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Abstract

A computer program was built to obtain solution to flow in a solar chimney. The program
can solve problems in various coordinates such as cylindrical coordinates, 2-D rectangular
coordinates and one dimension coordinate. The finite-volume methodology was used to discretize
the differential conservation equations of mass, momenta and energy. The heat source term and the
gravitational force term are given special care in the modeling because both are the driving forces of
the solar chimney system. Implicit algorithm was used to obtain numerical solution to the problem
which enables a fast solution procedure. The program was extensively tested and validated against
known theoretical solutions of various flows. By varying various flow parameters, namely, solar
intensity, solar-roof size and chimney height solutions to flows in solar chimpey were obtained. The
results obtained agreed reasonably with the results obtained by using a theoretical model and they
showed the potential of solar chimney as an alternative device for converting solar energy into a
useful form of energy. Then, a turbine was added into the flow field, in order to extract mechanical
energy. from the kinetic energy of the flow. The turbine was modeled as an actuator disk. The results
obtained indicated a maximum energy conversion efficiency of about 58% which is in accord with

the well-known betz’ limit.
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Abstract

MQYA is a computational fluid dynamics (CFD) program that
has been developed based on the finite volume methodology to
solve the two dimensional Navier-Stokes equations. Lower-Upper
(LU) approximate factorization implicit technique was adopted as
the solution procedure. Options built into the program make it
capable of solving problems with various boundary condition
types such as subsonic, supersonic, adiabatic, slip, no-slip and
symmetry plane. Even though MOYA is a two dimensional
program it can aiso solve one dimensional problems without
having to construct a two dimensional grid. Diversified numerical
test cases have demonstrated the program’s usefulness as a tool

for research as well as engineering applications.

Nomenclature
e =wWRInuIIwE
e, = WRIUTmAUWE
E, F = Wanduamaaimaunu x uaz y
J

n

P P
Aladonyainmadiouine

0

MLAYNUTTALIIAN

N, N, = dmwuniatunanms x, y
= AMUAY

q. = gaTimaIassituaiuTauniauny x
"R = Uhinmaande (Residual)

t = {1281

u, v = penUTznauvaInIuY

v = zamafauia

X,y = FyanwoltsRnauuuain

8IJ = Kronecker's deita

A = PIIMAAUNEI DU UL R UMW

v = MIMANAURUILUVUND YN

Y = gaTaiuanuiaudiwae

E.n = FydnsaliAnauuuusuiing

u = Aunia

T = NWraTrsInuA

he)

1. unu
summndeilaamdusunsiansalinamavssaauysol
wovlumtlnadivasvasine  BsilnudAyadediviadants
Anvmsinamvesvesive anuldautoudsunmmwndoilann
‘\v‘ﬂugﬂﬁ'ﬂﬂﬂuummammquﬁtwn:Qmauﬁvmﬂ’nm{]uau
mylitiaduaseim i lisursanidasuiddunisinalunig
- v - o - ‘ot - P .
sa3inld Fmnsluedadslifiniadonduuanainnmiinisg
N “ ¢ € d . ™ o
naaey 1w laonaldglasnan (Dudu Farinl¥nindtnTeen
. s L - R -
uuuqﬂmmmanw'lvmtﬂu'lﬂmum’mm’m uazdTmune
P v - , v o
1v.{hquuummmhnaummﬁ'muunaumtmnuﬂamn
v nd o - s s - <
VehonInditdenandne g i Iluddnudafiud WWluida
- A a da ’ N
wwd uazlWlurieagy ludu Faflwifouatruninanoin
- ¢« 0 m . P
gIpsUismamansiuan uasidsduuwithanludizmaing 9
Finudmmvedinsfazdasdniulamdamtuniduinalulaisiia
4 . X . o« - . L . o« b4 R
Bugi asfedniipuviaszaiiaes midasiiphuuasiilile
A w ' . . . . 1Y
rasiTinhuazagnni udsy b limansnsFemngiun

Fmiludinile  dumaPasoinulazusaniuasiiniie

124 -



uzuIn  udmuntasteauduwdimadrmrlntzessade
Urzine G‘\"mmquav\"«né'n‘a'qLﬁuaummﬁolummmﬁam1
-~ P <

Hraamtnadivesinatu

o ed

TIFUATIERTUNNIN
-~ a d o « ~

worusluad lunmvesaulnoiedinmevniting: NINTAY

. war r ' '
Tﬂ_vnxn:uﬁ‘lmumsm%m'] T

'3 wd -~ - - e -
wmmﬁa:‘lﬂ'wmu(y'u ITTAATUNINNIAUATINTRUN

2. mraTldsunsa
1ummﬂohjmnm'[maanhmmmLuuW‘lumaasumumu
ﬂnJunmnmv\m'aunumﬂmmwawaﬂnamnnaa W
mwuuuwumwaqmmuaaumﬂanﬂmeqmemumaanwu
AlatTeuvaaiouursfiidsfisTon mtﬂquwnnuuuwupun
1 “ - c‘[ " o Eoa —~
gelunefusummisilaanvasvedve dntidadunaitide
o N ~ - - - s P -~
mauidgywinisinsarvesy aslnafifluldiuanniigaludantiu .
. ~ - - & ~
- nvawntaillninisemusnsiuisdutunewaiudray
- 5 an o
laeGuaudnmnhiauesum S eflanauuusesdia Semunn
- ve &
Jouldeglugduunvesnnmaflasil (1, 2]

ou JE oF
—_ ] L (
{53

4 o . ow
Wi U, E uas F fAoinmaiaasnldi

N

U =[p,pu,pv,pe,]” (2)
- o -
+ —
E - puu p Tu (3)
puv-t,

(pe, + plu-ut —vi, +q, |

] N ;
F= PV =Ty @)
pyw+p-1t,

_(Pe. + P)V' uty — VT, +q, |

e p=(y-1lpe (5)
-2 {ou, du, Oy .
L e [ e 8 —_— 6
aT ar
=k g =k @
A =k g, 2y

a4 u v - .
aum‘:ﬁtﬂuﬂum‘maﬂoagluwnmmn (Rectangutar coordinates)
- o, o N & ool v .
%uﬂmﬂuuuaummnunqﬂ uaminldluguuuitasilinim
-

' ' v a v Pl
wiamvauiralugUnmmInadn glddnninn - Salfunaon

125

ﬂﬁﬂlﬁtﬂuﬂﬁni’mq (body-fitted coordinates) #slufiilaziilunty
Wisuan X,y {u En ﬂaa:ﬂﬂv‘ﬁﬁnnnﬁmaﬁwx‘huﬁaaunw
:z‘iomn'ﬁ'uuvim:ﬁwuaﬂ'wauwmmmmmzﬁﬂvﬂauhu ER)
musadouaumslngldai

x_ (3, oF
a | & ®)
ad
[$313]
q=J1"'U (9)
=1 E+EF) (10)
F=1"(nE+n,F) ’ (1)

- . ~ X
uazlwfiony J et

(12)

agﬁuﬁnnﬁ?ﬂt:tﬁuluﬂﬁm'?mqwhﬁm'du

ou  ov
Ty =H (gy—+5x—] =|.J.(UQE”+U"T]7+V:&‘+VWW‘) (13)

1 o -
aamuazainlunsfennumnoautadouaums  8) lag
dyanwoldaiulnilein

SDor (14)
a H

ad -~ - & -~ dd W L

la R V\uwuﬁman'ﬁanﬁmv«uﬂ Wantluhdataaulaonizuau
msmﬂﬂumaaau fuI0fas aumnwanmﬂuumnm'{ﬂmu
n1nAR B auie

(15)

