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1. Introduction

Drying of solids provides a technical challenge due to the presence of complex interactions
between the simultaneous processes of heat and mass transfer, both on the surface and with‐
in the structure of the materials being dried. Internal moisture flow can occur by a complex
mechanism depending on the structure of the solid body, moisture content, temperature
and pressure in capillaries and pores. External conditions such as temperature, humidity,
pressure, the flow velocity of the drying medium and the area of exposed surface also have
a great effect on the mechanisms of drying.

Theoretical and experimental studies [1-6] reported the forced convection heat and mass
transfer across different shapes. Most of these studies have considered a heated solid surface
with a uniform surface temperature. However, this situation is not the same as in the drying
process, where heat and mass transfer occurs simultaneously and the interfacial tempera‐
ture and moisture content vary during the drying.

Evaporation from a flat plate surface to a laminar boundary layer was theoretically analyzed
[7]. It was calculated distributions of the interfacial temperature and local Nusselt and Sher‐
wood numbers for a parallel flow where both Prandtl and Schmidt numbers are unity. A
conclusion stated that the characteristics of heat and mass transfer are highly conjugated
and significantly influenced by the temperature dependency of vapor-liquid equilibrium,
the magnitude of the latent heat of the phase change, and the thermal conductance of the flat
plate. The work needs to be extended for the case of unsteady state conditions and to be re‐
peated for a drying bed.

The variation in the surface temperature for a flat bed of a capillary porous material was dis‐
cussed in [8]. The authors presented graphs that show an increase in surface temperature
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from the leading edge of the flat plate during the periods of drying. They also showed
graphs in which the surface temperature decreased. In general, a physical meaning for that
contradiction was needed to be considered.

As in [9], Jomaa et al. presented a simulation of the high-temperature drying of a paste in a
scaled-up wind tunnel. They attempted to study the influence of the local air flow and ther‐
mal radiation on the drying behaviour of the product. A rapid air velocity (8 m s-1) was used
in the experiment, and an empirical model was derived to predict temperature and solvent
content along the conveyer belt. Comparison of the experimental results with those predict‐
ed ones by the model showed a satisfactory agreement.

Evaporation of a pure liquid droplet has been widely studied both theoretically and experi‐
mentally [10-14]. However, in spray dryers and droplet drying applications, the droplets al‐
ways consisted of multi-component mixtures of liquids and sometimes dissolved solids,
forming a complicated multiphase composition. This makes analyzing heat and mass trans‐
fer processes more difficult. This effect is attributed to the presence of various components
that vaporize at different rates, giving rise to a gradient in concentration in the liquid and
vapor phase. In addition, a solid crust forms at the outer surface of droplet which acts as a
resistance to heat and mass transfer processes.

Various experimental techniques have been used [15-19] to study the mechanisms of drying
for a single droplet containing dissolved solids. The droplet was suspended freely from the
end of a stable nozzle fixed in a wind tunnel. Air flow was hitting the droplet from one side
causing a significant disturbance to the shape of droplet. Therefore, there was some difficul‐
ty in recording the weight and temperature of the droplet. The transferred heat conduction
to the droplet by the nozzle was another problem.

Cheong et al. [20] proposed a mathematical model to predict core temperature for drying a
free suspended droplet against time. Reasonable agreement was obtained between the pre‐
dicted and the experimental results at an air temperature of 20ºC. However, the predicted
temperature was less accurate at higher temperatures (50ºC and 70ºC); the model was not
applicable for cases at high air temperatures.

A mathematical model was modified in [21], taking into account the droplet shrinkage. The
droplet was assumed first to undergo sensible heating with no mass change. The model
showed that temperature distribution within the droplet cannot be ignored even for a small
diameter droplet of 200 µm.

Wind tunnel definitely is considered one of the best tools to investigate and to study the role
of boundary layer and the mechanisms of drying process. The most important variables in
any drying process such as air flow, temperature and humidity are usually easy to be con‐
trolled inside the wind tunnel. In the current study, through an experimental work and
mathematical approach, we attempt to understand the role of the boundary layer on the in‐
terface behavior and the drying mechanisms for various materials of a flat plate surface and
a single droplet shape.
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2. Boundary layer over a flat plate surface

A boundary layer developed over a flat-plate surface plays a great role in the mechanisms of
convective drying. Very little work has been done on the conjugated problem of heat and
mass transfer during a flow over a drying bed. In this paper, through an experimental and
mathematical approach, we attempt to understand the role of the thermal boundary layer on
the interface behavior and the drying mechanisms for porous mediums. Beds of desert sand,
beach sand and glass beads were subjected to forced convective drying in a scaled-up wind
tunnel.

