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ABSTRACT 
This study evaluates the heat and mass transfer behavior of innovative Radial Jet 
Reattachment (RJR) nozzles to analyze the texture and color characteristics of crispy tosta
das. A new experimental method for measuring steady-state evaporation is proposed and 
validated to determine the averaged coefficients of convective heat and mass transfer for 
different drying conditions and geometrical parameters of RJR nozzles. The experiment is 
designed using a 24 factorial design approach. The factors that are considered include noz
zle exit angle (10� and 45�), tortillas thicknesses (1.03 mm and 1.66 mm), air drying tempera
ture (200 �C and 250 �C) and air mass flow rate (17.0 m3/h and 27.2 m3/h). The findings 
indicate that for the impingement drying of tortillas, it is crucial to consider convection and 
diffusion as the primary factors in selecting the appropriate operating conditions. Moreover, 
the study concludes that the RJR nozzle with a 45� exit angle exhibits a higher drying rate 
than the RJR nozzle with a 10� exit angle. The study found that neither the type of nozzle 
nor the air drying conditions had a significant impact (a � 0.05) on the texture and color of 
the final product. The utilization of RJR nozzles for impinging drying of tortillas is a promis
ing and robust process that enables the production of crispy tostadas without negatively 
impacting the quality characteristics of the final product.
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Introduction

In order to promote a healthy society, it is necessary to 
offer foods that are low in fat, gluten-free, high in fiber 
with desirable texture and flavor characteristics.[1] 

“Tortilla” is the name of a Mexican product prepared 
by cooking a “nixtamalized disk of corn dough” on a 
smooth, flat griddle. “Unfried tostada” is a healthy 
product made from a dried-up or baked tortilla that 
becomes dehydrated and crunchy. This process 
ensures that the material can be preserved for several 
weeks without refrigeration and without spoiling. 
Additionally, these products do not require non-oxida
tive atmospheres like fried products do. The fragility of 
the ‘Tostadas’ represents a challenge in their produc
tion, packaging, transportation, and marketing.

The consumption of tortillas has experienced tre
mendous worldwide growth, both as a dietary diversi
fication among all ethnic groups and as a healthier 
alternative to other types of bread. The food industry 
has attempted to simplify the manufacturing process 
by utilizing instant flours and specialized machines, 
such as three-tier gas-fired oven conveyor belts.[2] 

Preparing dried or baked tortillas requires technology 

to achieve a uniform product with acceptable quality 
characteristics. Cooking, drying, baking, and toasting 
tortillas and other similar products can be integrated 
into a single technology in the food industry, resulting 
in energy and material savings. Such an approach can 
also help in reducing capital and investment costs 
while ensuring acceptable product quality characteris
tics for both producers and consumers.

Impingement drying has shown promise as a tech
nology suitable for integration into continuous proc
esses where the food material is transported by 
conveyor belts. Mujumdar and Tsotsas[3,4] reviewed 
the state of the art of modern Drying technologies. 
They provided a comprehensive review of the effect of 
various parameters in drying with impinging jet noz
zles. The most important applications of impingement 
jet are processes where materials resist fluid impacts, 
such as annealing metal and plastic sheets, glass tem
pering, and drying textiles, sheet metal, paper, and 
film material. Impingement flow devices allow short 
flow paths at the surface and, therefore, relatively high 
heat transfer rates.[3,4] The advantage of impingement 
dryers lies in their high evaporative capacity, which is 
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due to the high temperatures and air flow rates they 
utilize. The design of an impingement dryer takes into 
account the geometrical parameters, operating condi
tions, and material characteristics to be dehydrated, 
which can either be specified or chosen arbitrarily. 
The challenging aspect is to choose a system that can 
provide the best balance between energy consumption, 
production capacity, and product quality.[5]

Impingement dryers are suitable for food process
ing because they can quickly dry or bake foods, par
ticularly those that require exposure to high 
temperatures for a short duration.[6] After all, 
increased flow and heat transfer rates in impingement 
dryers can degrade heat-sensitive food products. The 
deterioration of food during drying and other thermal 
treatments is dependent on the time-temperature 
combination. Even when the temperature is high, if 
the time of exposure is short, the deterioration may 
be less. Therefore, when designing an impingement 
dryer for food, experimental drying data should be 
considered to ensure optimal results. Lujan-Acosta 
et al.[7] used impingement drying to dry a circled- 
shape (5.08 cm in diameter) raw tortilla chip. The air 
temperature mainly affected the product’s microstruc
ture and texture. A smoother and tighter microstruc
ture and crispier chips were obtained at high 
temperatures. Banooni et al.[8] studied the influence of 
airflow and temperature variation on bread tempera
ture, weight loss, thickness, and surface color of baked 
flat bread. They concluded that impingement ovens 
could be used successfully instead of direct fire ovens 
in flat bread bakeries. Farzad and Yagoobi[9] showed 
that the impingement drying with modified nozzles 
produced dried apple slices with less color deterior
ation and fewer nutritional losses compared to drying 
with conventional nozzles.

