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SUMMARY:: Indirect solar dryers with solar collectors, do not always make it possible to reach
the desired temperature level and drying time. As part of the improvement of the thermal
performance of these systems, a study of the caustic zone is first presented. It is in this zone
that the tubular receiver of the studied insolator is placed. The system of equations obtained
results from the division of the insolator into fictitious slices of length dz, in which the thermal
balance is established. It is solved using an iterative method with finite differences. The
volumetric flow rate and the temperature of the heat transfer fluid which can be injected into
the drying cage during a day are thus determined at the outlet.
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NOMENCLATURES

Ai :areaof aslice [m?]

Ci : specific heats [J.kgt.K™]
Cy :geometric concentration
Di : diameters [m]

dz :length of aslice [m]

f :focal length [m]

F :stove

Gr : Grashoff’s number
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: transfer coefficients [W/m?2.K]
- enthalpy of dry air [kJ/kg.ASA]
: direct solar radiation [W/m?]
: number of nodes along z-axis
: effective conductivity of air [W/m?.K]
: total length of the receiver [m]
: Nusselt’s number
: parameter of the parabola
: power at the collector [W]
: Prandlt’s number
: Rayleigh’s number
: Simplified Rayleigh
: absorbed flux [W/m]
: mass flow [kg.s?]
: volume flow [m3.s?]
: flux gained by the removable fluid [W/m]
: Collector area [m?]
: Temperatures [K]
- average air speed [m.s]
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. absorptivity [%],
: thermal expansion coefficient [1/K]

- angle [rad]
: emissivity [%]
- angle [rad]
- angle [rad]

: thermal conductivity coefficient [W.m?.K?]
- angle [rad]

: kinematic viscosity [m?.s™]

- densities [kg.m]

: Stefan's constant [W.m2.K*]

: transmitivity [%]

. heat flow [W]



1. INTRODUCTION

Solar drying is a well-suited conservation technique in countries with high levels of sunlight
such as Burkina Faso (5.5 to 6.5 kWh / m2/ day) [1] and the Central African Republic (4.8 kWh
/ m?/ day). Indirect solar dryers do not always have the desired thermal performance. Numerous
studies have been carried out in order to improve temperature level and drying time in indirect
solar systems by optimizing the thermal performance of the insolators placed upstream of the
drying cage.

Mohamad A. [2] presents an analysis for a new type of solar air heater. The main idea is to
minimize heat losses from the front cover of the collector and to maximize heat extraction from
the absorber. This can be done by forcing air to flow over the front glass cover (preheat the air)
before passing through the absorber. The analysis indicates that the suggested heater thermal
efficiency can exceed 75% but remains expensive. Kolb A. et al. [3] carried out experimental
studies on a solar air collector with metal matrix absorber. The absorber of the collector consists
of two parallel sheets of black oxidized or black galvanized industrial woven, fine-meshed wire
screens made of copper. The new matrix collector efficiency is about 81% but the
manufacturing costs are very high. Abene A. et al. [4] measured the drying time of grapes to
the required moisture content with a constant air flow rate. Measurement time without obstacles
in the flat plate collector is 13h20 min and with transverse-longitudinal obstacles in the collector
is 5h50min. The introduction of obstacles in the air channel is an important factor for the
improvement of collector performance which in turn reduces the drying time of grapes.
Dianda et al. [5] fixed straight fins on a solar absorber and found an improvement up to 20% of
the thermal efficiency. Aoues K. et al. [6] carried out a comparative study on two thin baffle
configurations welded to the absorber of solar collectors, spaced 10 cm apart for one and 5 cm
for the other and tilted at an angle of 60° in comparison to the direction of the flow of the heat
transfer fluid. These two configurations, A; and By, are differentiated by the number of rows of
baffles, respectively equal to 152 and 256.

