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Ansmor .

*mh,xaig ETRN
.

A thermosyphon air heating system built on an inclined,
south fac1ng wall of L farm shop vas evalgated in terms of‘
thermal performance. The ma1n ob)ect1ve of the system
was to provide a suitable working env1ronment w1th1n the
.8Q9p during daytime  in spring .and fall seasons.. Data
obtained, over a period of six months indicate ‘that this
cr1tbtion geﬁé;ally is satzsfled. , ' L 0~
Two compu er. mgﬁels have been developed .one ‘ - for a"
simulated d1tect gain system and the other for a sxmulated
active system, Attempts‘_havgﬂ_been made uﬁg“ see hoy the
existing sysEem .p¥r50rms in comparison Gith the 6thér§wb£‘
. options. The simulations indics;e that +the performance of

the existing sysgem spuld'Be enhanced by the addition of a

small fan.' The direcﬁ gain esnfiguration“shows more promise

for futﬁ:eksystems than the'sther two sbnﬁigutatioﬁs.”'

B The thermal balance technique and the ’response‘bfactor
‘*me;ﬁodf were used to b§ﬁid the direcﬁhéain's stem model,
" whereas the thermal balanse techniéuev'subdivi on aﬁproach<
and the' fully-1mp11c1t flnite diffe:ence cheme were
~employeé“to set up the active system model. The componentr‘

———

model ,of‘.a solar collector 1n the. act1ve system model also

®

was validated and a good aggeement between the measured and’

 the calculated ﬁeffofmance.was-observed.

iv
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- Energy consumption in today 8 world is enormous, and i
‘-growing rapidly (Rapp, 11981); partly due to the progressi..
rate of 1ncrease in world populatxon and partly due to the"
,greater . energy . demands pf 1ncreasingly soph1st1cated
'llfestyle. In the Un1ted States, %or example, an 1ncrease df
around 3% per .year in energy consumpt1on was. predicted by
‘Rapp (1981). Approxxmately, 4.0% of total commercial ‘energy .
‘15 being used for agr1cultura1 purposes (Stout, 1979).
- The large energy requlrements around Lthe ﬁnorld “have

RS w,..

been‘ met. w1th several major\developed energygs‘

‘include coal o11,‘natural gas (these three arep‘ sdf called

fossil fuels), ’ydroelectrzc power and nu\lear power.
However, as is being realized by more and\more people,;
the fossil fuels are 11m1ted'in quantity and w1ll _become
'short in supply at some po1nt in the future. People \havei
' been-,upset by the‘fluctuatlng oil prices. Nuclear energy is.
a promising alternative substitute -for the ‘fossll.‘fuels._
' However,.»nuclear fusion and nuclear materials, are hard to
handle and pose safety problems (FlSk and -anderson, 1982)d
This argument is strengthened by the" melt~down of a nuclear
‘ power?plant recently in the Sovxet .Union. The adverse '
effects of rad1oact1ve\pollut10n to the global envxronment
caused by such accidents cou d last for many years to come.

Po—-

In contrast, solar radlat1on is. safe, pollut1on-free_

\ P‘?’ e e

'and avallable in large quant1t1es in almost eVery part\-of

,the earth. Solar energy requ1res ‘no transportat1on and no



maintenance,vand is"tree‘ in terms of its availability
(Halacy, 1973)‘ These attractive features of solar energy
'-have made it ‘one of a number of important alternative energy
sources - that have been constantly studied over the past.20’
Years. 4 | - - A 5 - | | N |
" . The distribution - of inconing solar energy‘}is best
suited for" relatively = low- temperature 1 agricultural
applicationsi Therefore, full advantage:should be taken o{
. the possioilities”for convertingeSOIar -energy ‘into' useful
forms on farmsi,,' ‘ |
Interest in solar energy;'as a vheating :eource ‘for‘,‘
‘agricultural applications began in the,1950ls'(5tout,1978),
and renewed interest was'cau;edAin the 1970's by the 4973
_hoil emhargo. B | | | N
Brewer (1981) gives a detailed diacussion on solar
energy‘apolications in agriculture. These include:‘ o |

- food processi

grain and crop: drying ‘ '
- heatlng of livestock shelters and workshops
L heatlng and cooling of green houses

| Both active and.passive. solar-systems can be found in -
gra1n dry1ng, in green house applications and in the heating
dof 11vestock bulldings. Green houses take advantage of the .
Ipectrum d1fference between solar radiation (mainly VlSlble
and near 1nfrared) and the’ reradiatxon from objects on the
earth (maxnly far 1n£rared) (Thorndrke,.1976), and have been

‘used for centuries (Walls, 1973)..Gra1n drying with solar
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energy has been studied by many research rs =(Thompsoh and
alderwood‘ 1981°

Pierce, 1981; Chau and Baird, . 1981;:
fConverse et al. 1931}"Feddec”"éfw‘éll, 19 0) Heatzng ‘of
livestock - buildings  with solar enerng also has been
investigated (Hellickson, 1982; Waddell et al., 19827 'Ellis-
and Phillips, 1982).‘Hoﬁever, few® stud}es have beeh foohd on
the Bolar heating of farm service. buildings suchf-as' farm
shopsl ‘ }i -
A thermosyphon air system  was .obuilt onto  the a

south fac1ng wall of reifarm shoohoh the Hdﬂﬁold farm near
A,Lemont, Albertd; with’the‘aimJof~proViding :ufficient space
" heating duringg'late'fall and earlyvspringlwheh the shop is
used for machinery maintenence.,For'a ferm_shop,‘e‘_euitable
, Qorking' teﬁperétute is assumed to ben‘ebout;10°c.dorihg
'deytime.. . . o

o The absorb1ng surﬂ:cb of the collector was made of the
or1g1na1 steel . s1d1ﬁg paznted ‘black and covered w1th one
layer: of glaz1ng. Vents vere cut at the bottom and the top
of the collector for air to enter and to - exit. An unusual
feature of the system vwas that it had two air passages, one-
~on each sxde of the absorb1ng plate. Heat f; collected by
. the collector.,and is carr1ed 1nto the shop by the air

>.movement through the collector wh1ch 'is caused by the

"differehce in dens1ty bétween the heated air and the ‘cooler .

air enterlng the collector.
To . :evaluate the thermal _ performance of  this

thermosyphon air system is the major thrust of the project.



Date were‘collected from the existing shop and anaiyzed for
the heating season of 1985 1986, |
The evaluatlon of the existxng system would,"perhaps,

be more meaningfulfif its perfonmance were compared to other
;optiens'éuch\as a fanfforced_ flow (active system)' and a
south-facing Qindow (direct gain system) . Since full-scale
physzcal systems vere not ava1lable for such a comparison, a
secondary aim was to develop two computer models that could
simulate these alternat1ves.vThe models could be .used to
evaluate poss1ble modifications to the ex1st1ng system and
'to 1nvest1gate ‘the effects of changing design parameters on
the performancerof»an actlve‘system.

_ The existing shop was used as the basis of the two
‘models. The collection area (14.6 m by 4.3 m) of the actual
system waéltaken"as the collector area for the active model

and as the window area for the direct gain model.

el
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2, LITERATURE REVIEW

[t

2,1 Classification of Solar Heating Systems

. .

2.1.1 Solar collectors

Solar. energy reaching the earth's surface is not A

continuoué'dhe to the shift of day and night, and due to the
change bf ciear"éhd cloudy days. Solar collectors are
designed to convert solar rad1at10n, when it 1is available,
in heat at a desired temperature with a high eff1c1ency.
{? The essentxal part of a sol&nw heatlng system is the
solar collector (A south- facxng‘$1hdow‘xs a type of solar

collecto; in direct gain'systems.) which transforms solar

radiation energy into other useful forms. Solar collectors

‘with radiation concentrationka:e called FOCUSIMG'collectors;.

whereas those without radiation concentration (i.e., those
for which the area absorbing solar radiation i's the same as
the. area intercepting it) are called FLAT-PLATE coliectors
(Duff1e and—Beckman, 1974). . )

Max1m1zlng the absorbed solar energy'and minimizing

heat losses of a collector are the important considerations

in the ‘collector design since the& affect fheléollector
efficiency directly. Theyabsorbing.sgrface of - a £lat-p1ate
collector commonly is blackened to enhance its absofptivity
.and usualiy is covered with glaz%gg on -the top to reduce
, hFat lbsses. The various ’schemes for reducing radiative

losses bf use of covers all make use of the diffefence

i
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between the spectrum ' of the incident solar'aﬁ$;

the visible and near infrared) and the specty m 3!‘ the
S « E . S S e . . R ey ; ' “ E [

reradiated energy (the far infrared in most case§). Glass or
some other &ﬁaterialg; (e.g., some 'fypes ‘of':mvastics 2B

LY

discusged later) that are transparent to so}hr

opaque to far infrared radidtion are used as_ couebs

the solar radiation can enter eas{; ﬂﬂr \fu
reraéiation‘has difficulty escaping.‘f“;A
di;cuséed in'detail by Thorndike (1976), and is referred to
as the HEAT TRAPPING EFFECT. ' |
' Flat-plate collectors are ideal for applications
reQuiring energydelivery at moderate temperatures, They"
have the :zvantages ,0of using both beam ®wnd diffuse solar
radiation, not requiring accurate orientation toward the sun
and requiring iittle maintenance. Furthermore, as pointed
out .by Duffie gnd Beckman (1974), they'are‘simple and less
erensive to construct than focusing collectors.

Solar heating systems dan bé classified broadly into
two categories: activé‘ and passive systems. Some systems,
however,.have both” active and passive features and, hence,

are called hybrid systems by some researchers,

2.1.2 Active systems-

} 'ActiQe solar systems require electrically or
‘mechanicalfy péwered pumps or blowers ‘to circulate the
thermal transport fluids (either —air or \ggffr) in the

system. An active solar heating system generally consists of

v
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a solar radiation collocting-davica (so;ar collector), \heat

I
transport tiuid, heat storage,~ a control systam and a

z./

| circulation system. gptiva systams have the advantage pfw

removing heat from collectors in a controlled vay, and heat

may be sent to places of need or stored for later use. wheﬁi

. required. | . .
2,1.,3 Passive solar heating systems

Passive solar heating systems collect and ut:lize solar
energy by natural means, and do not 1nvolve ‘the use of

M

mechanical or electrical power for’ the circulation of the

heat transport fluid. Control elements such as vents ' and

dampers ‘often are incorporated . into pissive designs to
regulaie the flow of thermal energy. Passive systems may or
may not have Bpecially designed and constructed collectors
and storage units. Major advantages of such systems are the

1

easy construction, easy operation and low cost. '
' Various forms of passive systems ~include (Williams,
1983): |
= »direct gain systems
= thermal storage walls or Trombe walls
-  thermal storage roofs

- attached greenhouses

T convective loop or thermosypﬁon ?ystems

In direct gain systems the ‘solar radiation enters
through a window and direcﬁij)strikes the floor and other -

objects in the room. The heated surfaces of those.objects in

[ N

e



turn etore energy and heat the air inside the room. Thermal

inertia of the conditioned space helps to store this heﬁt

Mfor nighttime usage. Figure 2 11is a simpli!ied 1llu¢tration

/

of a direct gain gsystem,
Direct gain systems are very effective in geining heat
»during daytime hours and high temperatures may be reached
during sunny ays. However, they are also very effecti@b in
losing heat during winter night hours. C
In,a thermosyphon system (Figure 2.2), solar energy ls
vcofl cted by a collector which closely resembles an active '’

solar collector. Heated fluid (air or{water) rises in the

N

collector in a naturalz way due to bquancy effects. The

difference in dénsity between' the heated air and the‘ cooler
air entering he collector is equ&velent to a pressure head

s

and causes a1“ to flow through the collector (Kohler, 1981),

If; for a Northern hemisphere system, the induced air
flow is directed from a collection -area on the South wall,
tnrough' ducting in the ceiling and the North wall to a
storage area located in th crawl space‘below the floor, and
back to the collector, tHe system is called an AIR THERMAL
ENVELOPE or DOUBLE SHELL :HOUSE. Marshall et .al.(1981)'
studied an 'air thermal envelope system .with a rock storage
in the North wall, and reported that the low flow velocities
measured did not allow heat to be transferred effectively to
the thermal mass, and that a largef thermal stratification

between lower level and upper level roomé existed during the

monitoring period. The airrthermal envelope houses have been _6
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seen to have lower thermal performance than either a Trombe .