Impinging nozzles are essential components of 
impingement systems, which typically include perfo
rated, in-line jets (ILJ), and slot jet (SJ) nozzles. 
Farzad et al.[9,10] extensively discuss published experi
mental and numerical studies that investigate the per
formance of various types and geometrical 
configurations of impingement nozzles. The effect on 
the pattern, topology, behavior, and performance of 
the turbulent flow, local and average heat transfer, 
transport characteristics of various geometrical param
eters; shape, hydraulic diameter, configuration, inclin
ation, arrays of the nozzles, as well as surface to 
nozzle spacing, surface motion, surface roughness, 
temperature, and mass rate of the fluid.

Although significant advances are being made in 
understanding transport phenomena under jets, the 

design remains empirical, mainly when the flow rates 
and temperature are increased to achieve high heat 
and mass transfer coefficients without damaging 
the product, especially for moist fragile surfaces and 
heat-sensitive materials like food. Two innovative 
impingement jet nozzles are the radial and slot jet 
reattachment nozzles, RJR, and SJR, respectively.[11,12] 

In reattachment nozzles, the fluid stream is directed 
outward to a point where it separates from the nozzle 
into a free stream. The turbulent viscous mixing that 
occurs at the boundaries of this stream induces sec
ondary flow by mass entrainment.[13] When placed 
near a surface, the induced flow from the lower edge 
of the jet stream creates a low-pressure region beneath 
the nozzle. The low-pressure region forces the jet 
stream to turn down until the stream impinges, or 
reaches, the plate in a circular (for RJR) or an oval 
(for SJR) shape centerer underneath the nozzle.[14] 

The stream, now reattached to the surface of the flat 
plate, divides. Part of the stream turns radially out
ward, and the remainder radially inward. This process 
results in a highly turbulent reattachment ring.[15] The 
intense turbulence associated with this phenomenon is 
mainly responsible for the high heat and mass transfer 
between the fluid and the impingement/reattachment 
surface.[16,17]

The characteristic flow pattern of the RJR and SJR 
also provides another unique feature. The magnitude 
and direction of the net force exerted by the fluid on 
the reattachment surface can be controlled. Zero and 
even negative net forces can be attained with different 
designs of the RJR nozzle.[12] Specifically, the flow exit 
angle can be used to manage the force direction on 
the impingement surface. Such characteristics allow 
high heat and mass transfer coefficients without dam
aging the reattachment surface.[11–17]

Knowledge of the dependence of external variables 
and material characteristics on the heat and mass 
transfer rate is necessary to choose the best system in 
terms of effectiveness and energy efficiency. 
Convective heat and mass transfer coefficients can be 
estimated from empirical correlations. Martin[18] 

developed empirical equations to estimate the local 
and heat and mass transfer for a single and an array 
of in-line jets (ILJ) and slot jet (SJ) nozzles. The RJR 
and SJR nozzles are geometrically more complex and 
produce a reattachment flow pattern. Narayanan 
et al.[19] developed a correlation for a peak (reattach
ment) heat transfer coefficient for slot jet reattach
ment (SJR) nozzles. The influence of turbulence and 
geometric variations may cause much of the scatter of 
data, making it difficult to obtain equations for 
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predicting mass and heat transfer coefficients. Farzad 
et al.[9] quantified local heat transfer coefficients gen
erated by RJR, SJR and ILJ nozzles for all the test con
ditions, measuring heat flux using a data logger 
connected to a heat flux sensor.

This work proposes a simple experimental method 
to evaluate the average mass and heat transfer coeffi
cients for all the conditions explored. It involves 
measuring the average surface temperature and weight 
loss under steady-state evaporation in a water-satu
rated porous stone with a diameter similar to that of 
the samples considered in this study.

In impinging drying using RJR nozzles, it is crucial 
to understand systematically how food products are 
affected by the turbulent flow and intensive heat treat
ment. The exit angle of the RJR can influence flow 
characteristics and increase heat and mass transfer 
coefficients without compromising the quality of the 
dried tortillas. In this experimental study, two Radial 
Jet Reattachment (RJR) nozzles with exit angles of 10�

and 45� under different air-drying conditions are 
considered.

The success of integrating impingement drying 
with reattachment nozzles into the continuous cook
ing, drying, and baking process of tortillas depends on 
the drying performance and final quality characteris
tics of the baked products. The objective of this study 
is to evaluate the moisture transport characteristics 
and quality of dehydrated tortillas of two thicknesses 
using RJR nozzles. The convective heat and mass 
transfer coefficients, as well as diffusivity, were experi
mentally calculated to determine the drying rate and 
to evaluate the effect of this method on the color and 
texture of the baked tortillas.

