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ABSTRACT

The present study is concerned about a mathematical model developed, to study the performance of a truncated
cone solar heater (TCSH), connected by a multi effect still (MES). The proposed TCSH included: a glass cover, truncated
cone reflector, and a blackened vessel. The truncated cone shape is used as a reflector without a continuous tracking, where
one half is always facing to the sun for the whole day hours. The effective area of the glass cover through which,
the transmitted radiation is reflected to the vessel, derived as a function of the solar incidence angle and the geometry of
the conical surface. The ratio of the vessel radius of the glass cover one is studied as a design parameter. The final results
showed that an acceptable productivity from the MES with a maximum value of 0.97 kg/hr-m> at noon times can be
obtained. Also, the productivity of MES decreases by about 38 % as the ratio of vessel radius to the cover one increases by

three times.
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Nomenclature Greek Letters Subscripts
A area (m?) o | angle in Fig. (A2), absorptivity (-) | 1,2 left and right half of the conical surface
C, | specific heat (J/m k) B | expansion coefficient (°) a air
h Heat Transfer Coefficient (W/m2K) | B; | Angle in Fig. (A2) abs absorbed
H height (m) y surface azimuth angle (°) amb | ambient
I solar radiation (W/m?) Yi angle in Fig. (A2) b brine
L distance (m) [} latitude angle (°) c cover, convection
m | mass (kg) ® | solar hour angle (°) cs conical surface
t time (s), thickness (m) fi) solar declination angle (°) d distillate
T temperature (°C) 6; | solar incident angle (°) e evaporation
S slope angle (°) p | density (kg/m?), reflectivity(-) eff effective
R radius (m) T transitivity (-) i surface i
Q heat (W) j surface j
X distance (m) L losses
Lat latent
h horizontal
v vessel
vc vessel cover
vs vessel surface
r radiative, reflected
s stage, surface
INTRODUCTION

Simple basin solar still has a lower productivity, which is referred to the dissipation of the latent heat of
condensation as a wasted energy. One option to enhance the productivity is introducing the multi effect still. Many studies
were developed for the multi effect solar still [1-5]. The effect of number of stages on the daily productivity is studied by
Al Mahdi [6]. The results show that the double stages still give the highest efficiency, while the triple and quadruple stages
improved the productivity by an appreciable value during the night. The study showed that an increase of the number of
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basins beyond four stages has not increased the productivity significantly. Double basin solar still is examined for various
systems and weather conditions, where its productivity increases by 36 % than the single basin one [7].
Also, the productivity can be enhanced by decreasing the glass cover temperature using continuous flow [8] or intermittent
flow [9], but it will dissipate the latent heat of condensation. Tiwari et al [10] concluded that the total productivity of the
double basin solar still is, strongly depended on the water depth in the lower basin. For less water depth, the yield was
enhanced, but the distillation decreases during the night times. For greater water depth, the distillation output is reduced,
but distillation continues even during the night. An inverted absorber double basin solar still is proposed and tested by
[11 and 12]. In this design, the water temperature can be increased by inverting the absorber which reduces the bottom heat
losses. A double basin solar still is studied by Tiwari [13] using water flow over the glass cover and at the same time a flat
plate collector supplied hot water in the lower basin. The study showed that using the flat plate collector could increase the
productivity by about 50 % than the normal double basin still. The flat plate collector can be used with a theromosyphon
circulation or forced one [14]. Badran et al. [15] integrated flat plate collector with a conventional type solar still where the
yield increases by 52 % due to the coupling of the flat plate collector. Some improvements have been developed for the flat
plate collector connected with the solar still such as using a double rectangular enclosure where the top enclosure is filled
with paraffin wax while the bottom one is with water [16]. Also, the improvement included using of an aluminum-water
nano-fluid [17] enhancing the efficiency up to 85.63 % by adding suspended aluminum nano-particles into pure water.
Compound parabolic concentrator with forced circulation coupled to a double basin solar still is suggested in [18].
The results showed that a decrease of the productivity occurred due to decrease of the difference between water and glass
temperatures. However, the productivity, improved due to utilization of latent heat of condensation. Moreover,
a heat exchanger inside the lower basin of multi effect still is suggested and studied in [19]. The author observed that the
efficiency of the still with heat exchange is less than that without a heat exchanger. Also, the study showed that the
efficiency, enhanced by the increase of the mass flow rate in the range of 0-20 kg/hr and by increasing the length of the
heat exchanger pipe in the range of 0-5m. A transient model for multi stage evacuated solar desalination system is
developed in [20]. It was found that the optimum configuration for four stages satisfied with a 10mm gap between the
stages and mass flow rate of 55 kg/m*/day. The thermal performance and economic feasibility of a single and double basin

solar still is studied in [21]. The results showed that the optimum mass of the brine in the lower basin was about 20 kg/m®.
PLAN AND DESCRIPTION OF THE PROPOSED SYSTEM

