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Abstract

Project Code: PDF/40/2541

Project Title: Long term performance of solar ethanol distillation

Investigaters: King Monkut's University of Technology Thonburi

E-mail: ipicakai@cec.kmuti.ac.th

Project Period: 1 July 1998 - 30 June 2000
Objectives:
1. To calculate longterm performance based on utilizability
2. To make a guide line for a design of ethanol solar still industrial system.
Methodology:
1. Literature review.
To study utilizability for Bangkok.
To study effects of various parameters on a still.
To construct and test two solar stills.

To estimate still performance.

@ 0 kw0 N

To make a guide line for a design of ethanol solar still industrial system.

Results:

1. Parametric study on ethanol basin solar still

Effect of various parameters on the performance of ethanol basin solar still was

studied. Measured hourly productivity increases non-linearly with hourly solar radiation.

The highest productivity is found after the time of maximum solar radiation due to heat

capacity of basin solution. Monthly mean calculated productivity and measured solar

radiation are linearly correlated. Effects of wind speed and ambient temperature on the

still performance strongly depend on daily solar radiation. Still height has a little effect

on the performance. Increase of initial solution concentration in the basin can improve

the still yield. Lowering solution depth can also raise still product.

2. Ethanol still performance estimation based on utilizability
Measured productivity of the still using 10% and 30% solution has a linear

relation with average daily solar radiation. Hence estimation of solar still performance



using daily utilizability can be done. The result is applicable for a design of a solar
industrial still for 10% solution,

Discussion Conclusion:

Based on heat and mass transfer it was found that average daily solar radiation
is the most important parameter in the solar still. Hence estimation of solar still
performance using daily utilizability can be done. The result is applicable for a design of
a solar industrial stili.

Suggestions/ Further implication/ Implementation:

The result is applicable for a design of a solar industrial still for a 10% solution
produced by villagers.

Keywords: Ethanol, Basin solar still, Utilizability, Performance



Executive Summary

Two stills of 52)(162-cm2 area each and 17-cm height having glass covers of 14
? inclination have been outdoor- tested and south-facing. A commercial-grade ethanol of
10, 20, 22 and 40 % by volume was distilled in the still-basin in this study. Still
performance of 10% solution was selected in combination with daily utilizabily since
most villagers in Thailand usually produce this dilute solution. Various parameters
affecting still output were investigated based on heat-transfer model developed by
Pichai et al. Then the most important parameter of the still was sought. Appropriate
utilizability for performance estimation was also made using daily solar radiation on a
horizontal plane. The advantage of utilizability concept is that it uses only solar energy,

which can produce corresponding yield.

1. Parametric study on ethanol basin solar still

It was found that measured hourly productivity increased non-linearly with hourly
solar radiation. The highest productivity is found after the time of maximum solar
radiation due to heat capacity of basin solution. Monthly mean calculated productivity
and measured solar radiation are linearly correlated. Effects of wind speed and ambient
temperature on the still performance strongly depend on daily solar radiation. Still height
has a little effect on the performance. Increase of initial solution concentration in the
basin can improve the still yield. Lowering solution depth can also raise still product
3. Ethanol still performance estimation based on utilizability

Measured productivity of the still using 10% and 30% solution has a linear
relation with average daily solar radiation. Hence estimation of solar still performance
using daily utilizability can be done. The result is applicable for a design of a solar
industrial still for 10% solution.

In conclusion, the performances based on heat-transfer model (Pichai et al.) and
utilizability is slightly different. Around 969 litters per square meter of solar still can be
obtained annually. The efficiency is approximately 38 %. Twenty percents alcohol can

be produced in 10%-solution still.
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driving force

anuibusuwizvadlanay, Jkg.K
Fadua1lu 1 (Hau

gadinwalu 1 1@audl Xc

Grashof number

- 2.
Reynolds flux %38 mass transfer conductance, kg/m s

AULTITRDITINUI INYED9, 9.81 m2/s

' "~ ofe = -2 -1
ANFIRINOAVUUUITNY, MJ m day
U e o - 2
A1IFRa S LU rITIY, W/m

“ o a o« o a -2 -1
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aa - o 8]
™ qmﬂqummszmuuaanaaaé‘lmmamau, C