Materials and methods

Tortilla preparation

Tortillas were made from nixtamalized flour 
(MasecaVR ), water and salt. The dough was prepared in 
a stand mixer (Kitchen aidVR ) with a dough hook 
kneading the flour and the water (1:1.26 w/w) for 
2 min. One gram of salt was added to 300 grams of 
mixture. A dough ball (21.0 ± 0.58 g) was pressed with 
a cast iron press between polyethylene plastic sheets 
and was flattened with a rolling pin to the required 
thickness. The upper plastic was carefully peeled off, 
and the dough sheet was cut with a round molder of 
15.24 cm in diameter. The rounded dough sheet was 
cooked on a laboratory hot plate at 280 �C for 70 s. 
Initially, each side was heated for 20 s, followed by an 
additional 15 s on each side. If the thin round piece of 

corn dough is not cooked, it remains as dried “crude” 
which can’t be considered a genuine “tortilla.” The 
characteristics of dried raw and dried cooked dough 
are quite different.

The tortillas were cooled in an atmosphere gener
ated by a supersaturated NaCl solution prior to the 
drying test. Each tortilla was cut using a 10.16 cm 
round cutter, and the initial weight of the tortillas was 
recorded. The trimmed parts of the tortilla were uti
lized to measure the initial water content of the sam
ples. For each test, one sample was placed right under 
the RJR nozzle. Then, the tortillas were dried using 
the impingement nozzles at different air temperatures 
and air mass flow rates. Two tortilla thicknesses were 
prepared: thin tortillas with a weight of 14.59 ± 0.65 g 
and thick tortillas with a weight of 18.24 ± 0.41 g.

Experimental set-up

The experimental apparatus and procedures used in 
this study are the same as Farzad et al.[9] Figure 1
shows the schematic of the experimental setup. The 
hot air was fed from a large upstream air supply to 
the impinging jet nozzle through a stainless-steel pipe 
assembly. A pressure regulator and precision gauge 
were mounted at the inlet to ensure constant pressure 
during the drying tests. The supplied compressed air, 
with an air temperature of 20 �C and a regulated pres
sure of 189.6 kPa, was utilized. The incoming air flow 
rate was controlled by a needle control valve and 
measured by a rotameter. For heating the airflow, an 
8.5 kW torch electrical heater connected to a PID con
trol unit regulated the power required to obtain the 
desired temperature. Following the electrical heater, a 
three-port solenoid valve actuated on a timer redir
ected the incoming air away from the sample during 
the sample weight recording. The threaded RJR nozzle 
was connected to the solenoid valve, and the impinge
ment surface was carefully adjusted such that the cen
terline of the jet corresponded with the geometric 
center point of the surface of the samples to ensure 
that the impingement was symmetrical. A scale with a 
resolution of 0.001 g was placed under the impinge
ment surface to record the sample weight during the 
drying process. An adjustable stand held the digital 
scale and adjusted the distance between the nozzle 
and the impingement surface. The weight was 
recorded with a data acquisition unit. J-type thermo
couples were used to measure the temperatures at the 
outlets of the electrical heater and nozzle. 
Additionally, the setup was well-insulated with cer
amic fiber to minimize heat loss to the ambient.
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The geometrical relationships of the nozzles and 
the distance from the sample were kept constant for 
both of the two nozzles (Figure 2). The geometrical 
relationships for a single RJR nozzle recommended by 
Yagoobi et al.[12,19,20] were considered; b/ID ¼ 0.145 
and Ynp/ID ¼ 0.59 (Y/Dh ¼ 1.8). Two RJR nozzles 
with exit angles of 10� (inner diameter (ID) of 
26.78 mm and Y of 15.80 mm) and 45� (ID of 
31.81 mm and Y of 18.77 mm) were employed. The 
reattachment ring is the boundary or region where 
the flow impinges on the flat surface beneath the RJR 
nozzle. For both the 10� and 45� degree RJR nozzles, 
the selected geometrical relationship ensures that the 
reattachment ring takes place on the sample surface 
with optimal resultant averaged heat transfer coeffi
cient. The reattachment zone is approximately a circu
lar band with a width of 5.75 times the inner 
diameter of the nozzle, which allows for the airflow to 
cover the entire surface of the tortilla samples.

Measurement of the evaporation capacity of the 
system

Experimental setups are tailored for specific applica
tions in order to measure the heat transfer perform
ance using reattachment nozzles. The modification 
may involve altering the experimental setup, requiring 
unavailable or expensive equipment. The challenge 
lies in choosing the appropriate type of reattachment 
nozzles and determining the optimal geometrical rela
tionship for specific applications. The evaporation 
capacity of an impinging RJR system can be deter
mined by measuring the average surface temperature 
and the weight loss during steady-state evaporation in 
a saturated material. In order to do so, a porous stone 
immersed in a water container with the same diam
eter as the tortilla was used. The aluminum oxide por
ous stone (GSA-234 GilsonVR ) with a diameter of 
101.60 mm, thickness of 6.35 mm, air permeability 
of 4.6 to 5.5 m3/m2 min, and an average pore size of 
179 mm was used. The stone surface temperature was 
measured with a FLIR T540sc camera (with 2% tem
perature reading error).