A laboratory-scale dryer designed for this work is shown in Figure 1. The apparatus consists
of wind tunnel, molecular-sieve air dryer, 3 KW air heater and a fan. Through the wind tun‐
nel a controlled flow of hot, dry air, with an average velocity of 1 m s-1, was passed over a
sample mounted flush with the tunnel floor. The last section of the wind tunnel (converging
section) was designed to be opened easily for installation of the test bed.

Figure 1. Experimental apparatus composed of: 1. fan; 2. molecular-sieve air dryer; 3. voltage regulator; 4. air heater;
5. wind tunnel; 6. observation port; 7. joint; 8. thermocouple socket; 9. thermocouple selector.

A glass tray (100 cm x 36 cm x 2.5 cm) attached to a flat metal plate was especially designed
for this study. The top surface of the glass tray was at the same level of the metal plate that
formed the floor of the wind tunnel. The sides and the bottom of the tray are insulated with
neoprene rubber to minimize heat transfer via the glass wall. Figure 2 shows both the wind
tunnel and the glass tray.

Ten thermocouples were inserted from one side of the tray to facilitate measurement of sur‐
face temperature distribution along the bed. At the same side of the tray, another ten ther‐
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mocouples were inserted but at lower depth, 2.2 cm from the surface, to measure the bottom

temperature distribution.

Figure 2. Details of (a) Wind tunnel: 1. smoothing grid; 2. observation port; 3.thermocouple socket; 4. joint, (b) Glass
tray (clear) and flat plate (gray): 1. the leading edge; 2. thermocouple socket; 3. thermocouples.
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The experiment was initiated by switching on the centrifugal fan and then the electric air
heater. The voltage regulator was adjusted to provide the desired air temperature. The air
temperature was monitored until it reached a steady state. This state was normally required
1 - 2 hours to be achieved.

When the apparatus achieved a constant air temperature, the drying process was com‐
menced. The metal plate and the glass tray, containing the sample, were placed carefully in‐
side the tunnel, allowing the hot air to pass over the surface of the bed. The initial readings
of time and temperature were then registered immediately. During the experiment, temper‐
ature distributions were measured at intervals of approximately 20 minutes. The tempera‐
ture at each distance was measured by using the thermocouple selector and registered with
an accuracy ± 0.05ºC.

Two types of sand were subjected to the drying process. The first type was a fine sand of
average grain size 220 µm diameter, with a moisture content of 0.17 kg kg-1, taken from the
desert of Kuwait, Burgan ( N 28o 44 00 E 047o 42 00). The nature of the desert sand is usually
fine and dry. The other type of sand was a beach sand of average grain size 300 µm diame‐
ter and 0.24 kg kg-1 moisture content, taken from the north coast of Kuwait, Bobiyan Island
( N 29o 46 00 E 048o 22 00). The north coast is a place where the Shatt Al-Arab River (Iraq)
falls into the Arabian Gulf. This makes the coast more muddy and less saline than the south
coast. In addition, the beach sand contains a lot of small shells of various shapes. Glass
beads of 400 µm diameter and 0.2 kg kg-1 initial moisture content were also selected, for test
as a porous medium for comparison. The bed of glass beads is considered a typical sample
for drying experiments, since the sizes of the beads are almost identical. The two types of
sand and the glass beads beds are good examples for testing drying processes.

2.1. Results

A bed of the desert sand was subjected to forced convective drying at 84 oC. The wet-bulb
temperature of the air was 35.5 oC. The resulting surface temperature vs. time at different
distances from the leading is shown in Figure 3, which demonstrates clearly the stages of the
drying process; i.e. the pre-constant rate period, the constant rate period, and the falling rate
period.

The temperature of the bed rose from ambient temperature 23ºC to a steady value at time =
70 minute. This initial period, termed the pre-constant rate period, is usually short. The sur‐
face temperatures remained constant for a period of 140 minutes, indicating the constant
rate period. The surface temperature at the distance x=1cm, from the leading edge was 36 oC.
This temperature was greater than that at x=50 cm and at x= 100 cm by 1 oC and 2 oC respec‐
tively. The surface temperatures were close to the wet-bulb temperature.

During the constant rate period, the surface of the solid is so wet that a continuous film of
water exists on the drying surface. This water is entirely unbound water and exerts a vapour
pressure equal to that of pure water at the same temperature. The rate of moisture move‐
ment within the solid is sufficient to maintain a saturated condition at the surface.
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At a specific point, t = 240 minutes, the surface temperature at all positions rose gradually,
indicating the end of the constant-rate period and the beginning of the falling-rate period. In
the falling-rate period, there was insufficient water on the surface to maintain a continuous
film. The entire surface was no longer wetted and dry patches began to form. The surface
temperature continued to rise for a longer time until it approximated to the air temperature.
A thin dried layer appeared on the entire surface.

