity of the air drying, change of mass of drying 
samples are independent parameters measured in the dry-
ing experiments of button mushroom.

3 � Results and discussion

3.1 � Drying time

Drying under vacuum is generally performed since under 
vacuum, water evaporates at low temperature; hence, dry-
ing can be performed at low temperature. Hence, absorp-
tion of infrared energy by water is an important variable, 
which affects drying kinetics. Generally, solid materials 
absorb infrared radiation in a thin surface layer [36]. Dur-
ing drying, radiation properties of the material are chang-
ing due to decreasing water content. As a consequence, its 
reflectivity increases and the absorptivity decrease.

The effects of infrared power and vacuum pressure on 
the moisture content of button mushroom slices are shown 
in Figs.  2 and 3, respectively. As expected, the moisture 
content was decreased by increasing the power because 
of the increased temperature and heat transfer gradient 
between the air and samples. The drying times of button 
mushroom samples were 110, 90 and 60 min at 150, 250 
and 375 W, respectively (5 kPa). In conclusion, experimen-
tal results showed that the infrared power has a significant 
effect on the evolution of moisture content. With increasing 
infrared intensity, due to the increase in sample temperature 

(6)UY =

√

(

∂Y

∂z1
u1

)2

+

(

∂Y

∂z2
u2

)2

+ · · · +

(

∂Y

∂z3
u3

)2
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and evaporation rate and the decrease in drying time, the 
specific energy for drying of mushroom slices decreases.

The influence of vacuum pressure on the moisture con-
tent as a function of drying time at an infrared power of 
150 W is shown in Fig. 3. It is evident that increase in vac-
uum pressure enhanced the drying rate. This was expected 
because as vacuum pressure increases, there is an acceler-
ated removal of moisture buildup in the chamber, which 
consequently enhanced the drying process. In combined 
infrared-vacuum drying, the most important effect is to 
cause an increase in drying rate. In mushroom drying, the 
use of microwave has been found to produce poorer quality 
of dried mushroom products [37]. In our study, no burning 
of dried mushroom slices was observed even at the highest 
power of 375 W in combination with the various vacuum 
pressures. The general improved quality of the dried prod-
ucts using this infrared-vacuum dryer may be due to the 
combined effects of increased pressure gradient between 
the inner and outer layers of the mushrooms as well as 
the low temperatures maintained throughout the drying 
process.

Masamura et  al. [38] observed increased drying rates 
of food products with increasing power supply to infrared 

heater. The increase in power might have caused a rapid 
increase in the temperature at surface of product, resulting 
into an increase in the water vapor pressure inside the prod-
uct and thus in higher drying rates [39].

Vacuum drying is a unit operation in chemical and engi-
neering process, in which moist material is dried under sub-
atmospheric pressures. The lower pressure allow drying 
temperature to be reduced and higher quality to be obtained 
than with classical air conventional process at atmospheric 
pressure [40]. The drying time reduced from 150 to 110 min 
when the vacuum pressure was decreased from 150 to 
50  kPa (150  W). The experimental results are consistent 
with the literature reports for other vegetables [41].

Microwave-vacuum dehydration characteristics of but-
ton mushroom were evaluated in a commercially available 
microwave oven modified to a drying system by incorporat-
ing a vacuum chamber in the cavity by Giri and Prasad [1]. 
The drying system was operated in the microwave power 
range of 115–285 W, pressure range of 6.5–23.5 kPa hav-
ing mushroom slices of 6–14  mm thickness. Microwave-
vacuum drying resulted in 70–90% decrease in the drying 
time and the dried products had better rehydration charac-
teristics as compared to convective air drying [1].

Infrared-vacuum dryer system was developed and 
tested by [42] using welsh onion as a test material. The 
results showed that the rate of moisture reduction of the 
sample decreased with an increase in the power input to 
the far infrared radiator. This is expected as higher power 
input implied higher radiation intensity. However, when 
a very low level of the power input (40  W) was applied 
the required final moisture content of onion could not be 
achieved.

3.2 � Fitting of the drying curves

The drying kinetics is often used to describe the combined 
macroscopic and microscopic mechanisms of mass transfer 
during drying, and it is affected by drying conditions, types 
of dryer and characteristics of materials to be dried. The 
drying kinetics models are essential for equipment design, 
process optimization and product quality improvement. 
Different mathematical models (Table  2) were fitted with 
the drying data and among the all drying models; the Page 
model obtained the highest R values and the lowest SE 
values. Estimated parameters and statistical data obtained 
for this model are shown in Table  3. In all the cases, the 
R values for the models were greater than 0.991, indicat-
ing a good fit. Figure 4 compare the experimental and the 
predicted moisture ratios with the quadratic model for 
dried button mushroom slices at 150 W and 15 kPa. It can 
be seen that there was a very good agreement between the 
experimental and predicted moisture ratio values, which 
are closely banding around at a 45° straight line.
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Fig. 2   Variations of moisture content with drying time of button 
mushroom slices at different infrared power (15 kPa)