The convective mass transfer coefficient, hM, is cal
culated from the steady state evaporation rate data 
(flux of evaporation) Nc (kgw/m2 s) and the surface 
temperature of the wet porous stone (Ts).[21] The 
moisture evaporation rate can be described in terms 
of the averaged gas mass transfer coefficient (hM) and 
the difference in moisture content between the satu
rated air at the surface temperature (Ys), and the 
mainstream moisture content (YG).

Figure 2. Perspective image (left side) and geometrical rela
tionships (right side) of an RJR nozzle.

Figure 1. Experimental set-up of the RJR impingement dryer.
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Nc ¼ −
1
A

dW
dt

¼ hM � Ys − YGð Þ (1) 

The evaporation flux, Nc, is associated with the 
heat flux, qc. The thermal energy transferred at the 
surface through convection enables the calculation of 
the averaged convective heat transfer coefficient, hH, 

as follow:

Nc � DHv ¼ qc ¼ hH � T − Tsð Þ (2) 

The supplied compressed air is dry, with a dew 
point of −40 �C, at room temperature. Consequently, 
the gas in the mainstream is considered dry, with a 
moisture content approximately equal to 0 (YG� 0).

The mass and heat transfer coefficients are calcu
lated based on the experimental measurements using 
the following equations:

hM ¼ −
1

A � Ys

DW
Dt

(3) 

hH ¼ −
DHv

A � T − Tsð Þ

DW
Dt

(4) 

Experimental drying design

Four factors were evaluated in the impingement dry
ing of tortillas: air temperature, air mass flow rate, 
nozzle type, and tortilla thickness. Two RJR nozzles 
were tested, one with an exit angle of 10� and the 
other with an exit angle of 45�. Two thicknesses of 
tortillas were examined: 1.03 ± 0.095 mm and 
1.66 ± 0.061 mm (measured before drying), with an 
initial tortilla diameter of 101.6 mm. Two drying air 
temperatures (200 �C and 250 �C) and two levels of 
airflow, 17.0 m3/h (10 CFM) and 27.2 m3/h (16 CFM) 
were employed, corresponding to an air mass flow 
rate ( _m) of 0.0057 kg/s and 0.0091 kg/s. The air mass 
flux (G) considers the tortilla surface as the impinge
ment area for heat and mass transfer. The two air 
mass flux values were measured as 0.70 kga/m2s and 
1.12 kga/m2s.

An experimental design using a complete 24 factor
ial was used, conducting three tests for each combin
ation of variables. The evaporation rate, surface 
temperature, convective heat and mass transfer coeffi
cients were considered as response variables to evalu
ate the evaporation capacity of the impingement 
nozzles. Drying time and effective diffusivity were 
used to evaluate the drying rate. Color and texture 
parameters were used to evaluate the quality charac
teristics of the dried tortillas. The effects of the factors 
on the dependent variables were evaluated using ana
lysis of variance (ANOVA), taking into account the 

statistical significance at an acceptable probability level 
of a � 0.05. The statistical analyses were conducted 
using with NCSS 9 software (NCSS Statistical 
Software, Kaysville, Utah, USA).[22]

Experimental drying kinetics

The moisture content of the tortillas before the drying 
tests and before the quality test was determined by 
weight loss of the samples after drying for over 24 h in 
a vacuum oven at 70 �C under a pressure of 18 kPa 
(method 934.06 AOAC2019).[23] Before the drying pro
cess, the trimmed parts of the tortilla were used to 
measure the initial water content of the samples. The 
initial average water content (Xowb) was 0.36 ± 
0.023 kgw/kgws for thin samples and, 0.42 ± 
0.06 kgw/kgws for thick samples.

The moisture content of the samples during the dry
ing process was calculated by using the initial moisture 
content data and the measured weight as follow:

Xt ¼
Wt

Wo � 1 − Xowbð Þ
− 1 (5) 

A dimensionless moisture ratio MR was used to 
compare the drying performance at different condi
tions. The moisture content at equilibrium was con
sidered zero due to the high air temperatures used in 
the experiments. GRG Nonlinear solving method 
(Solver Add-in in ExcelVR ) was used to fit the drying 
curves to an exponential-type equation (Equation (6)). 
The exponential equation with three adjustment 
parameters (B, C, and E) was used for fitting the 
moisture loss and drying rate curves under all the 
studied conditions.

MR ¼
Xt − Xe

Xo − Xe
¼

Xt

Xo
¼ B � e−C�tE

(6) 

The derivative of the exponential equation was 
used as an adjustment equation to the experimental 
data of drying rate.

