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In this paper, we report an experimental study on an empty dryer. The device 

under is an indirect dryer electrically heated.  The focus is made on the thermal 

and fluid behavior in such systems without considering the drying process. Thus, 

the temperature and fluid velocity profiles are presented in order to determine the 

fluid flow and the thermal profiles inside the different parts of the dryer in the 

situations of natural and mixed convection in order to describe and allow a better 

comprehension of the heat and fluid flow patterns inside a dryer. The enthalpy 

balances lead to the determination of the most efficient zone in the dryer, this 

latter is located at 2/3 of its length. 
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 1. INTRODUCTION 

A dryer is a device that removes moisture from food to the 

surrounding exterior. Several literatures were reported on 

designs and performances of solar dryers [1]. Sharma et 

al. [2] presented a review of solar drying systems where 

both passive and active modes for various types (direct, 

indirect, mixed) are considered; El Hage et al. [3] carried 

out a review on solar drying techniques with low 

environmental and economic impact. In order to see the 

efficiency of some solar driers, Shobhana et al. [4] built 

direct, indirect and mixed modes solar dryers working in 

natural and forced convection, they developed correlations 

for heat transfer at the absorber for the different models 

and then compared them with the experimental results 

where they found a good agreement. Musembi et al. [5] 

studied the performance of an indirect solar dryer focusing 

on the influence of some parameters such the product 

color on drying process and quality of products to be 

dried. Sreekumar et al. [6] developed a solar dryer with a 

total volume of 0.272m3 to investigate its performance; 

they concluded that their models are more efficient than 

the traditional one in the conservation of the product 

original color. Pangavhane et al. [7] evaluated the thermal 

performance of a solar dryer at the absorber and drying 

chamber in the case of a natural convection heat transfer 

mode by comparison with an open solar dryer. Demissie 

et al. [13] conducted a numerical and an experimental 

study on an indirect solar dryer, they investigated the 
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velocity field of the flow in the drying chamber; they 

showed that the velocity is not uniform at the first floor, 

varying between 0.25 to 0.08 m/s while it becomes 

uniform from the second floor with an average velocity 

around 0.12 m/s. The absorber zone of a dryer can be 

considered as a differentially heated open channel at both 

ends, thus some experimental and numerical studies have 

been made on the heat and mass transfer through a 

differentially heated open channel [8]-[10]. Ambarita et 

al. [14] studied numerically by CFD code a heat transfer 

and fluid flow in a flat plate type solar collector with 

different inclination angles (30, 45, 60 and 70°), the study 

was done for a naturel convection in a square enclosure 

heated and cooled from side walls, they found that the 

average heat transfer coefficient decreases with increasing 

inclination angle. 

 In the present study, an experimental study of an 

empty dryer was evaluated to describe heat and mass flow 

for natural and mixed convection modes; to the best of our 

knowledge the mixed convection phenomenon has not 

been considered before in drying process. The considered 

system consists of an inclined channel heated from below 

coupled with a rectangular drying chamber opened at the 

outlet zone to evacuate the air. The experimental device is 

instrumented by sensors in order to measure the velocity 

and temperature profiles in the dryer; the average heat 

transfer coefficients are determined and compared with 

correlations. The objective of this paper is to calculate the 

enthalpic balance, it has been undertaken to determine the 

most efficient zone of the dryer during the process. 

Otherwise, the fluid flow and temperature profiles in both 

convection modes (natural and mixed) were compared in 

order to provide a better comprehension of the fluid and 

thermal process in such dryer.  
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2.  EXPERIMENTAL SETUP 

2.1 Presentation of the Dryer 

The experimental dryer is schematically illustrated in 

Figure 1. The studied system consists of an inclined 

channel coupled with a vertical rectangular drying 

chamber, open at both sides, the inlet for the admission 

and the outlet for the evacuation of the air. The 

experimental device is widely instrumented to trace fluid 

velocity and temperature profiles at various locations of 

the system.  

 The rectangular channel inclined at 45° plays the role 

of the absorber, its lower wall is uniformly heated by 

Joule effect. The heated zone is constituted by the 

superposition of three layers: the first layer consists of a 

sheet of polycarbonate of a thickness of 20 mm, the 

second one corresponds to the heating layer where three 

adhesive resistances (films) are pasted on the 

polycarbonate sheet each film has a length of 20 cm, the 

third layer is a copper plate with a thickness of 10 mm. 

Thus, the polycarbonate allows the insulation of the lower 

part of the absorber while the copper contributes to the 

homogenization of the temperature of the lower wall of 

the absorber. The other walls of the absorber (the upper 

and vertical ones) are made of plexiglass of a thickness of 

10 mm. 

 

 

(a). Schematic of the dryer. 