_vall or a dlrect gain system (Marshall et al., 1980),

I1f the collecting plate is made of metal sheet and Sﬂo;
collected energy tIOVa'd;tect;y into the room space in .a
‘thermoayphon system, the system fis Eofnrrea to ’;; a
THERMUéYPHONYAIR PANEL lTAP); A TROMBE WALL uses congrete or
massive masonry built on the South wali to colfeitmlola:‘
" energy, to store heaEA;Bd to condggt heae into the rco&i
Carter (1980) studied Trombe wallshfn four‘typieal Canadian
2,41&mqteg and found that the most aftqctiv?. method of
reducing heating loads in Canada is by improvifhg insulation
and that thewsimplest way to use sblg; energy is with’ é%uch
fac1ng windows, using the ipherent thermal cap;éity of Yhe .
bu11d1ng as storage. ’ - g

Hagan et al. (1980) 1nvestxgatjh two thermosyphon air
panels (TAPS), one with air 'moving above: the collecting
plate (Front-path) and the other w1th air movxng under the
collect1ﬂﬁ“§late (Back\path) A, thermal anemometer located
at the lower :vent was reported as’ Fecqrding maximum
velocities ofﬂ“Jndqr 0.:15 .m/s. The vcoﬁélusiqn of these
authofs was 'thgth with a madsive masonry wall Behind the
>'colleéting plafe, the cgnductive portion of the. coilectd?‘
heat géin was greater than the conveétive portion.

‘Reif. (}980) caléulated the mater1a1 coéEE”f for
construction 6: TAPS as ~%8. OO(U S.) per square foot of
collector surfgce. The cost was considered low compared to
that for active systems. | : S

-
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-"optlon to TAPS iy

A*an air' channel - depth of 25.4 mm_;would“g1ve optimum

j performance, and that the. performance would’-increase“ with

11

' Reno “(1981) ;in“exam1ning the effects on the thermal
rformance of 1n1et and outlet port geometry, the a;r
'hannel depth and the length of the TAP, found that back

draft dampers were extrémely restr1ct1ng. He suggested ‘that

.

‘ 'Vthe,‘1ncrease ‘of the TAP lengtb to a 11m1t of about 4.6 m.

ffFlnally, he 1nd1cated that fan forced flow m1ght be a v1able

+

Stetzel (1983) descrlbed a workshop w1th a thermosyphon

-'a1r system bu11t on the south fac1ng wall, ~which was similar

()

‘to the case studled in th1s progect -in ‘terms of building

o

aconstructqon. The athermal performance of the building was

°;mon1tored and p051t1ve cdnclu51ons about the structure - were

.reached However, no detalls were glven ‘of measurement of

D

its thermal performance.'

i

Jones and’ MOIIIS‘ (1980) ‘analyzed two pasSivegﬁgﬁr

mvthermosyphon heated homes de51gned and bu1lt by ‘the‘ Mark

’ Jones Corporatlon 1n'Santa Fe, CA. 0ne=home was built w1th a

s

.vert1cal ‘rockbed in the North wall, and Vthe ~other wlth}'a

.F

»rockbed under the, floor.: Th thermosyphon/rockf'storage'

:systems vere observed to de11ver qulte h1gh solar fractions

(ratios kof the‘ total solar heat - collected to the-’ total

‘:"heat1ng load), even 1n large houses, us1ng rad1ant_ heat

55transfer to l1v1ng spaces, w1thout the use of fans.

Chen. and Jones:(1981) compared a” thermosyphon water

‘heating system with an act1ve solar water heatfng system

R Yy

:}4



built in Ontar1o over th@v

gugmer of 1980 They reported that

the thermosyphon system was’ﬁore eff1c1ﬁpt and more rellable.f

than the actxve‘system for the summer test. _

Desplte the work by other\reseaqﬁh@rs descrlbed above,

the performance: ' of thermosyphon‘ systems is not yet well

| def1ned and there is some uncertagpty associated’ with the
de51gn of such systems., .

4
! »

2.2 Response‘Factor Method ior Calculating Heating/éooling
Load |
' »
| :2.2.1'Respon5e Factor Method and Transfer Functions
| The ‘response~factdr‘method‘for calcufatino neating and
~cooling 1loads of. a building was .firsg developed by
Stephenson and Mitalas (1;67)5and then was accepted as a;new'
‘procedure_of heating/oooling load< calculation” by ASHRAE
(1971). ° o N S | |
The response factor method is based on ‘%he assUmption
" that the heat transfer processes occuring 1n a room can be
descrgbed by linear ,equatlons and, e%tnus, that the
superposition principle éan be'used for t:e calculation of
neating or;cooliné ioad.fIf a disturbance-or an ‘excitation
is given to. a system as input, then the corresponding
. component of heaging'load» can be ekpressed ;h' terms of
| 5ystem -transfer functions. Transfer functions of a system

relate the input (disturbances) to the output (responses) of

the system as follows:



0(s). = Gils) ~1.(s) : - (2.1)
where O(s) = output of the system
G, (s) = transfer funct1ons of the system, and
I (s) = 1nput of the system. |
" The above equat;on is in' the frequency domain
(s- doma1n), which is obtained simply by taklng the Laplace
transform of‘system equations in the t1me~doma1n (t-domain).
“ Transferlfunctions contain all the characteristics of a
system and‘are'independent of external conditions. Once all
“the system\ transfer_ functlons have been defined, | ‘the
system s response to any excztaﬁlon can.be determ:ne@ ea51ly"
by equatlon_z.l.

1

2.2.2 Z-transform S o o
Thef%-trans;orm of a function is based on the Laplace
transform of the function.vﬁhen a continuous signal f(t) is
sampled at a regular t1me 1nterval of 4, 'the output signal
of the sampllng device ls a tra1n of pulses as shown in

figure 2, 3;

'The Laplace transform of the output pulses is:.
2sA

£(0) + £(a)e S8 + f2me 258 4 | (2.2)
T
The4 Z-transform of the output from the sampler is obta1ned

sA

S8 in equation 2.2, i.e. let 2 = e,

hyby subst1tut1ng Z for e

2

then ‘equation 2.2 becomes: . IR

e

£(0) + £(A)z" + £(28)2°% + ...+ £(nA)Z" + ... (2.3)
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‘Figure 2.3 Pulses output.from‘a sampler of a continuous
: : “function
vo

g . . :
Thiéﬂpoi;nomial in z-° has the advahtage'ﬁhat it can be
“obtained _jusg/ by samplihg the fuhcfibn at regula:‘tiﬁe
intervals. The5successive outputs are the coefficients df 
successive powers of Z-' in.the Z-transform polymonial. _

A'Z-transfér'function for a‘systqm is the fatio'of ‘the

output to input expreééed'in terhs of their Z-transforms.



5 e | | - T
+ a 2" + a z-~: + L. ' R \
+ b:i-' + bz -4 + LI ] ‘ ' (2.4)

-aQ
| Let G(z)', b

be the transfer -function for a system. Then ' :
o(z) = 6(z)*1(2) T (2.8
"where 0(2) = output Z-transform and |

1(Z) = input z-transform.

If both o(z) and 1(2) are expressed as polymomials, then' Qﬁ
‘0(2) = 0 ? 042" + 02277 # .o _ : "(2 6)
~jand -
1(2) = 1o + 1,2 +:,z=+..;. - @

The coeff1c1ents of various powers of 2 must be the same
on both sides of equatldn 2.5. Thus, the output or response
of the system at any time t = nA is the coefficient of 2‘"3
Equeting-the‘doefficients of 2°" gives: A
Oubo = Inao *+ In-1a, + 1,282 + ...
= {On-1by * Op_zbs * 44, U (2.8)

. Onbo ==2a,1;-; - Lb,0,- | ' | (2.9)

Th1s expressxon relates the output at any time t = nA
to the 1nput at that t1me and the values of output and 1nput
at the prev1ous t1mes. The coeff1c1ents a, and’ b,' contain
_ the characteristics of the system, i.e., they describe>hou a
_particular system‘behaVes under external disturbances. They
are called RESPONSE FACTORS when referred to heat conductlonu
through walls and ceilings, "and WEIGHTING FACTORS when
referred to space heating & cool1ng load calculatlons

(ASHRAE, 1971). . ~ S



2.3 Thermal Radxatxon ﬂeat Transfer

b

Thermal. radzant haat _transfer -occurs by - means - of

eleetromagnetlc waves between two surfaces havzng d1££erent

temperatures, and does not depend upon the presence of an

1ntermed1ate mater1a1 for energy exchange. The net  energy

transfer rate depends on the absolute temperafures and the

spatial relationships' of the surfaces involved. In

o
‘

engineering calculations assumptions often' are made .to

simplify the determination cf radiation heat transfer.

_Gebhart.(1971).summarizes the-assumptions asi )

- | all surfacesAare considered to be either gray or. black.

- radiationgand reflection processes_;iil be diffuse.

- " each surface'wili have uniform properties’over its &hblé
extent., : 's

- ;'absorpt1v1ty of a surface is equal tollts em1551v1ty and

independent of its temperature.

- all surfaces are consideréd opaque, i.e., 7 =0, where 7.

is the transmisivityvofbthe surfaces.

o

- material occquing-the space between radiating surfaces

wiil,neither emit nor absorb radiaticn.

2.3.1 Angle factors - -

Angle factor is def1ned, accordlng to ASHRAE (1981) and

Sparrow and Cess (1978), as followsc"
"In terms .0of two surfaces, 1 and ], the angle factor trom
surface i to surface 3, F.-,, 1s the fraction of diffuse

rad1at1on energy leav1ng ~surface i, whgch'falls~directly
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“Figure 2.4 Conf1gurat1on for radiant interchange between two
: finite surfaces :

upon (i.e., 1is intercepted by) surface j." .Figure 2.4
illustrates the configuration‘fof interchange between__two
finite sur%aces.‘The‘mathematical formula for evaluating the

“angle factor is:

Fioy = ot °°Sf;.$°sﬁldA a, . , (2.10)

" where Ri. B are anglee formed by the reépectiVe normals
h,,4;) " and the connect1ng line between two elements da,,
dA,, and r is the length of the. connectxng line. °’

The angle factors prov1de 1nformat1on on ehe fractzon
of the d1§fuse1y dzstrlbuted radiant enetgy leaving ..one

surtace that arrives at another surface. As seen in equat1on

M

‘ﬁl i . N , N . s N . N
{\r‘iﬂ e ) 17 .
R : Kis )
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2,10 -the angle fa;tqr .is, in fact, ngéhdent only on the
ggbmetry'and positions of.two-lurﬁacqslin§olved. _
Since the integration for anglgﬂtéctgrs‘betwéen two
sur£a¢es.is difficult to perform, charts are given in miny _
references  (e.g., Sparrow and Cess, 1976: ASHRAE, 1981;
Sucec, 191%). These charts were obtained originally by
Eefformihg' the e#act'intégratgon for each differeft i@atial
configuration of the surfaqés with reséect to one another,

- g \
There are two useful relationships that can be helpful

. , , x : 'z
in determination of angle factors (Eckert and Drake, 1972).

‘i.'Reciproca; law: For two surfaces 1 and 2,

A1‘F1-z = AFa. ' : . ) (2.11)

-where. A, and A, are the areas .of two surfaces (m?),

respéctively, and Fi., and F,., are the angle factors (F,.,

~ from surface 1 to surface 2).

‘ ‘ : , ) AR
ii. When surface A, is completely surrounded by n wother

surfaces the fSllowing relation holds:

IF, ., = 1 ) | S (2.12)

Kot

. 2.3.2 Thermal radiant heat exchange

The heét ﬁran;fer (Q, or'-Qz)' by thermal radiation

between two arbitrary surfaces is determined by:

. -=- _ ‘ d(Tz‘ - T'C) . ) ’
Q1 - Q2 B ('1’6_1)/‘1A1+1/ATE.'|-2+(1‘€2)/€2A2 (2.13)

where o = Stefan-Boltzmann constant_'
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€,, €3 ™ emittances of surface 1 and 2, respectively

A:, A, = areas (m?) of surface 1 and 2, respectively

T, = temperature (°K) of surface 1

T, = temperature (°K) of surface 2, and

F,., = angle factor frémiéurface'i to 2. |
.« For radiatibn between two, infinite parallel plates, the

areas A, and A; are equal and F{.; 1s un1ty, then equation

2.13 becomes (Duffie and Beckman, 1974)

0 _,I;th:‘1;‘TL.) - Ahr(Tz'E\Tq) o (2.14)

0(T3’+T31T1+T3T1’2+T1 3)

where hr = e, + 1/eq - 1

‘and is often called the RADIANT HEAT TRANSFER COEFFICIENT.