To qmvsq"ﬁmﬂ'%iaana'i'uma@'fmﬁwLLa:@ﬁuﬁiN, °c
Ty anNIYBIRY, °c
T.. ammgﬁﬁn‘fﬂum‘%aoné’u, °c
t IR, S
U éfuU?:%n‘ﬁ(ﬂwg«ryLﬁum'm%'aumoﬁ'muanmaaLﬂ"?aana‘;’u, Wim° K
v AMIIINY, ms
X FagudRafindneiusoHidafadiadomoifou
Xc Fadmdngadiofiadre udedidafindeiunodon
Xpax f?ﬂf«huﬁaqmﬁa%mﬁ@\ﬁsw{uﬁam%’oﬁmﬁ@lﬁmﬁzrmm?}au
a absorptivity
P AMUAUILLY, kg/m
A emissivity
b Worttunislau s lgml
T transmissivity
18) Stafan-Boltzmann constant, 5.67x10”8 me2 K‘1

% viv WosiduduaanasedlauUIuneslugisazay
L absolute viscosity paglonwd, N.sim”

2
v’ kinematic viscosity UaJlaNEN, m /s
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a0

aATgAHS:(qe + Q¢ + Qr)+ qS+ (mCP)M

[
4

W8 Qe = Emih A, Qe = hCA(TM-Tg) -

fgi

Gr = heA(Ty - Tg): q, = UA(Ty-Ta)

Qe. 9c uay Gr Dusmsnastrumanieulranisszive nswiAINfeu ussnsudfag

muluweaieandu q_ uaradeugquon1eimuuenseasiendu he, hy Aediunlszdng

nsdrawmAnfeulasnisiATnien uasnisukfg antasameludifandusin m, Ao
o . 4
fRTINITTEMETRIANTI, h, FeAFaudiraamsnateituleresans i U iludnlss@ng

NITUNHNANNTOUFIINNAUUBNIATEINAU Ty, Ty ez Ta ugnmgiitieszive Aandy

fin uar@aefnan Hg 1uAfaBanfiag (mc)y AoAITNgAMNTouTEIAITassI t AD

-

5 o, .. - -
987 M UMuaITaTaIt A Aanuideatsazant o A absorptivity 1993ARARTNE 1 Ag

transmissivity 193NN

nreandtle

- 4 - L 1 = ‘—I
aNAaNAIUTNIzanansnesLuldfill  Aufeusinuatefindninszangn
=T 2 % li" } 3 b 4 i | b
nauld uarAufeunldannisssive niswiAFau nsuHfdadnfeuresatrarane
ar =l , ' ar - o o v (54
undanszan  dAwvinduAufeugduaannszanldfidanadenlaanisniuasnisueiiad

uazildounilagnifuazanlifinszan Inendsustglugdaunisaaralyil

dT,

— +0dca * Ara (1.2)

O[gAHS+qe + Qe tQr = (mcr,)g i

1fia acg = hea(Tg - Ta) WRT Gra = hra(Tg - Tsky). Hg ludiid@eniing o, Ae
absorptivity 284n3zaN A ABWUNIBINTIAN Gea par Gra HuANFauguBalaunisny

pNFeu uazmisudiaBannszanlifidananden (me,)g AeAdnugANFEuIBINTTAN
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(transient state)

 Twdasszuziandun aunts 1.1 aensodszanodlady

(T n+1 —T n)
M M

At

C(,ATgAHS:(qC+Qr+qe)+qs+(szP)M (13)

n+1 n

- < = = o = ° o -
We T, . T, AegouupiiansazanalulAseindauiinal  tHat uss t ANRIAY o, AD

absorptance ‘nﬂﬁﬂqgﬂ%"ﬁ T, AB transmittance 19ANTERN

AN AU A8 U RNTTANALINAT ATa NITalIEHNUAINANNIT 1.2

(Tg n+l _ Tgn)
At

@ AHg + Qe + O +Qr = Qca * Grg + (mepg (1.4)

e Ty Tgn ﬁaamugﬁnﬁ*:fan?’;nm t+at LAy t AINRIAL ﬁmﬂmnﬁqﬁm%ﬂmmm
wid LT ouuni o e t