This comparison shows that the best configuration, Bs, is the one giving the highest thermal
efficiency that is 57.80%. Blake R. et al. [7] investigated the effectiveness of adding a cylindro-
parabolic solar concentrator built from low-cost, locally available materials to a typical
Tanzanian solar crop dryer. Two identical solar crop dryers were constructed, with one serving
as the control and the other for testing the solar concentrator. The tomatoes in the dryer with

the concentrator, reached the 10% moisture content level at 1.54 h, or 22.3% faster than those



in the control dryer. Henaoui M. et al. [8] simulated an air flow in a solar collector equipped
with perforated rectangular baffles, fixed alternately on the absorber and the thermal insulator.
The turbulent flow thus caused, results in temperature variations of 37°C in comparison to the
ambient due to the slowing down of heat transfer fluid recirculation speed at the ends of the
baffles.

The choice of a concentrating collector as an air insolator constitutes a viable technico-
economic compromise avoiding the pitfall associated with the costs of improving the thermal
performance of a solar collector, and of course, an alternative to the low energy density of
incident solar radiation [9]. The increase of temperature level increases the drying air efficiency,
and consequently the drying rate [10]. Following the photograph of the device constructed in
Fig. 1, we first present the zone of caustics obtained during a typical day in Ouagadougou.
Subsequently, we simulate the thermal performances of an insolator, consisting of a parabola
equipped with a receiver, placed in the center of caustics zone. It is noted that this always
encompasses the stove. The whole is inclined by 13° above the horizontal, in order to favor the

flow in natural convection of hot air.

2. CAUSTICS OF CYLINDRO-PARABOLIC REFLECTORS

Here, caustic is the curve in which the rays reflected (caustic cata) or refracted (dia caustic)
are collected. These rays have there a burning force, see annex [11]. Figure 2 shows the caustics
obtained during a typical day between 8:00 and 16:00, that is, -60° <u <+60°, like the incidence
angle of sun’'s rays.

It permits to confirm that the suitable zone where to place our receiver is around the stove.
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Fig. 3. Caustics for -60° < p < +60°

3. FORMULATION OF THE PROBLEM

We use a parabola of aperture a = 0.5m, of focal length, f = 0.10m. The receiver consists of a
tube 10 cm in diameter and 1 m long, placed as shown in Fig. 1. The receiver is made up of two
coaxial cylindrical tubes, the first is made of glass and provides the greenhouse effect and the
second, in blackened steel, acting as absorber of the reflected solar flux. The whole is tilted at
an angle of 13° in comparison to the horizontal to favor the movements of natural convection
towards the outlet. The purpose of the analysis of the heat transfer within the system is to

determine the temperatures and the air flow at the outlet for a given solar irradiation.

4. TRANSFER EQUATIONS

The receiver in the form of a cylindrical tube, covered with a glass envelope, placed in the stove
of the concentrator, comprises an absorber made of a metal black-painted metal, which absorbs
the reflected solar flux and then converts it into heat. This heat is transmitted to the drying air,
which circulates inside the absorber by natural convection. Thermal flow analysis is a

fundamental step in improving the overall system performance. Under assumption that the



temperature is constant at circumference of absorber, the different exchanges of heat in the
absorber are distributed as follows:
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Fig. 5. Longitudinal section of heat transfer tube



4.1 Transfer of heat between the absorber and the heat transfer fluid

Following [12], we examine here the natural convection between the wall of the absorber and
the heat transfer fluid. The variation of heat of the heat transfer fluid during a time t in an

element of length dz at the position z of the absorber tube is given by the following equations:

AQ, (Z’ t) = PG AAZT, (Z! t) ()
%Z’t) =p,Ciay T (Z' t) (2)

Then thermal balance becomes, at time t, in the element of length dz:

a(AQT(Z't»=col(z,t)—(pl(z+A2,t)+<olwm(z,t) (3)
with,

Puin(2,8) =Gy A7, ©)
o (z,t)= % = p,C,q,T,(z,1), thermal power yielded to the fluid (5)
¢,(2+Az,t)= p,C,q, T,(z + Az,t), thermal power lost by the fluid (6)
Then equation (3) becomes:

PICLA aTl(th V. pca, aTla(ZZ’ v, du(zt) @)

q., is calculated as follows:

- Rayleigh number is first calculated

gp(T, — T1)D13
Ra, = ;
va

Nu, = 0.6(Ra, * sin8)°2> [13]; (8)

Nulla
va

Then we have h; =

The solution, T1 (z, t), represents the variation of the drying air temperature, circulating inside

the channel. qW(z,t)z hlszl(T2 —Tl) represents the heat transmitted to the heat transfer fluid

by natural convection.

4.2 Thermal analysis of the absorber

The thermal balance of the receiver is given by:

aT,(z,t)
ot

'T,(z,1)
oz?

pZCZAZ :ZQAZ +qa(zvt)_qin(zit)_qw(zit) (9)



which solution is the temperature of the receiver, T2 (z, t), where the absorbed flux, ga, by the
slice dz of the receiver is defined by:

Gu(z.t) =1 x(pry0,)xC, x A, 1 dz (10)
with dz = (L/K).

q,,(z,t) represents the energy exchanged by convection assimilated to a conduction comprising
a corrective coefficient k., and by radiation, respectively, through the air confined between the

absorber and the glass (greenhouse effect).

The effective thermal conductivity,

kg =max ( 1, 0.386x (Prx Rac/(0.861+ Pr)\*®), (11)

With:

(12)

27K D, (T, =T,
Qi (2,1) = Deﬁ (Tz _T3)+ f ]2_<_2 5 )
D, & g5 \ Dy
4.3 Heat exchange between the glass, the absorber and the outside

These exchanges are made by natural convection, by calling T3 (z, t) the temperature of the
transparent cover of the receiver, the heat exchange between it and the atmosphere is established

by the following equality:

oT,(z,t o°T
PsC3A, % =LA 8223 +0;,(2,1) = Qo (z,1) + 0, (2,1) (13)
d.:,» amount of heat exchanged between the glass cover and the external environment.
Ooue (2,1) =, 7D, (Ts _Tamb)+ gm0 D, (T34 _Ta?nb) (14)
q,(z,t)=1 x(pa3)ng><A3/dZ (15)

The system of algebraic equations consists of three equations:
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PCA—— A (Z ) =-pCia (ﬂlfgjt) + hlﬂDl(TZ _Tl)
pzczAz il (Z t)—ﬂzAz ( )+qa(z t) h(T T) hs(T24_T34)_rﬁﬂD1(T2_T1) (16)
o0 T p THED ) o f 1) a1, To) T e

5. DISCRETIZATION

The method of progressive finite differences is chosen for the discretization of the system,
which is transformed in matrix form below; the details of the discretization are appended.
F, -h, 0)(T(in+1)) (F
_hlz G, _he Tz(j’n"'l) =G, (17)
0 -h, H,)\T,(i,n+1)) [(H,

The method of resolution is as follows:

a) First, the various heat exchange coefficients, hi, between the various elements
characterized by their arbitrarily fixed temperature, are calculated using the usual
correlations employed in thermal convection.

b) The new temperatures are then recalculated from hi values thus found (Gauss Seidel)

c) These lead to new values of hi coefficients and so on until the IT-1 iteration temperature

values are practically equal to those obtained at the iteration IT

1T ey = T ain] < 1072 (18)

6.VOLUMETRIC FLOW OF HOT AND DRY AIR

The air flow moved easier by natural convection inside the tilted tube, compared to the
horizontal one. The expression of the fluid speed is obtained, by using the approximation of

Boussinesq, in [ 13];

2
v=PPoq or) - 22| gsine (19)

8V 2 1 D%
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The tube being cylindrical:

%

2 2

A L Ide = V, :&gsine(T2 -T,) (20)
D, ry 24y

q, =V, xS = q, =ﬁgsine(T2 -T,) (21)