The temperatures at the surface and the bottom at different distances from the leading edge
are shown in Figure 4. The profiles show that when the surface became dry, the bottom re‐
mained wet at a constant temperature for a longer time than that for the surface. During the
falling-rate periods a receding evaporation front divided the system into a hotter, dry zone
near the surface and a wet zone towards the bottom of the sample [22]. The evaporation
plane receded from the surface toward the bottom. The temperatures then rose quickly
when the dry zone extended throughout the bed.
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Figure 3. Temperature distribution profile of the surface for the desert sand bed.
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Figure 4. Temperatures of surface and bottom for the desert sand bed at distance of 1 cm, 50 cm and 100 cm from
the leading edge, respectively, from the top.
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A bed of the beach sand was dried at an air temperature of 83 oC. The wet bulb temperature
was 35 oC. The temperature distribution profile at different distances from the leading edge
is shown in Figure 5. The stages of the drying process can easily be recognized from the tem‐
perature profile. However, the surface temperature took longer to approach to the air tem‐
perature.
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Figure 5. Temperature distribution profile of the surface for the beach sand bed).

Figure 6 shows the surface and the bottom temperatures at distances from the leading edge
of 1 cm, 50 cm 100 cm, respectively. It can be seen that the surface and bottom temperatures
increased rapidly at some times and decreased others. Also, the temperature profile did not
increase gradually like that of the desert sand. This can be attributed to the nature of the
beach sand, which comprises different types of small shells of various shapes, and contain
tiny hollows. The trapped water in these hollows forms small bubbles which can explode
with increasing temperature. Therefore the temperature of the bed changes suddenly at
such times. The temperature at the bottom of the bed indicated it remained wet during the
falling-rate period.
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Figure 6. Temperatures of surface and bottom for the beach sand bed at distance of 1 cm, 50 cm and 100 cm from
the leading edge, respectively, from the top.
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A similar investigation was carried out for a bed of the glass beads at an air temperature of
84 oC. The wet bulb temperature was 37 oC. Figure 7 shows temperature versus time at dif‐
ferent distances from the leading edge of the bed surface. The temperature distribution pro‐
file again illustrates clearly the stages of the drying process. The results for the surface and
bottom temperatures for the glass beads were almost similar to those for the desert sand as
shown in Figure 4.
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Figure 7. Temperature distribution profile of the surface for the glass-bead bed.

2.2. Discussion

A thin film adjacent to the surface always exists when a forced flow passes over a flat plate
and forms what is called a hydrodynamic boundary layer. The influence of the surface tem‐
perature reaches deeper into the fluid, thus causing the formation of a thermal boundary
layer. It is well known, the thickness of the thermal boundary layer increases with increas‐
ing distance from the leading edge. This layer is affected by the geometry of the system,
roughness of the surface and the fluid properties.
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For the case in which the heated section is preceded by an unheated straight length, the local
Nusselt number (Nux) is represented in [23-25] as:

0.5 1/3
x

x 3/4 1/3
o

0.323(Re ) (Pr)h xNu
k [1 (x /x) ]

= =
-

(1)

where Rex is Reynolds number with respect to length and x is the length of the flat plate
in (m).

Figure 8 shows a plot of variation in the local heat transfer coefficient versus the distance
from the leading edge. The plot indicates that the values of the coefficient decreased signifi‐
cantly when x increased from the leading edge, and then it remains virtually constant for
large x values. A plot of variation of the mass transfer coefficient could be expected to be
almost similar to that in Figure 8 because of the similarity in the transport coefficient equa‐
tions. This result with the concept of the boundary layer thickness demonstrates that resist‐
ance to heat and mass transfer to, or from, the bed increases with increasing the distance
from the leading edge.

Figure 8. Local heat transfer coefficient vs. distance from the leading edge.
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A model proposed in a previous paper [26] was modified to find a method for prediction of
surface temperature distribution. The equation of energy can be represented as:

v
v

D MTρ cp (k T) ( P )Δhv
R Tt

¶
¶

= Ñ Ñ +Ñ Ñ (2)

At time zero, the whole body has a uniform initial temperature of To, and the initial condi‐
tions are:

0
T T To y y h= == = (3)

At the external surface, i.e. y=0, the boundary conditions can be written on the basis of Fig‐
ure 9 as:

−k
∂ T
∂ y =h (Ta−Tsx) + m

•
Δhv (4)

where Tsx is the surface temperature at distance x from the leading edge.

The drying rate, m
•

 varies with the time and can be defined as,

( )
M KGm P Psr vR T

· ¢
= - (5)

where K ′
G is an overall mass transfer coefficient, defined in [27] as:

1 1 z"
K k DcG eff

= +
¢ ¢ (6)

where kc
'  is the local mass transfer coefficient (m s-1), z" is the distance from the plate surface

to the receding evaporation front in (m).