ANTAIUI USRI irewmAN T ulaunsuEF R aefassme T ldafiondudana
1o ﬂ?:mmfhﬁfn:mﬂﬁ’uﬁqnﬁuﬁqLﬂuLLciucTa@?{mmuﬁuua:ﬁﬁu?{mqﬁ’u faviu (3]

qr = SMO'x\ [(TM + 275} (1.5}

o €y — emissivity TOIRMNTRIANY UK © A Stefan-Bolizmann's constant (5.67 x 1078
Wm< K
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he L
‘L =0.075(GrpPn1/3 (1.7)
o L’Apg m o il .
e Gr=—"T—uWwar Pr = ———— | L ABANZITBUATIINAU p ADATNUUILLU
pv’ (k/C,) :

29918 v A8 kinematic viscosity 19918 1 A8 absolute viscosity 18418 k Aaaniniina

1 %3 =5 1 a
faurasla C, Anmnuioulnnwiraesle

HRTINITONE VAN UIIBIRINATIE s ADUUIEWUR Atwrteldiain

e =Zm'. h A (18)

g

19 h, araAufauuraansnatsduleteniuarueaneaed uar m' ARSRTINITANE
Q

IMUINTOIUIASUDRNDIDRANNAIGL Autldiann

m’ = m".mT (19)

GIBF1RINNTDAIRILEATINNTENEIMNIGTIN (M) leanaunies m" = g In (1 + B)
g Uszudiuann [5] uarAuIL transfer mass fraction 989817uFaEA2 lAlau1dauN1INNS

ATUITLAN driving force LWeNIIUAT B AN [5] Aadl

(miG - mig) o
. ,

(55 IRV} R
i1 )

AMTINTO Y P LT RO S WARINT S AN U A LSS LN AN OWEN B LR e

~

-
1

-}

Q = h AlT~ -1
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heg =28+ 3V (112)
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W8 hey ARANUsZANBNITWIAINFa[3] waz V idumuiv8929n7A (m/s)

nsnsgueannfeulaanisutifdannsranludaussonnia Fouldfunas

tor ol - dﬂ‘ L - [ Y IJ - - { L
wriF @ raeimgiauiasaialudidngRouinetius T4 uiain
dra = €,0A [(Tg + 273)% - (Tgyy + 273)4] (1.13)
Ty ABRUMAIIYIEITN [3]

Ty, = 0.0652 (T, + 273)""- 273 (1.14)

v Y [P | - v v e
ﬂoﬁuﬁ‘ﬂuqmtaﬂﬂﬁulmLﬂi"éNﬂﬂutLﬂ:mu'ﬂ’Nﬂ’m'JMQ’m

Qs = UAg (Ty-Ta) (1.15)
- -1
e U =[Lgkg+ 1/ +n)] (1.16)
I h,. =0 L(To + 273)2 + (T4 + 273)2]
[(TO +273) + (Tg + 273)] (1.17)

I - 2

uaz U ludulsz@nsnisguidoarnfaunisnulsirreandusumiiudng, L Aaaumu
TBIAUIY kg ARANTNUNAMNFOUTDIBUIU A, ABRUNEIAUANTINA LTI I9IATaINAY
h., ARANUTEAYBNIIWIAINTBUAINANNIT 112 uay h  nsuafadntdulsiATeandu

$INAUIN AuanelFann(6) T, ARDUNEHIATEINAUNIIATUTIRALHINA

auTRA1TR T lun A I l6]

a(absorber) = 0.9, a (glass) = 0.1, £ (solution) = 0.96. € (glass) =0.85,
e (aluminium) = 0.33. t{solution) = 0.9, 1 (glass) = 0.74.
Cp(ethanol) = 2508 ] L‘g']}\”]. (mCp)-glass = 4314 T K. m g mnnuans=an

Cp(water) = 3186 ) kg 'K, Cp(glass) = 670 J kg 'K
p(water) = 0.9953 keg/lit.. p(ethanol) = 0.7779 kg/Iit.