2.4 Convective Heat Transfer

. Convection is the mode of heat transfer in which heat
%bs carried along by mov1ng fluid particleS’ (Eckert and
Drake, 1972). Convective heat transfen may be classified by
‘the patential that dr1ves the fluid flow. When the flow is
‘mechanically dfiven by a fan or a >pump and pressure _
éradients'other than the hydrostatic gradient are present,
heat is transierred by .forced convection. Free or natural
convection occurs when 6nly density differences éﬁd, hence,
buoyancy forces. are present to drive the flow. Inteffial
conveqtion arises when the flowing medium is completely

boundéﬂ by sdlid walls, whereas external convection
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describes a flowing medium only partially bounded by walls
or surfaces, |
The heat transfgr due to the winq acting on the outer
surfaces of a collector is, according to the "above
definitions, ‘dxternal forced convection §nd so is the heat
.transfer from collecting plates to the working fluid in.
active systems., Heat losses through the encibsed.spa s
between the cdvers or between the innerhost cover and/the
absorbing plate of a flat-plate collector are d;g to
internal free convection, |
- The heat transfer rate due to fluid motion depends
piimarily gn the nature of the fluid flow process, on ‘the
flow Velocity and the properties of the fluid. The state of
fluid flow can be either laminar or turbulent depending upon
- the Reynolds Number (Re) (Gebhagt, 1971), which is expressed
as: _ |
Re = 222 - (2.15)

‘where Re = Reynolds Number

U = velocity of fluid (ms-')
D = hydraulic diameter of flow péssage (m), and
v = kinematic viscosity ‘of fluid (m*s-').

For different states of flow, vthe heat - tranéfer
coefficients, often expressed in termé of the Nusselt Number
(Nu), are different. The Nusselt Number is one of the
dimensionless quantities that are important in the study of

convective heat transfer. The Nusselt Number is defined as:

Nu =‘E%E 1 (2.16)



where L= chatacterintic length (m) ' - o
‘h = heat transfer coefficient (Wm“"C")
k = thefmal conductivity of -fluid (Wm-'°C-").
Many empirical torrelations have been found that relate
Nu to Re and/or the Rayleigh Number (Ra), as well as the
Prandtl Number (P;)(Sucec, 1975). These correlations are
’usid mostly in engineering cglculat1on of heat transfer. The

definit1ons of the Rayleiqh Number and the Prandtl Number

are as follows: 'v‘\f {\~
Ra = ES%’L_’ BRI (2.17)
" _ -
Pr = z - (2.18)

where g = coefficient of thermal eibéﬁsion“€°K;')
| (=1/T wher€*® is in °K) .
AT = temperature difference (°C), and
« - thermal diffusivity (ms-'), -/ .

2.5 Air Properties 4 ' « .
Properties of air are unctiqns of air temperature,
pressuré and humidity. Often in héat transfer, air is
assumed to:be dry. and the pressure is assumed—to be that of
a standard atmosphere (Chapman, 1984).7The'ideal gas law is

used for estimating the air density, as follows:

P 353 » o °
pwBra38 o | (2.19)

where p = air-dengity (kgm-®)
P = atmospheric- pressure (101325Pa)
R = ideal gas constant (287 Jkg~'°K" ‘)

T = air temperature (°K).

\

Ve
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Expresaions for viscoaity (u), specitic heat '(Cp) and

tiﬁaﬁcik‘beqductivxty (k) " of air Qra spggggg,d'by ASHRAE

(1976a) as: o “ )
w(107*Nsm™*) = /T/(0.6717 + B85.2297/1 - 2111.475/T¢ +
| 106417/10) | | (2.20)
k(Wm-'K-') = y/T/(385.859 + 9.1144%10*/T - 2,.6867%10*/T* +
| ~\  5.526%107/1%) | -
— for ad°x< T < 300°K. (2.21)

~
-

k(Wm™'R-') = yT/(328. 052 + 3. 6732+ 10° /T - 3./0295%¢107 /77 +
3, 586*10'/T’ '

\\\\g” for 300°K< T < 600°K-. - (2.22)
\\\ggiiékg"k") = 1.032 - 0.001225T .

- for 90°K< T < 260°k - ' (2.23)
Cp(KJkg~|K-') = 1.04466 - 3.1597410*T + 7.07907#10° "T?
- 27038107 '3 | S
\\\\\_,wuﬁpr 250°K< T < 600°K C(2.24)
The solar-related terminology is discussed in detail in
the next chapter. |

|
’ 2;6 Sol-Air Temperature ‘ ‘ i ‘, _ \-
ASHRAE (1981) defines the sol-ai;ftemper%ture as:
CT,e.; = Too *+ aol./ho - eoAR/h, (2.25)
where ao, = absorptance of the exterior surface |
I, = intensity 3f total solar radiation incident

on the exterior surface (Wm-?)

Too = ambient temperature (°C) ’ e

ho = coefficient of heat transfer by longwave
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| radiatiOn and convection'@t the outer surface

o = emittance of surtace, and “ , .
AR = difference betwean ong .wave radiation 1ncident

on the surface from the sky and surroundings,

and the radiation emitted by a bladkbody at
outdoor air temperature (Wm"),ﬂ _
Sol-air tempetature is that tembegaéu?e of the outdoer
air_ which, in the absence of all radiation exchanges, would
giée the same rate of heat eﬁtry tnte the surface as would
exist with ;'the ‘actual combinetion' of incident solar
radiation, radiant energy exchange withxﬁhe sky and 'other
. Sutdoo: surroundings, and convective heat exchange with the.
outdoor air (ASHRAE, 1981).

For the roof surface that réceives longwave radiation
from the sky only, an appropriate value of AR - is suggested
as 63" Wm-?., Vertical su;ﬁ.ces rece1ve longwave rad1at1on
frqm bdtﬁ the foreground and the sky,“ so the velues for

‘?"eheir AR e:e‘ difficult to determine. When solar radiation
intensiiy is high, surfaces. ofk!etresérial' objects ~usua11y

i hevé' a higher temperature than the ambient air. Thus their
— longwave rad1at1on compensates to some e;\ﬁnt for the sky s
low em1ttance.- Because of this, AR = 0 is commonly assumed.

‘for vertical surfgces (ASHRAE, 1981),



‘ ﬂs.‘

4

-y
-
»n
- -

[} - . ¥ * o S

—_ R

S

2 7 rinito-nitloronco uothod |

RO A 3 . SR

which differontial dponatots aré replaced by their
approximate values éibressed ‘in terms of Junctions at
individual discteteféoints is called ‘the fINITErDIFFERfNCE
METHQD (Nogotow, 197?{. The method is illpstrated\boldw.

A general equation of unsteady one-dimensional heat

conduction is expreSsed as:

pCp3T = (kD) t (2.26)
With reference to Fiqure 2.%, equation 2,26 is approximated

with the finite-difference method as (Patankar[ 19807

pcP"r'k—T"' BT Tion) o ()R o) Wl2.27)
"where p = density, (k ) o y
Cp = specific. at (Jkg-'°c-')- : ;

Ax = grid size (m)

k = thermal conductivity’(wm"°C")
™ = ‘temperature of node i at previous time (°C)
T\ = temperature of node i (°C), and

f = weighting factor.

The grid sige (Ax) am8 the thermal conductivity (k) are .-

assumed to be constant in the above equat1on, ‘although they

‘can be varying or temperatute dependent.

- When the weighting factor f is chosen to be iego (i.e.,
f = 0); equation 2,27 becomes: _ _
pCkatT| = Tla;{ Tl-l ‘ ) (2 28)

and is referred to as the FULLY—EXPLICIT scheme since the

§

.temperature at node i can be determ;ﬂéd explicitly from the

The method of solution ot dittorontial probloml 1n

a——
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Fxgure 2.5 Discrete points for one- dlmen51onal heat
conductlon

‘temperatures‘at nodes i-1, i and i+ruat‘the"orevious time.

When’f a.i,\equaﬁion 2.27‘then takes thefform~of:f
PAtT' T"'Axf ” ' - (2.29)

Equatxon 2.29 is referred to as the FULLY IMPLICIT scheme,

=vk

. .since the temperature at node iy can not be determxned ‘based
&,

-on theQ old temperatpres of ‘the three nodes., A  new

&

temperature atAnode 1 can only be determined simultaneously
with new temperatures at all other nodes by solv1ng a set of

matr1x equations, prov1ded that - :boundary cond1t10ns-fare"
. : L “/ : ’ - ~

adequate. Do ‘ %. .
The advantage of ethe fully-exp11c1t scbeme is dthe

o k)
: s1mp41c1ty of the solutlon procedure necessary to f1nd a new
'vtemperature of a node, whereas the shortcom1ng of it 1s the{'w

'small gr1d size and the small time 1ncrement requxred for'

i) .

convengence to be‘ maxnta1ned. The fully-1mp11c1t 'scheme

"always 'g1yes, stable solutxons (convergence guaranteed)



&

- _regardless of ‘the grid size or the time 1ncrement used.

26

Any other scheme (where 0 < f < 1) has the
i . ‘“vﬂ : . g :

"‘tharacteristiCS- of both the fully exp11c1t scheme and the

fully-inplicﬁt scheme. .And the selection of f is total up to

N

the user.

0

2.8 S1mulat1on b{ Thermosyphon Air Systems

An attempt has been made to investigate developments in
modelllng thermosyphon air systems. No sat1sfactory models |
which could vslnulate a thetmosyphon air system have been )
ﬁonnd in the literature. This may be due to 'thé complex
nature of the eystem or due’,toﬁ the lack of,empiricaI‘

coftélations thatfare available to relate the lnduced ‘air

flow to the,tenperature.gradient which causes the flow.

A thermosyphon aif system virtually does not have
boundary condltlons that are known or can be spec1f1ed -The
air flow in a thermosyphon system is 1nduced by buoyancy

forces which are due to the existence of vtemperature

e‘gradients.fThe air is heated by the heated surface of an

b
absorb1ng plate whlch converts anlar radlatlon into thermal

e energy. The 1nduced air -flow 1in turn .affects 'the heat

transfer coefficients between the absorbing plate and the

- air in the collector, result1ng in the temperature of  the .

absorblng plate vary1ng from t1me to time. These unkibwns‘
are not 1ndependent. ,
Akbarl' and Borgers (1979) set up a finite difference

model to study the free convective laminar. heat"transfer]
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between the channel 'surfaces of a Trombe wall. _The

calculation was done, however, with assumed known constant.

uniform temperatures of the “two surfaces forming  the

" channel. With a_ similar approach, Borgers and Akbari (1984)

studied the case of free conVective turbuleht heat ’transfer
between parallel plates. The grid size along the channel was ’

reported to be in the order of 10" m to 10"“ m, ‘wh1ch ‘is

‘extremely "small and would‘not be practical to use. Marshall

et al. (1981) 1nvestlgated the performance of a thermosyphon

air . system with a computer model Their model however,‘

.requires_the measured data, such as the collector outlet

temperature, as input. Kohler ~ (1981) developed a

‘mathematical model . for quantitatively examining the

performance? of thermosyphon air systems, but no validation

" was provi%ﬁd for the model’. Later, - Reno (1981) used ' the

"model to simulate a thermosyphon air system and reported

”,temperatures was good only for one case.

“ that the agreement between ‘thd® measured and calduiated

A}

Untll some better ‘correlations between the induced

fluid flow and the  driving temperature grad1ents become

-'~ava11able, the poss;b111ty of an accuré&e s;mulat1on model’

for thermosyphon air systems™ eems_gemote.

s

N
.';,-f .
<



3. SOLAR RADIATION

3.1 Solar—Related Terminology _“ o -

¥

The solar constant is def1hed as the 1nten51ty of solar
radlatlon on a surface normal to the sun's ray beyond the
earth’ s__atmosphere at the mean earth-sun distance of

149,504,000£100 km. According: to ASHRAE  (1981), the

currently accepted value of the solar. constant is 1353 Wm-?.

~ JU

Direct normal solar intensity at the earth's surface on a
clear day, ID&' is , however, . varying constantly and is

'expressed as:

A ‘ -

‘DN = EXP(B/SINA) S LD
where A = apparent solar 1rrad1at10n beyond' atmosphere
(Wm-2) @g?‘ : A
B = atmospher1c ext1nct10n coefficient, and o
0] N
B = solar altltude above ‘the hérizon .(°).

