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THEORETICAL STUDY OF BOILING HEAT TRANSFER IN A THIN FILM
ON HORIZONTAL TUBE
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ABSTRACT

Boiling heat transfer process in a thin film on horizontal tube
is ,theoretically, invesatigated ., This subject is important for
design of the horizontal tube evaporator— condenser (HTE) . which
is applied in distillation processes. The effect of the operating
parameters { heat flux. mass flow rate and tube diameter ) 1is
investigated . To perform this study , a theoretical model is
proposed, and a computer program is developed to solve this model
numerically. This program is used to determine local and average
boiling heat transfer coefficient for different operating
parameters in laminar flow regime. The range of Reynolds number
ig taken as 100-500 and wall superheat up to 35 °C. The diameter
of tested tube was 12, 19 and 38 mm.

1= INTRODUCTION

Heat transfer through falling-film or spray—film evaporation
has been widely employed in heat exchange devices in the
chemical, refrigeration, petroleum refining. desalination and
food industries . Horizontal Tube Evaporator C(HTEY is an
important thermal desalination device, where boilling takes place
in a thin film on horizontal tubes. Many investigators show that,
the world dependence on desalination increases greatly in the
last twenty years. Sea water desalination seams to be the best
golution for the water shortage problem.

Many investigators studied the Dboiling heat transfer from
theoretical and experimental point of wview [1-9). Experimental
and theoretical work of H. M. Mostafa [1] for boiling heat
transfer in a thin film on horizontal tube heated by a waste
steam, W. H. Parken et al [3] studied <the same problem using
electrically heated tubes . P. K. Tewari [5] studied the nucleate
boirling in a thin film on horizontal tube at atmospheric and
sub—-atmospheric pressures by using distilled and Sodijum Chloride
solutions.
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Heat transfer for sacturated falling—-riim evaporation on A
horizontal tube has ©been analytically and experimentally,
studied by M. C. Chyu and A. E. Bergies (6] . The effect of failm
flow rate. liquid rIeed height and wall superheat are
investigated. Two models have heen proposad. bhoth models Dbased
upon three defined heat cransier regions. Lthe Jet impingement
region. the thermal developing region and the fully developed
region. Both two models assumed heat is conducted across the film
and evaporatlon takes place at the free surface., The influence on
heat transfer coefficient ig even smaller at low Renynelds num?er
and independent of Reynolds number at high heat flux (208 KW/m ).
Both models and experimental data demonstrate. that heat transfer
coefficient is independent on wall superheat.

Theoretical analysis was performed by . Moalem and 5. Sideman
f81 to study the overall heat trangier coefficient in a
horizontal ewvaporator— condenser Gtube for low heat Flux in
laminar flow ragime. Local evaporation heat transfer coefficilent
around the tube has a maximum value at angle equal to 0/2 from
the top hecause the film thickness was a minimum at this angle.
in laminar <flow regime the average overall heat transfer
coefficient decrease with increasing Reynalds number or
ingreasing tube radius.

2= GOVERNING EQUATIONS

Fig.{l-a) shows the system of coordinate used to anailyze.
mathematically. the present arohlem. Accordina to the present
proposed model some assumptions are made., Hydrodynamic .as well
as. thermal flow field are assumed to be identical aiong the tube
length. The radial wvelocity is assumed to be very small compare
to the tangential component. According to these assumption the
energy egquation in cyiinderical coordinate is simplified to the
form:

W RT_ _ K T 1 4T

- . e e it T I (1)
r dg pCP drz r ar
with the boundary condition:
at r=R T=T
(=} v (2,‘
‘at r=R 3 T =7
@ W
In eguation {(1)-, V is the average tangential component of Gthe
velocity which is determined according to the relation:
Ve=r /g éo (33

Where ' i5 the rate of falling water per unit length orf the tuba
per one =ide ( = m"/2L )} and #_ is the film thickness at the
presition p=0.0 and is approximated by

éa = Ab A0 2L (4)

The film thickness & at general position ¢ 15 estimated with the
aid of the equation;
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Wnare de & rr are Revnoids and Frandtl numbers . which have ©ne
rollowing definitions:
Fe=d4 /i : Fr=uC rB . CH
v
Soiving =oguations (7-%%. the temperature distributron Lnorough
it The I} o 3 can be evaluartzd and. In turn. Sne calTulates
tne .ocal heet ~ransier ¢osfflcient by using the
neab flux and wall superheat as follows:
. R AT Lo
”¢ CT_¢ I T;sup . VL