-2 -1

IINNITNA[DY: bottom loss coefficient, U = 1 Wm K |
. . a o - o 2 -
convective heat transfer coefficient he (HIATUUDNLATOINEU) = 6.6 Wm K1

. . . = v - - -2 -
radiative heat transfer coefficient, h,s (NIATUUBNLATDINAU) = 2.3 Wm l'(1
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wie é = ";f{:/J—F)dX
=1- [1-F)ax (2.2)

dia X AadanainrasaNidoiasnoudasidorfiadneTuadsluoa 1 @eu
Xe fi’lé’ﬂﬁihu%’oﬁmﬁﬂﬁf'mq&ﬁaé’mwmsné"mrhﬁ'uguﬂ‘ Xmax AOFNTIFAVISATIEIU
vasenaFanfiagd  F Aedasmvasnaiiisanauraiifarfiatienniit X Fe daae
§uTaIIaTNaa T Euas S Re i siaundn Xe 3 2.1 LRAIAINURUWUEIZNING F
fu X Audusindawentunsldusslomile (¢) sutoduinddandfifonfiadun

& & . = w &
WWN I (horizontal total solar radiation) uazugatusunisasis

b= 1-(aXc+bXZ+cX2+dXc) (2.3)

L&z F=-2bX-3cX -4dX’ (2.4)

Lo A1asT a, b, ¢ uRs d MMENNTT (2.3) G9UAAILUANTINN 2.1
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\Hau a b c d

1.0, 1.030 -0.028 0298 -0.338
nw. 1.076 -0.359 0.814 -0.567
§a. 1086 -0467 0968 -0.629
we.  1.052  -0.275 0611  -0.444
wea. 1.010 -0.127 0.318 -0.280
J.p. 0924 0.363 -0431 0.046
ne. 09852 0215 -0.208 -0.050
.. 0943 0174 -0221 -0.014
ne. 0906 0267 -0.365 0.055

@.9. 0.900 0490 -0.623 0.129
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T.9. 1.106 -0.497 1.047 -0.691
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Parametric study on ethanol basin solar still
P. Namprakai*, T. Kiatsiriroat**, J. Hirunlabh*
*School of Energy and Materials, KMUTT Bangkok 10140

**Faculty of Engineering, ChiangMai U., ChaingMai 50200, Thailand.
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P

A bstract

Effect of various parameters on the performance of ethanol basin solar still was
studied. Measured hourly productivity increases non-linearly with hourly solar radiation. The
jhighest productivity is found after the time of maximum solar radiation due to heat capacity
iof basin solution. Monthly mean calculated productivity and measured solar radiation are
linearly correlated. Effects of wind speed and ambient temperature on the still performance
;strongly depend on daily solar radiation. Still height has a little effect on the performance.
Alncrease of initial solution concentration in the basin can improve the still yield. Lowering
solution depth can also raise still product.

 Keywords: Ethanol; Basin solar still; Parameters

1.Introduction

As environmental problem such as toxic emission gases from many oil-base vehicle
increases, ethanol becomes the more promising fuel. In Brazil and U.S.A ethanol has been
used as a substitute of oil in transportation and military base extensively. Although it has a
higher cost comparing with fuel oils. Such application of ethanol in Thailand needs an
effective and economical tool such as solar still to raise alcohol primary concentration.
However, calculating of performance of such still [1] are few and do not give a very
satisfactory result. Study of effect of major parameters on still performance is essential. In
this study, relation between the still output and solar radiation was investigated theoretically
and experimentally, focusing on the effect of wind speed, ambient temperature. The other

parameters affecting still performance were also studied. Established mathematical model for



our ethanol distillation bases mainly on Dunkle’s and Spalding’s [2] with the modification of
Morse and Read; Howe and Tleimat [3]. Knowledge of heat and mass transfer within the still

would be applied. More details and verification can be found in doctoral thesis of the author

[4].