Tuiildldnimdtuuy Eders lwmianssneiing deilils
ANUGNABIULLTERY 1 (first order) i wmiAdsamntzolu
1:ﬁ'um'mgnv‘Taoge%uﬁmu‘nnm:ﬁﬂﬁ’[ﬂud'\u viulaonsly
mInEReRuuInzAnaE(Runge-Kutta) iudu agralsfiaudy R
Fudwirludfvonilafiim s1edmntzaunm n wie n+1 wia In
TWINIUBITEAURRALY mnddd n AznanodlumIwivia
aaukuulandn (explicity wininddiil n+1 Asaiummidiasy
wuugawiu (implicit) Falwadrawsnidiunsudsaieni (UANDY
s lumasiwannnndn) lunsddowssiamnil 11907033

wuurentiulunmidiaau



P “ o ~ o -~ .
Ho99In R wlsrduny q Wdnwaedludhuiadunts n1es
‘ n+1 v v

Wi g lasatennaumslimunionizild Jaspainirutag

o omw 4 o [ 4
RIJH'HXW.IJRL'KNLH\W]%) Iﬂﬂn’]?n’:'ﬂU‘SOU'QQYI?:'RUVJR'\ n asn

oR"
nﬂ Rn+__ Anq (15)
aq

FUIN

P . “ “ - - ' -
Waunusindutn lluaunm s (18) wasdaaummaolng a=14

[ &R
(“*i A'q =-R" (17)
LAt dq

‘ A A a K A4 a . v da
{a 6R/éq fa Jacobian Befiindaiina

& _ O —
R_IR. L3 (18)
dq & om
4 ~_CE
] A:E.&.=(§‘A+E,y8) (19)
¥
8=Lo(hA+n.8) (20)
cq i
uas
0 | 0 0
—u'*";]w (3-yu “(y=Nv (y-1)
Asp 2 ) . o @
_ 1,
~ufE-(=07] E-LE @) -y
- uv A\ u 0
B v 415 —-nu G-nv -l @2)

E-(r -] —(r-tuv yE—lz——l-(V'+2v’) ™

9N (17) mduldimnld At W o wakimBs s wadion
mimualdar R™ Lfluguﬁmunnu’z‘ﬁmm’wﬁuuu Newton
iteration FadunITndtmammaeuiinadunn wwemaini
aznanldlanindsl i inideeuuungauiurini amn
ATanaunstuuudnafesdinldilunsi i doaut
sumsldwiaunu (§83 invert matrix) me:maumnﬁmv‘(\xﬁu
'Lm’lummn"ﬂtymuuul'ﬂﬂwimfu‘h}ﬁwmfvm dR/aq A
FwrToudauntIRazaun1Tlalandte  luntrsisuuudauiu
manrafesld At filwgiqld TaolimbiAenindonnmades
(instability) waluuuulaadiudnimwazdaaldrin At @nquinis
Wadnamuaiismassunm?ly wrsuusuns 2 Safiaunm

nue 4 quns mszudaums (17) lapansazimiidsaudaums

fundafdvue (N, + N Jx (N, + N),)Twuuvia:igﬂvaouun’:n'ﬁ

AduuanInsidnATvuin  4xa m:unﬁummmmnmaal'ﬂuma
tﬂummutdammmwn’luuma.:.-aun'nmmtwn n laq azdng
nafiamdesiuizdy (4N, +4N) )’ pfa lumsdfoatedoy
na*mmmntmmﬂaumtﬂ':“mmmﬂuanum.md‘] wulauis
muanaaludadu (spatial approximate factorization) (3] Iﬁmn
M7 Block-Line Gauss-Sidel [4] ifludu 1ua1u330ia:193% Lower-
Upper approximate factorization [5) LWﬁ:L‘?\u‘J“ufJua'ﬁﬁﬂmh
i uazimiduamegluazay $N, + 4N, ATiRnTaY
mildmazumnsium b winn fuaam 1w atas
aaivTe wanmbiiAndodanataluntrdiuiudro a3 ungn
Approximate factorization error (AFE) f1 AFE dﬁﬂ'ﬁ"éﬁﬂn‘né
L-Ewaovhﬂau-ﬁwm’wﬁ'mﬂmxétﬁwmuﬂnﬁvaomm’:% Newtan
iteration ('ﬁumnnquf]a:.jt'xﬁﬁqﬁau:ﬁ'wiamuvmmmwmm)
wanNIH AFE u”orhmummgnrn“awaaﬁmauluum:ﬂ“unm
Bndp Yiﬂﬁnnu’:%uuummm::imi'umrmmqmﬁm?ﬂ;jmauu
ﬁuna'\,m'\ﬁv'u {Steady state solution)
Wannuazaandemitiniumuiodel andouaynis (17

ludgdnvaldlnagladai
L+D+uUlrg=-R" (23)

Famuninaduulain L (lower) Aawninnwn{fduasiuvasnad
LRGN TIN T8I T TR D o 0 FI0HINTU 0k AR
i i 109 HeTwvesdTiiaRna t e laidu i+ j Antuwad A 7
fafysAnadu -1, j). G, j-1) waz G-14-1) azgnialwilumanilu
ngu L Tutiamqﬁuﬁwwmﬂuncju U (upper) Rawasiitinariy
vosariusRinaganiiwaiuvaasiveine o 39§ D
(diagonal) ﬁﬁawm{’?{ﬁumvuvaas‘\"nﬁﬂaﬁﬁmmﬁ'uua'rm'uaaﬁvﬁ

annq [4]) ’\]6\ 1ummnaumm uuoaamﬂuaa *uumav.ﬂa
(L+D)aq=-R" (24)
(D+U)a'q =~R"-LAq = DAq (25)
o , & t4 -« ) - 4 a < v
m'luu.ma:‘uumauuuv:mmﬂuummuna'muumnmau winun
o . o~ - 4 . v 3
FUMITAINUNHEU i+ INMNUATAIAIAINU Y)'ﬂ“ﬂ"llﬂ1nﬂ1ﬂ’13

. “ £ b4 v W o %
AMurnlantmaiy  winutuaaumasatd o uas \wau

o~ O

NIIVAIN
[L+D]p"[D+Ulrq =—R" (26)
[L+D+UWq+[LDUjrg=-R" @7)

Barn\WFinin AFE mnﬂ-uuumtmnu [LD"U]A q
mmmmmmmﬂwmaulumxmmmt'uammv‘lﬂmu

1) fwrmwai R" luwnqu mun'nwwlan'nqmmumw"z‘ﬁ

126



Wlurizangy

'2)  Amuadn At Folulusunuitan At andnualandi CFL
(Courant-Freidrich-Lewy) atianali At wsinliluudazya
ANA

3) shawal L, D, U lunnfiriaga Faudazwnianiwuaming
LHOBVUNR 4x4

4)  ufEuN1T (24) UL (25) MUAIAU

5w g™

6) t?uv‘T&&mzshmru'lm:m"ut:mﬁalﬂ (n+1) Tagnugnaului

t - - A < . W
Twrunaui)ie 5) iniTas 4 aunseiadinsugii (converge)
- . N )
inuailum AT hmasudimulinafinimm  ms
oy e n o
184 R Galiddenuldaai

N, N,

2
2 2R,
T

N xN,

(28)

3. A1AINNRAdIa DY (Artificlal Viscosity)
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A mathematical model for the air flow in a splar chimney is
formulated as a synthesis of the mass, morxnenrum and energy
conservations of the system. Since the model is formulaled as an
integral equation of the entire system, it can be used lo study the
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engineering solution to the mathematical model has be_en obtained
and the resulls plotied lo estimate lhe potential and the ‘eﬁiciency of

the solar chimriey system in terms of relevant design parameters.
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Abstract

Chimney-top convergence effect on efficiency of a
solar chimney in converting solar energy into air kinetic
energy is investigated. A theoretical model which is
formulated from a synthesis of the equations for
conservation of mass, momentum and energy was created
to study this effect. Unlike results reported in past
research, it was found that, as the chimney top is made
convergent, efficiency does not increase but stays
relatively constant.