»

Solarv altitude, B8, is' the angle formed by the sun's
rays and their"projection on a horizontal plane. Solar |
a21muth ¢, is the angle between the solgr—ray pro;ect1on on
‘a horlzontal plane and South and is- con51dered p051t1ve
when measured east of South and negatlve when measured west '
of South. Solar declination, &, is the angle'formed by the
- line from the centre of the earth tovthe centre of the sun
on a partlcular day, - and the plane ‘containing the earth's

| equator, as shown in F1gure 3.1. RN

28
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Figure 3.1‘Sclat declination (adapted from ASHRAE, 1971)

Solar declination is defined as posxt1ve when the

~ sun-earth connect1ng line 1s in the northern latitudes and

negat;ve,when the sun is in the southern latitudes.

Asethe eatth progresses along its orbit about the sun,
solar ‘declinatfon‘ changes due to the tilt of the earth's
polar axis with cegard tc'its'otbital plane. Therefote, 8
depends on the earth's p051t1on in tts orblt, i.e. the day -

Williams (1983) suggests the follow1ng equat1on for the

calculation of solar declxnat1on, §, with an accuracy of 1

minute.‘
8 = 0 36 - 22. 96COS(0 9856n) - 0 37COS(2*0 9856n)
< e

ot



‘yhere n-is the day of the -year.

The angle of inéiéence, 6, for a surfecemis -the angle

between the inéoming solar rays and a line normal to the

surface under consideration., .

"Figure 3.2 shows the gngles discussed abone.'

Apparent solar time-(AST) is the time determined by'

sundial, 'whereas JJmean time is the time kept by a clock
runn1ng at a uniform rate. Equatlon of txme is_ def1ned as

the var1at1on of apparent t1me from the mean time due to the

Lk

earth e111pt1cal orb1t and is expressed as ET. Williams

,(1983) recommends the calculatjion of ET as follows:

‘ / . .
ET = -14.2SIN{(n + 7)180/T11} . ° _for 1sn<106
. = 4 SIN{(n - 106)180/59}) for 107<ns166
= -6.5SIN{(n - 166)}180/80} for 167sns246

= 16.4SIK{(n - 247)180/113} for 247<ns365

]
- " .

3.1.1 Determination of hour angle, sdnriée and sunset time

- Hour angle: Hour angle, w, is shown in figure 3.3. It is the

. angular d1splacement of the sun ‘measured as the angle

between the projection of the sun's ray on the -equatorial.

-

plane and the meridional axis in the earth-centered

coordinate system. At solar noon on the meridian of the
observer, w 1is zero degrees.<For'each hour away from solar

"noon W changes by 15°. Hour angles are, as a convention,

34

" positive in the morning and negative in the afternoon. The. .

. ‘ - AT w : 30
v o .

- 0.15C0S(3%0.9856n) + 4SIN(0.9856n) ' (3.2)

(3.3)

ca
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easterly axis

Figure 3.4 Sunrise and sunset times :
. (adapted from ASHRAE, 1971) o
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expression‘for the hour angle is:
w = 0.25(720 - AST) ‘
« 180 - 15t - ET/4 - LSM + LG L (3.0)
where t = local standard time‘(hoﬁré) '
| LSM = local standard time meridian (degree) and
LG = local longitude (degreé)
For different locat1ons, ASHRAE (1981) gives the values
for LSM ,as in table 3.1,
Sunrise and Sunset Time: Sunrise and sunset times vary from
day to day as a result of the motion of the earth ' in its
orbit about the sun. Thus daytime is longer in summer than
"in winter. | .
In order ﬁo dgtermine‘the sunrise time and sunset time,

the following approach is taken from ASHRAE (1976b).

w' = COS™'{-TAN(LT)TAN(8)} ; | (3.5)

. \.7
Y=o % 12/n \ | (3.6)

where w' and Y are two 1ntermed1ate parameters and P? is the
latltude of ;he location (degree), positive for north and
negative for south, | . |
Suﬁr1se txme is then: R

SRT = 12 - ET/60 - (LSM - LG + w')/15 (3.7)
and the sunset time is: ‘ |

SST = SRT + 2Y - - (3.8)
Figugpe 3.4 shéwsithe sunrise time and sunset times, as well
as w' for a location.

Hour angle,.w, as determlned by equat1on 3.4, may be

compared with o', If |w|2|w'|, then the sun-is beyond the
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Table 3.1. LOCAL STA&DARD TIME MERIDIAN

Local Time Zone y LSM, .Degrees )
Atlantic ' 60 - - ‘ : o
" Eastern 75

Central . 90

Mountain 105

"Pacific 120

Yukon 135

Alaska-Hawaii o 150

horizon, . therefore no solar radiation is available.

3.1;2.Determfhafion of solar-related, angles
i, Direction cosihes of direct solar beam
With reference to JFigure 3.5, the d1rect10n cosznes of

Al

.the solar beam can be determined as (ASHRAE 1981):

COS(E) = COS(8)SIN(w) S A )
cos{s) = cos(a)cos(w)srn(nr) - _(3.10)
| €OS(2) = COS(6)COS(w)COS(LT) + SIN(5)SIN(w) C(3.11)

Axis E isa poin§ing \eaet,,~axfs S south and axis 2
vertically up. ;‘ )
ii. Solar altitude; B
. B = SIN-'(COS(2Z)) | | a2
. “ :

iii, Solar azimuth, &

«

COS(E) ‘ -

¢ = SIN- '(m)- \ ‘ . for COS(S‘) >;>0
¢ =7 - éIN' 9%%%%% ‘ - C for COS(S) <0

(3 13)

iv. Incidence angle, 6
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Figure 3.5 DirectiqQn cosines of solar beam
' (adapted from ASHRAE, 1971)

Yy = ¢ + v p.m., for surfaces facing east of south,

Yy = ¢ + ¥ a;m.

Yy = ¢ - v p.m. for surfaces facing west of éouth.
where y is the surface-solar azimuth_(degree), and y is fhe
surface azimuth (aegiée) measured from South. -
If vy is greatef than 90° thé  surface is in shade. The.
incidence angle, 6, then is calculated as:

COS(8) = COS(8)COS(y)SIN(@) + SIN(B)COS(8) (3.14)

ﬁhere ©® = tilt angle of the surface from horizontal,

(degrees). S .
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3.2 Solar Radiation Reaching Outer and %nner Surfaces

3.2.1 On outer surfaces

Solar radiation on its woy to the earth encounters the
atmosphere, clouds and dust. Some portion of t“r radisdtion
from the sun is reflected or scattered by these clouds ‘and
dust at least once., This part of solar radiation reachinc
the earth's'surface is wrmed as diffuse solar radiation.
The portion directly reaching the earth’s surface is celled
- direct solar radiation. On a clear day,,the solar radiotion
reaching the earth ls typically'90% direct and 10% diffuse.
On cloudy days, all of the solar radiatipﬁi reaching tﬁe
ground may be diffuse. . o |

The 1ntens1ty of solar radlatxon on a fixed surface von

the earth's surface varies since such a surface,is not

always perpendicular to the solar rays. The area of a flat
surface, when projected perpendicular to the solar beanms, is
the product of the actuol surface area and the cosine ofwthe
angle between the SOIar rays and the surface normal, |

In order to use horizontal total radiation .data, the
ratio, Ro, of total radiation on a tilted surface to that on
a horicontal surface needs to be determined. Liu and Jordan
(1963) have derlved\ model for calculating the ratio by
considering the radia 1on on the tilted surface to be made
up of three’ components: the beam radiation, diffuse solar
radiatiou end solar wradiation- reflected from the ground

which the tilted surface "sees". A surface tilted at slope €
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(.) on j horizontal plane (b) on a tilted plane

-

Figure 3.6 Radiation on hofizo:{(I and tilted surfaces

v W

from the horizontal sees a portion.of the sky dome given by
a sky view factor, F,, ahd a portion of the foreground given
by a ground view factor, F,. F, and F, are 'determined with

-~ .

the following equations:

p. o 1+ COSO
y =

(3.15)

and | ; 'ﬁﬁk

F, = 1,058 oy (3.16)

#

~The ratio, "Ro, of total radiation on a tilted surface to

that on a horizontal surface (Pigure 3.6)‘is§

L3

N
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L

where Ry, the beam correction factor is given by:

R, = COS8,/C0S6, o | (3.18)

Y e -

vhere H /H = ratio of beam to global solar radiation
Hd/H = ratio of diffuse to global solar radiation

p = ground reflectance (0.7 for snow cover and 0.2

for no snow), and

The intensity of “.radiation received by each of

the outer surfaces of lding can, therefore, be

détermined with equations 3.17 and 3.18, once the global -

solar radiation on a horizontal surface at the same location

is known.

-

3.2.2 Solar radiation reaching interior surfaces of a direct:

gain building ' !
For a bu11d1ng w1th the entire south wall being glazed

and facing due south the direct solar radiation reachlng

interior surfaces is a funcsion of the sun's position in the
Sky. The length of the area of an interior surface

illuminated by the solar rays is termed DEPTH OF PENETRATION :

(Lebens, 1979). Figure 3.7 shows the poss1ble patterns of

111um1nat10n in the morn1ng. In Figure 3.7, «a, and a; are

T e,

two angles that are used to calculate the 111um£pated areas
of the 1nter1or.walls, togefﬁer with x.,x, and x,‘vhzch ~are

the 1lengths on different walls associated with the golar

Ro = (Hy/H)Ry + (LLILIES | lﬁ' L Gan

- L)

T, Oz = angles (degrges) of incidence for hor%;onﬁal ’

-
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~illumination. Similar' patterns 'maY-‘be found 'for the
afternoon hours.vThe 1l16m1nated areas of the interior wall .
surfaces change and may be determined at each t1me"1nstant.

Once the sun is above ‘the. horizon, . the ce1l1ng of the room

uy

rece1ves only dlffuse and ground reflected 'solar radiation

that . enters the room in all p0551b1e dlrectlons through the \

glazed area.

. -
The - total"amount of solar -radiation  reaching an
interior 9urface; for example the floor surface, is

calculated as:

EE ' M

s 4 - |

I Heloor = Tpean”COSOS’ tloor * Taigr"Stloor - 3.1
SRR . “
5 ,wwhere Ibeam

= beam solar radiation intensity (Wm-2)

“1ytransm1ttance of gla21ng

\

1nc1dence angle of solar beam (° )

’ f{'loor =’1llum1nated.floor area-(m?)

rt_Iaiff =xdi£f; solar rad. {ntensity>(Wmff), and »- 3

floor total floor grea (m ) .

¥
~

RN

i o . o
- ¢“;2.3 Plastic glaziny and/it5<treatmentvin the simulation
| ‘The transmlttance of glass for long- wave rad1at1on, for
'{all pract1ca1 purposes, is conslde;ed‘to be zero, whereas
that of most plastlcs is not. The assumption of only grayn
surfaces ~be;‘ng/rn’volved in the radiant heat transfer 1n51de.

the rOom‘seems/not to be justified, since g plast1c wxﬁﬂow

. . on the South wall is not totally opaque to long—wave .%7



: long wave radiation and 87% for short wave radlat1on.
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rad1ation. .However,~ according to Whiller (1963) Tedlar is
completely opaque to radiapion between wavelengths of 0.9 ) -
13 microns and about 45% of rad1at1on by’ surfaces in the'
‘temperature range 0 to 200°Cblies inﬁthls wavelehgth,region.
A constant valuel of 30% is~suggested for‘transmittance,of
0.102 mm Tedlar for ‘long-wave radiation._ ﬁﬁormal‘
ntraasmittance of. fibreglassfreipforced polyester is,

hoo , ) o .
according to O“Brien—Berninivand McGowan (1984) 7. 6% for

[ -

o

‘ Accordlng to the manufacturer (Lasco Industries, 1982%,
the glezxng mater1al used in the Harrold farm shop is made
of flbreglass re1nforcea polyester with surfaces painted

with  Tedlar. 'The combined transmittance. for longwave

" .radiation tﬁerefore may be considered ' to be»xnégligible.

‘ fOr_ glass glazlng can pe applied dlrectly.to the case for

Although this assumption may lead to overestimatihg of the
~performapee of the system, it alloﬁs the"calculation of
-radiant - heat transfer within ‘the rdom to be simplified a

great deal. Thus the trapp1ng effect discussed previously

O

-

the plast1c glazxng.‘~

¢

» .More . than --one layer of 'glazing may be. used in the

1&‘ ’DW

"design‘of“ag§;¢t gafh systems or active- systems ‘to minimize

féhe ‘heat* f%sses thrqugh the glaz1ng. In’ order to determlne

‘the ambunt of solar_ radlatlon transm1tted reflected and.