Based on the previous works of multi effect solar still, it can be concluded that the using of one or more glass
covers as a condensing surface may constrain the number of stages. Also, the transmission of radiation through the glass
cover may increase the cover temperature and consequently decreases the productivity. In addition, coupling solar
concentrators by the solar still needed a continuous tracking which may increase the cost of the system. Thus, in the
present study, it is proposed to use a number of aluminum trays as condensing surfaces by which the glass covers are
eliminated. On the other hand, a primary design of the truncated cone surface as a solar cooker is suggested and tested
experimentally by the author [22]. But there are no modeling or simulation results developed by the author or other ones up
to the present time in order to cover the topic and to study the design and performance parameters.
Also, the experimental study was limited only for a short period (1-1.5 hrs) at noon times where there is a normal incidence
without any details or information at morning and late afternoon times. Thus, these reasons encourage the author to
develop a mathematical model for the truncated cone shape as a solar heater connected by four stages still in the present

study. A schematic diagram for the proposed system is shown in Figure (1).
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Figure 1: A Schematic Diagram for the Truncated Cone Solar Heater Connected by Four Stages Still
The main components of the proposed TCSH are:

1. Stainless steel conical surface with a thickness of 1mm used as a reflector for the transmitted radiation through the

glass cover.
2. Glass cover with a thickness of 6 mm white glass.
3. Blackened heating vessel with a radius of R; = 0.05 - 0.15 m and a height calculated based on the given radius.

4. Outer frame from galvanized steel with a gap of 5cm filled with polyurethane foam to decrease the heat losses and

protects the heater from the environmental risks.

For the multi effects still, it consists of a number of aluminum trays arranged in a way to allow the condensation
on the lower surface while an amount of water put on the other side. The latent heat of condensation for the main basin as a
first stage is used for the second one. At the same time, this procedure is repeated for the following stages up to the final

stage at the top of the unit.
MATHEMATICAL MODEL

The developed model is based on an energy balance for various components to obtain the productivity produced
by the proposed system. The model included sub-models for truncated cone heater and also multi effects still.
The developed model is detailed in the following sub-sections followed by the determination of the various heat transfer

coefficients.
Modeling of the Truncated Cone Solar Heater

The heat transfers exchanged between the different components of the (TCSH) are shown in Figure. (2).

Figure 2: Energies Exchange between the Components of TCSH
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The energy balance equations concerning by the conical surface, vessel, glass cover, and inside air are given in

Eqgs (1-4), respectively, as:

(mc,), d;f =0, %0, "Qrie Qesa ~Qus )
(mc,) Sr=0., -0, 0, 0.0 =0, @
(mcplig’:QuﬂthT+QwT—Quw-£Ltwb—Quwm 3)
(mnc,), 2220, %0, 0. ., @

The determinations of the absorbed radiations, Q;; through the " component of the (TCSH) are derived in
Appendix (A). The radiative, convective heat transfers in Eqs (1-4) between two surfaces i and j are expressed as a

function of the heat transfer coefficients by:

0, =Ah, (T, -T)) 5)

Qc,i—j :Aihc,i—j (Ti _Tj) (6)

While the heat transfer, exchange between the (TCSH) and (MES) in Eq. (2) is given by:

Qmes = mbCp,b (Tv _Tsl) @)

Where: m,, is the mass flow rate of the brine circulated between the vessel and MES and Tj; is the uniform
temperature of the first stage in the basin. The ambient air temperature equation used in the calculations is based on the

maximum and minimum values for the month and is detailed in Ref. [23].
Modeling of Multi Effect Still

The multi effect still included four stages with temperatures ranged from Ty, up to Tg. The proposed still is shown

in Figure. (3).