Nomenclature
= Flow area

= Greenhouse roof area

Specific heat at constant pressure

o

= Chimney diameter

= Greenhouse roof diameter
= Gravitational constant

= Chimney height

= Roof height

= Mass flow rate
= Mach number ~
= Pressure

oe O > >
i

Heat addition per unit mass

= Solar flux

= > Gas constant
= Air density

= Temperature
= Flow velocity

<390 WO 8T ZI T TR
f

1. Introduction

Solar chimney has been proposed as one of the
candidates for harnessing solar energy. Solar chimney
offers some advantages over other methods. For example,
the materials used in construction are cheap and the
technologies involved are conventional. The working
principle of a solar chimney is, indeed, very simple; but
to design an efficient solar chimney is another matter.

In a solar chimney, as is schematically illustrated in
Fig. 1, air in a greenhouse under a transparent roof is
heated by a solar influx. The hot air in the greenhouse
rises through a tall chimney by buoyancy mechanism. it
is the kinetic energy of the rising hot air that is being
harvested by a turbine normally located at the base of the
chimney. To design a viable solar chimney system, it is

mandatory that basic fluid dynamics involved are fully
understood.

The construction of the roof and the chimney
constitutes a major cost of a solar chimney. But the cost
is not so high (in comparison with, for example, a
photovoltaic panel) because cheap material such as
plastic sheet or glass can be used.

Hot air

)

Chimney

L

Transparent roof Turbine

®

')
Cool air

@
~____> @
5

////7ff/6/////7/

Solar ﬂu\(

Fig.1 Schematic of a straight solar chimney

Experimental study of a solar chimney is expensive
because it must be done at a full prototype scale for a
complete similarity. Full blown numerical study using a
full Euler or even Navier-Stokes solvers can be readily
done with the current Computational Fluid Dynamics
(CFD) technology; but the numerals obtained from the
study may not give much insight for a design purpose.
During a feasibility study stage, it is most desirable that a
simple, yet accurate, theoretical study be made to assess
first-order yield and to guide the designer toward other
design alternatives in order to improve the yield. After a
master design configuration is set, CFD can be used to
find out fine detail for minor design adjustments.

Guided by intuition and confirmed by a theoretical
model, a series of research papers had suggested that the
top end of the chimney be made convergent, in order to
increase energy conversion efficiency of a solar chimney.
Turbine was proposed to be placed at the top of the
chimney, inorder to effectively harness the high flow

263



kinetic energy there. Fig. 2 depicts the schematic of such
a solar chimney system. This research intends to re-
investigate the top convergence effect with a newly
developed theoretical model which is more elaborated
than previous models.

Hot air

Turbine

Convergent top chimney

Transparent roof

Cool air

o
f///////D////////

<

Fig. 2 Schematic of a convergent-top solar chimney

2. Literature Survey

Credit for inventing the concept of solar chimney has
been generally given to Schlaich [1]. The idea similar to
solar chimney, however, had been used before in the past
by farmers, for drying agricultural products. At least one
researcher actively involves in solar chimney dryer
research and development [2]. Fundamental of solar
chimmey can be founded in [3,4]. Schlaich, et al, had built
a solar chimney prototype in a dessert in southern Spain
[1,5]. This prototype had a near rectangular roof with
nominal area of 40,000 m® and a chimney of 10 m
diameter with a height of 200 m. While the unit did
function, yielding an electrical output on the average
about 20 kW, the overall efficiency of the system is a
mere 0.053 %.

Researchers disagreed on the theoretical limit of a
solar chimney overall efficiency. Efficiency ranging from
0.05 to 20 percents had been predicted by various
researchers. A Second-Law analysis to estimate the
efficiency upper bound should be useful in this regard.

A mathematical model to assess-efficiency of a solar
chimney was conducted in [6]. It was assumed in this
paper that the pressure difference in the chimney is the
difference between the pressure at the top of the chimney
and the ambient pressure at the ground level. This
assumption implies that the pressure at the base of the
chimney is equal to the ambient pressure at ground level.
This assumption may be accurate for a typical industrial
chimney but may not be accurate for a solar chimney
system wherein the flow path from the edge of the roof to
the base of the chimney could be quite long, of the order
of the chimney height itself.

Refs. [7,8,9,10] proposed various mathematical
models which had been formulated from fundamental

equations in fluid mechanics. Noticeable features of
these mathematical models are that :1) there has been no
provision for a solar flux into the system but air is
presumed to be heated up a certain predetermined degree;
2) the models do not appear to have a mechanism
through which flow in various parts can interact; 3) flow
in the greenhouse portion is ignored. It should be noted
that flow in a solar chimney is driven by a very smail
pressure difference, of the order of | percent of the
atmospheric pressure. Hence, a small error in a
mathematical model could lead to a very large overall
error in predicted performance of a system.

Ref. [11] mathematically model flow in a solar
chimney in more detail than others mentioned above; but
the assumptions used therein are also debatable. In
particular, the coupling between thermal and mechanical
behavior of the flow field was not naturally represented.
For example, temperature of the system is assumed to
increase at predetermined degrees as in {6].

in [7,8,9,10] it was reported that efficiency of a
chimney could be increased simply by tapering the top
end of the chimney. It is reasonable to assume that
velocity will increase as duct area is made smaller, in
accordance with the continuity equation. Since power
varies to the third power of velocity, if velocity increased
by two folds specific power would increase by eight
folds. This, however, may not be true if flow interactions
are accounted for accurately. In a subsonic regime, tlow
upstream will adjust to change at the downstream end and
the overall effect could very well be the reduction in flow
energy. Since the model developed in this paper can
account for such flow interactions, the top convergence
effect should be reinvestigated to further understand the
eftect of flow interactions. ‘

3. Derivation of Theoretical Model
The theoretical model developed in this research has

features which are different from models previously

proposed by other researchers in the following points:

1) The model has a built-in mechanism through which
flows in various parts of a solar chimney can
naturally interact.

2) Thermo-mechanical coupling is naturally represented
without having to assume an arbitrary temperature
rise in the system.

3) Flow within the greenhouse portion is included.

4) Pressure change within the greenhouse portion, due
to area change and heat addition, is included.

The derivation of the present theoretical model begins by

considering the Bernoulli’s equation between the base

and the top of chimney,

(P‘“‘P;)‘*‘EZ‘)‘(Vi“Vi)—}—p)gh:O H

wherein it is assumed that p, =p, :

Numeral subscripts appear in the equation above and
equations from here onward are consistent with positions
in the solar chimney as illustrated in Figs.1 and 2. In this
present initial stage of the research only a system without
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a turbine will be analyzed. Therefore, positions 2 and 3
are the same position and will be referred to by the
subscript 3 from here onward.

The next strategy is to relate P> P,and p,to various
system variables, such as area change and heat flux in the
greenhouse portion. p, can be redefined as,

P, =p, +A4p 2)

where Ap =P,—pP, (3)

p,. in turn, can be written in terms ofp_, by using the
Bemnoulli’s equation, as,

1
P=p.-=pV, 4

p,, on the other hand, is the reservoir pressure at height

h and is related to the ambient condition at ground level
by the hydrostatic pressure distribution equation,

P, =p,-p.gh (5)

Putting (2), (4) and (5) into (1) there is obtain,
Lo Pr(vi-vi)eghap+ghdp=0 (6
Eplvl—Ap+7 ViV, )+8 p +ghop= ()

where Ap =p, ~p, and §p = p,—p

©

By synthesizing equations for continuity, momentum
and energy for a frictionless, one-dimensional,

compressible flow, Ap and Ap can be isolated and
represented in terms of other variables [cf.,12] as,

3 2
. pv dA q
Ap= | ——| — -~ - )
P ,II—M’[ A CpT]
By recegnizing that ngi, (7) can be modified to
m
give,
3 2 .
pv dA  QdA,
ap=[-PY_| 82 RdA. ()
P ,jl—M'(A mC,T

In a similar manner, Ap can be written as,

3 2 ~
| M _dA__p QdA, )
Ap—!{l— =M’ mC,T

Putting (8) and (9) into (6) and using the continuity
relation (m = pAv = constant ), and rearranging there is
obtain, .