2. Equipment and experiment

The experimental unit (Fig. 1) has 17 cm. height and 1.62 x 0.54 m absorbing area. It

Is well insulated with 3-cm foam. The outside and inside surfaces are made of 1 mm thick
Ftainless steel sheet. The glass cover was 3 mm. thick and inclined 14 degrees to horizontal.

rl'wo rectangular holes at the still back are for cleaning purpose. The unit was placed on a

stand and oriented south-facing. Black aluminium sheet as a solar energy absorber was placed

| Lnsidc the still. Solution depth in the still basin was 2 cm and kept constant by the supply tank
Huring experiment. At the end of each hour, ambient temperature, wind velocity, solar
radiation and productivity were measured. Hybrid recorder (Yokogawa, Japan), hot-wire
anemometer {(Kanomax, Japan), solarimeter (Kipp & Zonen, Holland), one-liter cylinder and

alcoholometer for measuring solution concentration were employed as

«—glass cover 3 mm

Solution level tm“gh—:v\-ﬂ‘l
- LW
Aluminium 1 mm // Stainless
Insulation 30 mm steel 1 mm
< 1649 mm -
¥ 1150 mm e 300 mm
100 mm

Fig.1 A horizontal basin solar still {4]




equipments and materials in this out-door test. Experimentation was done from 8.00 a.m, up

to 5.00 p.m. Parameters used in calculation for this solar still are listed below [4]:
a(absorber) =0.9,  a(glass)=0.1, € (solution) = 0.96, € (glass) =0.85,

¢ (aluminium) = 0.33, t(solution}=0.9, < (glass)=0.74,

Cp(ethanol) = 2508 J kg'K”', (mCp)glass = 4314JK', m is weight of glass,
Cp(water) = 4186 J kg' K, Cp(glass) = 670 Jkg'K"’
o(water) = 0.9953 kg/lit., p(ethanol) = 0.7779 kg/lit.

From experiment: bottom loss coefficient, U =1 Wm2K"',

convective heat transfer coefficient ,heg(outer side of the still) = 6.6 Wm'? K

radiative heat transfer coefficient, hys (outer side of the still) = 2.3 Wm?K'

3. Theoretical analysis

Aleohol in the basin

The absorbed solar energy by alcohol solution in the basin is equal to losses by
convection, evaporation and radiation to the cover plus energy stored by basin alcohol and atl
heat losses through still wall and then surrounding. The mathematical expression based on
Dunkle; Morse and Read [3] is shown as:

dTwm
“ngAHs =(qe+qc+qr)+qs+(2ch)M—d— (1)
t
The glass cover

Energy transfer by convection, evaporation and radiation from solution in the basin
to the cover plus the absorbed solar energy by the cover are equal to energy stored by cover
mass and energy convection by wind and thermal radiation to surrounding. Based on Dunkle;
Howe and Tleimat (3], this energy balance can be mathematically expressed as:

dT, :
C‘-gAHs"' Qe Q¢+ qr = (mcp )g _.‘d“t_ *Qca +_Qra (2)

Heat convection by evaporation of alcchol may be calculated by using Spalding theory {2]. It
is expressed as:

qe =Tm'i hy A (3)

The alcohal and water mass transfer rates in the still can be calculated from:



m", = m".myT (4)

Where m;T is transfer mass fraction of component i, and m* is total mass transfer rate, which

may be evaluated from [2 5]
m" = gln(l + B) (5)
g 1s mass transfer conductance and B is a driving force obtained from air mass fr:;\ction,

which is [6]:
m_m,

B = (6)

Sar

m, —1my,

Where transfer mass traction of air is normally zero. m represents mass fraction, G, S
represent condensing and evaporating surfaces. The transfer mass fraction of component i,
m;T can be obtained from Namprahkai et al[6]:

(miGg - mig)

ml-l = nllS - B (7)

Mass transfer conductance (g) 1in the solar sull 1s experimentally obtained [6]

5{)‘4 = 0.064(Gr. S¢) 3 (ov /1 v) 01770 (8)
P

turbulent, 10° < Gr< 107

Where p 1s vapor density. Heat convection n the still is calculated from

Where h, 1s convective heat transfer cocfhicient. It i1s obtained from a correlation for air in an

enclosed space. By the assumption that the effect of vapors in the stull 1s neglected. 1t is

expressed as [7]: \
1~
- 0.075(Gr.P)” (10)

Energv losses by radiation in the still are assumced sumitar to those between parallel planes of
equal area. 115 caleulated from [K)

: 57 4 8Ty
g, - CM(‘J."\HIM SRR SOy 27 | a1

Energy lost from the cover 1s convection by wind and thermal radiation to surrounding. The
heat convection 1s estimated from [8]:

dca = hcaAlly - Ty) (12)

Where h., =2.8+ 3 V. Vis wind velocity in m/s.