The “ocal neat flux at the wall! 19 calgulatad acrarding bt the
equiatinn:

q) 4= — K Y (aT)_ _* (08OR) /R (il

v =

Where (29,dR1 1§ the arad:ient ol the dimensionlisss  C[smberaliure

AT Lhe tuabs wall.
p21ling beat “ranstar c<oefriglent 13 ca(culatai
L1

The average
througn the rollowing relation:
T
b= L I h, deg (12
n 2
L]

3= NUMERICAL PROCEDURE

Tre dimensionless en2rgy equation and 1fs zoundayy congilrions
2gUaTiens (7-31 ars solwya2d num2itically. ;11 finite diwvided
dirfferenca meihod. As shown 1n Fig. l-c) = Ilow fieia 14
covered with a mesh. their nodes are 1dentaiilzd ov the 1denbtifjer



M.15 M.G. WASEL, A4.A. KAMEL, H.M. MOSTAFA

Ll s ot o H S U ! ieTE ~ [ L
PR = - RS L VDT K - M=z 1 S
- sl
' - - L F -7~ =4 - _S
-t -1, T
R S e e R T S tr L R B 1 .
- -‘in_a_-. -J..:
ISl o "
P - - L I L =
P - ot . A L S -
St - . T I -:

4— RERULTS AND DL SCUSSTION

Thao oo



Mansoura Englneering Journal{MEJ],Vol.21, No.T,March 19396 M.18

T alefilloan SITUTIL a3 SreswWin LN DAL A0 Sl iE I.wsr AT
coTaEl figwt TranIts : and 1Tal Nusse. Tt mumbDElr Lwat- Lie
nEST O [ 3 Lh=n ! S PR
a

LD I

S Loumd

It numbe

[

The SLi=ct T tups llamet2r an The Nean Lvansrer o Loelliglant i

rtudiled as zhown 1n F1g. %, Irom Th1s Ligura 1T 15 clear  t.aat

rhe a2 Lrz Il IACreasas WILN  decyesasing  fube
i 1

average Museelht nummoer
. &S  shoWwn 1t 14

! £ The Water fi1im 13 51901

- ler lm thickness) and rhus
racad tiie filin thicKness with the 2
sNras gas an 1ncryease  1n the  .ocal bo
crans t and |oeal HNusselt  number . 3D
nigne Derneat

Flg. : A compariscon between Lthe oragsnt r=su_ts and
M.oT o iei. A Jood aareement Dbetwsan th TS SR LS
orvapazed b M Tl o2t al and prasent wore = 1oand

A CompAarizon  metween  the Averags posling SELl Tvransis
coeffimisnt obhtained {rom rhearaticalr resulfs ardd  separimencas
regsulils obralned v Moscal . M_[1} :z shawn 1n Fig. !9y, T

oe enr - Lol Ptx S

ilfrarenca parwesn “ne =
I el

crernapiv, due s ke nonu

L
2 Same wWolrking

AECribDlng “he  Dol.:ing
e At ronsktant wall
a.1diww 2F  Sthis mode..
witn  Lthat or the

i

I
pProcess sver

0 R P SN

oreavsd the v mod e i 1= Poelpd . Taae The o
eal tranasy Cage
Alame ey Al 1 IRty S o= : LofEsn oo ana Fa

=1 R R S Y B




M.17 M.G. WASEL, A.A. KAMEDL, H.M.MOSTAFA

AUKNOWL EDGEMENT

He 3uthors W@iafes Lo 2MNDPeSS his Jratitade ~o Froet. Ly
i-3eacany and ProTf. I». M., M. Mangoub Yor hiz cantinuing
Q encouragement.