Moisture diffusion is considered the main mechan
ism for mass transport inside the tortillas. The solution 
to Fick’s second law for diffusion in a non-stationary 
state relates the moisture ratio (MR) to a “constant” 
effective moisture diffusivity (Deff) as follows:[24]

MR ¼
8
p2

X1

n¼0

1
2n þ 1ð Þ

2 exp − 2n þ 1ð Þ
2 p2

4
Deff

l2 t
� �

(7) 

A linearized expression, Equation (8), is obtained 
by considering the first term of the sum in the equa
tion (n ¼ 0). The slope of the Ln MR versus t plot is 
related to the diffusivity and the thickness of 
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the sample.

ln
Xt − Xe

Xo − Xe

� �

¼ ln
8
p2

� �

− Deff :
p2

4l2

� �

:t (8) 

Quality measurement

The moisture content, thickness, and diameter of the 
tortillas were measured both before and after drying, 
as well as before measuring the quality parameters. 
More than 5 points in each tortilla piece were meas
ured with a Dial thickness gauge of 0-5 cm 
(0.0025 mm graduations).

Color measurement
The CIE L�a�b� color coordinates were obtained with 
a Hunter Lab Mini Scan EZ spectrophotometer 
(MSEZ1118), illuminating D65. The results were 
expressed as CIELAB coordinates that define color in 
a three-dimensional space: L� (brightness), a� (þred, 
−green), b� (þyellow, −blue), and the whiteness 
index, Equation (9).

WI ¼ 100 −
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

L� − 100ð Þ
2

þ a�ð Þ
2

þ b�ð Þ
2

q

(9) 

Texture analysis
The dry tortillas were subjected to a compression test 
until the breaking point. The physical characteristics 
of texture, such as hardness (N), crunchiness (Nmm), 
and crispiness, were calculated with the single com
pression graphs.[25] The compression test was per
formed with a TA1 texture analyzer (Lloyd 
Instruments AMETEKVR ). This texturometer was 
equipped with a load cell of 500 N and a stainless-steel 
ball probe of 1.0 cm in diameter. The sample was 
compressed by the probe with a preload/stress of 
0.05 N, and the compression speed was set at 1 mm/s 
before, during, and after the test. The samples were 
placed over an acrylic cylindrical sample container of 
5.1 cm ID and 6.35 cm OD.

Results and discussion

Heat and mass transfer at a constant evaporation 
rate

Table 1 shows the measured values of water evapor
ation rate (Nc), average surface temperature (Ts), and 
the calculated values of convective heat and mass 
transfer coefficients. The statistical analysis (a � 0.05) 
shows that the air mass flow rate significantly affects 
the evaporation rate, followed by the air temperature 
and the nozzle type. The highest evaporation rate was 
33.30 kg/m2s for the 45� nozzle with temperature and 
air mass flow rate of 250 �C and 27.2 m3/h, respect
ively. The lower evaporation rate was 16.04 kg/m2s for 
the 10� nozzle at temperature and air mass flow rate 
of 200 �C and 17.0 m3/hr, respectively. The 45� nozzle 
exhibited a higher evaporation rate compared to the 
10� nozzle. Overall, by increasing the nozzle exit 
angle, force and heat transfer coefficients were 
increased.[12]

The average equilibrium temperatures on the sur
face of the porous stone ranged from 37 �C to 47 �C, 
with lower temperature observed for the 10� nozzle 
compared to the 45� nozzle. Greater flow force could 
cause greater surface heating.

The mass flux of the air (G) affected significatively 
(a � 0.05) the average mass transfer coefficient (hM). 
The values of hM are comparable to the rate at which 
water evaporates from a wet surface at high air vel
ocity (0.095 kg/m2 s at 16 m/s).[21]

The air mass flow rate and the nozzle type are sig
nificant factors (a � 0.05) in the heat transfer. Farzad 
et al.[9] determined the average local heat transfer 
coefficients of the 45� RJR nozzles by integrating the 
values along the boundary of a 100 mm bottom plate 
radius. For a similar air mass flow rate of 0.005 kg/s 
and an air temperature of 200 �C, an integral mean 
value of the heat transfer coefficient (hH) of 
32.5 W/m2K was obtained compared to 26.12 W/m2K 
in this work. The difference can be explained by the 
measurements in this work considered simultaneous 
mass and heat transfer, and the measurements made 
by Farzad et al. considered the heating of a metal 

Table 1. Experimental convective evaporation parameters.
RJR G kg m−2 s−1 T �C Nc (10−4) kg m−2 s−1 Ts �C hM (10−3) kgw m−2 s−1 (kgw

−1 kgda) hH Wm−2 K−1

45� 1.12 250 33.30 ± 0.27 47.5 44.47 39.29
200 27.14 ± 0.95 46.0 39.44 42.16

0.70 250 22.20 ± 0.54 46.0 32.27 26.04
200 17.27 ± 0.57 41.0 33.40 26.12

10� 1.12 250 29.60 ± 0.57 47.0 40.66 34.86
200 22.70 ± 0.34 42.5 40.24 34.60

0.70 250 18.50 ± 0.45 42.6 32.63 21.42
200 16.04 ± 0.19 37.0 39.11 23.75
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surface reaching higher temperatures than evaporative 
cooling.