67zv

7. VALIDATION OF CALCULATION CODE

The simulation program, with the Matlab software (R2015a), for sunshine measured
continuously on September 12, 2017 permits to compare the temperatures in experimental

outlets with those obtained by our calculation code.
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Fig. 6. Evolution of ambient temperature and irradiation according to the time

These data, on ambient temperature and irradiation are introduced in our calculation code. In
order to validate it, we compare the temperatures calculated with the code to those measured

experimentally. Our criterion of assessment is obtained by evaluating the average systematic

error; RMSE =J$Z’L1(Tu — Tyqm)? =4.5°C, (figure 7).
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Fig. 7. Evolution of fluid temperature at the inlet of the drying chamber

The calculation code used allowed us to simulate the evolution of temperatures in the tube

according to the time.
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Fig. 8. Evolution of the fluid temperature during the day
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In figure 8, at the beginning of the day, (8.0< t <10.0) h, temperatures increase linearly and then
stabilize along the axis of the absorber tube. Between (10.5< t <13.0) h, the flow is fully
developed in the tube and the fluid reaches its maximum temperature. Between (15.0< t <18.0)
h, sun irradiance is attenuated and the temperatures of the fluid decrease of course in the

absorber.

90 . . .
* T2,absorber

o T3,glass

o T4 fluid

30 | | | | | | | | |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
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Fig.9: Evolution of glass, fluid and absorber temperatures

Fig.9 illustrates the evolution of the various materials of the receiver. As soon as the
concentrator is exposed to the solar flux, the different elements (fluid, absorber, glass)
constituting the receiver, heat up of course faster than the heat transfer fluid and very quickly
reach final temperatures of approximately 90°C at the outlet of the tube, with a concentrator of
0.5 m? of useful surface. We notice that these temperatures have the same progression. The
temperatures of the absorber and of the glass are, of course, higher than that of the fluid which

nevertheless exceeds 67 ° C.
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Fig. 10. Evolution of the air flow going into the drying cage

Of course, it is also observed that the flow varies as the intensity of sun irradiance. It is
remarkable to have practically a flow of 9.10° m3.s? between 12:00 and 13:00 in natural
convection. Such flow rates increase the drying process since the convective exchange
coefficients increase according to the speed of the flow. This phenomenon is reflected in the

evolution of Nusselt’s number in the tube.
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Fig. 11. Evolution of Nusselt’s number in the heat transfer fluid

Figure 11 shows that the level of thermal exchanges is very high at 8:30. This level stays at the
maximum from 9:00 to 15:00. This important thermal exchange of the studied system permits
to substantially reduce the dimensions of the receiver, compared to conventional solar dryers

with solar energy collectors.

8. CONCLUSION

We carried out an experimental study on the thermal performances of a receptor dimensioned
and placed, starting from the analysis of the caustics of parabolas. The numerical model for
calculation of free-convective flow and heat transfer was developed.

Initially and to validate our model, we compare the temperatures of the air on the outlet side of
the absorber obtained in experiments and simulated. The simulation obtained using our
computer code is satisfactory, within sight of the RMSE equal to 4.5°C.

Between (10.5< t <13.0) h, the convective flow is fully developed in the tube and the fluid
reaches its maximum temperature.

Hot air flow reached 9.10° m®.s™ between 12:00 and 13:00 in natural convection.

Evolution of Nusselt’s number in natural convection, shows an important thermal exchange of
the studied system between 09:00 and 16:00
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This study can constitutes a first approach in the conception of the receiver of a cylindro-

parabolic solar collector.
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ANNEX

Determination of collector’s caustic equations

The construction of cata caustic is based on the following property: if p is the inclination of
incident rays with the axis of the parabola, then « the reflected ray (IR) makes with the vector
ray (IF) the constant angle « » [10].

Let us determine angle k, made by (IR) with (OX). (xi, y1) are the coordinates of the point on
the parabola.