"'absorbed ‘by each layer of glazxng, an algorlthm derived by

Edwards (1977) was 1ntegrated~*ato the’ cdﬁﬁhter model. ‘vFor

‘the dlrect ga1n system, the room, in place of an absorber
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plate, is assumed to have a reflectance of 0.05 and an’

v *

' abgorptance of 0;95.

va



4. MONITORING OF THERMAL PERFORMANCE OF THE EXISTING SHOP'

,‘,4 1 ?aczlities | '
*& The structure, located at “54° ' N. latitude and 113°
‘longitude, is 14.64 m long and 4. 88.'m high with bottom

width ‘of 9.76 m 'and top w1dth of 5.63 m. The w1ndowless ;

bu1ld1ng 1s steel framed has steel siding .0 the outer ‘

,,,,

surfaces :and is oriented with one of-its inclined wallg
(long d1menszon) fac1ng due south, ‘on which the thermosyphon

air panels were constructed. The slog§ of the south side

s B

wall is 67° from haﬁazontal.. The 'walls and ce111ng are

o
1nsu1ated with 152, 4. mm f1breglass batts (RS1=3.5) with

‘plywood sheathlng on tﬁ@ ““interior surfaces. One overhead
'ﬂfdoor (double sl1d1ng) fac1ng west is insulated with 38 mm
extruded polystyrene (ﬂSI=7 5), a d the‘ﬂmlnsulated floor 'is

poured concrete. The ‘roof slw € is only 5° measured #&om

hor;zontal (Figure 4.1). The ~building‘.is not air tight,

Major air leakage is around the overhead door facing West.

‘ The“absorbing surface’of the collector is made.of‘steel.
'siding" painted.black‘nith Tremclad Rust Paint,dcovered‘with_
fibreglaes relnforced; cleer plaStic panele (Lescolite) and
Lbas‘ a total collect1on area of 4, 27'x*13‘42 m, Two a1r
channels were formed, one, between the absorb1ng plate and
" the glazlng (front path) and the other between the absorblng
valate and the back 1nsulat10n (back-path) The spac1ng for .

‘the front- path is 63 5 mm and that for the back- path. is 50. 8]U

- mm, There are 44 air inlets at the bottom of the collector

43
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and corresponding 44 air outlets et the top, each®76 mm ‘by

205 mm spaced horxzontally at 300 mm on: center. One way

'dampers consist1ng of "chlcken wire" mesh and plastlc film

" (saran Wrap), are jnstalled at the air inlets and outlets to

N restr1ct back draft that may occur at nlght."There are .

exter1or vents av the top of the collector that can be

., opened manually in summer to let out excess heat collected

in order to keep the room air from overheating and to 13
4 .

prevent the bu1ld up of high temperature in the collector. .

Two_ ce1l1ng mounted c1rcu1§tlon fans ' are in"”klled for(V

: destrat1f1cat1on of the room air but were not used during

the mon1tor1ng periods. There is a furnace w1th a capac1ty

of 29.3 kW 1nsta11ed in the shop but, accord1ng_ to the

owner, this was never used to heat the entire shop.

. ~buting the monitoring periods, the shop was in use,

“full of Yumber, farm tools and machinery. The eastern end of

®

the shop was partitioned into two rooms to a height of about

2.5 m and is heated with the furnace when used.

4.2 Insttumentat1on and Mon1torfhg 5ystem
Global solar .radiation was measured by a pyranometer

(Model ~MR-5, Hollis Observatory, Nashua, NH) mounted

'horizontally on the roof of the shop 1mmed1ately above the -

- . collector. The amount of solar !imﬁnatlon falllng on. the

a1nc11ned solar_ collect1ng surface then was estimated uith
the‘equations suggested by Duffie 'end'vBeckman(]Q74). Ten

thermocouples (type1T)‘Were used to measure temperatures at
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Table 4.1, THERMOCOUPLES AND THEIR LOCATIONS

sensor # description of location

1 outside temp, sheltered on the northside
. of the shop
temp at the top of absorb1ng plate
air temp at the inlet, east bottom
air temp at the outlet, east top
air temp at the outlet, west top
air temp at the inlet, west bottom
‘room air temp, 0.6 m from ceiling
room air temp, -1 m from floor
air temp i front-path 1.5 m up from
bottom ‘
air temp in front-path, 1.5 m down from
the top R ‘

e

WONO NP WN

-
o

. ~/‘>

different-locations. Table 4.1,lists these thermocouples and
their-locationé.for the monitoring of the hbuilding thermal
performance.. Two‘thetmocouples,'oﬁe east and one‘west, were
blaced at the top air optigi!'ahd: similarly, two at the
bottom air inlets'in'étﬁgt td gétjmqan témperatures ét those
points. Two  more thermocouples were placed along the
front-path of the - collector "so that the temperature
d1str1but1on of the front- path could be determined. Lower’
level and upper level room a1r temperatures were sensed to

detéct thermql stratification.

The air flow velocity was measured with a thermal

\/‘

anemométer - (hot thermistor type; Model TA3000, Airflow
ADeve&I‘o‘pment' Ltd., H1gh Wycombe, “ England) &;ocated at the.
bott&ﬁu'éir inlet on the center of the collector, By
cottiﬁuity, the amount of air flowing into the collector was
"éxpected to be equal to that flowing out, Tﬁis was checked

| in sftu with two anemometets4 (Model TA3000) and} the
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-
difference of air velocities at the top and bottom was seen
to be_negligible. This measured air velocity was taken as
the aVerage veiocity for the whole collector and was used in
the calculat1on of e%ergy collection. . |

Wind speed and direction were measured also dur1ng the

monitoring per1ods.-A light-weight cup anemometer and a

light-weight wind vane (Models 1005-DC and 1010-360, slerra-'

Instruments, Redlands, CA. ) were mounted on a pole 3 meters

above the roof. The outputs from all these sensors were
recorded by a data logger (Model CR21, Campbell quentific,
Edmonton, AB.) at 15 minute-interyals. Each monitoring cycle
lasted about one week. At the end of a monitoring cycle,
data werev down loaded from fhe data logéer memory to

magnetic d1sk on a. m1crocomputer for further analy51s.'

4.3 Honitored/Performance

The monitoring Of the thermal performance o} the
‘building was done fo; about one week in every month from
October, 1985 to March, 1986. The summer performance also
 was monitored in July, 1985, when the exterior vents . wvere
open. The nonitoring ‘system, 'howevef, wvas found to be
malfunctioning under severe cold conditions (about -30 5C)
in November, 1985, and, therefore, the data for that month
‘wete ‘not used in the‘analysis that follows., The data logged
‘for:March 1586 were not used either since the monitoring

system was not set up and adjusted,appropriatexy.,

o
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' Table 4.2, DAILY ENERGY COLLECTION & ODLLECTOR EFFICIENCY

mm/dd/yy __  ZQ, KI/m* . I,, KI/m* ..n, %
10/18/85 . . 4,445.0 13,212.1 33.6
10/19/85 1,726.9 10,497.6 16.5"
10/20/85 ©2,747.6 12,056.6 22.8
10/21/85 12,540.0 13,339.7 . 19,0
12/20/85 3,060.5 9,182.3 33.3
12/21/85 .2,876.4 11,020.7 26.1
12/22/85 - 1,311.4 7,282.7 18.0
02/05/86 © 886.7 8,172.3  10.9
02/06/86 4,195.5 - 13,458.8 31.2 .
02/07/86 '/  457.9 6,765.6 6.8
02/08/86 - 1,239.8  9,966.3 12,4 . 4,
'02/09/86 ' 2,069.6 110,779.7 19,2
02/10/86 .. 3,080.2 12,559.8 24,5
mean .  2,356.7 "10,638,0 C21.1

Aa

t
i

Table 4.2 shows the daily energy.colleétion (ZQ) by thé'
collecting system, the total available solar radiation
incident (I,) on tﬁ%} inclined collector surface and the
" calculated daily efgzciency (n) of the collector for typical
.:days over the monitofing pefiod. (The half-day data were not
used{) More heat is Seen to have been collected and
transported into the shop dhrfng suﬁny days such as Oct. 18,
Bec. 20 and Feb. 6. The daily collector efficiency for those
'days was above 30%. On cloudy days, on the other hand, the
daily effic%ency could be as low as 6.8%

Figures 4;2, 4.3 and 4.4 show the ﬁeésured temperatures
on three typical sﬁnny,days (Oct. 18, 1985; Dec. 21, 1985;
Feb, 6, 1986) . High temperatures of 52 - 58°C at the air
outlet were observed at mid-day for those'thfeeldays, while
the room mean témperature_rdse“lgss than i0°C' andJ.remainéd.
" relatively uniform throughout the day. The thermal behavior

of the building during two clqudy da%f is plotted in Figures
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4 5 and 4.6, The air temperature et the outlet is seen to
fhave**fluctuated with "the varying eveilability of eoler‘
radiation, The room temperature was observed to be about
20°C hidher than outdoor temperature . during cold “days
(Figures 4.5  and 4.6). The measured air tlow’velocity
(Figure’:17) varied dramatlcally from day to day, depending
upon the temperature dxfference between the inlet and outlet
air' temperatures. In spite.of the presence of the back dreft

ffdampers, reverse o§r flowodié exist, although'the velocities

L

were quite émalllfFigure 4.8 is a typical plot showing the
thermal stratification in the shop (eirculation fans not
-operatiﬁg). The méximhm difference in temperature between
the upper and the lower levels of Eﬂe shop was approiimately

16°C. 3 B @ v “‘\n
As mentioned, above, the"eﬁhmer, perforhance of the

-

’buildihg also was observed in‘July,'1985. No overheating was

"7 found either inside the shop or in the collector. During

i

this period the exterior vents on the cOllector‘iwe;e open

day and night and the door was\open during. the daytime.

w

\

~
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T ~
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5 DlRECT*GAlN HODEL

.

+ The’ thermal balance method used 1‘ jdevelopment.ﬂoii

one of the methods

' often employed in the calculat1on of . the thermal performance‘

.of dlrect ~gain systems (wllllams,'1983) The thermal effect

of floor concrete o£ a bu1ld1ng is taken 1nto account by 1ts
thermal - response factors (Stephenson and M1ta1as, 1967).
computer program developed by Mltalgs and Arseneault (1972) :
wes psed to flndlthese response factors, whlch are g1ven in

Append1x A1, . ]

5.1 Model Development for a Dirfct_Gain System

5.1.1 Assumptions R | : &/f

There are sgme assump ions in the development of the
model that actually are assoc ated thh the theory IOf .the
tﬁermal balance’ approach /Assumpt1ons, however,'5are not\’
uncommon in. S1mulatlon stud1 S (Duff1e,’1978) 51nce, ln many

cases, they s1mp11fy the calculatlon procedure wh1le not

R

k1nva11dat1ng the, S1mu1at10n/results.

‘ -The Eollow1ng %ssumpt1ons wvere used in the formulat1on

of the direct gain model

8

‘ 1,-_Room a1r temperature is uniform everywhere inside the

building. |

2. Latent“heat ‘;s not s1gn1ftcant due to low,moistUre |

~content of the,room a1r., ‘;gwf;é;,i' B

3; Amount of heat added to the gpom due to llghts and other

"y . 4 H .
o : . . L FA - s e R O e '
: o K i) o

5¢ . .
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equipment is negligible. | qma N
4;v}L1near equations are’ adequate' to descrxbe the heat -
~transfer processes in the bu11d1ng. Th1s allows the use'ﬂ

-

of response factor techn1quesﬂ

5, The 1nter10r and exter1or surfaces of the bu11d1ng

envelope are gray, and all radaatlon pndpertles' of the

'surfaces are 1ndependent of wavelength

6. The surface temperature of any wall is- un1form.‘

CE, h

7

2
3
'154‘--*“jhterior su‘facegof the ce111ng__ 3’ TR AR
5 r sut '
6

-

7;' Inc1dent solar .beam -radiation, if.: any, 1s unlformly\

recelved by a surface, and dlffuse solar radlatlon is in

every d1rect1on.

BER: N The ~ground ‘temperature is constant, and the ‘thermal

, effects of th} buildfng"components, except for the

i i . .
. floor, are small and negllglble.