The second loss by thermal radiation is expressed as :



Qra = £,0A [(Tg +273)4 - (Tgy + 273)4] (13)

Where sky temperature is got from [§):

| Taiy = 0.0552 (Ta +273)' - 273 (14)

The last term for loss from outside of the still is:

| S

‘ qs = UA (Tm - Ta) (15)

Where U = [Lyk, + l/(h,,+ha)]", overal! loss coefficient obtained from experiment.

4. Effect of solar radiation on still productivity

Computed productivity of 10 % ethanol solar still is shown linearly as a function of

{' daily solar radiation, Fig.2. Temperature cycle of basin solution is complete within one day
' ensuring that absorbed solar energy is used up. Wibulswas and Amarage [9] experimentally
found a linear equation of daily still yield and solar radiation with a little non-linear trend at

high solar radiation. Measured hourly still output responds non-linearly to solar radiation,

‘Fig.3. This is due to heat capacity of the basin solution.

~ 45
E )
S 47T y=02191x-1.0038

E 357 R’ = 0.9804

oo 1

= 3

‘g_ 2.5 + *

s 27

[~

= 15

@

10 15 20 25

Insolation (MJ m'zday")

Fig.2 Calculated still output as a function of monthiy mean
daily total solar radiation
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Fig.3 Measured hourly still output and total solar radiation
as a function of time.

5. Effect of various parameters on still performance

From Namprakai’s work [10] monthly mean wind speed and ambient temperature in
Bangkok relate linearly to monthly mean daily solar radiation. That is high solar radiation
1rv::sulting in high ambient temperature and wind speed. Estimations using hourly and daily
mean wind speed and ambient temperature as a program input are nearly similar with only
3% total errors showing a natural dependence of still performance on daily averages of these
parameters, Fig.4. Wind speed variation has a little effect on the still production {11].
Increasing wind speed slightly decreases the production rate [11]. However, increasing

ambient temperature increases water temperature and thus production rate in a basin. Effect

of these two parameters on still performance depends strongly on daily solar radiation.
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Fig.4 Comparison of hourly still output between those estimated using
mean and hourly ambient temperature and wind speed.

Solution temperature in the testing 0.7 x 0.7 m still was controlled between 45-70 °C
while initial solution concentration can be varied. Influence of initial solution concentration
on mean still output from this indoor-test is presented in Fig.5 The optimal initial solution

concentration for maximum productivity was found at 50 % v/v.

E 1

o
&)
11

0] 20 40 60 80O 100

initial solution concentration v/v (%)

Fig.5 Mean still yield as a function of initial alcohol concentration.

Beyond this point, still performance gradually drops due to a massive molecule of alcohol,

which can reduce the aid of convection current for more evaporation rate. Lowering solution



NOMENCLATURE

"ab,c,d constants in eqns (3) and (5)

F fractional time
1 Fe fractional time at X ~
Hc critical daily total solar radiation on a horizontal surface, MJ m'zday'l
i
Hs monthly mean daily total solar radiation on a horizontal surface,MJ m2day’’
|
Hs, daily total solar radiation on a horizontal surface, MJ m'zday'I
N number of days in a month, days
P monthly mean daily production rate, | m'zday'I
| P; daily production rate, | m'zday"
X ratio of daily total solar radiation to monthly mean daily total solar radiation

critical radiation ration

't Xmax maximum radiation ration
¢ utilizability function based on daily total solar radiation
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U
\Y

X

overall loss coefficient from the bottom and side of the still, W/m?K
wind velocity, m/s
gap size, m