The results obtained in this study support the use 
of the steady-state evaporation method as a reliable 
alternative to measuring heat transfer using a heat 
flux sensor.

Impingement drying of tortilla

Figures 3 and 4 show the drying curves at different 
conditions. The thickness values are those of the 
beginning of drying. The drying curves observed in 

this study align the expected order of the impact of 
each drying condition, namely thickness, air tempera
ture, air mass flow rate, and nozzle type. The error 
bars show a greater dispersion in the tests with higher 
air temperatures and flow. The relationship between 
moisture content and time for all the drying condi
tions (Table 2) is well captured by the three-parameter 
exponential equation. The equation exhibits a sum of 
squared differences (SSE) of less than 0.008 and a 
coefficient of determination (R-squared) greater than 
0.998, indicating a good fit.

Figure 3. Tortilla drying curves with 45� nozzle. Lines are the data trend fitted by an exponential function.

Figure 4. Tortilla drying curves with 10� nozzle. Lines are the data trend fitted by an exponential function.
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The required drying time to reach a moisture con
tent of 0.1 kgw/kgds is shown in Table 2. All the fac
tors studied have a significant (a � 0.05) impact on 
the drying time. The thickness of the product has a 
significant impact, followed by air temperature, air
flow, and the type of nozzle. The drying time is lower 
for the 45� nozzle compared to the 10� nozzle. The 
shortest drying time of 8.5 min was achieved with 
more intense drying conditions (250 �C, 0.0091 kg/s), 
while the longest drying time of 38 min resulted with 
less intense conditions (200 �C, 0.0057). The drying 
time can be reduced more than four times with more 
intensive drying conditions.

The drying rates in tortillas are shown in Figure 5
for the 45� nozzle and in Figure 6 for the 10� nozzle. 
The drying rate using the 45� nozzle is higher than 
the 10� nozzle. According to these figures, thickness 
was the operating parameter that most influenced dry
ing rate, followed by air temperature, air mass flow 
rate, and nozzle type. The exponential type equation 
fits the data (parameter adjustments values not 
shown) with a coefficient of determination R-squared 
more than 0.98. There is not a constant drying rate 
period. For the drying rate, the air temperature has a 
stronger impact compared to the air mass flow rate, 
while for the steady state evaporation rate, the air 

Table 2. Experimental drying parameters.

RJR T �C G kga m−2 s−1 THKa mm Ncb (10−4) kgw m−2 s−1 td min

Exponentials adjustment parameters

Deff (10−10) m2 s−1B C min−e E

45� 250 1.12 0.97 13.51 8.50 1.000 0.233 1.067 17.11
0.70 0.88 11.52 9.00 0.983 0.163 1.183 12.57

200 1.12 0.91 11.66 11.00 0.984 0.161 1.116 11.79
0.70 0.87 7.68 15.50 0.976 0.096 1.131 6.37

250 1.12 1.31 13.40 13.53 0.918 0.052 1.405 15.14
0.70 1.17 13.68 16.43 0.730 0.976 1.103 11.31

200 1.12 1.33 11.31 22.53 0.971 0.073 1.090 10.84
0.70 1.32 10.91 28.10 0.964 0.058 1.092 8.58

10� 250 1.12 0.89 12.11 10.00 0.991 0.197 0.981 13.93
0.70 0.91 9.95 12.00 0.976 0.129 1.131 9.82

200 1.12 0.97 9.54 13.00 0.973 0.129 1.084 9.55
0.70 0.92 8.93 19.80 1.000 0.120 0.978 6.43

250 1.12 1.33 12.47 14.60 0.955 0.104 1.099 16.85
0.70 1.23 11.32 23.50 0.964 0.067 1.114 8.80

200 1.12 1.30 10.06 30.00 0.964 0.063 1.050 8.16
0.70 1.24 9.10 38.00 0.964 0.051 1.037 5.64

aAfter drying. bEvaporation rate at the beginning of the drying.

Figure 5. Drying rate using 45� nozzles. Symbols represent experimental data. The line represents predicted data with an expo
nential equation.
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mass flow rate has a stronger impact compared to the 
air temperature. The evaporation capacity of the RJR 
Impingement (Table 1) is more than twice the initial 
evaporation (Table 2) of the drying of tortillas. Since 
the evaporation and the moisture diffusion occur sim
ultaneously in an unsteady state, it is not feasible to 
calculate the evaporative capacity of the radial jet 
reattachment nozzles using the evaporation of the 
water from the tested tortilla.