The boundary condition at y = h is:

Tk 0
y

¶
¶

- = (7)

Equation (2), with such boundary conditions, was solved by a finite difference method (a
modified form the so-called explicit method). Therefore, the temperature distribution on the
surface (i.e. y = 0) was calculated by using the model at different local points, x. Table 1
shows the physical properties of the sample materials.
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Figure 9. Heat and mass transfer process for the wet material. NA: mass transfer flux and q: heat transfer flux.)

Figure 10 shows the experimental and the predicted surface temperature distributions for
the desert sand along the bed at various times. The predicted temperatures were in good
agreement with the experimental results. From the graph, it can be seen that there is a signif‐
icant difference in the surface temperature between 0.1 m and 1 m. At time=195 minutes; i.e.
during the constant-rate period, the difference in temperature was 2 oC.

During the falling-rate period, the difference in the surface temperature between 0.1 m and 1
m increased. At 510 minutes, the difference is 11 oC. At the bottom of the sand bed, the dif‐
ference in temperature along the bed also can be seen clearly (Figure 4).

Figure 10. Experimental and predicted surface temperatures of the desert sand bed; experimental results (symbols);
predicted results (solid lines).
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For the entire time of the experiment, the surface and the bottom temperatures decreased
gradually with increasing distance from the leading edge. This caused by the resistance to
heat transfer process which increased with increasing thickness of thermal boundary layer.
In contrast, near the leading edge, the resistance to heat transfer diminishes, since the thick‐
ness of the thermal boundary layer in the vicinity of the surface thins. Therefore, the rate of
heat transfer to the body increased, thereby raising the temperature of surface. Afterwards,
heat transfer by conduction across the solid particles raises the temperature of the bed, and
the portion closest to the leading edge dries faster than that at a greater distance.

Figure 11 shows both predicted and experimental results for the bed of beach sand. This Fig‐
ure shows that the computed temperature distribution was in general agreement with ex‐
perimental results. However, unsatisfactory results can be seen at times greater than 400
minutes, i.e. during the falling-rate period. This is due to the nature of the beach sand as dis‐
cussed before. The surface temperature of the beach sand sample decreased gradually with
increasing distance from the leading edge. A significant difference in temperature between
0.1 m and 1 m can be seen clearly for both constant and falling-rate periods. During the con‐
stant-rate period, the difference in temperature was 2 oC, whereas in the falling-rate period
the difference reached to 8 oC.

Figure 11. Experimental and predicted surface temperatures of the beach sand bed; experimental results (symbols);
predicted results (solid lines).
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ρ(Kg/m3) cpd (kJ/kg K) k (W/m K ) kd (W/m K) Deff (m²/s) Dv (m²/s)

Desert sand 1760 1.1 0.760 0.246 0.81x10-5 1.75x10-5

Beach sand 1980 1.2 1.12 0.188 1.15x10-5 2.05x10-5

Table 1. Physical properties for desert sand and beach sand.

We have found that the temperature distribution profiles determined for the flat beds of
desert sand, beach sand and glass beads identified clearly the stages of drying. The tempera‐
ture profiles in general were almost similar. However, the beach sand profile showed irreg‐
ularity in temperature, due to the nature of the beach sand which contains a lot of shells
with various shapes.

The temperature profiles also showed that when the whole surface of the bed became dry,
the whole bottom of the bed remained wet. During the falling-rate periods, a receding evap‐
oration front divided the system into a hotter, dry zone near the surface and a wet zone to‐
wards the bottom of the sample.

The predicted transport coefficients have very large values close to the leading edge, where
the thickness of the boundary layer approaches zero. In contrast, the values of the coeffi‐
cients decrease progressively with increased distance from the leading edge, where the
boundary layer thickens. Hence the resistance to heat and mass transfer to, or from, the sur‐
face also increases. These variations in thickness and resistance have a significant effect on
the temperature distribution along the bed and the drying rate.

A mathematical model has been modified to predict temperature distributions along the bed
at various times. The model was compared with the experimental results for various beds
and good agreement was obtained. We found that surface and bottom temperatures de‐
creased gradually with increasing distance from the leading edge, and the difference in tem‐
perature became clearer during the falling-rate period. The difference in the surface
temperature was 11 oC for the case of desert sand, and was 8 oC for the case of beach sand.
We concluded that the portion close to the leading edge dried faster than that at larger dis‐
tance, since the resistance to heat and mass transfer diminishes at that position.