0.0
1.0
2.0
3.0
4.0
5.0
6.0
7.0
8.0
9.0

10.0

0 20 40 60 80 100 120 140 160

M
C

 (k
g 

w
at

er
/k

g 
dr

y 
m

at
te

r)

Time (min)

5 kPa

10  kPa

15  kPa

Fig. 3   Variations of moisture content with drying time of button 
mushroom slices at different system pressure (150 W)
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Rhim and Lee [20] and Artnaseaw et  al. [22] reported 
that the Midilli model could adequately describe the con-
vective air drying and vacuum heat pump drying behavior 
of sliced shiitake mushroom.

3.3 � Moisture diffusivity

The effective diffusivities are determined by plotting exper-
imental drying data in terms of lnMR versus time. The 
effects of infrared radiation power and vacuum pressure 
on the lnMR are shown in Figs. 5 and 6, respectively. The 
Deff values lie within in general range of 10−11–10−9 m2/s 
for food materials [43]. The values of Deff at different 
condition drying of button mushroom slice obtained by 
using Eq.  (4) and estimated values are shown in Table  4. 
The effective diffusivity values of button mushroom slices 
were ranged from 0.83 and 2.33 ×  10−9  m2/s. Effective 
diffusivity values increased with increasing infrared radia-
tion power because of the rapid movement of water at high 
temperatures [28]. The values of Deff are comparable with 
the reported values of 0.85–1.75  ×  10−10 m2/s for hull-
less seed pumpkin at 40–60  °C [31], 0.46–3.45 ×  10−10 
m2/s mentioned for drying carrot in the temperature range 
of 60–90  °C [44], 3.0–17.12 ×  10−10 m2/s for kiwi fruit 

at 30–90 °C [45], 3.2–11.2 × 10−9 m2/s for red bell pep-
per at 50–80  °C [46], 2.52–13.0  ×  10−10  m2/s for curd 
at 45–50  °C [47], and 4.27–13.0  ×  10−10 m2/s okra at 
50–70  °C [48].These values are consistent with the pre-
sent estimated Deff values for button mushroom slices. The 
results of such fitting gave a regression coefficient of 0.96 
indicating that the quality of such a fitting was satisfactory.

Far-infrared drying characteristics of mushroom slices 
were studied by Darvishi et  al. [25]. Experimental drying 
curves showed only a falling drying rate period. The results 
show that the logarithmic model is the most appropriate 
model for infrared drying behavior of thin-layer mush-
room slices. A third-order polynomial relationship was 
found to correlate the effective moisture diffusivity with 
moisture content. The average effective moisture diffusiv-
ity increased with increasing temperature and decrease 
in moisture content of mushroom slices and varied from 
8.039 × 10−10 to 20.618 × 10−10 m2/s.

In the case of rehydration ability it was reported that 
Infrared-vacuum dried carrot had lower rehydration ability 

Table 3   Curve-fitting coefficients of the Page model

Power (W) Pressure (kPa) k n R SE

150 5 0.029 0.935 0.992 0.032

150 10 0.011 1.107 0.994 0.030

150 15 0.006 1.223 0.998 0.017

250 5 0.021 1.059 0.991 0.041

250 10 0.008 1.247 0.994 0.034

250 15 0.002 1.472 0.998 0.019

375 5 0.020 1.257 0.998 0.020

375 10 0.020 1.133 0.999 0.007

375 15 0.002 1.569 0.996 0.030

y = 0.9895x + 0.0104
R² = 0.9978
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Fig. 4   Comparison of experimental and predicted moisture ratio 
(MR) at 150 W and 15 kPa
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when dried at a condition of shorter drying duration, e.g., 
at a lower drying pressure or at a higher controlled surface 
temperature. This is due to the fact that at these conditions 
dense or rigid layers formed on the sample surface; these 
layers prevented adsorption of water during rehydration 
[49].

3.4 � Color measurement

Since air is transparent to infrared radiation, the process 
can be done at ambient air temperature. Equipment can 
be compact and automated with high degree of control of 
process parameters. This is especially important because of 
fast heating and possibilities of overheating of the material 
[12].

The fresh button mushroom exhibited a light color, with 
L∗

1, a
∗

1 and b∗1 equal to 93.61, −2.55 and 14.99, respectively. 
The results of color measurement of dried button mush-
room slices at different conditions are presented in Table 5. 
The infrared radiation power was found to have a signifi-
cant effect on the colour of button mushroom slices. The 
rise in power has a negative effect on the ΔE and with 
increasing in infrared radiation power from 150 to 375 W, it 
was increased from 27.33 to 33.10 (5 kPa), respectively. As 

shown in Table 5, the L∗ values varied from 33.34 to 71.83 
at different drying condition.