The air temperature and mass flow rate signifi
cantly (a � 0.05) impact effective diffusivity (Table 2). 
The thickness of the tortillas used does not influence 
the diffusivity, as expected, since the diffusivity calcu
lation considers the material’s thickness. The values 
with a magnitude order of 10−10, indicate that diffu
sion inside the tortilla is not high, unless the intensive 
conditions (high air temperature and flow) used in 
impingement drying. The diffusivity is a transport 
parameter characteristic of the materials, which 
explains why the cooked tortillas dry slower than the 
raw tortillas (uncooked dough) according to the work 
of Braud et al.[24] based on the data collected by Li 
et al.[26]

The heat transfer Biot number (BiH) shows the 
ratio of the conductive resistance within a body to 
the convective resistance on the exposed surface of 
the body. Consequently, it considers the temperature 
drop inside the body to the temperature difference 
between the body surface and the bulk fluid. In BiH 
numbers (not shown) calculation, the steady–state 

heat transfer coefficients (Table 1) and the thermal 
conductivities of the tortillas were used. Moreira 
et al.[27] showed that the values of thermal conductiv
ity of tortilla chip (0.356 water content wet basis) 
measured at 25 �C is 0.23 ± 0.02 W/m K. The BiH 

numbers are greater than 0.085, which means that 
temperature gradients across the thickness of the tor
tilla can increase as the tortilla dehydrates, (BiH >

0.1). The mass transfer Biot number (BiM) values (not 
shown) calculated using the mass transfer coefficients 
(Table 1) and, the effective moisture diffusivities 
(Table 2) are higher than 3400; thus, the internal 
resistance to mass transfer cannot be neglected and 
the moisture concentration gradients are not uniform 
along of the thickness of the tortilla (BiM > 0.1).[28]

Quality of the tortilla dried by impingement

The shrinkage of the tortilla pieces is similar for all 
the drying conditions. The dried tortillas shrank by 
7.17% from their initial diameter, with a final average 
diameter of 9 cm. The thickness reduction is about 
14% for thin and 22.6% for thick tortillas. The 
decrease in diameter is more remarkable in dehy
drated raw tortillas[7] (10% and 14%) than in dry 
cooked tortillas.

The color parameter and texture quality of imping
ing drying tortilla are presented in Table 3. For com
parison in terms of the dried product quality, the 

Figure 6. Drying rate using 10� nozzles. Symbols represent experimental data. The line represents predicted data with an 
exponential equation.
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color and texture of artisanal prepared dried tortillas 
(handmade unfried tostadas) are included in Table 3.

The color of the tortillas changes from cream to 
beige after the impingement drying. The color was 
uniform throughout the piece of dehydrated tortillas. 
The whiteness index is the parameter that better 
assessed the effect of drying conditions on the color. 
Somewhat higher Whiteness Index values are observed 
at higher temperatures and airflow, possibly due to 
intensive drying conditions. The artisanal dried tortil
las, have a higher whiteness than those dried using 
the RJR nozzles. Neither the thickness nor the exit 
angle of the RJR nozzle affects the final color of the 
dehydrated tortillas. The drying conditions and the 
type of nozzle studied do not show a significant effect 
(a � 0.05) on the color.

The effect of the thickness on the texture parameter 
is evident (Table 3). The cooked tortillas dried with 
RJR nozzles are three times less fragile than those raw 
tortillas impinging dried studied by Lujan et al.[7] The 
texture characteristics of the artisanal dry tortillas are 
similar to tortillas dried with RJR nozzles, even 
though the thickness of the former is greater. The 
thermic treatment differences of each process affect 
the microstructure and texture of the dried product.[7] 

Special care was taken in the preparation of the sam
ples, as indicated by the methodology, so that all the 
tortillas used in the tests were similar. With the oper
ating conditions explored in this study, no bubbles or 
deformations were observed and the initial roughness 
of the tortilla did not change during dehydration.

Cross effects on texture parameters are presented 
concerning the type of nozzle used. For the 10� noz
zle, hardness increases, and crunchiness decreases 
with increasing air temperature and flow. For the 45�

nozzle, hardness and crunchiness increase at high air 

temperatures and flow. The statistical analysis shows 
that neither the type of nozzle nor the drying air con
ditions studied significantly (a � 0.05) affect the final 
product’s texture. This means that it is possible to 
have a robust process of impinging drying tortillas in 
which the variation of the process conditions or dis
turbances do not significantly impact the quality char
acteristics of the final product offered to the 
consumer.

Conclusions

The experimental measurement of the steady-state 
evaporation rate was a simple way to assess the heat 
and mass transfer of a complex device like the RJR 
nozzle. This method can help define and establish the 
best geometrical relationships of different kinds of 
nozzles with other operational conditions for specific 
applications, like food impingement drying.