K

Figure 3: An Energy Balance between the Stages of MES
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An energy balance for the I* stage yields:

dT .
(mcl’ )sl d;l = mh C]?,h (Tv _TYI) _Qc,slas2 _Qe,slﬁSZ _Qr,slﬁsz _QL,sl (8)

For the 2" and 3™ stages, the energy balance is:

dTr i
(me )N. 7 = Qusinsi ~Qesisin T Qesinsin TQrsi i Qi @)

While for the 4" stage:

drT,
(mCI’ )s4 df4 :Qlut,s3—x4 _Qc,x4—s5 _Qe,s4—s5 _Qr,s4—s5 _QL,s4 (10)

Where the quantity: @y, is the latent heat of condensation, while the Q., Q. and Q, are the convective, evaporative

and radiative heat transfers, respectively. Their values are given by:

Qc,si S5 (i +) =A, hc,si S5 (i +) (Tsi _Ts(i+1)) (1)
Qe,si s (i+]) = Asi he,si s (i+]) (Tsi _Ts(i+1)) 12)
Qr,si—»s(iﬂ) =A, h’r,si S (i+) (Tsi _Ts(i+l)) 13)

The values of A, h, h, are given in detailed in sub-section.

Finally, the output productivity from the " stage is given by:

Qe ,Si
m, (14)

! - Q—
lat ,si

Which gives the total productivity m,, by:

i=4
mg, = Z m;,; (15)
i=1

Heat Transfer Coefficients

For the TCSH: The heat transfer coefficient between the vessel as a vertical plate and inside air is given by

[24 and 25]:

1/6

Nu, =10.825+ —
[1.0 +(0.492/ Pr)9“6]

The heat transfer coefficient between the glass cover and inside air is given by [25]:

Nu, =0.54Ra)*  for 10*<Ra, <10’ a7
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Nu, =0.15Ra,”  for 10" < Ra, <10" 18)

gBT, -T )L’
=8P, IR (19)
av

Ra

Where, the convective heat transfer coefficient between the conical surface and inside air is calculated by Eqgs.

(17-19) replace g by g cos 0, where the conical surface can be divided into a number of segments each with a slope angle

a.

For the MES: the convective and evaporative heat transfer coefficients are given in Ref. [26].

The radiative heat transfer coefficients for TCSH and MES are given by [26] as:

h (20)

o, +T )T +T})

YT -g, 1 -g
! + + J

Aigi AiF;’—j A.ig.i

Where, the view factor F;; depends on the configuration of the surface I compared to the surface j. The value of
F;;is detailed in Ref. [25 and 27].

RESULTS AND DISCUSSIONS

The simulation results for the various variables concerning by the TCSH and also the MES will be presented and
discussed in the present section. The presented results are based on the following data (referred to Figure Al) are:

R;=0.05m,R,=0.5m, o =45°, H=0.45m, t, = 6 mm (white glass), tcs =1 mm, a, =0.9, o, =0.1, a. =0.1.
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Figure 4: Different Temperatures versus Day Hours of the Truncated Cone Solar Heater

The temperatures of different components of TCSH including the heating vessel, conical surface, inside air beside
the glass cover are shown in Figure. (4). It can be seen that the highest temperature is achieved with the heating vessel due
to the absorbed radiation reflected from the conical surface in addition to the absorbed radiation transmitted to the vertical
surface and cover of the vessel. It is important to note that the reflected radiation from the conical surface to be absorbed
through the vessel is maximized at normal incidence due to the half cone angle of 45° which directed the reflected radiation
horizontally. Maximum temperature for the vessel has a value of about 81 °C through the period 13:30 -14 p.m.
The temperature of the conical surface is lower than that for the vessel as seen in the figure. Then, the inside air
temperature is the lowest one than the vessel and conical surface temperatures. Maximum values of 71 °C and 59 °C are

attained for the conical surface and inside air, respectively. Glass cover temperature has the minimum temperature in the
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TCSH. The lower temperature of the glass cover is mainly referred to its lower absorptivity beside the slight stored energy

due to the small difference of the heat exchanges between the top and lower sides of the cover.
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Figure 5: Different Temperatures of the Multi Effect Still Versus Day Hours

Figure (5) shows the stages temperatures of multi-effect still versus the day hours. Lower stage or basin of the
MES has the highest temperature, then, the temperatures of the next stages decrease as the number of stages increases, i.e.
Ts; > Ts, > Ts; > Tsy > Tss as seen in the figure. Maximum temperature for the MES occurred with lower basin with a
value of about 77 °C. At the same time, the maximum temperature difference between the first and second stages is nearly
8-9 oC,which decreases with the increase of the stage number. At the day's end, it nearly approached for the whole

temperatures, which is referred to the relaxation case for the system due to the decrease or absence of the incident’s solar

radiation.
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Figure 6: Productivities versus Day Hours for Different Stages of Multi Effect Still