 

  

(b). Schematic of the different dimensions (c). Sensors location 

Fig. 1. Schematic representation of the dryer. 

 

The drying chamber and the outlet zone are made of 

wood plates with a thickness of 5 mm. Table 1 shows the 

dimensions of the various parts constituting the dryer. 

In order to investigate the performance of the system, 

this later has been equipped with temperature and velocity 

sensors. For the temperature measurements, eight (K-type) 
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Drying chamber 

Outlet  
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thermocouples are placed in various locations, as shown 

on Figure 1-c: 

• A thermocouple is placed inside the absorber to 

measure air temperature (in the center of the 

absorber), 

• Three thermocouples are pasted on the upper part of 

the heated plate, 

• A thermocouple was placed on the rear part of the 

heated plate which corresponds to the exterior of the 

lower face of the absorber, 

• Three thermocouples are placed inside the absorber 

(x/La=0.85), the drying chamber (y/Ldc=0.64) and the 

outlet zone (z/G=0.5).  

• The velocity measurements: The air velocity is 

measured by two various sensors, depending on the 

magnitude of the velocity as shown on Table 2.  

All the sensors are connected to Labview Signal 

Express acquisition module. 

 
Table 1. General dimensions of dryer. 

Parts of dryer Dimensions (LxGxH) (cm) 

Absorber 60x43x12 

Drying chamber 54x43x28 

Outlet 31x43x13 

 

 
Table 2. Sensors used in experimental setup. 

Sensor Type Number Signal range Accuracy 

Thermocouple K 08 0-100°C ±0,1°C 

Velocity sensor HD103T.0 01 0,05-5m/s ±0,04m/s 

Velocity sensor HD29V371TC1.2 01 0,2-20m/s ±0,03m/s 

 

 

2.2 Settings  

Before proceeding to the various experiments, we first 

achieve the calibration of the various sensors involved in 

the experiment set-up.  

For each experiment, we firstly heated the lower 

wall of the absorber by Joule effect, indeed the three 

heating plates of an electrical resistance of 70,7 Ω are 

submitted to a voltage of 118,9 V. The steady state is 

obtained after 30 minutes. Then, we proceed to the 

measurement of velocity and temperature in the three 

zones of the dryer: absorber 0<y/Ha<1, drying chamber 

0.2<x/Hdc<0.95 and outlet zone 0<x/Hoz<1. 

3. EXPERIMENTAL RESULTS 

3.1 Natural Convection Flow 

In the first mode, the heat transfer between the fluid and 

the absorber is only due to natural convection; the ratio 

Gr/Re2, determined further is around 75. Figure 2 shows 

the velocity and temperature profiles inside the absorber. 

we observe due to the non-slipping condition that the 

velocity is equal to zero at the horizontal plates of the 

absorber (y/Ha=0 for the upper face and y/Ha=1 for the 

lower and heated face of the absorber). In the air Gap, 

between both the plates, the velocity increases from zero 

at y/Ha=1 to reach a maximum at y/Ha=0.58, then it 

decreases progressively till zero at y/Ha=0. This profile 

is due to natural convection phenomenon, indeed when 

the working fluid is heated by the hot plate of the 

absorber, air density decreases which provokes the fluid 

motion thanks to buoyancy forces, the natural 

convection is set-up. The temperature profile is plotted 

on the same figure, and one notices that it is coherent 

with the velocity one, the highest temperature is found at 

y/Ha=1, i.e. at the heated wall the lowest one is obtained 

at the same location where the highest velocity was 

obtained, i.e. y/Ha=0.58. When the fluid leaves the 

absorber, it naturally enters the drying chamber where it 

goes up along the wall adjacent to the absorber. The 

measurements conducted in the dryer chamber, allow 

plotting the horizontal profile of the velocity. It should 

be noted that the fluid, close to the wall adjacent to the 

absorber, at x/Hdc = 0.2 has the highest velocity (0.35 

m/s) and gradually as the x/Hdc increases the velocity 

decreases until it vanishes when x/Hdc is around 0.6; 

beyond this value, there is a quiescent zone without any 

fluid motion. The temperature profile is approximately 

uniform around a mean value of 31°C. The same 

behavior is observed at the outlet area. 
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Fig. 2. Velocity and temperature profiles in natural convection dryer. 

 

3.2 Mixed Convection Flow 

In the case of mixed convection, the fluid flow is 

ensured thanks to three fans, submitted to a voltage of 

04V installed at the outlet of the dryer. The imposed 

pressure difference induces a forced flow from the 

absorber to the outlet. The further determination of the 

ratio Gr/Re2 will allow the classification of the type of 

the involved convection, in this case Gr/Re2 is around 

15, which corresponds to a mixed convection 

phenomenon.  

 The various measurements allow to plot the 

velocity and temperature profiles and to compare them 

with the case of natural convection. 