Greek Symbols

a
€
p
T

(s]

absorptivity

emissivity

density, kg/m:‘

transmissivity

Stefan-Boltzmann constant, 5.67x10% W/m?2 K*

% v/v  percent by volume of alcohol solution

Subscripts

AN black absorber

G condensing surface
g glass cover

i component i

M alcohol solution

S evaporating surface
T transfer state
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ETHANOL STILL PERFORMANCE ESTIMATION
BASED ON UTILIZABILITY
P. Namprakai, J. Hirunlabh
School of Energy and Materials
King Mongkut’s University of Technology Thonburi <XMUTT)

Bangkok Thailand 10140

|

' ABSTRACT- Measured daily still productivity strongly depends linearly on daily total
‘ solar radiation. Hourly productivity's calculation based on heat-transfer model
confirms this relation. Utilizability was used to find the long-term performance of the

ethanol still. This performance was compared to that of heat-transfer model.

Utilizability function developed in this study is based on daily total solar radiation.

1. INTRODUCTION

Ethanol as a substitute of fuel oil 1s now very interesting. [t can improve air quality in
transportation system. Villagers usually produce 10% alcohol from rice. cassava. com.
and palm. To raise concentration of this alcohol needs a solar still. Solar energy can
heat the solution temperature up to 70 ©C in basin solar still. Calculation of long-term
performance of this still based on hourly calculation is more expensive. The objective

of this study was to develop an effective and economical technique to predict long-



term performance of solar ethanol still based on utilizability [1]. Utilizability is a

function based on one available data, daily solar radiation.

2. EQUIPMENT AND EXPERIMENT
i The experimental unit (Fig. 1) has 17-cm height and 1.62 x 0.54 m absorbing area. It
1s well insulated with 3-cm foam. The outside and inside surfaces are made of
'stainless steel sheet of 1-mm thickness. The glass cover is 3-mm thick and inclined 14
‘degrees to horizon. The unit is placed on a stand and oriented south-facing. Black
| aluminium sheet as a solar energy absorber is placed inside the still. Solution depth in
the still is 2 cm and kept constant by the supply tank during experiment. Solutions of
10, 20, 30, 40 percents by volume were distilled. At the end of each hour, ambient
temperature, wind velocity, solar radiation and productivity are measured. Hybrnid
recorder (Yokogawa, Japan), hot-wire anemometer (Kanomax, Japan), solarimeter

(Kipp & Zonen, Holland) and one-liter cylinder are

< glass cover 3 mm

Water level mixture trough _3,\_;_‘
A—
aluminiam 1 mm. / Stamless steel

1
insutation 30 mm mn

Fig.1 A horizontal basin solar still

used as equipment and materials in this out-door test. Experimentation is done from

8.00 a.m. up to 5.00 p.m.



——

3. UTILIZABILITY

Utilizability is a ratio of total useful solar energy to total solar energy collectable in
particular period. It can be used for calculation of performance of solar collectors as in

1,2,3]. It can be calculated from:

¢ = [(X-X.)dF )
or é = T}]—F)dX
Xe
=1- [(1-F)ax ()

Where X is a ratio of daily solar radiation to its mean in a month. Xc is a critical value
that the corresponding production rate is zero. Xmax 1S maximum radiation ratio. F is
fractional time that has radiation ratio less than X. F¢ 1s fractional time that has
radiation ratio less than Xc. The fractional time relating to radiation ratio is shown in
Fig. 2. The shaded area represents utilizability (¢). Utilizability functions based on
daily total solar radiation on a horizontal plane (KMUTT, Bangkok, 1979-1988) can

be expressed in fitted equation as follows:
b= 1-(aXc+bX+eX3+dX*) (3)
and F=-2bX-3¢X*-4dX (4)

Where calculated values of constants &, b, ¢ and d in egn (3) are shown in Table 1.



XMAX

X = Radiation ratio

0 0.5 1
F = Fractional time

4

Fig. 2 Cumulative radiation frequency curve in

January 1979-1988 (KMUTT, Bangkok)[4].