3. Single droplet drying

The study of mechanisms that describe single droplet drying is a challenging issue since it
involves many disciplines: heat and mass transfer, fluid mechanics and chemical kinetics.
The main objective of this section is to attempt to further understand the mechanisms in‐
volved in the drying of a single droplet, and more specifically to formulate a mathematical
model. The model should predict temperature profiles for both the inner core and the outer
surface of the droplet under simulated conditions that might be encountered in spray drying
equipment. Experimental work will also involve the measuring the moisture contents
against time to provide more information for the droplet drying process.
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The experimental apparatus was comprised of a horizontal wind tunnel 2.2 m long. The
wind tunnel supplied a forced drying air into the working section where the droplet was
suspended from a glass nozzle. The apparatus and the flow system are shown in Figure 12.
A gate valve at the inlet to the wind tunnel controlled airflow rate. Air was heated to the
desired temperature, using a 3 KW electric heating element controlled by a rotary voltage
regulator.

Through the wind tunnel, a controlled flow of hot, dry air, with an average velocity of 1 m/s,
was passed across the droplet suspended from the glass nozzle. A forced dry air was ob‐
tained by using a centrifugal fan and a molecular sieve air dryer containing silica gel and
calcium silicate.

Figure 12. Experimental apparatus: 1-fan 2-molecular sieve 3-voltage regulator 4-air heater 5-Digital balance 6-Tem‐
perature recorder 7-Glass nozzle 8-Observation port.

The experiment was initiated by switching on the centrifugal fan and then the electric air
heater. The voltage regulator was adjusted to provide the desired air temperature. A ther‐
mocouple was fixed in the wind tunnel near to the glass nozzle to measure the air tempera‐
ture with an accuracy of ± 1o C. The air temperature was monitored until it reached a steady
state. This state requires between 1 to 2 hours to be achieved. When the apparatus achieved
a constant air temperature, the drying process was initiated.

As a part of this study, a droplet suspension device was specially designed to measure the
weight and temperature of the droplet. The droplet suspension device is illustrated in Fig‐
ure 13. It consisted of a glass nozzle with the dimensions of 180 mm in length and 9 mm
outside diameter. The upper section of the glass nozzle was fixed by a small electric rotator
device able to provide a rotational speed range of 1- 30 rpm. In order to reduce the contact
area between the free end of the glass nozzle and the droplet surface, the lower section of
the nozzle was shaped as a small cone with a free end diameter of 4 mm. The droplet re‐
ceives a relatively small amount of heat transferred by conduction through the glass nozzle,
which has a thermal conductivity of 0.480 W/m K. The heat transferred by conduction was
taken into account in the proposed model represented by Equations 4&5. The glass nozzle
was rotated at constant low speed of 5 rpm. This rotation speed had no effect on the shape
or stability of the droplet. The upper section of the suspension device was fixed by a metallic
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clip installed beneath the analytical balance. The lower section of the suspension device, i.e.
the glass nozzle, was inserted through a hole in the wind tunnel.

Figure 13. Droplet suspension device; glass nozzle and the connected thermocouples.

Two thermocouple sensor types, NiCr-NiAl, were used to measure the core and surface
temperatures of the droplet. One of the thermocouples was placed inside the glass nozzle
and extended to the center of the droplet. The other thermocouple was fixed outside and
along the glass nozzle. The outer thermocouple rotates simultaneously with the rotation of
the glass nozzle. The end tip of the thermocouple was positioned in a manner to touch the
outer surface of the droplet. The rotation process that made both the nozzle and the droplet
rotate together assisted in avoiding any separation between them that might have been
caused by the force of air drying. The core and the surface temperatures of the droplet were
easily recorded by a temperature recorder at 50 sec. intervals. The drying process of the dif‐
ferent material droplets was investigated under air temperature of 75o C and 140o C.

The procedure for weighing the droplet was carried out quickly and intermittently by caus‐
ing the suspension device to be freely-suspended. The gate valve was closed to cut off the
airflow to the working section and diverted to an outlet 20 mm valve in order to prevent any
vibration of the glass nozzle during the weighing process. The nozzle rotation was simulta‐
neously stopped. A metallic clip was opened manually to allow the suspension device to be
freely-suspended from a hook connected beneath the balance. This arrangement made the
weight measurement readings more accurate. The weighing procedure was repeated during
the droplet drying experiment at 100 secintervals. Thus, the weight loss of droplet was re‐
corded and moisture content was determined versus time. The required time for each
weighing procedure step was about 10 sec. This time was not included in the recorded dry‐
ing time and had no noticeable effect on the results.
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Three types of liquids were selected for the drying process experiments. The first type was
sodium sulphate decahydrate solution (60 wt % solid). The second type was a concentrated
fruit juice (60 wt % fruit juice powder of apple, peach and blueberry, MTC product). The
third type was an organic paste (20% sodium chloride, 25% dispersal pigment; Goteks prod‐
uct) used for adhesive and coating applications. Table 2 shows the physical properties of the
sample materials. Droplets ranging from 9 mm to 14 mm diameter were subjected to the
drying process. However, the actual size of the droplets in typical spray drying applications
is much smaller. The droplets with small sizes require developing a more accurate technique
to measure both core and surface temperatures. Therefore, the current research assumes that
the mechanisms of the drying large and small droplets are similar.