Thus, Figures 3 and 4 show the velocity and 

temperature profiles at the absorber and the drying 

chamber for the same locations as in the case of natural 

convection.  
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 In the absorber (Figure 3), globally the shape of the 

curves is the same in both modes, however one can 

notice that the velocity in the case of mixed convection 

is larger the highest value is around 0.82 m/s, while it is 

around 0.41 m/s for the case of natural convection. 

Otherwise, the profile seems approximately parabolic in 

mixed convection while it is rather flat in the central 

zone for natural convection. In the drying chamber, the 

mixed convection manifests higher profile and one 

observes that the quiescent zone occurs at greater x/h = 

0.7 instead of x/H=0.6 in natural convection which 

means that the static zone is smaller in mixed 

convection.  

 The temperature profiles in the absorber have 

approximately the same shape even if the fluid 

temperature is higher in natural convection than in 

mixed convection, this is due to the residence time of the 

fluid in the heated zone, indeed, as the velocity is 

smaller in natural convection, the residence time is 

larger, which allows to the fluid to be warmer in natural 

convection than in mixed convection. However, in the 

drying chamber, the temperature profile is rather flat, i.e. 

the temperature is approximately uniform in natural 

convection. Moreover, as the velocity is weak the 

various fluid layers have the same residence time which 

leads to an uniform temperature. In mixed convection, 

as the velocity profile is parabolic, the temperature 

profile behaves symmetrically i.e., its shape is also 

parabolic. 

 

 

Fig. 3. Comparison of velocity profiles at the absorber and the drying chamber for both heat transfer modes. 

 

 

Fig. 4. Comparison of temperature profiles at the absorber and the drying chamber for both heat transfer modes. 

 

4. ENTHALPY BALANCES 

4.1 Natural Convection  

4.1.1      At the absorber 

To understand the thermo-hydraulic mechanisms, it is 

important to achieve the enthalpy balances at the 

absorber for both convection modes; in our case, the 

absorber is an inclined channel heated from below. 

 For the following, one can determine the heat flux 

at the inlet φin and the heat flux at the outlet ϕout at the 

absorber. The heat flux at the inlet φin is defined as:  

φ
in=

Q
in

S
 (1) 

Where: Qin is the flux provided to the lower wall of the 

absorber and it is given by: 

Qin = U2/R and S = LxG 
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U is the electric tension; R is the electric resistance; 

S is the surface of the heated wall. Mass flowrate ṁ is 

given by: ṁ=ρ(yi+1-yi).z.vi. Velocities vi are measured as 

a function of yi where 0≤y≤12cm. The heat flux density 

at the exit of this zone ϕout is given by: 

φ
out

=
Q

out

S
 (2) 

Q
out

=ṁ.cp.(Ts-Te) (3) 

Ts is the temperature at the outlet; Te is the 

temperature at the inlet. Heat flux lost through the walls 

ϕlosses: 

φ
losses

=
Q

losses

S
 (4) 

The thermal resistances of the upper wall made in 

plexiglass (index v) and of the lower wall (index p) were 

calculated as follows: 

Rv=
ev

λv.S
 ; Rp=

ep

λp.S
 (5) 

Where: e is the wall thickness 

So, the thermal power due to thermal losses is 

given by: Qlosses=Qv+Qp 

 Qv=
ΔT

Rv

=
(Tv-Ta)

Rv

;  Q
p
=

ΔT

Rp

=
(Tph-Tp)

Rp

 (6) 

With Ta the room temperature; Tph : heated wall 

temperature. 

 The various measurements give in the Table 3 the 

values of the various parameters and heat fluxes for the 

absorber zone in the case of natural convection mode. 

4.1.2  At the drying chamber 

The Table 4 below summarizes the enthalpy balance 

made in the drying chamber in the case of natural 

convection (NC)  

4.2 Mixed Convection 

In this mode of heat transfer, three fans placed at the 

outlet (exhaust air to the outside). We note here that the 

airflow is twice as strong as with natural convection, so 

the residence time of the air is reduced to half in mixed 

convection, and this also justifies the decrease of the 

temperature in exit of the absorber. 

To illustrate, the Table 5 presents a comparison 

between natural and mixed convection of the anthalpic 

balance in the drying chamber. 

 
Table 3- Enthalpic balance in the absorber “natural convection”. 

Parameters   

Te 

Ts 

ṁ 

φin 

φout 

φlosses 

(°C) 

(°C) 

(kg/s) 

(W/m2) 

(W/m2) 

(W/m2) 

25.5 

32.4 

0.016 

775.19 

442.63 

284.46 

 

 
Table 4- Enthalpic balance in the dryer chamber “natural convection”. 