If 6 =—arctan N +7 (AL)

P_Y
2.p

Py

S0, K =0 — u=—arctan] —= + 77— U (A2)
LZ IOJ
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The equation of the reflected ray (IR) is:

y=Xxtanx +b
Where, b=y, —x, tanx

Let’s derive the equation (A3) in relation to y; and it becomes:
yi y
0= x(tanx)'+1— 2—' (tan k)= tan x
p

_2p

(p?+ y,z)cos{arctan[z YiP ]+yJ

p _y|

With, (tank)'=

The resolution of equations (A3) and (A5) gives the envelope of the reflected rays.

Details of the discretization of transfer equations

(A3)
(Ad)

(AS)

(A6)

Transfer coefficients by convection, hi2 and hi2 on the one hand, and by radiation hsz and hsz

on the other hand are expressed as:

27K, 7D
h1=M hy = - T . h, =5.67+3.86xV ; h, = £,70 D,
D, InD—j i+1_83 &
& g5 \ Dy
h12 :h17ZD1’

h32 =h,(T. ( )(T +Tamb) h h ﬂD and h52 =h (T +Tamb)( amb)
And hﬁ :h2 +h321 h7 :h42 +h52’
F = p,C A F, = P.C10, ,
At Az
F,=F+F+h, F, = F1T1(j,n)' Fy = Fle(j -1, n+1) and Fg =F, +F
_ p,C, A,

1=

2 .
=, :;—AAZ?, G, =G, +2G, +h,+h,. G, =G.T,(j.n).,

G, =G,T,(j+Ln+1), G, =G,T,(j-Ln+1), G, =G, +G, +G, +q,(j,n+1)

_ PsC3A H /1 3 Ay
=  H,
At  2Az

Hy,=H,+2H, +h, +h,, H, =HT,(j,n)

1

H,=H,xT,(j+1n+1), H,=H,xT,(j-Ln+1), H, =h, xT,,, Hy =H, +q,(j,n+1)

Hy=H,+H;+H, +H,
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The discretization of the above system gives:

T.(j,n+D-T(j,n T(j,n+D)-T.(j-Ln+1
(i +2) -T,(j )]:_pquv[ (1,0 +9)-T,(j )j
At Az

plcl/\[ +h,(T,(,n+) -T,(j,n+1))

2(J,n+1) =T, (j,n)
At

T,(j+Ln+1)-2T,(j,n+1)+T,(j-Ln+1)
2A7

o, Az( ) IA, £ 00+ (T, +9)-T,(jn + D)~ (T n + D-T,(jon +1

e L) g B0 )2 TN ). )51 5+ T - D

This leads to the following system:

(F+F,+h,)T,(j,n+)-h,T,(j,n+1) = ET,(j,n) + F,T,(j -1 n+1)

~h,T(jn+1) + (G, +2G,+h+h,)T,(j,n+1) - hT(j,n+1)=GT,(j,n)+G,T,(j+Ln+1)+G,T,(j-Ln+1)+q,(j,n+1)

— hT(j,n+1) + (H+2H,+h +h)T,(j,n+1) = HT,(j,n)+ HT,(j+Ln+D)+ H,T(j-Ln+1)+hT , +q,(j,n+1)

F.T,(j,n+1)-h,T,(j,n+1)=F, + F,

—h,T,(j,n+1)+G,T,(j,n+1)-hT,(j,n+1)=G, + G, + G, +q,(j,n+1)

—hT,(j,n+1)+ H,T,(j,n+1)=H, +H, +H, +H, +q,(j,n+1)

FsTl(jvn+1)_h12T2(j!n+1)=F6 F3 _h12 0 Tl(j’n_|_]_) F6
s |-h, G, -h ||T(in+1)| =|G,
H

—h,T,(j,n+1)+G,T,(j,n+1)—h,T,(j,n+1)=G
1271 3'2 6°3 7 O —h6 H3 TS(J,n-|-l)

9
—hT,(j,n+1)+H,T,(j,n+1)=H,