ρd (Kg/m3) cpd (kJ/kgK) k (W/mK) kd (W/mK) Deff (m²/s) Dv(m²/s)

Sodium sulphate
decahydrate solution

3110 1.1 0.180 0.246 1.14x10-5 3.45x10-5

Fruit juice 1650 1.7 0.126 0.188 1.10x10-5 3.40x10-5

Organic paste 3400 2.4 0.251 0.422 1.52x10-5 3.50x10-5

Table 2. Physical properties of sodium sulphate decahydrate solution, fruit juice and organic paste.

3.1. Mathematical model

In the drying process, the droplet is first heated by the hot air flow with significant evapora‐
tion from the surface. The temperature of the surface increases and approaches the wet-bulb
temperature, indicating the constant drying rate period. In order to propose a mathematical
model, the droplet was assumed to have a fixed size with no change during this period. Al‐
so, the droplet was assumed to have a uniform initial temperature and moisture content.
Temperature distribution within the droplet can be represented as

2

2
2( )T T T

t r rr
¶ ¶

a
¶ ¶

¶
= +

¶
(8)

Equation 8 was solved with the following boundary conditions using explicit finite differen‐
ces,

0 0Tk at r
r

¶
- = =

¶
(9)

and

( )a sr nz
Tk h T T q at r R
r

¶
- = - + =

¶
(10)
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where, qnz is the transferred heat conduction to the droplet through the glass nozzle. It can
be calculated as:

0.54
( ) ( )nz nz

nz a sr
nz

k h
q T T

d
= - (11)

The heat transfer coefficient, hnz, can be correlated from Thomas (1999) as:

( )0.6 0.330.26  /nz air nzh Re Pr k d= + (12)

During the falling rate period, the formation of a receding evaporation front divides the
droplet into two regions, a dry crust at the outer surface and a wet region inside the core.
Therefore, heat transfer equations are formulated for each region. The physical model and
the coordinate system for analysis are shown in Figure 14.

Figure 14. Physical model and the coordinate system of the droplet cross-section.

Energy balance for the wet core, 0 < r < z, can be represented as follows:

2

2
2( )w w w

w
T T T
t r rr

¶ ¶
a

¶ ¶

¶
= +

¶
(13)

Heat is transferred through the crust into the wet core where evaporation occurs at the inter‐
face between the core and the crust. Vapor then diffuses through pores of the crust into the
drying medium. Thus, moisture is transferred mainly by vapor flow. Consequently, vapor
diffusion must be taken into account in formulating the equations for the dry (crust) region.
The energy balance for the crust region, z < r < R, can be represented as follows:

2

2
2( ) ( )d d d v v

d v
d d

T T T P hM D
t r r r RT r cpr

a
r

¶ ¶ ¶ ¶ D¶
= + +

¶ ¶ ¶ ¶¶
(14)
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3.2. Boundary conditions

At the center of the sphere, r = 0

0w
w

T
k

r
¶
¶

- = (15)

At the surface, r = R:

( )d
d a sr nz

T
k h T T q

r
¶

- = - +
¶

(16)

At the receding evaporation front (r = z), the moving boundary conditions are

−kd
∂Td
∂ r + kw

∂ Tw
∂ r = m

•
Δhv (17)

The drying rate, m
•

, was defined in Eqs. (5 & 6). However, in this case, z " , in Eq. (6) repre‐
sents the distance from the droplet surface (r = R) to the receding evaporation front (r = z).

Heat and mass transfer coefficients, h and kc
', can be determined by the correlations found in

[28,29] as follows:

0.5 0.332Nu Re Pr= + F (18)

and

0.5 0.33   2Sh Re Scb= + (19)

where Φ and β are constants ranging from 0.6-0.7 for Re (500 -17000).

Thermal conductivity of the wet region can be evaluated according to [30] as:

w d vk k k X= + (20)

where X̄  is an average moisture content and kv is

v
v v

D M dpk h
RT dT

= × D (21)
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The non-linear Eqs. (13&14) with the boundary conditions as in Eqs. (15-17) were solved by
a finite difference method. The proposed equations were solved in a program using Turbo-
Pascal V.6, and the computational results compared with the experimental results.