¢ o , ‘ ‘ :

e @, . R : ) . ) "

s

'm5 1.2 Model development . e .

woe

1In order to s1mp11fy the equatig that are der1ved in-

.-., LE . A

,' th1s chapter tﬁe follow1ng numbers and letters are. used as

suQscr1pts to carry spec1f1c meanlngs (va11d only in this

e

chapter)b f S L 7» | 3“4"
1'ff-ffloor surfac

‘=== interior suﬁface of the rear wall '

--*'ihteriorjsu face of’the West Mall (overhead door)
-== interior'su face‘of'the’East wall
-rﬁnlnterlor su‘face of ‘the South wall (glazing{

-
ft

OQ§-+_amb1ent a1r (outdoor) G e ¢



d --- ground underneath the bu11d1ng x
n --- room air g'Y : o
s --- solar radient‘heet'geinh):“‘1" T
x --- conductive heat transfer ’_9<‘

Y —-= convective heat'transfer |
z -f- radlant heat transfer

. A general equatlon of a‘heat balance‘at surface i of

the simulated building (Flgure 5 1), at any time t is given

below' _ . v . :
Qu. i (£) + 0y u(t) + Q: ile) + Q.,.(t) = 0 - (5.1)
.For the roor surface the conduct;ve heat ga1n 1s. |
. . ¥ .
. ‘ nr :’ . at i ar .y ,’ "., | | . "
Q'.'«'(t)_.g,anﬂj"(t__J)‘-;Elobl’T‘ *"EOCJQ», »1(.t‘J). (5.2). .

=

where a;, b. and c, = response factors of - ‘the floor slab

.Qx_,t(t”J) = conductlve “heat gam hlstory,\and '
. nr's= number of response factors to be used
_The. convectlve heat galn is: | T o X(i
Qa® Smm mw) g

where h, is the surface heat transfer_'coefficient' of - thei".

* floor (Wm-°C-1), ‘and is determineéefaccordinqgto‘A§§RAE;¥,fﬂ

(1971) . - e
L c B,

. Radiant heat‘“gein f]

Qe i E) = E Gk (t) - mi(6)) wﬁf? (54)

’vheﬁﬁ surfaces ‘inside the
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Fzgufe 5, 1 A sketch of the s1mp11f1ed direct- gain’ system

i
"‘.’v

where‘ns = number of surfaces within the room space

» L

%\ng .' 40¢1F11k(To r+ 273):

Y

»

'. T°,= reference temperature (°c)
A b ;
(often ‘room temperature is used as To.) ¢

F.,. = angle factor between surface T and- kf/and """

o = Stefan- Boltzmann dbnstant.

b 3 .
‘The evaluat1on of angle factors was discussed

in

chapter 2. The sbec1£1c values of the’ angle factors used for

‘the simulated d1rect galn system are listed 1n Appendlx A.2,

. M'.,

B )

radlant heat ga1n of the floor surface can .be wrztten

Q. a(t) = a I, (t)S ((8)/8, . (5.5)
. "~wherevd1 ?vabsorptanceyof'the floor surface -
I,(t) = intensity of solar radiation reaching R
L S R RO

a
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the floor (Wm-1)
L .

QS',(t) - floor area 111um1nated (m ), end

~“s’s¢ = total floor area (m ) _ - .
I, (t) |(t) are. time- dependent variables and can - be

: determined as out11ned in chapter 2. Substxtut1ng equatxons

5.2 through 5.5 into equatxon 5. 1 and ‘rearranging terms

reSult ‘in:

s

A,,T, + A12T, + A,,T, + ATy + A,.T, + A1yTe = B, - (5.6)
where Ay, = g, + h\ * 2 G1.r
A, N = -G,,,, (J =2, 3,...,6) and _
s, = Q.,(t) + hyTp ~ z a,'r (t=3) + zb“'r,

A‘“fJg CjQx,r(t J)

‘The energy balance equations for the wall’surfaces 'and
for the ceiling surface .may 'be s1m11arly obtalned The

%

conductive heat gain, however, is determ1ned far each~of the

‘surfaces w1th the assumpt1on that the wall 15 of smalI

,thermal mass. For surface j (J 2 3,...,6) ‘the equation of

— . ) B »

| the thermai balance is 1dent1f1ed as.

) ' A
A,ng1+ Aj sz+ A, 3T;+ Aj .T.+ A‘ ;T5+ Aj .T.' Bj, ”(5.7)

ewhere kﬁ ;= hj + TUJ + Z Gj

‘ A]}e = -G, (k = 1 2,..r,6)
"B, = h Tm + TU; T,‘,, +0.., < g ‘3ié!‘
o G,:;»_ 4ae,F, k('r°+273)= - ‘ | '
'E,;ﬁ’s angle factor between surface j and surface k

R

TU; = total heat transfer [ tf1c1e?t & all J fnom




T.. ; . 601-a1r temperature for wall j (°C), and

;Qilar radzation reach1ng surface j (Wm ).

FromA;e?uations 5.6 and 5.7, a. general matrix equetxon
1e’obtained aé follows: o . R
(AJ{T} = (B] o . (5.8)
" The above metrix,equation is solved to :determime ‘the .
unkmownt_temperatures of .the interior wall surfaces, only
when the aroom air temperature is known. An 1terat1ve
solution 1is. required -since the room air temperature is an
unknown and, in fact, Es;what.ie re&uirea.te be determimed.
| -From an’ efiergy balance on the entire room air, tme
follow1ng equatxon is obtained based on the newly-calculated

temperatures of the 1nter1or surfaces of the bu11d1ng.

<

I, 5,0,(T) = Tn) + puCPmixx(Too = Ta) = p,,.cp,.,v,,,a—m - (5.9)
: ~ | |
where pn’= density of room air (kgm-*)
| Chm = speCific'heat of room air (sz‘;°t;‘)
Vm = volume of room air (m?>Yy, and
T g rate of air 1eakage (ms-*), '
%The"farst der1vat1ve of the room - air. temperature w1th
; respect to’ iﬂme on the r1ght hand s1de of equation 5.9 can
. be approxlmatedﬁby the f1n1te d1fference method as: - |

Co Ly ‘-‘.~ ® ,‘ 0 ‘:,;‘.A_:ﬂ ER
“where‘ggg.,xs ‘tgeArqomfﬁ\;
. . : ’ N T b

> . At
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and A4t is. the time increment. Combining equations 5.9 and

5.10 and rearranging;fé:msAresnIts'in}

MWy T + W,T +‘i‘.-srwr .
=A\;.§.;‘,‘ FW, + I35, ,'; - (3=1,2,...,6) (5.11)

» m. .

5.2 Determinaiioﬁiof_sﬁfféce Heat Transfsr”Coéfficiénts
LA
5.2.1 Interior éurfaéggif} |
Heat vt:ansfer'tofor.ffom‘an interiof surface is mainly
. by natural convec;ion and thermal radiation. In general, the
‘surface  heat . transfer coefficiénié;'ﬁor"convection and
radiation' are temperéque-dependgnt variébles.  In ~ many
thermal dynamici_calculétions;ﬁ‘hovever,‘ the. surface f£ilm
t;ansfer.coefficients:a:e assumed indépendent‘of-the surface
temperasures (Winn, 1982; Subbarao'ef al., 1983; Mehta and ‘
Woods, 1980). ASHRAE (1971) propose a method of estimating
‘an interior surface heat t;anéfer coefficient according to
‘the state of room air adjaceﬂt tb_;he surface, For moving
~air . (due to ) naturai'.jconvecéfdﬂ)__;hel heat transfer
coefficient férighe,surface is: | ‘ _
~h .= 11,0 (Wm~2°C-*) o | L (\5'.12)" |
,5 2 2 Exter:or suriaces
| :Thef convect1ve heat transfer occurrlng at the exterlorn

-

"fsurfaces of a bu11d1ng 1s a m1xture of. natural and forced
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convection, Whenever wind blows onto or across a  heated

surface, the film coefficient of heat transfer will depend

on many factors, such as the wind attack angle with respect

to the surface and the surface geometry. ASHRA§ (1977)'

recommend the following correlat1ons for ‘the average

- coefficients of heat transfer for all orzentat1ons of

L3

building surfaces:

ho = 5.5 + 2.7Ueo . for glass  (5.13)
ho = 10.21 + 4.57U0 ' for brick (5.14)
ho = 11,35 + 11,7Ugo - - for stucco - (5,15)

hwﬁere“hg is in wm-:°C-' and Uoo is the - w1nd vélocity in
‘me';{d”‘ | | |

Equation 5.13 was used for the glazingf and-\for the
metal‘sheets of the shop walis. y S
5.3 Solution‘Procedube and Sampling Time Interval

Matrix ecuationvS.B is solved in the program using the
Gauss1an ‘elimination method (Leon, "1980) fcr each'_step of

calculation. A value of the room air temperature, Tn,, is

. assumed, then the interior surface temp&ratures are

computed. Afterwards,~ a new room a1r te_pegfture is

calculated based on ‘the newly computed temperatur

N
P2

1nterzor surfaces, and is compared with the ass

o nat. N

new Tm replaces the assumed Tn for the next 1tgratlon if a

T s The

prescribed accuracy is not met. If the dlﬁgerence between

the new and the assumed Tm is w1th1n the given accuracy, the

,a%of thé‘

do

solution to the set of unknown surface temperatures and the“

«

[ 4
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“room air tempetature is found. Then, the time is advanced by

0
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one 1ncrement 'The flowchart for the d1rect-ga1n model can

be found in Append1x A.3.

The t1me interval used for the calculatlon of transient
b

heat transfer' through bu1£d1ngs with response factor
technlques usually is one hour (ASHRAE 1981- Stephenson and
M1talas, 1967% Many' tabulated response factors - for
d1fferent types of wall structures are based on the one-hour
1nterva1 (ASHRAE 1977)% In this study, however, a 1/4 hour

"time interval was . used, s1nce, the existing shop was .

~ monitored on a 1/4 hour basis. Therefore, a one-to-one

, \ ‘ _
comparison can be made between the simulated direct-gain

system and the ex1st1ng farm shop.

The program developed by Mltalas and Arseneault (1§72)

is capable of calculat1ng - transfer coeff1c1ents (response

'factors) for different time 1ntervals.

Thei simulation program of the direct-gain system (see
AppendixiA.4 for the program Alisting) requires two input
files. The first contains information on the building's
physical dimensions,vthe thermal properties of the building

materials,\the orientation of the building surfaces; and the

" location of the bu11d1ng. Simulation run control parameters,

floor response factors, - initial temperatures and an

estimated cloudiness factor also must be - included in the
file, The format of the first file and a sample input file

used for the simulation runs are shown in Appendix A.5.
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The second input file is the data file containing the
measured solar radiation, wind velocity and “Sutdoor
temperature, as well as the monitored room temperatufé of
the real slructute{ ' ‘ |

Thev output fi;e of the program containé detailed
infbrmetion that is fed to the model through the first ;dle.
In adéition, the effettiye‘thefmal properties of the cover
system, the day of the yéar and the sunrise and sunset times
of the day are printed. Then, five-columns “ﬁﬁ‘ data qré
ptinteé._ They are, 1ih sequence,lrtime of thé day, global
‘solar radiation, outdoor temperature,' measqred room air
temperature, and calculatéd‘room air temperkture. The output

file can .be easily modified to a format suitable for

plotting. Appendix A.6 shows a sample of the output file.



\

6. ACTIVE MODEL

6.1 Model Development for Active Collector

The modelling of the collector ‘in' a:.solar heating

system is the crucial step in the whole modefling procedure.

: sxnce an - accurate calculat1on of the collector s pertormance

"is required to provide information for the assessment of the

collect1ng system such as collector eff1c1ency and the heat

gain into the bu11d1ng Currently, Eﬁe most common approach

W

used in modelling an actxve.solar collector is called the
Hottel-Whillier-Bliss model (Duffie and Beckman, 1974). The

Hottel-Whillier-Bliss model assumes a steady-state
! 0

~ condition, a ' uniform temperature across the collecting-

surface. A collector heat removal factor is used to correct
these -assumptions. The collector heat removal factor,
however, is a function of a collector efficiency factor and
‘an overall collector heat loss coeff1c1ent, wvhich includes

the effects of convection and long-wave re-radiation losses

from the top of the collector. The radiant heat transfer_

coefficients are temperature-dependent, and iterations‘ are
ne¢essary in the solut1on procedure (Shewen et al. 1980).
Compared with the Hottel-Whillier-Bliss model, the
method developedgbélow,seemé—?impler;‘mére straight-forward
and physically more meaningful. The fﬁ%ﬁél works under

transient cond1t1on§ and does not reqguire the assumpt1on of

constant f1u1d properties. The radiant heat exchangesv

between surfaces in the collector and between the outermost

.