Table 1. Values of constants a, b, ¢ and d in eqn (3)[4]

Month a b ¢ d
Jan 1.030 -0.028 0.298 -0.338
Feb 1.076 -0.359 0.814 -0.567

Mar  1.086 -0.467 0968  -0.629
Apr  1.052  -0275 0611  -0.444
May 1.010 -0.127 0318  -0.280
Jun 0924 0363  -0431  0.046
Jul 0.952 0215  -0208  -0.050
Aug 0943  0.174  -0221  -0.014
Sep 0906 0267  -0365  0.055
Oct 0900 0490  -0623  0.129
Nov 0957 0245  -0248  -0.038

Dec 1.106 -0.497 1.047 -0.691




' 4. EFFECT OF VARIOUS PARAMETERS ON PERFORMANCE
It was concluded that ambient temperature and wind speed varied linearly to

solar radiation[4]. Calculated productivity strongly depends on daily solar radiation

[5]. In this study, measured daily production rate has very important effect of daily

solar radiation as shown in Fig. 3. Therefore, it can be concluded that daily solar

 radiation is the most important climatic parameter affecting production rate.

y = 0.1479 (Hs - 0.280)

R® = 0.9069
0 ! ] 1 |

Production rate (I mlzday'1)
%]
I

l 5 10 15 20 25 30

Insolation (MJ m-_day ')
Fig. 3 Production rate as a function of daily total solar radiation

obtained from this study for the month of May 1999 for 10% solution.
5. PERFORMANCE ESTIMATION BASED ON UTILIZABILITY

The daily production rate in Fig.3 can be approximately calculated from the fitted

equation:

P =a(H, -H.), for Hs;, > Hc (35)

a=0.1479, H-=0.2800,



Where P; 1s daily production rate, a is a constant, Hy; is daily total solar radiation and
H. is a threshold insolation at which a still starts to produce yield. Daily mean

production rate then can be calculated from:

ZPJ aZ(HSJ “H()

N N =7 (©)
H

and P=aHs [(X-X.)dF 7
Fe

or P=aﬁs¢ (8)

Where N are a number of days in a month. Variables with over-bar represent their

corresponding means.

Examples

In January monthly mean daily total solar radiation is about 15.9 MJ m™day™. Critical
solar radiation (Hc) is 0.2800 MJ m™day™'. Therefore critical radiation ration (Xc) is
0.2800/15.9 = 0.0176. Utilizability (¢) calculated from eqn (3) is 0.9819. Then from

egn (8) we obtain monthly mean daily production rate:

P = 0.1479x 159 x 0.9819 =231 | m™day™".
The monthly mean daily production rates all the year are compared between hourly
calculation based on heat-transfer model [5] and that of utilizability concept from eqn
(8) as shown in Table 2. The two annual production rates are slightly different

showing that the first one is higher than the second one within 11 %.



Table 2. The monthly mean daily production rates ( | m'zday") and total solar

radiation (MJ m~day™) o'btained from hourly [5] and utilizability base calculation.

Month Jan Feb Mar Ap~ May Jun Jul Aug Sep Oct Nov Dec
H, 159 19.5 21.7 213 202 182 19 18 163 156 158 174
Xc 0.02 0.01 001 001 0.01 002 0.0f 002 002 002 0.02 002

P utilizability 2.31 2.84 3.16 3.11 295 265 277 2.62 237 227 230 253
P model 2.48 327 375 3.66 342 298 316 294 257 241 246 238!

6. CONCLUSIONS

The performances based on heat-transfer model [5] and utilizability is slightly
different. The advantage of utilizability concept is that it uses only solar energy, which
can produce corresponding yield. Around 969 litters of product per square meter of
solar still can be obtained annually. The efficiency is approximately 38 % (Fig. 3).
Twenty percents alcohol output can be produced in 10%-solution still. It is
recommended that P (utilizabity) for October should be used in finding still area on

an industrial scale.
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NOMENCLATURE

abc,d  constants in eqns (3) and (5) -

F fractional time

Fe fractional time at X¢ -~

He critical daily total solar radiation on a horizontal surface, MJ mday™

Hs _monthly méan daily total solar radiation on a horizontal surface MJ m~day"!
Hs; daily total solar radiation on a horizontal surface, MJ mday’’

N number of dayS in a month, days

P monthly mean daily production rate, | m”day™

P; dain production rate, | m2day™

X ratio of daily total solar radiation to monthly mean daily total solar radiation
Xc critical radiation ration

Kmax maximum radiation ration

o utilizability function based on daily total solar radiation
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