3.3. Results

A single droplet of sodium sulphate decahydrate solution was suspended from the free end of
the glass nozzle at an air temperature of 75o C and an air velocity of 1 m/s. The wet-bulb tem‐
perature was 46o C. The core and surface temperatures of the droplet versus time are plotted in
Figure 15. Initially, the temperatures increased rapidly because of the large difference in tem‐
perature between the drying medium and the droplet. Basically, the plot exhibited two drying
periods. A short period, from time =100 - 200 s, where the surface temperature approached the
wet-bulb temperature, is described as the constant rate period. The second period, or falling
rate period, extended from t =200 s to the end of the experiment.

Figure 15. Temperature distribution profile for sodium sulphate decahydrate at air temperature of 75o C.
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Figure 15 plots the predicted values of both the core and surface temperature evaluated by
the developed model. Comparison of the experimental and theoretical results showed good
agreement. However, actual surface temperatures were slightly higher than those predicted
by the model. This probably was due to the position of the thermocouple and its reading
during the experiment, as will be discussed later in more detail.

The previous experiment was repeated at an air temperature of 140o C in the same drying
medium. Figure 16 shows experimental and theoretical results of a droplet of the same ma‐
terial. The experimental results showed that the constant rate period extended from time= 85
- 165 s, shorter than that observed at 75o C. The results showed both surface and core tem‐
peratures of 130o C at 900 s, at which point the droplet had dried completely. Figure 16
showed agreement between the experimental and predicted results.

Figure 16. Temperature distribution profile for sodium sulphate decahydrate at air temperature of 140o C.

A single droplet of a fruit juice was dried at an air temperature of 75º C and an air velocity of
1 m/s. Wet-bulb temperature was 44.5o C. The experimental results in Figure 17 show a con‐
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stant rate period from time =100 - 200 s. The falling rate period can be observed after the
constant period, when the temperature increased quickly.

During the falling rate period some experimental readings represented approximate values
of the actual droplet surface temperatures. The approximate values can be attributed to the
fact that the droplet diameter constantly decreased with time and that caused the distance
between the tip of thermocouple and the surface of droplet to grow. In other words, during
some time in the experiment, a part of the end tip of the thermocouple was touching the sur‐
face of the droplet, and the remaining area of the tip was exposed to air flow. Such a behav‐
ior caused the tip of thermocouple to give an average reading for both the surface and the
air flow temperatures. Good agreement was obtained between the theoretical and experi‐
mental results of the temperature profile for the fruit juice.

Figure 17. Temperature distribution profile for fruit juice at air temperature of 75o C.

The fruit juice droplet was dried again at an air temperature of 140o C in the same drying
medium. The results (Figure 18) showed that the constant rate period was a little shorter
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than that at 75o C. The results showed also that both surface and core temperatures were
similar and close to the air temperature at time = 1050 s. The mathematical model showed
also good agreement with the experimental readings.

Figure 18. Temperature distribution profile for fruit juice at air temperature of 140o C.

A single droplet of organic paste was dried under similar conditions to that of the fruit juice.
A plot of the core and surface temperatures of the droplet versus time is shown in Figure 19.
A relatively longer period of constant drying rate, compared to those shown for sodium sul‐
phate and fruit juice, was observed. Figure 19 also showed that surface temperature in‐
creased rapidly after time = 300 s, indicating the beginning of the falling rate period. Less
agreement was obtained between the model’s predicted results and the experimental re‐
sults. Organic paste, which has higher thermal conductivity, forms a thicker solid crust at
the outer surface compared to the other material evaluated. Therefore, a higher resistance to
heat and vapor through the crust would be expected. To improve the predictions, introduc‐
tion of a correction factor is probably required in the model for those materials which have a
nature similar to that of the organic paste. Figure 20 shows the experimental and theoretical
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results of air temperature of 140o C. Again, forming a solid crust at the outer surface led to
less agreement between theoretical and experimental results. The predicted temperature dis‐
tributions were higher than the actual temperatures.

Figure 19. Temperature distribution profile for organic paste at air temperature of 75o C.

The moisture content of the droplet was determined by measuring the weight loss against
time. There was no experimental technique to measure core and surface moisture content sep‐
arately; therefore, the measured moisture content of the droplet represented the average val‐
ue. The experimental results of moisture content distribution for the three samples at an air
temperature of 75o C, are shown in Figure 21. The moisture content profiles clearly show the
two stages of drying, the constant rate period and the falling rate period. The profiles show
that the sodium sulphate decarbohydrate solution had consistently lower moisture content, as
it dried faster than the other materials. The profiles also showed that forming a solid crust in
the falling rate period lowered the moisture content values for all the three samples. In the
case of organic paste, the change in the moisture content was more significant.
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Obviously, crust formation, thickness and porosity have a significant effect on the moisture
content and on the drying rate of the droplet. This result was also obtained by Hayder &
Mumford [31] in the drying of custard and starch droplets. They observed that crust forma‐
tion was more rapid on the custard droplet, because the smaller starch granules absorbed
less and left more free water in the droplet. Therefore, the crust growth and the drying rate
of the starch droplets took a longer time.