L fr} ey

HOMENCLATURE .
A Dlsoriaunar orif:ce araea m”
3
o Diametsr m
- . - e e . 2
9} Average Doliing hear transfer coerfr:c:iant Wem .o
. - N . - - - . 2 oo
IR iocal boliing heat transfer cosfrficient Wem™ LT C
. - - - : [ Lh
h Latent heat of evaporation Jikg. o
EJ
I Incrament in nodes 1n r-direction _
J ingrament 1n nodes 1n £-directich o
) Trerma: canduchtivityv Wsm. T
- Tubke iength m
m Numbsr of nodss in ¢-directian __
m' Circulated mass flow ratke Ra/s
L
n Humpber of nodez 1n r-dair=ction —
a” Feat [iux, W/m
s Had:al goordinace m
R, hurer tube radius M
i Dimernslonless tube radius o
T Temperature T
'y
T Saturatilcn Lemoeratulrse oI waste steam T
aT . Supstheat temperature d:rference (T -T o
D A
iJ Velociny of frea falling T1lm ms s
L radlai welooubny e s
W Tangential veioc:iivy his =
= Axial Joordinate of e el Luale i
Greek symbo) 53
r Mags Fiow racs g¢=r unik  iangth  bBer ons
side L Th2 tubs WIS mow
o5 Fiun thiTkna3s r
= LDimensionless temperature diifercnce=(T-7 JHiTw—T ]
- - . _
- . F4
I Dynawric wiscosity N.s/m
iy Hinematic wiscosity mos
< Dengity kgsm
i Angle of i1ncliration rad
& Anguiar position _
Subscripts:
H Condensate
L Eigu:d
z Urililce, ouber. ainpizal
s Zt=an

sur Superh2at



Manzoura Engineering Journal(MEJ},V¥ol.21,No.1,March 1996 M.18

Japor
w wWall

Dimensioniess numbers:
Nu Nusselt Number (hD/K]
rr Prandtl Number (Cp.w/Hi
Re Revnolds Number 40 /u)

REFERENCES
i-H, M. Mostafa (Boiling heat transfer in a rthin film on
horizontali tubes) Pn.D. Thesis. El-Mansoura University . 1994.

2-5.Zhang and G.Gogoes (Film evaporation of a spherical droplet
over a hot surface :fluid mechanics and heat /mass transrier)
J.Fluid Mechanics, Vol.222, pp. 543-563., 1991.

3-W.H.Parken, L.5.Fletcher. ¥.Sernas and J.C.Han (Heat transfer
through falling film evaporation and boiling on horizontal tubes:
ASME Journal Of Heat Transfer Wol.li2. pp. 744-750. Aug. 19G0.

4-5.5.Bankoff (Dynamics and stability of thin heated liquid film)
ASME Journal Of Heat Transfer Vol.l11l2, pp. 538-548. Aug. 1950.

S-P.K.Tewari, P.K.Verma and and M.P.5. Ramini (Nuclzate boiling
an a thin £fiim on a heorizontal tube at atmospheric and
sub—-atmospheric pressures)

Int. J. Heat Mass Transfer. Vol. 32 No. 4 .pp.723-728 .1989.

6-M_C.Chvu and A.E.Bergles {An analytical and experimental study
of failing fiim evaporation con a horizontal tube
ASME Journal Of Heat Transfer Veol. 109, pp. 983-9580 .Nowv., 13587.

7—-K. Edanire. T. Hamada, M. Arai and Y. Hiraoc (Resesarch and
develaoment of multi—-sfiect horizontal tube film evaporator)
Desallnation. Vol .22, gp.l21 .19%77.

8-D.Moalem and 5.5ideman (Theoretical analysis of a horizontal
condenser—evaporator tube)
Int. J. Heatr Mass Transfer. Vol. 1% .pp. 2539-270 ,197&4.

9-5.5ideman, D.Mcalem and R.Semiat {Theoretical anaiysis of
horizontal condenser—-evaporator conducts of various Cross
sactions)
Desalinarion Vol .17, pp. L167-192, 1975.



M.19 M.G. WASEL, A.A. KAMEL, H.M. MOSTAFA

"W

C1.2) Mass balance of
difterential elemenl

Ct1.hy Test tube co-oridinates zystem

C1.¢3 Fhe used mesh in caleulat o procedur=

Filg.C1l) Schemati- dasoription of bhe 21w fireld



Mansoura Enginesring Journal (MEJ).Vol.21,No.?, March 1996 M. 20
n T T

& i3
Sousp M ~ - - 3 I
ol - nanf J
g - :
= E - o
§ - &
T r w F
El: ~. it

3 S iy 1
I b \.\ lU-
ga.u- \\ E-
£} - &
5 T LAY A
H E
PLEFS 3
: &
i £
1ot [ pastem i £ 1
é E Ta~Lakd .
o1 3 T L T ] X SIS 4 NS L] o4 ;B ]