]

1 dA ] QdA
somyv, —-m f— oo ‘
27 ,ij’(l—M’) ,J.pA’I—-M’ T

2 2
. pM® dA 1 . v,A v A
+mgh |—- =, _ e I A
ng-I—MZA zmp{(A‘) (Ax)J

; .
p QdA
=gh == _rhgh$
& ,J.I—M’ C,T MEnop (19)

4. Solution Method
For the system which places turbine at the base of the

chimney, the most important flow variable is mv: /2

which is the available kinetic energy at the chimney base

But for a convergent top chimney being studied here,

turbine is placed at the top of the chimney and therefore

the sought power is mv!/2. But (10) is still quite
complicated to solve for such quantity since it is an
under-determinated, - nonlinear integral equation. To be
able to find an approximate solution, idealizations and

approximations are made to (10),

The general strategy used is that the engineering
approximations involved must be conservative, By
“conservative,” it is meant that the approximations should
render efficiency prediction of the solar chimney to be
lower than that an exact solution would otherwise give,
Cares should be exercised in approximating involving
density. On the one hand this is a low speed flow, which
means that density change due to dynamic pressure can
be neglected. On the other hand, small density difference
due to heat addition is what that drives the flow through
the chimney. Keeping those conditions mentioned in
mind, the engineering approximations used to this end are
as follows:

1) The flow speed is very low such that its Mach
number value is assumed to be small and in most
case can be neglected.

2) Air density is constant (applied selectively to ensure
a conservative error which does not disturb the
fundamental driving force of the system.)

3) Temperature is assumed to be constant at the
numerical values of the inlet or of the exit, whichever
gives a conservative error.

4) When an exit temperature is called for, for a
conservative approximation, value of the inlet
temperature pluses 50 is used. (This approximation is
different in concept from those used in past research
in that heat flux is directly allowed into the system
and the approximation is done here only for the sake
of getting a conservative numerical solution to the
model.)

5) Neglect the term 8p (the order of magnitude of this
term is found to be negligible; also its neglect
amounts to a conservative error)

6) When the Mach number is not neglected, the ideal
gas relation is assumed such that,

’
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Vl

M? =
TRT

When all the approximation strategies listed above are
applied to (10) and some arrangements done, the
following equation is obtained,

3 N 3
9A L 2A.Q YdA,

1., ,
—myv -20 A
2 '{p' P YA vC T A

2 1
+2plAlgh d‘A‘ +p‘AlI[A;Z_A‘—1]
YRT, A
pghQ "’
= 22— |dA 1
= [aa, (1

p 3 1

It can be seen from (11) that the flow power (mv}/2 )is

made possible by the driving force potential on the right-
hand-side. This driving force is a combination of the

gravitational forces(pgh ), and the amount of solar flux

(QAr ) received by the roof of the greenhouse. This is in
accord with the expected physics of the system. The
terms in the left-hand-sight brackets could be viewed as a
“resistance” to power. After an integration and further
rearrangement, (1) can be written as an cubic algebraic
equation in v, as,

Cyvy +Cyv) =C, (12)
where
I 2 . 2
Cl :plAZ! +P,/\\{._jh 1 - _é(_
2AT  2yRT, A,
!A\
+-—-p'2 LA~ A7 (13)
p,A:QIn%
C,=——=% (14)
2nh C T,
C, _p.ghQA, (15)
’ C,T,

_Equation (12) can either be solved for v, approximately

by a hand calculation or numerically by a standard
numerical scheme such as the Newton-Raphson scheme.

After v, is obtained, all other variables can be easily
calculated.

5. Results and Discussion

Fig. 3 shows the velocity at the chimney exit(v,) as
a function of the chimney height using area ratio,
A,/A,, as parameter. It is clearly seen from the figure

that, at any area ratio, velocity increases as chimney
height increases. At any chimney height, velocity

increases as the chimney top is made more convergent
(decreasing area ratios.)

A/A3=1.CO

o—o AJA,=0T856
4—a AJA;=05625
A/A3=0.m
Ot A/AJ=O.25

I

\

-
pory
=

1

8 8

~
(=]

Airvelocity at chinrey toplan/ by

B 8 & 8 8

50 100 15 20 20 0 3% 40 40 50
Chirmmey height (h), m

Fig. 3 Air velocity at top of chimney V.S.

chimney height at various area ratios

Mass flow rate of the system (which is the same at
chimney base and at chimney top), however, show a
decreasing trend, as is evident from the results show in
Fig. 4. This implies that the increase in velocity is not
enough to compensate for the decrease in area, since
mass flow rate is the result of velocity multiplied by area.

1600

~

AJA =100
o0 AjA=0T655
G—a AJA =05625
A JA,=03906
bt AJA =025

Q=400W
1400}

g

Mess flowrde, kg /s
g
\\& |

|

mﬁmx

150 200 250 %0 350 40 450 £
Chinrey height (h), m

50 100

Fig. 4 Mass flow rate V.S. chimney height
at various area ratios

The total kinetic energy (i.e., power) at chimney top is the
combination of mass flow rate and velocity according to
the formula, mv’/2. It can be seen from Fig. 5 that the

power remains relatively constant as the chimney top is
made more convergent. ’
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Power a chimrey top AWV
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3 8 8 8

50 100 180 20 250 30 350,4(!) 480 500
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Fig. 5 Air power at top of chimney V.S.
chimney height at various area ratios

Obviously, efficiency should also be constant as is shown
in Fig. 6.

— A1A3= 1.00 Q= 400W

o o o
B [ @ -

Effidency atchinrey op ,%

o
o

150 20 250 a0 30 40 450 50
Chirmey height (h), m

Fig. 6 Efficiency at top of chimney V.S.

Chimney height at various area ratios

0 .
S 100

Fig. 6 also indicates that at h=200 m(the height of

, mv:/2 .
Schlaich’s prototype [1]) the efficiency (n=——Q;‘-{/—)|s
found to be about 0.5. If it is assumed that- turbine and
generator have efficiencies of 0.5 and 0.9, respectively;
the overall electrical efficiency could be estimated at
0.5x0.5x0.9=0.225 percent. This should be compared
with the 0.053% overall efficiency obtained in Schiaich’s

prototype

Results so far have been obtained with a constant
solar flux at 400W. It is perhaps instructive to now vary
the heat flux to see its effect. The resuits of such variation
is shown in Fig. 7 wherein it is unsurprisingly séen that
the power increases as the heat flux increases. The fan-
liked distribution suggests that at higher heights the
power increment is higher than at lower height.

300

Q= 300\ .
Q= 0w AfAy= 025
%0 Q= 600W

0 L . A " . . L L
50 100 150 200 250 300 35 400 450 500
chimrey height (h), m

Fig. 7 Air power at top of chimney V. S.
chimney height at various solar fluxes

6. Conclusion

A new theoretical model is developed to analyze
flow inside a solar chimney. It is obvious from the results
shown in this rescarch that, contrary to resuits of past
research, power obtained by a convergent top chimney
remains constant. A convergent top chimney, therefore,
may not be a viable design alternative due to the
increased cost of having to install the turbine at the
chimney top. The theoretical model developed should be
useful in obtaining a benchmark solution in an initial
design stage. Additional features could be added to the
model to widen its range of application.
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Abstract
Solar chimney has been proposed as a device to generate electricity from solar energy

economically in large scale. Theoretical models for predicting the performances of the solar

chimney have been proposed by previous researchers. In this study, the theoretical prediction

is supported by the numerical prediction using the full, quasi-one-dimensional Euler’s

equations. The turbine is modeled by an actuator disc which absorbs energy from the flow.
List of symbols

flow area T static temperature

total energy v velocity

gravitational constant W maximum kinetic energy rate
enthalpy P air density

n fraction of energy being extracted
Ax distance between grid points
containing the actuator disc

pressure
heat addition per unit mass

73..0’O:J‘UQ(D;>

gas constant

Introduction
Recently, a proposal has been made to generate electricity in a large scale from solar -
chimney schematic of a solar chimney is illustrated in Fig. 1. Air in the greenhouse under a
transparent roof is heated by solar insolation. The hot air in the greenhouse rises through a tall
chimney by buoyancy effect. It is the kinetic energy of the rising hot air that is being
harvested by a turbine normally located at the base of the chimney.