Swasdisevi et al. [50] examined the drying behavior of 
Cavendish banana slices undergoing combined far infrared 
and vacuum drying. The results showed that the vacuum 
pressure, temperature and thickness had significant effects 
on the drying kinetics and various qualities of the dried 
banana viz. color, hardness and shrinkage. It was reported 
that lightness decreased with increasing surface tempera-
ture, while yellowness increased with increasing surface 
temperature due to browning reaction occurring during 
drying process. Combined FIR-vacuum drying shows good 
potential of producing a fat-free shuck-like product from 
banana. In addition, the optimum condition for infrared-
vacuum drting is at temperature of 50 °C, pressure of 5 kPa 
and thickness of 2  mm. Guiné and Barroca [51] reported 
that the lightest dried pumpkin was obtained by freeze dry-
ing. The results show a decrease of L∗ and an increase of 
a∗ and b∗ with increasing of system power. Therdthai and 
Zhou [52] reported that high temperature during drying of 
mint leaves could lead to increase ΔE values.

3.5 � Uncertainty analyses for the measurement

Table 6 lists the uncertainties of the measured parameters 
and total uncertainties in calculating the effective moisture 

Table 4   Values of effective moisture diffusivity of button mushroom 
slice obtained from drying experiments

Power (W) Pressure (kPa) Effective diffusivity (m2/s) R

150 5 1.1 × 10−09 0.969

150 10 9.6 × 10−10 0.962

150 15 8.3 × 10−10 0.984

250 5 1.7 × 10−09 0.898

250 10 1.4 × 10−09 0.918

250 15 1.0 × 10−09 0.967

375 5 2.3 × 10−09 0.993

375 10 1.5 × 10−09 0.997

375 15 1.5 × 10−09 0.965

Table 5   Comparison between 
different drying conditions 
on color changes of button 
mushroom slices

Power (W) Pressure 
(kPa)

a
∗

b
∗

L
∗ ΔE

150 5 3.10 ± 1.85 30.51 ± 4.20 71.83 ± 8.56 27.33

150 10 3.88 ± 3.20 33.32 ± 5.25 61.60 ± 13.71 37.44

150 15 3.10 ± 1.98 27.74 ± 3.39 57.28 ± 11.97 38.92

250 5 2.77 ± 3.48 29.26 ± 5.81 66.62 ± 11.07 30.99

250 10 2.13 ± 4.28 30.62 ± 6.21 59.83 ± 16.43 37.52

250 15 −0.53 ± 3.39 23.43 ± 4.97 53.75 ± 12.55 40.79

375 5 1.81 ± 2.82 30.70 ± 4.72 64.81 ± 12.01 33.10

375 10 0.67 ± 4.66 25.63 ± 8.95 56.99 ± 16.43 38.27

375 15 −0.68 ± 3.12 18.49 ± 5.19 33.34 ± 13.34 60.40

Table 6   Uncertainties of the experimental measurements and total 
uncertainties for the effective moisture diffusivity

Parameter Unit Value

Uncertainty in system pressure measurement kPa ±0.1

Uncertainty in air temperature measurement °C ±0.1

Uncertainty in mass measurement g ±0.01

Uncertainty in the air relative humidity measurement % ±0.1

Uncertainty in the time measurement s ±0.1

Total uncertainty for effective moisture diffusivity 
(Deff)

m2/s 3.21%



1758	 Heat Mass Transfer (2017) 53:1751–1759

1 3

diffusivity. The values of uncertainty obtained for the but-
ton mushroom drying analysis in this study were well 
below the acceptable limit of 5%.

4 � Conclusions

The effect of vacuum in infrared drying operation is sys-
tem specific, and for successful design and operation of an 
industrial infrared-vacuum dryer, knowledge of the drying 
characteristics of the material to be dried under a range 
of condition is essential. A drying system was fitted with 
near-infrared (NIR) heaters for radiative heating. The dry-
ing times of button mushroom samples were 110, 90 and 
60 min at 150, 250 and 375 W, respectively. It was reduced 
when the system pressure was decreased. The drying char-
acteristics were satisfactorily described by Page model with 
the latter providing the best representation of the experi-
mental data. Values for the effective moisture diffusivity 
of button mushroom samples were obtained in the range of 
0.83 and 2.33 × 10−9 m2/s. The present study also verified 
that the color of button mushrooms was influenced by the 
drying process condition (infrared power and system pres-
sure). The rise in power has a negative effect on the ΔE 
and with increasing in infrared radiation power from 150 
to 375  W, it was increased from 27.33 to 33.10 (5  kPa), 
respectively.
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