Angle of Imolination, Red. Dlmensionlces Dlakmu Frum The Tube Surface

Flg.(2)Fsriallon of the Lheorelical dimensioniess water Fig{Z) Theoretlcal Lemperalure profile acroas

Him thleknens around Lha ledt lobs for [amiser dow.

e T T T T T angt - Y00 1400 T T LA T ™
|
H |
oo M g 1200 0=15 mem E
= Jima et
Fl
"g £00 ~ == Rast Moz EE: Y 1000 3
iy —— L For o Mcieal
3 ity |18 () e H 3
= = g
B 5 Jues E
w s {19 3 3 & E
- a E -
EY N N ]
- 2 z =
- - F
;:m- Ji8 3 = T amn E
5 lme E - E
3 - i3 3
- z
§tnn- BT - anny 3
- ol
E 4 Jewn 3
=
waf EEl ! E 3
3 “ \ Jn N PPTTRTPTTTOTVOVVIT PIVTRRVICIOT
d 33 14 e X ] L) 1.9 R L 1 H H X
Angle of [nellnntien, Red dngular Samtion, Rad.

Fig.{4)Distributlen of lacel hesl Mux Nosgelt bumber
wod beal trapalsr coeiflclent rerrus sngulur positoe.

water film at differenl engular poaitian.

Fig.(5) Oiateibution of lecgl Nusselt numbar

versus anguigr posiban fae [gminor Pow



M.21 M.G. WASEL, A.A. KAMEL, H.M.

g

Avorege Hesl Flus, k%/m’

- = DM o
ARRE-X 11 By N
—— B2 mm

N el NP
T t— =" t T

a
¥all Huperhent, (T,-T,). C.

Flg.{u} Boillng curve for laminar [low (Re=500)
al sarigus tube dlamaters

1 =TT T

—— Provenl Malhematles] Wode)
L = = Moyl | Rel 8
w==~ Wodal 2 Nel. &

=
T

Avecags Hual Flux, k¥/m?

1 N N .
+ i —

. + + I
¥all Superbpul. (T,-T.), ‘L.

Fli_(ﬂl Copmnrison betwsen preent results
wilh previous date for [nminar flow.

MOSTAFA

200
Fet] )
M E

|

g:u k

%:!ﬂ 3

z

2

2

G

] .

—— afulg ¥
1% T, ™ Y T E
= alm 't
. - -gl=d %
g 4
?,aunwmaw.wwm%g

Remgide Hurnbar

Fig.(7) Effecl of well superheot on the awerage
Nugsall numbar in lgminae flow (Dy=19 mm}

T L]
t
'
E Tromamt Rawhy !
tor s Daperimealad Rewlts ) !
1
. i
- . :
£ 1 l
I K
-
] L /
W 4
E] L
- A
N b
4 ’
“ .
= ’
..:00 v
4
g s
"
- L /
—
L / ll..un_ L=I%E
Y t y y e

:
¥ali Supecheat, (T,-T.), *C.
Fig {9) Doillng Hive for present theorelical

- results and another exparimaenial results |

in Inminar fow



dansoura Engineering Journal (MEJ),¥o0l.21,Ho,1,March 1996 M, 22

UTILIZATION OF SOLAR AIR HEATING FOR DRYING
AGRICULTURAL PRODUCTS
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ABSTRACT

The feasibility of solar energy utilization for drving agricultural products in Jordan is
expiored. A svsiem of flat-plate solar collectors was used as a simulation model to investigate
various tvpical thermal drving loads. taking into consideration the typical meteorologieal
conditions in Jordan.

A eomputer simulation was used for the determination of the solar energy percentage
coverage of typical thermal loads as a function of the size and propenties of the collectors. The
results obtained indicated that the percentage coverage of the typical thermal loads reached as
high as 49%, but could not be in excess of 43% when relatively inexpensive collectors were
used.

INTRODUCTION

Solar energy seems to be regarded by many scientists as the oaly viable alternative to the
present sources of enerzy. At present. however. only a minute proporticn of the world's
energy reguirement is met by sclar power. Nevertheless, the experts are placing their faith
mainiv in the enormous energy potential of the sun.