Hot air

T@T |
/ Chimney
h
bi
Transparent roof @ E/rur e
@ Solar flux
Cool air— 4N
-

I D
Fig. 1 Schematic of a straight solar chimney

Experimental study of a solar chimney is expensive because it must be done at a fill
prototype scale for a complete similarity (if air is used as the working fluid in the
experiment). During a feasibility study stage, it is most desirable that a simple, yet accurate,

Paper presented to The First Regional Conference on energy towards a lemn Environment, Chiangmai, Th.ailand, Dec.
1.2 2000 Organized by: The Joint Graduate Schoo! of Energy and Environment .
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theoretical study be made to assess first-order yield. Since mathematical models are usually
based on simplified physics and mathematics, one way of verifying mathematical models is to
compare their predictions with results from a more complete theory, such as the full Euler’s
equations.

The objective of this research work is to develop and obtain numerical results to a
n'qmerical model for flow in a solar chimney using the quasi one dimensional Euler’s equations
with heat addition and turbine work included; the turbine will be modeled by an actuator disc.

The fundamental of solar chimney can be founded in refs. [1] and [2]. Researchers
disagreed on the theoretical limit of a solar chimney overall efficiency. Efficiency ranging from
0.05 to 20 percent had been predicted by various researchers. Mathematical models to assess
efficiency of the solar chimney had been proposed by Mullett {3], Padki and Sherif 1992 (4] |
Yan, et al, [5], Chitsomboon [6], [7 ]

The flow in a cylindrical-shape solar chimney is at least axi-symmetric type of flow. But
it is numerically modeled here as a quasi one dimensional problem In this quasi-one-
dimensional approximation, the flow in a solar chimney is reduced to be equivalent to flow in
a variable area duct with heat addition and gravitational effects. Schematic of the modeled
geometry is as shown in fig. 2 below.

Chimney entrance (p, . T, )

Q
Q
Flow in
. Chimney exit
Chimney base e
/ (actuator disc) (p= P Qgh)
Gravity-—— Flow out -

"—_—— Roof diameter %‘ Chimney height —-———'—"!

Figure 2. The schematic of numerical model geometry
.

It should be noted that in a two dimenstonal model, gravity effect is applicable only to the
vertical momentum equation. But in the quasi-one-dimensional model, gravity effect is
selectively added only in the chimney portion of the (one and only) momentum equation.
Solar insolation through the transparent roof is modeled as a uniform, volumetric heat addition
to the energy equation.

With the stated assumptions above, the one dimensional Euler’s equations thus governs
the behavior of this flow. These equations, with body force due to gravity, heat addition and
work extracted by an actuator disc, can be written as,

d(pA) , IpvA) _ | ()
ot ox 5
o(pvA) , 0 e poa WO, | 2
Y axA(pW+p) pgA——oo s 2
d(peA) , 9 VYo _Wo. 3
> +avaA(h+ 5= pEVIA-—1 3)
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Note that the terms involving work extraction (W) has 8, in multiplication; this term has the
meaning similar to the Kronecker’s delta, assuming value of 1 at the finite volume containing
the disc and zero elsewhere.

Together with the ideal gas equation of state (P =pRT) and the definition of internal
energy (¢=C,T), the system of Euler’s equations is closed and can be solved numerically

provided that boundary conditions are appropriately set. In this investigation, the
computational fluid dynamic (CFD) computer code developed by Chitsomboon and
Unthamesra [8] is used. This CFD code solves the full 2 dimensional, compressible Navier-
Stokes equations using an implicit finite volume methodology. The code was modified to
include the heat addition, the body force due to gravity and the work extraction terms

Results and Discussion
Fig. 3 shows the gage pressure and velocity distribution of the case without an actuator
disc. The distributions in the figure are shown for the two values of solar fluxes, namely, 500
W and 800 W.

3000 T T T 20
Roof: S— Chimney ~~——————»
; 418
E N -800W 116
2500F %.Q
- . 4114
é?/ V,Q =500 W 6\
Y 2]
ué 12 =
2 2000} 102
5] =]
e =]
& 8 =
6
1500+
4
q42
1000~ . : 0
0 50 100 150 200
Flow path

Figure 3. Velocity and pressure distributions without actuator disc

It can be seen that the pressure decreases in the roof portion near the chimney base'is
about 0.1% of the atmospheric pressure (101325 pascals). This is approximately the
magnitude of the dynamic pressure head gained by the hot fluid at the base of the chimney. (v
= 15 m/s from Fig. 3). Despite its small absolute value, this pressure difference is very
-important because it is the mechanism through which the flow in the chimney portion
interacts with the flow in the greenhouse portion. Hence any mathematical model which
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assume as constant the pressure between the chimney base and the ambient (as have been
traditionally practiced in the literature) will deprive the flow of important interaction
mechanism which could lead to a seriously wrong prediction.

1 T .
— Numericd,n=0% [
0.9+ — Numericd,n=30%
~—— Numericd,n=50%
0.8} —— Numericd,n=58%
* Theoretical n=0%
0.7} ¢ Theoretical n=30% —0—
: Q Theoretical n=50% I
06k 8 Theoretical n=58%
05+ al ]
04t a
03 1
02t
0.1+ ]
0 L 1
0 50 100 150 200

Figure 4. Energy ratio with actuator disc

Fig. 4 show the results with the actuator disc installed. The ordinate of the figure is the
ratio of kinetic energy in the flow path to the kinetic energy at the throat of the chimney
without an actuator disc which is the maximum kinetic energy attainable for the same flow
configuration. The symbols indicate results obtained by the theoretical model of Chitsomboon
[9]. It can be seen that downstreram of the chimney base, where the actuator disc is located,
the kinetic energies decrease progressively from the level without the actuator disc. This
decrease is in accord with energy conservation principle since it is extracted by the turbine
(actuator disc). What that is not expected is the energy levels upstream of the disc. In this
region the incoming energy should remain at the same level as that of the flow without the
disc. Examination of pressure distributions (not shown here) reveals that the pressure and
temperature upstream increase as more work is extracted. So, the reduction in kinetic energy
upstream is compensated for by the increase in internal energy of the flow so as to conserve
the total enthalpy of the flow.

A noted feature of the results is that the agreements between theoretical and numerical
results are good up to about 50% extraction rate. Beyond this the agreement deteriorate
quickly. Numerical solution is not possible (instability ensues) beyond about 59% extraction,
this coincides with the well-known Betz limit in wind turbine theory. Theoretical prediction,
however, showed no trend in the upper limit of extraction.

, Conclusion
The full quasi-one dimensional Euler’s equations were enhanced to include the effects of
gravity, heat addition and work extraction. The computer code was successtully ‘modified to
account for these effects. The numerical results obtained showed ‘the reduction of kinetic
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energy upstream and downstream of the actuator disc which was used to emulate the turbine.
The Betz upper limit of energy extraction was captured by the numerical model.
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Abstract

Solar chimney Is an alternative device to generate electricity
from the solar energy. Installation of a turbine to the system
creat'es additional resistanée to the flow as compared to flow In a
bare chimney. A mathematical model Is constructed to study the
turbine's effect, with actuator disc assumption. Effects of density
change across the disc are also considered. Results are
presented In comparison with numerical resuits obtained from

CFD.
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A Validated Analytical Model for Flow in Solar Chimney

T. Chitsomboon
Suranaree University of Technology, Nakoraratchasima 30000, Thailand

Abstract: Solar chimney has been proposed as a device
to economically generate electricity from solar energy in
large scale..A new apalytical model for predicting the
performarices of the solar chimney is herein proposed.
The model is different in significant ways from the
models proposed in the literarure in that, it considers
interacdons of flow in the greenhouse and flow in the
chimney through the small, but significant, pressure
difference traditionally ignored in literature. Also, solar
heat flux is accounted for naturally rather than assuming a
predetermined increase of air temperature. The analytical
prediction is supported by the numerical prediction using
the full, quasi-one-dimensional Euler’s equations. Results
of the numerical and analytical model predictions
compared very well with each other, qualitatively as well
as quantitarively, suggesting the validity and usefulness
of the analytical modet.