Parameters NC 

Te 

Ts 

ṁ 

φin 

φout 

φin- φout 

(°C) 

(°C) 

(kg/s) 

(W/m2) 

(W/m2) 

(W/m2) 

32.4 

31.2 

0.016 

442.63 

113.95 

329.21 

 

 
Table 5- Enthalpic balance in drying chamber with mixed convection (MC). 

Parameters MC 

Te 

Ts 

ṁ 

φin 

φout 

φin- φout 

(°C) 

(°C) 

(kg/s) 

(W/m2) 

(W/m2) 

(W/m2) 

25.5 

29.8 

0.027 

775.19 

448.07 

251.67 

 

 

Based on the calculated values of enthalpy balance 

in absorber, the dimensionless numbers Gr and Re can 

be calculated as: 

➢ The Grashof number based on ϕout ou φout can be 

obtained by: 

Gr =
g. β. φout. Ha

4

λ. ν2
 (7) 

➢ Furthermore, the Reynolds number based on the 

hydraulic diameter DH can be expressed as: 

http://www.rericjournal.ait.ac.th/
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Re =
2. ṁ. DH

ρ. ν. (Ha + G)
 (8) 

Calculation of the average heat transfer coefficient, hexp 

hexp=
φ

in

∆T
 (9) 

 

Nuexp=
hexp.H

λ
 (10) 

To compare the experimental Nusselt number in 

dryer chamber with theory, we consider this zone as an 

open inclined channel.  

In natural convection, the correlation performed by 

Azevedo and Sparrow [11] for an inclined channel was 

applied: 

Nu=0.645. [RaS (
S

L
)]

4

 (11) 

In mixed convection, the empirical correlation of 

Osborne and Incropera [12] was applied: 

Nu=2[0.414 Gz+0.015(Gr.Pr)3 4⁄ ]
1 3⁄

 (12) 

Table 6 compares the values of heat transfer 

coefficient and Nusselt number found experimentally 

with the correlations mentioned above, one can notice 

that mixed convection leads to an enhancement of the 

convective heat transfer which contributes to a better 

heat exchange. This is due to the helical trajectories of 

the fluid induced by the combination of a transverse 

component of velocity due to buoyancy and axial 

component due to forced flow. This combination leads 

to longer time of residence of the fluid in the channel.  
 

Table 6. Heat transfer coefficient and Nusselt number. 

 hexp Nuexp hcorr Nucorr Error 

 (W/K.m2) (-) (W/K.m2) (-) (%) 

NC 11.01 59.83 10.6 57.14 04.49 

MC 12.03 65.39 14.2 76 13 

 

5. CONCLUSION 

This article presents the results of an experimental 

investigation on a system composed of an inclined 

channel coupled to a rectangular drying chamber 

attached to an outlet to evacuate the air. The 

experimental device has certain modularity and allows 

to vary some parameters or boundary conditions of the 

system. The instrumentation of the system allows the 

access to fluid temperature and velocity profiles. This 

survey was implemented to study the influence of the 

heat flow distribution at the inclined channel for the 

chimney effect with natural and mixed convections. The 

instrumentation allowed us to understand the importance 

of various thermo-hydraulic mechanisms related to the 

system parameters. The enthalpic balances were 

calculated and allowed us to determine the most 

effective zone in the construction of the solar dryer. 

Whatever convection and heating modes, we observed 

heterogeneity of velocities and temperatures within the 

drying chamber. This consequence could have a 

negative effect on the homogeneity of the drying quality. 

 Even, the drying food has not been taken into 

account, nevertheless the heat transfer mode varying 

from natural to mixed convection affect the heat and 

fluid flow pattern which contributes to drying process. 

The perspective of this work is on one hand to promote 

mixed convection for a better heat transfer exchange and 

on the second hand to design the geometry in order to 

homogenize the temperature in the drying chamber and 

to take into account the food drying.  

NOMENCLATURE 

b absorber clearance (m) 

e plate clearance (m) 

G width (m) 

g gravity acceleration (m/s2) 

Gr Grashof number (-) 

Ha height of the absorber (m) 

Hdc height of the dryer chamber (m) 

Hoz height of the outlet zone (m) 

l length of absorber (m) 

La length of the absorber (m) 

Ldc length of the dryer chamber (m) 

Loz length of the outlet zone (m) 

ṁ mass flow (kg/s) 

Nu Nusselt number (-) 

Pr Prantl number, 𝜂𝑐𝑝/𝜆 

Ra  Rayleigh number, 𝑅𝑎 = 𝐺𝑟. 𝑃𝑟 

Re Reynolds number (-) 

T temperature (°C) 

V, U velocity (m/s) 

α coefficient of expansion of air 

λ thermal conductivity of air (W/mK) 

ν kinetic viscosity (m2/s) 

φ heat flux (W/m2) 
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