The evaporation rates were different for the two 
RJR nozzles. Thus, the exit angle of the RJR nozzle 
impacted the drying time of the tortillas. The drying 
rate using the RJR 45� was higher than that using the 
RJR nozzle with an exit angle of 10�. Unless intensive 
air conditions and high heat transfer devices were 
used, the diffusion inside the tortilla (10−10) was not 
high, as this property depended on the structural 
characteristics and the effect of the conditions in the 
material. Convection and diffusion should be consid
ered in impinging drying of food.

The Impingement drying of tortillas using an RJR 
nozzle is a promising method for producing crispy 
(unfried) tostadas. Similar color and texture character
istics of handmade (unfried) tostadas and those dried 
using RJR nozzles were obtained for all drying condi
tions evaluated.

Table 3. Color and texture of impingement dried tortillas.

RJR T �C _m g s−1 THK mm

Color Texture

L� a� b� WI Hardness (N) Crunchiness (Nmm) Crispiness

45� 250 9.1 0.97 68.06 2.60 23.68 60.10 16.40 53.35 39.51
5.7 0.88 66.58 2.29 23.18 59.25 16.84 56.19 45.84

200 9.1 0.92 67.42 2.77 24.21 59.31 13.34 39.95 42.86
5.7 0.87 68.36 3.15 24.27 59.97 13.24 42.09 39.03

250 9.1 1.31 72.48 2.69 24.55 63.02 21.86 72.25 71.22
5.7 1.17 66.47 2.03 24.05 58.69 23.91 86.76 76.39

200 9.1 1.33 67.51 2.47 24.33 59.33 27.39 48.44 69.70
5.7 1.32 67.68 2.34 22.97 60.28 25.53 72.61 84.85

10� 250 9.1 0.98 66.49 2.14 24.33 58.52 17.44 40.06 38.37
5.7 0.91 68.26 2.12 23.52 60.44 15.16 50.34 46.76

200 9.1 0.97 65.88 2.42 23.45 58.52 14.51 51.01 37.28
5.7 0.92 65.40 2.64 24.45 57.52 13.18 61.77 34.66

250 9.1 1.33 68.58 1.87 22.85 61.11 25.49 68.13 87.23
5.7 1.23 68.14 1.70 22.63 60.88 25.38 68.26 80.46

200 9.1 1.30 67.45 2.09 23.59 59.74 27.57 48.59 68.97
5.7 1.24 67.09 1.91 22.55 60.06 26.31 52.12 79.56

Handmade unfried tostadas 2.77 75.41 1.16 20.70 67.52 21.12 62.17 74.47
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Impinging drying with RJR nozzles is a viable and 
robust technology that can be integrated into the tor
tilla cooking process to produce “no-fry tostadas.” The 
drying time can be modified by changing the condi
tion to accommodate continuous processes with con
veyor belts with little change in the final quality 
characteristics.

Nomenclature 

A Area for heat and mass transport, m2 

B Adjustment parameter exponential equa
tion [—] 

b Nozzle exit opening, mm 
B Adjustment parameter exponential equa

tion [—] 
BiH Heat transfer Biot number (hH�l�kws

−1) [—] 
BiM Mass transfer Biot number (hM�l�Deff

−1) 
(R�T�P−1�PMa−1) [—] 

C Adjustment parameter exponential equation, 
min−e 

E Adjustment parameter exponential equa
tion [—] 

Deff Effective moisture diffusivity, m2/s 
Dh Hydraulic diameter, mm 
G Mass flux of air, kgda/m2 s 
DHv Enthalpy of vaporization, kJ/kg 
hM Average Convective mass transfer coefficient, 

kgw/(m2s kgw/kgda) 
hH Average Convective heat transfer coefficient, 

W/m2 K 
ID Inner diameter, mm 
k Heat conductivity, W/m K 
l Thickness, m 
L�, a�, b� Cielab space color coordinates 
MR Moisture ratio [—] 
_m Air mass flow, kga/s 

n Number of the summands 
Nc Evaporation rate, kgw/m2 s 
qc Flux of heat, W/m2 

t Times 
td Drying time to reach 0.1 kgw/kgds min 
T Airstream temperature, �C 
Ts Surface temperature�C 
THK Thickness, mm 
Y Nozzle opening to surface spacing, mm 
Ynp Nozzle base to surface spacing, mm 
YG Humidity of the air at the mainstream, 

kgw/kgda 
Ys Saturated air humidity at Ts, kgw/kgda 
W Weight, kg 
WI Whiteness index [—] 
X Water content dry basis, kgw/kgds 
Xwb Water content wet basis, kgw/kgws  

Greek letters 

a Significance 
b Nozzle exit angle 

Subscripts 

a Air 
da Dry air 
ds Dried solid 
e At equilibrium 
o Initial 
s Saturated 
t Referred a time 
w Water 
ws Wet solid 
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