* ' 64
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glazlng surtace and the amblont air are- calculated in . each
: g L :w‘ ;.
of the compdkational steps. - | '

laws that govern the heat exchanges between the fluid and

65
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A

The ' algorithm‘is derived from the basic energy balance

the surfaces in contact with the fluid, and between surfaces

that: "see" each other. The collector is divided, along its

flpwxpassage; into a number of subregions (Figure 6.1)

~analogous to the treatment in the finite-element theorj

(Cook, 1981). The temperature within. each subregion ' is

- assumed to  be uniform .(this is true if the number of the

sybregions approaches 1nfin1ty ), and a node at ‘the center

of

“the region is use&‘to perform a regional energy balance.

 The time interval used can be small or pig (a -cOmmonly-Used

“

: fihe interval is one hour). Thn\pemperature dlstributlons,

along the collector, of the cover plates, of " the absorbing
! e

plate and of the 1qsulat§pn surface, as well as of the fluid

can- be determined at each time instant; Therefore, the heat

gain into the building cag be determihed from the air outlet

/

g

‘ temperature and the air flow rate.

" The model derived here is based on the following

‘assumpt1on3° . ‘,//4*‘
R

1c'

Heat transfer is two- d1mensxona1 in the collector and

_one-dxmens1ona1 in the floor slab
'Since .bhe metal sheet is  thin (a few millimeters),

u]pgmperatpges_on the two surfaces of, as well as inside

e

“the  absorbing 'plate are assumed to be identical. The

‘same gggumption applies‘télthe covef~glaziﬁg.g

e - . s L

(.
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'3, Radieticn heed?loss to the ambient air -can be edequetely,

‘K

estimated by using a meen‘ radient temperature ot the

surroundings suggested by Shewen et al, (1980) N
. & -
Referrihg to Figure. 6.2, the following* numbers and

»

leétets are used as subscripts in the equations deriG;d in
this chapter- ' ' PR
"1 -- insulation surface.

-- air movkpg in back- path
POy PP .
--'absorb1ng plate D S 4 _ *

44.a1: m0vnng 1@ front-path

- ;nnérmpst cdver

y
S,

h*-ﬁButermost cover in double-glathg, and “2nd cover

¢+

vka'.g'xn tr;ple glaz;ng ; .

'i

”Z;: ‘butermost goven p&ate 1& trlple cover system
0--- amblélzft, a1§ o * By |

‘ f1>7 ‘ :> ' - -

ST --‘ffu&d flow v

¥ 1 & o »

AR}

* A - . ‘,‘ Y eg‘}
o d":'; WQUnd ) 4".' ‘ i‘,

‘i'f' ﬁ&haneg1on of the collector ‘ |

‘u-m.--vaom azr ' o “

Y : , : ~

,“hf--fradlant heat tﬁansfer )
J"s:--‘solar rad1at1on ' "‘ | L

st - sbbred energy in a control volume
Cy e sk

z --/floor S - l
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6.1.1 Deterninationéofvhéat‘transfer coefficientg

| The process of heat exchange ih the’ collector 1nvolves

conduction, convect1on and rad1atxon. In a broad\sense,‘eachkt |

.mode of heat transfer can be. wrltten as.w

\ ¥ S
Q = hSAT s | | co (8.
c Wherer = amount of heat transferred'(ﬁ)lﬂw , |

‘ : ’ k ] : . e . o ?:.vn. e
. h'= heat transfer coefficient (Wm=2°C:%) - ‘g ;’W{'fﬁgw
o PR G e

- S = heat. transfer area (m ), and ‘ B oot
oo aAr s temperature dlfference ( c). - S :
N & - B : *
- .- The heat transfer:coeff1c1ent, h, is referred to as’ the

PR ’ “ A LA ' S LR .
conductive heat - transfer coeffrcient in conduct1on s

processes,. as the convectlve heat transfer coeff1c;ent in .
B T ‘ . . g
' cOnéection,_processes and* as’ the radiant heat ytransfer
coefficient in radiation processes.: Subscr1pt j?r"v" is

[N, S .

fsupplfed? totﬁ~%%§?§n lndlggyg&p of the moi?,of radlant he‘n

,‘transfer, whereaS"n' dtstlnctlons are made ‘ between@
 . ‘ . £ PR .'ﬁ ; . '
convectlon and conductlon heat transfer/processes.-'\s

a

'The‘conductlve heat transfer coeff1c1ent hmu, (Figure,"
' n

.6, 3) is 7t 4bc1procal of the 1nsulat1on re51stance (RSI)(t

"

'from the'1nner surface oﬂ‘the 1nsulatlon to the. room a1r.7
W,The RSI can be determ1ned eas1ly from the propertles and

‘thlckness of the 1nsu1atlon on the bac%>of theccolleqﬁpr and. a

r f1lm coeff1c1ent of heat transfer.;

The convectlv heat traﬂsfer coefflc1ent (h21) betwee“

Vthe axr ﬁf the back*path and the 1nsu1at£€ﬁﬁﬁg§face_Aﬁp‘*~

3

d'assumed to be ;dentxcal to. that (hz,) between ~the. «alr anf

“Jgthe lower surface ofﬂthe absorb1ng plate. The statef

. LI
2 :

. i
h .
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'ngure 6.3 Thermal network for a s1ngk§-glazed two-path
collector } ®. R L

4 - o M
,.',- s

) floid‘-flow .determ1nes whlch emp1r1cal correlat1on 1§kto be,

used. For “turbulent flow (Re22300),~ ;the followzngu

y correlat' ‘ gsuggested by Duff1e ‘and Beckman (1974) is used"

ﬂggto estlmate the Nusselt nomber-g_g | | 'n; R N O

Yy e
e

3' o ‘Nu = 0.0158Re° !, JTL S o (6.2
where Nu =, g%ég"vf V:%, ° - ‘.*:‘ “:' lev‘ ‘
| Re = ﬁeynolds number B RS e ¥*‘ L
ﬁhé} rzf k. ;Ehngal conduct1v1ty oe flu1d (Wm '°C") ’ *,“e
LT 'L = 25 characterxst1c length (m) .and " ’ -
%E%i  e spa¢1ng in the back path’ (m). S '.»,ffu'J_ o
PR For lamxnar flow (Re<2300) th Nusselt number 1s'

5

"Q;estlmated by the followzng equat1on (Mercer et %J 1967)
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where x 1is the coordinate along the coIiector thh the
* .

bottom edge be1ng the or1g1n, and Pr is the Prandtl number
‘h lﬁ\a1r. Therefore, | ) f - TN v
hs - Moo ‘ e (6.4)
As detailed in Chapter 2, the radiant.heat"t?ansfer
‘coefficient (hrar) between ‘the insulation fsurface ~and’ jthe

lower surface of the absorblng plate is determ1ne? from-
8 s ,
hr31‘= /ey + 1/¢5 = .1(T1‘). +T1’,Ta "'T'P:;z + Ty?) (6 5)

R Szmllarly, the con%ectlve heat transfer coeff1c1entg
a M
the frontjgath and‘thafsr—d1ant heat transfer "coeff1cient_ .

between “'the inner's,fw e 'of the glaz1ngrénd the absorb1ng"
‘ surface can be determ1 t

-1atfﬂ‘.

a. R

"loss-from the front glazing surfaceoto

the ambient air _ ‘approx1mated .Withl an .approach after

- Shewen. et al. (1980) A mean radiant ftempgfature ofﬁ%he\

surroundfﬂgs'ls deflned as' - R e

To = (F,T, '+ F T.,‘)”"J Co - , o "k’(6.6).

N mre Ty = o0, 0552T," -, and T, = To. o L |

‘;Then the rad1ant heat . transfer coeff1c1ent is computed asik

7 ‘hrgo = ae;(T, + 'r,“r0 + T;'I‘o’ + To?) ;"@- '. (6. 7)
The convectlve HEat transfer QQeff1c1ent due to w1nd

"jbIOW1ng “onto eorv across (the ‘aolleotor surface |¢an' be?f;*

~est1mated~ w1th ,the «correlatmons suggested by Ramsey and

e Charmc{,*(1980) or by ASHRAE (1976b), dependlng on 'the

’ d1rectlo:' of the w1nd. The study of Sparrow et al (1979)

: s;bws that the w1nd-related heat transfer coeff1c1ents were

N

"‘qu1te 1nsen51t1ve to the - angle of - atrack and to the aspect

® .

. N - .
. . . .
< < S .
- ’ . i ' . N ey
" N | A L.

B T Sl



Eatig "of the plate (which is defined as the ratio.of pl

.1509th to héight)i vhen the ahgle*of attack' fails ih 'thsﬁ

"range of '90°M‘— 25°, Hence, when the angle of - attack is in
this range, the correlatyon to be used is (Ramsey and

‘ﬁ? Charmch1, 1980) ' R o .

ho = 0. 86—-Re°"=pr'/= o ? . (s.8)

/ where Lc --ﬂ\c/{:, character1st1c leng*(m)

¢

Re; = UoLc/v S - . -

. "):p

- v =lk1%§matlc v:scos1ty of air (m s-1.)
Uo = wxnd velop1t¥3§ms ) A o
When the angle of. attégk §s out ‘aﬁ the range given
-above, the. collectd%/ surface 1séessent1ally 1eeward ‘The

ks \
equatnon for est;matlng ho. 1s then (XQHRAE 1926bf. R+
e X -

ho = 3:28(0.3 + 0.05U,)°"%°%, . (6l9)

A

6 5) system (or a sxngle glazed backﬁpath system) the heatf

¢transfer occurr1ng across the 'enclosed space between-jtwd

‘layers Of 9132109 15 by conduct1on or byanatural convectxon.,
 Hollands ef 41.(1976) studfed ' the fmee -convective heat -

’_Qtransfer across 1nc11ned air }ayers and«suggested -a cr1t1ca13_""

. \
f("value for the Rayle' '

v . 1708
o r R had e éd 610
' ﬂRayleigh numher 2%:)"15, temperature-depé¥dent  and  is
'evaluated as: "[tfl R s_ o - l,‘;.hf
-‘ Ra ‘QEB——. . , N . - “‘\‘- ‘4'. ( 6 .01)1 )
2 f C L _"'; '4, ‘ N

'C = txmete £ the colléctor (m) a d o | .v,“‘ o
Lo . pe ‘ W e | | | r m o .‘ ) A - .f‘ ’; )
: R, ,

\ .-
~ For a-double (Flgure 6 4y or 'a triple*glazed (Figure

4",.< >
3

‘\ | . ‘ ' | ‘ 71 C
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w —\ ¢ ' fo/ )
.- gravitational acceleration (ms") ‘
_m x}doefficient of thermal expansmn (°K") .
A o« = thermal diffusivxty (m? §°'). W o

ATz- temperature dszerence (2 C), and R
W8’ spa"cing of the en" fosure (m). R

C1f Ra  Ra', the airv the ‘enclosure is essent1ally'

.
4«

| stagnant ané heat 'transfer occurs by conductlon, (1 e., Nu =

.' s {"1)“ | %% . . | ;i

If Ra = Ra', the heat! "tr‘ansfe"'r. i
1 .

fa?aia to be in the

% dxate post”onductwe regimqf 4 the Nusselt number, is

det.ermmed as: R | ‘Gf‘- < '
L Nu= 1as(1 '-;—Z%-g-g) B R N S 3
L When Ra > Ra.' ,“.he followmg correlat1on is used’~" o, '
W< 1+ et - 2T08( 4 ‘799‘3;3;;’39’ 50
s [(5%—‘;'—339)'“ - Y ean "

[

y ‘\‘v’h‘Ere 9 1§‘ the inclination of the enclosed space,%nd the

v terms in the square/brackets .are defined by _»x ‘.(Jxl t‘

- X)/z. | J ,‘ - . ‘ ' ! . , ) "
. ; ( . . * - | ‘ .‘ ) ~ . ) | .
N Ca e > o
6.1, 2 ‘Heat balan’c’e equations £or the ith subregxon L

~ .»Th . “heat balance for node 1 pﬁthe msulatmn surface :

':"'Vg,can be obtamed by n0t1ng that the sum of. ‘heat gains at the |

node must be equa]. ” zero sxnce there is no thermal storage
. .
~there. Heat gams at node 1 can be 1dent1f1ed as. o

§ ’«v

the c0nvect1vorheat gain from the f1u1d 1th,he back-path/

-

Qazy = hat(Tz.l - Ty, |)5| T . .v_v_;,"(-5.1'4)
where T,,. 1s the temperature at node 2 for the 1th regu;n,
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the . radiant heat gain from the back sur{a<*k g‘ghe abserber