Hourly productivities, out by MES versus day hours are presented in Figure (6). The presented productivities are
presented for each stage versus day hours. The total productivity is the summation of the whole ones. From the given
figure, it can be seen that the lower stage satisfies the highest productivity with a maximum value of 0.38 kg/hr-m* which
may be referred to the higher input energy. Under these conditions, the total productivity was about 0.97 kg/hr-m” as seen
in the figure. This means that the first stage can contribute by about 39 % of the total productivity. For the other stages, the
maximum productivities were not satisfied at the same time and their values are: 0.27, 0.21 and 0.16 kg/hr-m” for the
second, third and forth stages, respectively. This means that the different contributions for different stages are: 27%, 21%
and 16% for the second, third and fourth stages respectively, which confirmed the results developed in Ref. [6] and
increasing the number of stages more than four stages may not contribute by a significant value. Also, the trends of the
different stages productivities of MES may be enforced at late time after noon. This may be related to the relaxation state
of the first stage due to the decrease of the solar radiation incident on the TCSH while there is an activity of condensation

occurred in the other stages. As an example, at 16 p.m., the maximum productivity occurred by about 0.15 kg/hr-m” at the
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3" and 4™ stages while the minimum one occurred with the 1* stage with value of 0.05 kg/hr.m” as seen in the figure.
On the other hand, the summation of the stages productivities gives the total productivity for the MES which is presented

on the same figure with a maximum value of about 0.97 kg/hr-m” at about 14 p.m as seen in the figure.
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Figure 7: Vessel Temperature versus Day Hours at Different Radius Ratios

One important design parameter which affects the performance of the TCSH and consequently the productivity of
MES is, the radius ratio (i.e. ratio of the vessel radius to the glass cover radius). The previous results in Figure (4-6) are
presented at radius ratio: R;/R, = 0.05/0.5=0.1. In the next case, the simulation results are presented at radius ratio of 0.2,
and 0.3 and compare by the ratio of 0.1. This selection may cover the most applied range for the dimensions of the vessel

and glass cover. Other dimension for TCSH and MES are the same.

Figure (7) shows the heating vessel temperature versus day hours at different radius ratios. It is clear from the
figure that the vessel temperature increases significantly as the radius ratio decreases. The maximum vessel temperature for
the ratio of 0.1 has a value of 81 °C while, the corresponding values with the ratio of 0.3 is 70 °C at the same hour. For the
case of ratio 0.2, its temperature is in between. The interoperation of the increase of the vessel temperature as the radius
ratio decreases is referring to the increase of the heat capacity of the fluid in the vessel accomplished the lower radius ratio.
On the other hand, the vessel surface area increases with the increase of the radius ratio, but with a lower rate than that for

the decrease of the heat capacity.
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Figure 8: First Stage Temperatures versus Day Hours at Different Radius Ratios

Figure (8) shows the variation of the 1% stage temperature in MES versus day hours at different radius ratios.
The temperature of the 1% stage is parallel to that with the heating vessel which means an increase with the decrease of
Ri/R,. Also, a difference of temperatures between the curves is about 5-6 °C can be observed at noon times. Maximum
temperature of about 77 °C is observed at the ratio R;/R,=0.1, while the corresponding value is about 68 °C at R;/R, = 0.3.

These results show the importance and necessity to decrease the ratio Ri/R, through the design of TCSH.
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Figure 9: Productivity of Multi Effect Still Versus Day Hours at Different Radius Ratios

The productivity of the MES with different radius ratios R;/R, is shown in Figure (9). Based on the presented
results and discussions for Figure (7) and (8), it can be concluded the highest productivity occurred with the ratio of 0.1,
while the lowest one with a ratio of 0.3. Maximum productivity of 0.97 kg/hr-m” is achieved at the ratio of 0.1, while the
minimum one is about 0.61 kg/hr-m* with the ratio of 0.3. This means that the productivity of MES decreases by about 38
% as the radius ratio increases three times. The reasons for the high productivity at R;/R, = 0.1 may be the same ones of

the temperatures of the heating vessel and 1* stage as discussed previously.
CONCLUSIONS

Mathematical modeling of the solar truncated cone heater connected by four stages still, is developed through the
present study. The developed model included a derivation of the effective area of the glass cover through which the
reflected radiation is absorbed through the vessel, particularly at morning and after noon times. At noon times,
all transmitted radiation is reflected horizontally and absorbed through the vessel when the half conical angle is 45°.
The vessel temperature has a higher value when the ratio of the vessel radius to the cover one is 0.1. As a result,
the productivity of the connected four stages still is enhanced significantly with a maximum value of 0.97 Kg/hr-m” at
noon times. Furthermore, using more than one stage i.e. four stages could contribute by about of 60 % from the total

productivity of MES.
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APPENDIX (A)
Absorbed Radiation through the Heating Vessel