Solar energy can be hammessed in manv wavs. It can be used for space heating and
cooling, domestic hot water heating , industrial process heating, and electricity generation.
Here, however, Lhe possibility of applving solar energy using flat-plate air collectors for drving
agrieultural products in Jordan is examined. Drying agricultural products using convertional
fuels results in eonsumption of large fuel quantities. On the other hand, traditional drving by
exposing the apricultural preduets to direct solar radiation in the field involves lons drving
periods. conmtamination, and degradation or losses of the product due to unexpected weather
conditions. Thus, solar enecey appears to have a good potential in Lhis field.

Heating pf process air for drving agncultural preducts using Hat-plate air collectors was
studied by Maroulis and Saravacos [1]1 The air-heating system was combined with a thermal
storage bed emploving concrete balls as bed material. Their work was concerncd with the
possibility of eovering typical thermal drving loads with rezard to meteorological conditions in
Greece. The solar coverage was determined as a function of the total surface area of the
collectors and the thermal storage bed volume. Their evaluation was based on typical values of
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the properties of the collectors and the thermal storape bed. However, the effect of the
collectors quality used on the efficiency of the svstem was not examined.

The evaluation in this work is pertinenl to solar radiation in Jordan and is aiso for a
svstem of flat-plate air collectors. But, various thermal deving loads were studied and a more
sophisticated mathematical model for the collector was applied.

SYSTEM DESCRIFTION

The solar air-heatine svstem proposcd consists of a series of air-collectors connected in
parallel, which are combined with a typical drver and a heat-rccovery system as shown in
Fig, 1. A centrifugal fan is used for circulating the preheated air. The svstem can operate in
two modes. the decision being made with the use of a controller. According to the first mode
which is aclive when there is sufficient insolation. Lhe air is heated at the solar collectors.
According to the second mode of operation the solar heating system is bypassed. Such svstem
can be operated for 10 to 12 hours daily during the summcr months in Jordan.

Controller - = =1
|

|
|
|
|
|

’ | O—r—i Dryer
1 % N i

W

Fan

|
I
|
!
Collectors 'I L Heat recovery “
|
|
|
I
]

g

Fig. 1. Solar air-heating svstcm with drver and heat recovery.

The required thermal drving load is dependent upon the type of the doed product.
Fruits and vegetables require a drying air temperature of 50 - 80°C and a relatively high air
flow rate of about 1 m%/s. Whereas. the drving of cereals requires a fower air temperature and
flow rate. Furthermore, most agricultural producis are harvested and dried during summer.,
when solar radiztion is high. Thus, solar energv is best applied during summer for drving
aericultural products. Typical thermal drving loads for the summer period are shown in
Table 1.

As for the purpose of this work. a continuous 24 hours per day drving is assumed,
applied throughout the six summer months of a typical vear [21. from April to September. The
desired air temoerature at the drvcr is chosen to be 60 or 80°C at a rate of 1 m%/s. The inlet air _
temperature is assumed to be 40 or 24°C for Amman area whether a heat-recovery system is
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used or not, respectively. A heat-recovery system may utilize the exhaust air from the dryer
for warming up the entering fresh air to the air-heating system.

Table 1. Thermal drying loads of agricultural products (air flow rate is constant at 1m3/s for
24 hours operation a day during the six summer moaths )

Typeof Temperature of Desired air Total thermal load
duty available air (°C) | temperature (CC) / Summer
D2460* 24 _60 _G6RO.6
D4060 40 60 _ 3589
D2480 24 80 10587
D4030 40 80 _7178

*Duty type with temperature of available air of 24°C and desired air temperaturc of 60°C.

SYSTEM SIMULATION

The Klein-Duffie-Beckman mathematical model [3] which was based on Close's model
[4] was used. The model takes into account the collector heat capacity for the simulation of
the thermal behavior of a flat-plate air collector.

According to this model the collector as a lumped system operales with a mean
temperature Tm and an equivalent heat capacity Ca.