Keywords: Solar Chimney, Renewable Energy,

Alternative Energy, Solar Energy, Solar Drying, Natural
Draft

1. INTRODUCTION

Solar chimney is a device for harnessing kinetic and
thermal energy from the solar energy. The hot air flow is
raditionally used for drying food and grains. Recently, a
proposal has been made to generate electricity in a large
scale from solar chimney. In this application, a solar
chimney offers some advantages over other solar
electricity generating methods. For example, the
materials used in construction are cheap and the
technologies involved are conventional. The working
principle of a solar chimney is very simple; but to design
an efficient solar chimney is another matter.

A schematic of a solar chimney is illustrated in Fig. 1.
Air in the greenhouse under a transparent roof is heated
by solar insolation. The hot air in the greenhouse rises
through a tall chimney by the buoyancy effect. It is the
kinetic energy of the rising hot air that is being harvested
by a turbine normally located at the base of the chimney.
To design a viable solar chimney system, the fluid
dynamics involved should be fully understood.

The construction of the roof and the chimney constitutes
a major cost of a solar chimney. But the cost is not so
high (in comparison with. for example, a photovoltaic

panel) because cheap material such as plastic sheet or
glass can be used.

Hot air
& —
Chimney

Transparent roof

Cool )\éf

—Q® Dy

/[fff//fé/f//f/i

Turbine

Solar flux

Figure 1. Schematic of Solar Chimney

Solar chimney had been used before in ancient past and
in the present by farmers in developing counwies, for

ing agricultural products. A number of researchers are
active in their investigation to use solar chimney for
drying and ventilation {1-4]. Professor Schiaich, however,
has been generally given the credit for being the first to
formally presenting the concept of harmessing mechanical
(and electrical) energy from a solar chimney [5].

The fundamental of solar chimney can be founded in [6-
7. Professor Schlaich’s team had built a solar chimney
prototype in a dessert in southern Spain [5.8]. This
prototype had a near rectangular roof with nominal roof
area of 40,000 m* and a chimney of 10 m diameter with a
height of 200 m. The unit yielded an electrical output on
the average about 20 kW with the overall efficiency
around 0.053 %. More research is obviously needed to
improve the efficiency before solar chimney means of
electrical energy production can be commercially viable.

Researchers disagree on the theoretical limit of a solar
chimney overall efficiency. Efficiency ranging from 0.05
to 20 percent had been predicted by various researchers.
An analytical model to assess efficiency of a solar
chimney was presented in [9]. It was assumed in this
paper that the pressure difference in the chimney is the
difference berween the pressure at the top of the chimney
and the ambient pressure-at the ground level. This
assumption implies that the pressure at the base of the

UREE € August 2001
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chimney is equal to the ambient pressure at ground level.
This assumption may be accurate for a typical industrial
chimney but may not be so for a solar chimpey system
wherein the flow path from the edge of the roof to the
base of the chimney could be quite long, of the order of
the chimney height itself. It should be noted that a typical
flow in a solar chimney is driven by a very small pressure
difference in the greenhouse, of the order of 0.1% of the
atmospheric pressure. Hence, a small error (especially in
pressure) in an analytical model could lead to a very large
overall error in the predicted performance of a system.

Various analytical models for flows in solar chimney had
been proposed in [10-13]. These models were formulated
from the fundamental equarions in fluid mechanics.
While they are useful in their own rights, the range of
apphcation might be limited due to: 1) there has been no
provision for 2 solar heat flux into the system but the air
is presumed to be heated up a certain predetermined
degree; 2) the models do not appear to have a mechanism
through which flow in various parts can interact; 3) detail
of the flow in the greenhouse portion is ignored. In [14]
the flow in solar chimney was modeled in more detail
than others mentioned above; bur the assumptions used
therein are also similar to those already mentioned. In
particular, the coupling between thermal and mechanical
behavior of the flow field was not naturally represented.
Also, temperature rise within the system is predetermined
as in [10].

Experimental study of a solar chimney is expensive
because it must be done at a full prototype scale for a
complete similarity (if air is used as the working fluid in
the experiment). Numerical study using a full Euler’s or
even Navier-Stokes solvers can be readily done with the
current Computational Fluid  Dynamics (CFD)
technology; but the numerical results obtained from the
study may not give much insight for design purposes.

During a feasibility study stage, it is most desirable that a
simple, yet accurate, theoretical study be made to assess
first-order yield and to guide the designer toward .an
optimal desxgn After a preliminary optimal design
configuration is set up, CFD should then be used for
minor design adjustments. Since analytical models are
usually based on simplified physics and mathematics, one
way of verifying analytical models is to compare their
predictions with results from 2 more complete theory,
such as the full Euler’s equations.

The objective of this research work are to: 1) present the
derivation of the proposed analytical model, and 2)
compare the analytical predictions with those obtained
from numerical integrations of the full Euler’s equations

340

2. THE ANALYTICAL MODEL

The analytical model proposed herein has features
which are different from other models in the literature in
the following points:

1) The model has a built-in mechanism through which
flows in various parts of a solar chimney can
naturally interact.

2) Thermo-mechanical coupling is narurally represented
without having to assume an arbitrary temperature
rise in the system.

3) Details of the flow within the greenhouse portion are
included.

4) Pressure change within the greenhouse portion, due
to area change and heat addition, is included.

The derivation of the analytical model begins by
considering the pressure and density differences berween
the ambient and the base of the chimney. By synthesizing -
equations for continuity, momentum and energy for a
frictionless, one-dimensiopal, compressible flow, Ap

and Ap can be isolated and represented in terms of other

relevant variables as [15], (The numeral subscripts appear

in the equations from here onward are consistent with

positions in the solar chimney as illustrated in Fig.l. In

the initial stage of the research only a system without a

turbine will be analyzed. Therefore, positions 2 and 3 are
the same position and will be referred to by the subscript

3 from here onward.)

3 >

> (a4

ap= [ ,_(—A—— f’ﬂ 1)
ll“!\’{ k k'p ) A

By recognizing that g= Qd_A’
m

where Ap = p3 —py.

13

equation (1) can be modified to give,

pvz jd_’é____ QdAr (7)
-M2 4 mC,T )

In a similar manner, Ap can be writien as,

. 3 2 .
_fleM” dd p QdA, -
Ap"ﬂl_MZ 4 1-mEmC,T 5)

The flow within the chimney, however; is much simpler
because it is assumed to the first order estimation to be
adiabatic. Hence the algebraic Bernoulli’s equation
governs the flow.in this portion,

R F

wherein it is assumed that p; =p,.
as.

p3=p1+Aap ' ()

p; can be redefined
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Py, in turn, can be written in terms of p,,, by using the
Bernoulli’s equation,

I s

P1 = Do —ZPIVT (6)
P4, on the other hand, is the reservoir pressure at height
h and is related to the ambient condition at the ground
level by the hydrostaric pressure diswribution equation,
p4=pm-pwgh (7)
By synthésizing all the equations together, an equarion
can be written as,

—Ap+ ghAp + ghdp =0 (3

where Ap=p3—p;and 3p =p; — P
Finally by putting the refatdon for Ap and Ap into

equation (8), and using the continuity relation
(m=pdv=constant) and do some rearranging, there is
obtain, :

19
—2'91"1

1 dd
“le"l_m BEPYEN
pA (l—-wW )
P Odd oM dd
1pA l—-M‘C T ll-A/{" A
Qdd,
=gh - mgh 9
J.I—MZ C T mghdo .