The absorbed solar radiations through the components of the (TCSH) in Eqs (1-4), are derived based on the
different paths of the radiation incident on the glass cover as shown in Figure (Al). For any hour through the day, the
conical surface can be divided into a left half, which is always facing the sun beside the right one which received a little
radiation due to its opposite orientation to the sun. If the conical surface is divided into N segments, it is possible to show
that each segment has its own orientation, i.e. surface azimuth angle with respect to the south direction. Hence, for a given
i" segment the angle of incidence of transmitted radiation on the conical surface (i.e. 8, ; or 0,,;) as shown in Figure (A1)
can be given by the following expression as [28]:

cos @, =(coss sin ¢—sins cos gcos ) sin

+(cos s cos @+sin gsins cos ) cos Jcos w (A1)

+cos Jsin s sin ysin w

Figure (A1) showed for a one segment in the left half of the CS, the radiation incident on the cover at point e,
transmitted through the cover and incident on the conical surface at point b with incidence angle ;. Then, it reflects and
transmitted again through the cover at point ¢ (Upper edge of the vessel). This means that all radiations reached the CS
along the line ab is reflected and escape to the ambient. Hence, the effective area of the cover through which the reflected
radiation is absorbed through the blackened vessel is represented by the line ec (see plan view of Figure Al).

th

The derivation of the effective area of glass cover for the i segment of the CS is based on the following

geometrical relations for the triangles abc and abe as given in Figure (A2).

f=n-a-(3-8,)="-a+q, (a2
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y=r-a-(+6,)=2-a-8, 43y
2 ’ 2 ’
. sin y, cos(a+86 )
Li :(Rz 1) ] 4 :(RZ_RI)—L (Ad)
sin(77/2+8,;) cos 8,
. . cosl@, a+4,
X, :Li#:(Rz_RI)LU) (A5)
cos(a—ﬁu) cos(a—6,)

The effective area for the i segment is the area of glass cover through which all reflected radiation is absorbed

through the vessel which lied along the line ec (Plan of Figure A1). This area is:

Aeff i= ”[(Rz _Xi*)z _R12)] (A6)

Figure (A1): Different Paths of Solar Radiation through the Glass Cover and Reflected to the Vessel
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Figure (A2): A Schematic Diagram to Derive the Effective Area of the

Glass Cover for i" Segment of the Conical Surface

Special case of (= 45° and at the noon time or normal incidence, i.e. 8, ; = 45°, the value of x'; is zero by Eq. (A5)

and Ay = T (RZZ-R 12). This means that all incident normal radiation is reflected horizontally and absorbed through the

vessel.

Accordingly, the absorbed radiation through the heating vessel included:

Reflected radiation from the conical surface. Nearly all reflected radiation on the right half of the conical surface
is absorbed through the vessel at all hours, see Figure (A1), and the radiation incident on the CS is depended on
its local incidence angle which in tern depended on its local orientation with respect to the south. In the left side of
the CS, some of the radiation is reflected and escape to the ambient (represented by the line are) while the remain
part is absorbed through the vessel. Hence, by dividing the conical surface into N segment, it is possible to
calculate the term (A ; I;) for each segment, according to the orientation to the south direction, then, the total
absorbed radiation through the vessel is calculated by summing the local area-radiation product as shown in Eq.
(A7).

i=N

Qr,abs = Tc pcs v z A[ﬂ- i Ii (A7)

i=1
Where I; is the incident radiation on the conical surface and depended on the incidence angle in Eq. (A1).

Transmitted radiation through the glass cover and absorbed on the heating vessel surface. The vessel will absorb
only the incident radiation on the vertical half facing to the sun while the other half is shaded. Hence, the absorbed

radiation through the vessel surface is:
st ,abs = Tc av z Avs N Ivs N (AS)
i=1

Where: (m) is the number of vertical segment of the vessel surface according to the local orientation with the

south direction and I, ; is the solar radiation incident on the i segment of the vessel.

b.

Transmitted radiation through the cover and absorbed through the horizontal cover of the vessel i.e.:
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ch,abs = Avc Tc avclh (A9)

Where I, is the incident radiation on the horizontal surface and calculated by ASHREA model [28].

Finally, the total absorbed radiation through the vessel in Eq. (2) is the summation of absorbed radiations in Eqs

(A7-A9).
Qv ,abs = Qr,abs + st ,abs + ch abs (AIO)

However, the absorbed radiation through the conical surface and glass cover are given in Eqs (All) and (A12),

respectively as:
QL'S ,(IbS = TC aL’S IL'S (Al 1)

Qc ,abs = aclh (A12)

Where: I, is the incident radiation on the conical surface.
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