When air circulates in the collector,

d meC
CATTr'n‘=F'[(TU-):G‘UL{Tm"Ta)]‘ " (Teo — Tei) {1}
L Ac
_ When there i1s no air circulation in the collector,
d
CA%:(TU-)eG_UL(Tm'Ta} (2}

Taking linear temperature distribution across the collector. That is,

Tm= (Two+ TCI){Z {3)

where, Me  is the mass air flow rate at the collector,
cp i3 the air heat capacity,
G is the incident solar radiation at the collector,
A; s the surface area of the collector, and
Tei, Teo  are the collector inlet and outlet air temperatures respectively, and
Ta  is the ambient air temperature.
According to this model the collector operation i3 dependent upon the following
characteristics :
i. Plate efficiency factor F',
ii . Effective transmittance-absorption product {ta)e,
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ili . Overall coefficient of heat losses Ur., and
iv . Equivalent heat capacity Ca.

The mathematical model is complemented by the following eouations:

me= v mp (a)
To= ¥Tea+ { 1-NTi {5}
where. mp  is mass air flow rate to the drver.

Ti.To  arethe inlel and outlet temperatures at the solar heating system
respectively, and
¥  Is a variable whose value i3 relared to the function of the
controller as tollows:

1 if  Te ? Ton
¥ =Y¥n if Totr 5 Teo < Ton
0 if Teo ( Tofr
where, Yo  is the previous rimewise decision function of the controller, and

Ton, Tait  are the controller dead bands, °C.

The mathematical model of the solar air-heating system was solved using computational
numerical methods with a step size of 10 minutes for the time.

METEOROLOGICAL DATA

Jordan is blcssed wach high level of insolation over all of its rezions. The abundance of
solar energy in Jordan is evident from the annual daily mean global solar irradiance on a
horizontal surface which ranges between 5 and 7 kWhm? compared to that of Europe and
most of North America that amounts to 3.5 kWh/m?. The excellent irradiance in Jordan
corresoonds to  a total annual of 600-2300 kWh/m?. In addition. the sunshine duration is with
an average of 9 hours a dav and 330 sunnv days per vear.

Mcan daily values of solar radialion (G) and ambient temperature {Ta) of the tvpical
solar vear [2] were used in the calculations. The typical solar year was estimated from the
meteoroloical data of the Amman area representing the highland and plateau region of
Jordan, for the five-years period, 1990 - 1994. Figs. 2 and 3 show the vanation of Ts and G
during the typical year. respectively. As for Lhe collectors tilt angle, measurements made by El-
Kassaby [57 have indicated that the optimum tiit angle in summer (from day 81 up to day 265)
for Amman area is zero where overall maximum radiation can be obtained. El-Kassabv's
measurements were veriled with some theoretical analysis. Nonetheless, the Liu-Jordan
method {6] c¢an be used for the conversion of radiation data from a honzontal to an inclined
surface.
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Fig. 3. Mean daily solar radiation on a horizontal plane during a 1ypical year {(Amman region).
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The estimated typical year yields the mean daily values of G and Ty, but it does not
provide any information about the variation of these quantities during each day, which is

required for a detailed simulation of the solar air-heating system. The daily variation of G and

Ta, can be expressed by the follewing equations [1]:
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Ta(t) = Tn,.rnin"’Tu,nux ~ Ta.max = Ta.mun COSTE[t_tSRJ {_”
2 12
G(t)= G sin[rr LISk {1 +lsin[2m': Lok ]] {8}
2(tss~tsr) tss — ISR tss — SR
where,
Ta (5) and G{1) are the ambient temperature and sclar radiation at lime t
[o¢ e 24],
Ta,min &nd Tamax are the minimum and maximum temperatures during a
day respectively, and
tsr and tss are the sunrige and sunset Limes respectively.

The frequency of clouding is expressed by the integer parameter x and the density of
clouds by the parameter & [0 { A{ 1].The parameters x and X are chosen as representative
values for the region of proposed solar insiallation.

RESULTS AND DISCUSSION

Simulation of the proposed solar system

In the case of thermal duty D2460 given in Table 1 and with values of the design
parameters shown in Table 2, the results of the system simulation are those shown in Figs. 4,
5 and 6.