3. SOLUTION COF THE ANALYTICAL
MODEL

For the system which places a turbine at the base of the
chimney, the most important flow variable to solve for is

n'zv~ , which is the available kinetic energy at the

chimney base. However, equation (9) is stll quite
complicated to solve for the desired quantity since it is an
under-determinated, nonlinear integral equation. To be
able to find an approximate solution, idealizations and
approximations are made to equation (9).

The general strategy used in this paper is that the
engineering approximations  involved —must be
conservative. By “conservative,” it is meant that the
approximations should render efficiency prediction of the
solar chimney to be lower than that an exact solution
would otherwise give. Care should be exercised in
approximation involving density. On the one hand this is
a low speed flow, which means that density change due to
dynamic pressure can be neglected. On the other hand,
small density difference due to heat addition is what that

drives the flow through the chimney. Keeping those

, August 2001
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conditions mentioned in mind. the enginesring

approximations used to this end are as follows:

1) The flow speed is very low such that its Mach
number is assumed to be much smaller than 1.

2) Air density is constant (applied selectively 10 ensure
a conservative error which does not dismurb the
fundamental driving force of the system.)

3) Temperature is assumed to be constant at the
numerical values of the inlet or of the exit, whichever

_ gives a conservative error.

4) When an exir temperature is called for, value of the
inlet temperature pluses 30 is used. (The
approximation. is done here oniy for the sake of
getting a conservative numerical solution to the
model and has nothing to do with a predetermined
temperature rise as practiced in other models.)

5} Neglect the term 8p (the order of magnitude of this
term is found to be small; also its neglect amounts to
a conservative error)

6) The speed of sound is obtained from the ideal gas

relation a” = YRT

When all the approximation strategies listed above are
applied 1o equation (9) and some arrangements done, the
following equation is obtained,

3 .3
! dd 240 f[dd.
"”m’l P —2py A7 +—"L"‘“j-°“

A5 vCpTid 4
3
7F’lAI th'd'i P18 40 (10)
1RT) AJJ CpTS '; ,

It can be seen from equation (10) that the flow power
(n'rvl2 /2) is made possible by the driving force potential
on the right-hand-side. This driving force is a
combination of the gravitational forces (pgh), and the
amount of solar flux (QA,.) received by the roof of the

greenhouse. The terms in the left-hand-side brackets
could be interpreted as a “resistance” to power. After an
integration and further rearrangement. equation (10) can
be written as an cubic algebraic equation in v| as,

Cpi +Cv =C3 ()
where C,, C, and C; can be estimated numerically by the

conservative procedure outlined prevmusly Equation
(11) can either be solved for v; approximately by hand

calculation or numerically by a standard numerical
scheme such as the Newton-Raphson scheme. After v

is obtained. all other variables of interest can be easily
calculared.
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4. THE NUMERICAL MODEL

The flow in a cylindrical-shape solar chimney is at least
axi-symmetric type of flow. But it is numerically
modelled here as a quasi one dimensional probiem. The
reason for doing-this is to reduce complexity of the
problem in order to perform calculations on a personal
computer platform with a limited computing power. The
approximated governing equations of the numerical
model shuld not be viewed as a limitation because they
are still much more general and demiled than the
analytical model to which it will be used to validate.

In this quasi-one-dimensional approximation, the flow in
a solar chimney is reduced to be equivalent to flow in a
variable area duct with heat addition and gravitational
effects. Schematic of the modelled geometry is as shown
in Fig. 2.

Chimney entrance

Flow in|

Chimney base Chimney exit
\,

fGravity <+— Flow our:ﬂ-'

|‘— Roof diameter ——%*—-Chimney height—
Figure 2. The Schematic of Numerical-Model Geometry

It should be noted that in a two dimensional modet,
gravity effect is applicable oualy to the vertical momentum
equation. But in the quasi-one-dimensional model,
gravity effect is selectively added only in the chimney
portion of the (one and only) momentum equation. The
effect of friction in this short “duct” can be neglected
because 4./d is quite small. Solar insolation through the

transparent roof is modelled as a uniform, volumetric heat
- addition to the energy equation. This model is justified on

the basis that radiation is the dominant mode of heat

transfer and that the gas in the greenhouse is rather thin.

With the stated assumptions above, the one dimensional
Euler’s equations thus govern the behavior of this flow.
These equations, with body force due to gravity and with
heat addition, can be written as,

9(pd) | o(pvd)

12
T ax =0 (12)
50,2 4y =i o
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ped) 2
gt axp A[’W—-J-(q pgv)A

Together with the ideal gas equation of state ( D =pRT)
and the definition of internal energy (e=C,T), the

system of Euler’s equations is closed and can be solved
numerically provided that boundary conditions are
appropriatedly set. In this investigation, the
computational fluid dynamic (CFD) computer code
developed in [16] is used. This CFD code solves the full
2 dimensional, compressible Navier-Stokes equations
using an implicit finite volume methodology. The code
was modified to include the heat addition and the body
force due to gravity terms. The buoyant effect was
represented in its fundamental form without resorting to
the Boussinesq approximation. Also, the code was
modified to be able to solve one dimensional problem in
one dimensional grid despite the code being a two

(14)

_dimensional one.

S. SOLUTION
MODEL

OF THE NUMERICAL

In this investigation, the full compressible Euler’s
equations are solved in its strong conservation law form.
Before solving the Euler’s equations numerically,
boundary condidons must be set. Since the flow is
theoretically in a low subsomic regime, at the inflow
boundary, two (out of three) conditons can be fixed and
one exwrapolated from the interior. In particular, the
velocity is extrapolated to the iniet and the constant total
enthalpy condition is used to get the static temperature.
Knowing the total pressure and the total temperature at
the inlet, then, the static pressure can be obtained from

the isentropic relation. The procedure can be shown
mathematically as follows,

vi=vy (15)
2
1 v
T; =T0-——._'_... (16)
2¢,
X
T. Z=1
pi =pa[—7ﬂ7 an

The total pressure and total temperature are set to be the
static atmospheric conditions at the ground level. At the
outlet, only the. static pressure is specified whereas
temperature and . velocity are extrapolated from the
interior. while density is calculated from the equation of
state. The value of the specified static pressure at the
chimney outlet is obtained from the hydrostatic pressure
distribution between the ground level and the top of the
chimney. At walls, tangentially slip condition is assumed:
this is consistent with the inviscid flow assumption being
employed.
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The natural convection being investigated here can be
classified as a very low subsonic flow with variable
density. It is generally known that using the compressible
set of governing equations to soive nearly incompressible
flow could be problemaric in that convergence is hard w©
achieve due partly to the relatively large round off error
generated by the pressure gradient term. To circumvent
this difficulty the pressure gradient term in the
momentum equation is evaluated using a gauge pressure
technique, wherein a large, constant reference pressure is
subtracted from the absolute pressure. The finite volume
representation of the Euler's equations is aumerically
integrated until mass conservation at all grid points is
achieved to within a specified tolerance; at which point
numerical convergence is assumed to be achieved.

6. RESULTS AND DISCUSSION

All the test cases investigated represent the solar chimney
system with a roof diameter of 200 m., roof height of 2
m. and chimney diameter of 3 m. Two parameters are
used in the test: 1) the chimney height (%), and 2) the
insolation (Q). The test matrix for the numerical
experiment are tabulated as in table 1.

Table 1. Parameters Used in Numerical Test Cases

Test case
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The figure shows the air velocities as functions of
chimney height, It is clearty seen from the figure that the
velocities increase as the chimney height increases. The
CFD results shown in the figure indicate veryv reasonable
agreements with the analytical model prediction. A close
observation reveals that the functional relationship
between the velocity increase and the height increase is

not a linear one; for example at Q =500 W, the velocity

increases by about 1.7 m/s between the height increase
from (00 m to 150 m. compared to the increase of only
1.3 oVsec for the height increase from 150 m to 200 m.
The analytical mode! correctly predicts this non linear
velocity-height relationship.