Moisture distribution curves for the three samples at 140o C air temperature are plotted in
Figure 22. Similar results were obtained to those observed at an air temperature of 75o C.
Also, the profiles showed that the moisture content dropped to lower values compared to
those at 75o C. In other words, the droplets dried faster at the higher temperature.

3.4. Discussion

As previously observed, moisture and temperature distribution profiles of various materials
exhibited constant and falling drying rate periods. In the constant rate period, the tempera‐

Figure 20. Temperature distribution profile for organic paste at air temperature of 140o C.
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ture of the droplet surface was almost equal to the wet-bulb temperature. During this peri‐
od, evaporation takes place from the free liquid surface of the droplet. The constant rate
period was relatively short in sodium sulphate and fruit juice samples. However, that peri‐
od was longer in the case of organic paste.

The falling rate period is characterized by formation of a partial crust on the outer surface of
the droplet. This crust recedes towards the core and the surface temperature starts to in‐
crease. Vapor diffusion becomes the predominant transport process at this stage. Crust
structure, thickness and porosity have a significant effect on the rate of drying. The crust
thickness increases with time, hence the resistance to heat and moisture diffusion through
the crust increases. Therefore, moisture content and drying rate decrease.

Some experimental readings represented approximate values of the actual droplet surface
temperatures. This was attributed to the end tip of thermocouple that was giving average
readings for both the surface and the air flow temperatures at the same time. It was also as‐

Figure 21. Moisture content profile for all samples at air temperature of 75o C.
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sumed that the mechanism of the droplet drying is similar for both small and large diame‐
ters. Therefore, it is recommended that a more accurate technique for measuring droplets
with small sizes and for the taking of surface temperatures be developed.

The new model predicted temperature distribution profiles for single droplets of various ma‐
terials. The predicted results showed a good agreement with the experimental data for air
temperatures at 75o C and 140o C. However, the model was less accurate in the case of organic
paste due to the higher thermal conductivity of the formed crust. A correction factor should be
developed and taken into account for such materials. The model provides a relatively fast and
efficient way to simulate drying behavior over a range of drying conditions. The model also
represents a useful tool in the design and optimization of spray drying processes.

Moisture content profiles clearly showed the two stages of the drying process. In addition,
the moisture profiles supported the conclusions that the crust forming in the falling rate pe‐
riod decreased both the moisture content and the drying rate.

Figure 22. Moisture content profile for all samples at air temperature of 140o C.

Wind Tunnel Designs and Their Diverse Engineering Applications192



Through the results of the experimental work and the theoretical model for a droplet drying, a
significant conclusion was obtained. It has always been wrongly assumed in the literature that
there is no temperature distribution within the droplet. This concept has been corrected by the
current research. All experiments for the three materials used showed a clear difference be‐
tween the core and the surface temperatures of the droplet during the drying process.

3.5. General conclusion

The characteristics of the boundary layer have a great effect on the local heat and mass
transfer coefficients and temperature distributions throughout a flat bed surface. Droplet
drying is an important subject in drying science, since it provides more details about the
drying mechanisms in order to optimize spray dryer equipment. However, this part of the
drying field is rarely considered in the literature. Further research in this area seems essen‐
tial to obtain better understanding of drying theory.

Wind tunnel definitely is considered one of the best tools to investigate and to study the
mechanisms of drying process. The most important variables in any drying process such as
air flow, temperature and humidity are usually easy to be controlled inside the wind tunnel.
Through a mathematical approach and an experimental work using a wind tunnel, we high‐
lighted on the role of the boundary layer on the interface behavior and the drying mecha‐
nisms for various materials of a flat plate surface and a single droplet shape.

Nomenclature

α Thermal diffusivity m2/hr

Cp Heat capacity kJ/kg K

D Diameter M

Deff Effective diffusivity m²/s

Dv Diffusivity of vaporization m²/s

H Heat transfer coefficient W/m² K

Δhv Latent heat of vaporization kJ/kg

K Thermal conductivity W/m K

k′c Mass transfer coefficient m/s

K′G Overall mass transfer coefficient m/s

M Molecular weight of water kg/kgmol

Nu Nussult number -

P Partial pressure kPa

Pr Prandtel number-
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Q Conduction heat transfer W/m2

R Universal constant m3kPa/kgmol K

Re Reynolds number -

t Time s

T Temperature K

X Moisture content kg/kg

Ta Air Temperature K

ρ Density kg/m3

Sc Schmidt number

Subscripts

a Dry crust

nz

sr

v

Glass nozzle

Surface

Vapor

w Wet core
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