Table 2. Values of the design parameters of the proposed air-heating system

Total surfaee area of collectors Ac 200 n?
Angle of tilt of collectors (opt. for summer) 0°
Equivalent heat capacity of collector Ca 10 k/m? K
Plate efficiency factor F' 0.8
Transmittance-absorption product {te)e 0.75
Overall coeffictent of thermai losses UL 8W/mK
Controller characteristics Ton 60°C

Ter a0°C

The daily system useful thermal energy, qus, that is utilized at the dryer temperature of
60°C, the daily energy of the air stream at the outlet of the collector, qco, and the daily incident
solar cnergy to collectors, qinc, €ach per momth are displayed in Fig. 4. Note that the difference
between qeo 2nd qus is the rejectcd Lhermal energy from the system, which is provided at
remperatures higher than desired. Since considerable solar radiation occurs during June, the
maximum useful energy of the system is attained in this month, at which time the rejected
energy i3 greatest. The excess encrgy can be utilized by using a thermal storage unit which
would extend the system operating time, or by mixing the hot air with available air such that
the desired temperature is reached. The latter sitation, however, would be accoinpanied by an
increase of the air flow rate which would result in an increase of about 13% and 18.5% in the
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summer average system efficiency and summer average percentage coverage of the thermal

duty, respectively
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Fig. 4. Energy results of the simulated air-heating system for thermal duty D2460.

The daily percentage coverage and daily efficiency of the system for the thermal duty

22460 are shown in Figs. 5 and 6 respectively.

As can be seen from Fig. 5, the percentage coverage of the thermal duty amoums to 39-
46% during summer which demonstrates the capability of the system during the period of high

thermal load demands. The corresponding system thermal efficiency is 29-33% (see Fig. 6).
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Fig. 5. Daily percentage coverage of thermal duty during a typical summer in Amman,
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Fig. 6. Dailv system efficiency during a tvpical summer in Amman.

Effeet of size and guality of collectors
The percentere coverage of the thermal drvine loads with solar enerny defined in Table 1

is shown in Fia.

-
L

as a function of the total surface area of colleclors for different values of

collector parameters; the overall coeflicient of thermal losses Up, transmitlance-absorption
produgt {tat)e, and thermal efficiency factor F'. The Lotal surface area of collectors was varied
from 010 1000 mZ, the thermal heat losses coefficient from 6 to 10 W/m?K, the Lransmittance-
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absomtion product from 0.6 to 0.9 and the plate efficiency factor from 0.7 10 0.9. All other
design parameters were kept the same (see Table 2). Note that the fgure is referred to the
desired air flow rate of | m’/s which corresponds 1 a medium size drving unit. Generalization
of the cutcome for increased flow rates is possible. in which case the extensive properties of
the system are increased accordinely while the intensive properties are kept constant.

As can be observed from Fig. 7. the effect of the overall coefficient of heat losses Ur,
and the transmittance-absorpiton product {1a)e on the percentage coverage of thermal duties
is relatively significant; the variatipn considered in either Uy or (to)e results in changes
rangine from 4 te 7% in the coverage depending on the case studied. Whereas, the variation in
the plate efficiency factor has somewhat nerlicble effect on the percentage coverage {mostly
within 1%).

The simulation results indicate that using a collector with a good insulation (Ur, = 6
W/m? K) and a good absorption coefficient ((tot)e = 0.9) results in 49% maximum coverage
of the total thermal load. With a poor insulation (Ui, = {0 W/m? K) and lower absorption
coefficient ((tat)e = 0.6), the corresponding percentage coverage becomes 43%. But in any
case the percentage coverage was alwavs in excess of 33%.

It should be stressed also. that increasing the collectors surface area above 200 m? of &
dryer operating at 60°C does not improve the capacity of the system substantially. For a dryer
operating at 80°C, the corresponding surface area above which Lhe system capacity is not
substantially increased is 400 m2.

CONCLUSIONS

The simulation results of the solar air-heating system to cover the thermail duty on
drving of agricultural products have provided the following conclusions:
. The solar enecrey percentage coverage of thermal duties cannot in anv case be in excess of
43% when inexpensive collectors of low (tat)e and high UL are used, but is always in excess of
33%. However, the maximum percentage could be increased to 49% if expensive collectors
are used.
2. The plate efficiency factor F' does not have a substantial influence on the percentage
coverage of the thermal duties, in contrast to (tat)e and Ur which have a significant effect on
the coverage.
3. An increase of the surface area of the collectors above a certain level, which is related to the
thermal duty does notimprove substantially the percentage coverage of the thermal duty due
o high amounts of energy rejected.
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