Comparison of the total kinedc energy (n'wz/ 2) at the
two different insolation values is shown in Fig. 4. It is
evident that the power increases as the hear flux
increases. The CFD predictions, again. agree reasonably
well with the analytical model predictions. Unlike the
velocity comparison in Fig. 3, the functional relatonship
here seems to be linear in both preditions. The fan-like
distribution of the power curves suggests that at higher
heights the power increment due to increased insoladon is
higher than at lower height If the cost of a chimney is
linear in height, then. a higher chimney could be
worthwhile.

Q(W)

Chimney Height (m)

A

500

100

150

200

B | 800 | 100 | 150 ] 200

Fig. 3 compares the velocity predictions by the analytical
mode! and the numerical model, for the test case A and B.
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Figure 3. Comparison of Velocity
Predictions by Analytical Model and CFD
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Figure 4. Comparison of Kinetic Energy
Predictions by Analytical Model and CFD

The general conclusion that can be drawn at this juncture
is that the proposed analytical model, despite its relatively
crude approximations, show very good agreement
qualitatively as well as quantitatively, with the numerica!
results obtained with the full Euler’s equaitons
Furthermore, the analytical model predictions are in the

" conservative side of the full Euler’s predictions; this is ir
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accord with the proposal made in setting up various
assumptions in the analytical model.

Fig. 5 shows the efficiency (M=0.35mv"/ O-,.)
predictions for the two values of insolation (500 and 800
W) wherein it is evident that the efficiency curves for the
two cases collapse. Other plots (not shown here) show
that efficiency is also invariant with respect to the sizes of
the roof and the chimney diameters.
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asst ’ 4
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= a4f 4
Q35p p
ask i
a2s . . . . . .
N 100 120 140 160 180 X0 0
Chirmey hagit (m)
Figure 5. Efficiency Distributions
for Different Insolations
It is now perhaps instructive to show some
representatives of the numerical results in detail.

Unfortunately, results from the analytical model cannot
be obtained and compared in this distributed manner,
since it is a point function (algebraic equation). Fig. 6
shows the gauge pressure and velocity distributions of the
two cases (4 and B at #= 100 m.).
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Figure 6. Numerical Prediction of
Velocity and Pressure Distribution
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A careful observation reveals that the pressure decreases
in the roof portion near the chimney base is about 0.1%
of the atmospheric pressure (101325 Pa). This is
approximately the magnitude of the dynamic pressure
head gained by the hot fluid ar the base of the chimney (v
= 15 m/s from Fig. 3). Despite its small absolute value.
this pressure difference is very important because it is the
mechanism through which the flow in the chimney
portion interacts with the flow in the greenhouse portion.
Hence. any analytical model which assume as constant
the pressure berween the chimney base and the ambient
(as have been traditionally practiced in the literature) will
deprive the flow of important interaction mechanism
which could lead to a wrong prediction. For example. if
the top end of the chimney is made convergent. a model
without this interaction mechanism might predict the total
kineric energy to be higher because the velacity would
increase due to the smaller flow area. This might occur
because the flow upsweam *“cannot see” the effect of
tapering the downstream end of the chimney because
there is no interaction mechanism provided. In fact, a
model in the literature had predicted just that and should
be reinvestigated with this “interacting” analytical model.

Numerical osciilations of the pressure distributions near
the chimney base are observed. This is believed to be due.
to the high flow gradient there. The oscillation could
possibly be taken care of with a finer grid at the expense
of more computational cost. However, the oscillations are
minor and do not seem to affect the overall feature of the
numerical solution.

The temperature and density distributions of the same
two cases above are shown in Fig. 7 wherein it is
observed that the temperature rise in the greenhouse
portion of the two cases are not the same. The
temperature rise for the higher insolation case is higher.
The lower density of the higher insolation case creates a
higher buoyancy force which finally results in higher air
kinetic energy in the chimney as indicated in Fig. 4.
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Figure 7. Numerical Prediction of
Temperature and Density
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7. CONCLUSIONS

A new analytical model is proposed and used to predict
the performance of a typical solar chimney. The results
obtained by the analvtical model are validated with the
numerical results. obtained from the full ‘quasi-one
dimensional Euler’'s equations. The good agreement
berween the two approaches, qualitatively and
quantitatively, seem to suggest the validity of this
analytical._model. The analytical results are on the
conservative side of  the numerical results, thus
confirming the appropriateness of the approximation
procedure used in the analytical model.

The analytical model predicts a non-linear relationship
berween the velocity and the chimney height whereas the
total kinetic energy and height relationship is found to be
a linear one. The slope of this linear relationship,
however, is higher as the insolation increases; this
suggests that in area where insolation is high. it could be
worthwhile to use a taller chimney.

The numerical results also reveal the small pressure
difference in the greenhouse portion which has been
ignored in other analytical models. This small pressure
difference is the mechanism through which flow in the
chimney portion interacts with flow in the greenhouse
portion. An analytical model which assumes as constant
the pressure in the greenhouse portion does not have this
important mechanism and thus could lead to a wrong
prediction.

The proposed analytical model is simple and very
economical to use but accurate enough to predict
qualitative as well as quantitative performance trends of a
solar chimney.
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10. LIST OF SYMBOLS

N

Flow area
Greenhouse roof area

o
K

Cp Specific heat at constant pressure
d Chimney diameter

D Creenhouse roof diameter
e Total energy

g Gravitational constant

h Enthalpy

h Chimney height

h, Roof height

m Mass flow rate

M Mach number

D Pressure

Po Total pressure

Ambient pressure at eround level

8

Heat addition per unit mass

Insolation

Gas constant

Air densiry

Static temperature
Total temperature
Flow velocity

Vertical coordinate
Specific heat ratio

RNTNNT IO Y Y

Engmeermg, Vol 3 No. 2, August 2007

346



UszFamsfnuasmsriau

371, A5. N3y Insawysal

MIANY

B.Sc.(Naval Engineering), 55.110159 2.ayn5151a15 Uszimelne, w.a. 2520
M.S. (Mech. Eng.) Univ. of Michigan, Ann Arbor, Michigan, USA, W.f1. 2522
Ph.D. (Mech. Eng.), Old Dominion University, Norfolk, Virginia, USA., W.fl. 2529

dsziamsmhaudndnmanesinin

ARSI ea N i\gig\%w, Langley Research Center, NASA ,Hampton, Virginia, USA.
ch)

703, G.E. Aircraft Engines, Cincinnati, Ohio, USA (1 ?J)

WA Um’ﬂﬁ , Institute for Computational Mechanics in Propulsion, Glenn Research
Center, NASA, Cleveland, Ohio, USA. (5 1)

¢ a 4 3 v a [
- 019138 IAINTIUATOND (Faud 2538), unanedumaTuTadgsuis

Msnuilogiiu
-ou 5IEN 9 Tuseaud.a3 Tnuazien luavndndsnnssuniosna ung.
aw ° aw { o o ‘e o [y
A% haudNuRenunamansves lvaiBeiinn winuuawan  nseuuie
;7 & a A o
11fden oy MInanATeININD
= o wa 9 a o =0 o<
-Usms UiianinsesesmsvamieIanms
WNAUMITIN
AMimaaudse lunsamsinms enassauaumsdszgulusedudsems uaz
o 4 - LY o A o o a
WA Uszins 30 G Merdunamansues lvadeiiuim nasmaasvodlnaiFmgul)
E4
@ 1 a ' @ Y
wRauLEeannldetauan MIsuute MIaazimsTuuasvesduly i@

a =4 a s 9/ aw A A
‘wu‘wmmmuLmxmi’Jmﬂwmeuﬂﬁﬁﬂmua::mi’J%Uﬂﬂﬂizmm 51599