T ory, hraf(f, - T,,.)s. . (64 15)

and theacondyction heat gaﬁg frpm the room aig, © . o |
T fu‘l“hm,;lwm r_TE;J)sf o R TR
?Ei Then the: he§E balance is’, found as: o . Tt

. ,u/

"ﬂ ,xg !1:*&@5&1} le = 0 4
Copbznlng equatlons 6 14, 6.35 6.16 and 6 1‘

' M_ $ L
. edquation of tHe form: - L g
‘ AvyTy, o & AiZTz,I‘+ At:Ta Lﬂi 31 )
. b ‘ " ’ ¢ ’ ‘ :
! ¢ where Ay, ﬂ S (h21 + hr,, * hml) W-.
. ' - .
Agz 5 : "
© Ay . ‘ '
B, = Slhm‘Tm. ) ’ o ' . ,l. -

"The »heat -ba%fnce for nodewz involves énergy transpor
due to the fluid flow. Each subrchon is .a cbntrol"volume
‘ -

oo -f%f the flu1d fiowing in - the - back- path. Therefore, the® o

téﬁéératdre'OQ the pr§peeding region is the" temperatUre at -

which the rfluidA flows * into -;he control volume -for the *
cu;rent region The heat gadns a}e:, °
‘Q.«the convect1ve heat ga1n from the 1nsu1at10n surface; ‘
Q1z = B12('1'1 P Tz ST e i | (6-11)‘k7
v<\fhe- convectlve ;eat 'gain from' the back  surface of ﬁhég”fﬁ
ﬂmmbuy u "  B ‘- x | ”W -
Q:z = haz(Ta i ~ T2, Q)S} - f‘\»L.‘; ' ‘- . (6.20)
and the heat gaxn due to the fluzd flov,"‘ ‘ - o
Q. = mzCPz(Tz N2 B Tz,k) L o "'(6.21)



Then the heat balance can be written as: |
Qe tQa*tQo=0 . (6.22)
Combmmg equat1ons 6.19, 6 50 6.21 and 6.22 g‘glves-

0‘

Atht.s‘*dbzsz vt A,,T, = Ba . ) . (6.23)

‘ﬂn S Yhtz‘* haz) + mszg v

L]

. 3

’W w %g’“ “B %‘ﬁgcmm. .‘*}“‘ : "*: SR

flow rate in back-path (kgs*‘), and - -

. \’,.-" . . h.Q‘
r ..
radiatxon aad has thermal radiant heat exchanges w1th both

tPQ %Qtrefpost cover surface and the 1nsuilﬁ'ion surface, in
- ':;aJd,iiM‘x& the convective heat transfer occurring on both’

’;:@*kf*wﬁplate The thermal mass effect’ also is taken

"mto consu&e"r,anm, ‘S0 t}lat the temperature ‘of the dame
: +

: reg1onwat t.he 'v1ous time can have..an effect on the
| pre: |

t;mperat«'e pi the reg1on -at the present tq.me. These ‘Lhw‘t

gains are detailed as follpws-

' ., . : & o, : .

N . -
. the so.lar rad1ant heat ‘gain, - o : S
- Qu,s = I(ra)S. S - - ":%A“fwf" (6.24) .,

. where. I:.is the 1ntens1ty 6f the solar rad1atxon reachmg the ’

3

'collector surface. v ,
'v the radzant heat gam from the 1nsulat10n surface, .
Qrys = hrys(Ty, - Ta, S o, (628
L the convectwe heat ga1n from the filuid in the back-path

Qa; - hza(T: —_TS,I)SI Y ; . (6. 26)



" The, change%

ﬂwhere.T,,.'- plate tenperatur& at prevxous txme ( C)

76

" L

the convective heat gain from the £luid in the+front- path
Qaa = hnjégc,n - Tm )8 R T .;M'\rw' (6.27)
andﬂhthe ‘sadiant ' wheat gaxn from the innermost glazing
. ) D N 4
surface, - , - ; ﬁﬁ |
Qrgy = hrsa(Ts i —,Ti")s‘ ' ® - (6.28)

L,energy'stored in the control volume i of ‘'the

metal plabde

method, and 1s expressed as:

*

; Q-tb= P:Cpava(Ta [ T: /a0 | : (6 29)
. ‘ 7 A

’pé = dens1tyrof metal plate (kgm 1)
Cp,.= speC1f1c heat of metal plate (Jkg“°C ')
‘kva = volume of plate in the ith reg1on (m? ) and
At = time 1ncrement (s). ' - *‘%}%“y ‘

For energy balance at ‘node 3, the sum of heat ga1ns at node

3 must equal the change \\\\\ of energy stored in node 3 Thus,

Qs t Qr13 + Qza + Qus + Qrg, = Q.c‘ - (6‘.30)~
'Subst1tut1ng eqdﬁtlons 6.24 to 6. 99 intorequation 6.30 and

rearranglng tetms result in the follow1ng equatxone‘

A31T|,| + A:sz,r + AaaT:,n* AanT-,u* AasTsﬁl' B, \\(6.3T)"

“where Asye=S,(hr,, + haa:f h.5'+ hrg,) + @

;A31.=.—S.hr1;' | | |
Ay = -Sihas . ~, ' L
Ays = -S,hy, ~
Ags ==:;-"S hrg, J
B; = I(ra)s. + QT, ,, and
Q = pCp,iV, /At. |

fcan be ‘approx1mated by the f1n1te dlfference'“

-
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. The heat bwlance on node 4 for the fluid in the

~£ront-path oon be porformod in a similar vay to: that for the_v

fluNd  in  the bqgk path and ‘results in the following

“‘b

equation:

A.;T;. ot An'i'u,l #* AygTs,, = By | (5-3&‘,
’ . e - : - -
where Aya = Sl(hgl + hs.) + ﬁ\.CP.
éi‘A" = "S 53. @' ‘ . . : “;
N ','bd . ’ .
o Aas = "s hsn - “sl
" Ba. !’NICPlTh -1, and T oy h . a

P v

v m.w- mass flow rate in front-y&&h (kgs" ')

on node 5

*,

For a s1ngle glazed system the energy
LN i A

1nc1udes the rad1ant heat exchangg between t

the ambzent sky. For a double or a triple- glgzed system,

WY

only the outermost glazznd is considered to ave rad1ant"

heat exchange w1th ‘the ambient "sky, while 1nner glazings are
consxder\?;to have ~rad;ant heat transfer with adﬁscent

glazings

transfer{fé portion of the solar radi%fion passimg‘ throogh"

“the cover system.is absorﬁed by each layer of glazing. For a

"uthg rad1ant‘$eat

A 'single-élazed system, H?et ga1ns for’ the 'glazing fare;

1dent1f1ed as’

> the solar radlatxon ablonbed by the gIaz1ng, s,

Q. s = a@sIS, no W.; e (6.33)

@ from the absorbing surface,
Qru = hf (T, - TS,I)ST : : - - (6 34)
Y Y
the convect1 e heat ga;n from e fluid in the £ront path
| le = hll(T - '{'.a,.)Ss o 4 r (6. 35)

ve"glazing and -

or surfaces, and to have natural convection heat
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. ’ '
C%

the convective heat gain from ehe ambient air, .
Qos-= ho(Po = Ty, )8 b : e (6 3&%

adﬁ the long-wave radiant heat loss to the ambient air,‘
Qrso = hrgolTs,, - To)S, | . (63
Then the heat balance is stated as: “' o |

| Qi.s + Qras + Qus *+ Qﬁ@ - Qros « 0 ' 3 . (6.38)

Combining equations 6.33'to 6.38 gives:
, % . ¥

AysTy, | + AsaTo, i + AgsTs, i = By . _ - (6,39)
where Agy = S.(hr;;'+ hys + hrg, *-hoi. . o ' (‘ﬁ‘
| Agy = -5, hry, e

: . - ,
Agy = -S has _ ne

‘Q' v

By = S,(asl + hoTo + hrgoto) |

ag = effect1ve absorptancd of 1sth1az1ng, and - f“e\
To = mean radxant temperature of ambxent (°K).

C .,Fofjfa double and a tt1ple glazed system there will be
one and two, more nodes, respectively added toWhe system.'
The follow1ng d19cuss1pn treats each Tase sepaxately. ‘ B

4For a double glazed system thexenergy balance equation .

.y s / -
ior node 5 may be written as: . . t .

CAgaT,,, + A,.TJ? + AggTs, i + A.;T. = By . (6740)

where A55” S (hras + h.e + h&! + h OS?
» s s \
As 3 = s hr 3 ! ‘ - . ' ' \\\ R S - TN
- -’ v ) ...‘ - G ;v‘.'r \ 1“ ‘ i : ‘ ! | e
As. = —S h.s O N s \ o, . °

" Agg = -S, (h.s,t hr.a) g;;:“‘i" S

“Bs = S, (r' as)I. and ) AEEREE . . .

LY . o [

(r'as) = effective transmittance-absorptance
S , ! 8
|

of 1st glazing,

. ! /'. : . \
a . Fo P
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| Thcx'eq/‘m'ftdn for node 6 isi ‘
B ReTe 4 AdeTe) ‘|"*“B}_a‘ oL cre s g A
' vhere ‘A.._- Si(hrge + hyy + hreo + hq‘)'
Ags = =S, (hrye + h.[) - K
By = S.(a I + hoTo + hreoto), and b
4&."'- e,ffectwe absorptancc of 2nd glazmg. : /r'/'f

" For a triple-glazed sysf:gm, node 7 will be added as one

L,_\ more layer of glazing, is included in the ,Asysﬁ'em'.' . No't‘lev 6,

| g .;hérefdte} has no direct CO'ntact with the ambient and'i:hus o

is clal‘ifﬁd as hn inner node, The formulation for node 6
. now become§ - v . o o ) ' ¥
AgsTs, » AocTr’. + A|1T1 J = Bse 8 L (§.42> ) N
‘ngsgglA.!;:nS|£§?3|’f h]u,f b?ic + hyed o | ' ‘ '.’QD
' Ats" =S (hry, + hsl) o : . ?‘ ; ~ [
Aoy "‘Sl(hr7o + h7c) . :
Be -Pr(r"aQI, and ' '
(e 'ay) = effective transmitt.:.,an{'ce—abso,zj?tahce;'
RN ., .. of. 2nd: giazinvg layer, - .o |
.

Anaw ‘the formulatmn tor ndde 7 wzn be simlar to that fot'
‘, ',node 6 of the double glazed system{ v

s ;;51 lTl 1+ Ay 1'1'1 = 37 b (6.43),
: A? 1 ‘ ' ( '] ;.--;.9“]} N ‘\.,.‘ . ?
ﬁ?@’%ﬁa $\‘ SRS ¢
> *«‘ Au -5 L

wo /"‘ s;(- s;(‘a

\The formu tion of- energy _balance - equatxons -for the

“case’’ vhere b,ere is only cair tlow in-a back path in an
‘ w . . - , I
rd 5. : M P P ’



-

QQuatiOns foé a tr1p1e glazed two-path . system. ,Fok

' s;ngle glazed one- path (back-path) szs;em, four equatipng
. M caue :

equat1ons i .the form of 6 44 whlch may be solved

L i CLRTER Gl e Cre P I
e Ly oot eEer ) . .

.o e i " :
; t A R

N . . ’ Lo . ' RS . . A o
v X R . ¢ © N .
L‘w a ’ ‘ . . . SN : St i . " DR g':' '
] 4 i ao
S C A | :

/v

The equation, however, can befsoen‘fosily in the compu:er

, //r;;ogram which‘is listed.in Appendix éu?.,F e #

F e . ’ ’ B
7 .

outlet | . )

/- ¥

¥

the matrxx form:

mm ol *.) H Cpoe 6.ed)
J Luation 6.44-

.depends upon the number of layers of glaz1ng ik the sys;em

The numbér of sxmultanequs equations 1n“

There will be five equgtzons for a sxngle glJzed two- pat?

o A ‘ .
" active systom may Be" considqred 1n a simllatvway. To avoid

‘i'*‘nébdlafs réoutléion, detaxls of Ehis a.rf?keion are omitted e

€6.1.3 Dctoémtngtion of air tempdra;ure at the collector

- The energy equatxons der;ved above, 1£‘oodbined, take

qystem, ‘six for a double glazed two—path system, and seven-

w111 be suff1c1ent, since the nodq;/ih the front-path/ is -’

. : ¢/ <"
el1m1nated ; 7 *_ﬁy,, /

AL

For each subrég1on there wﬁll ﬂe a set of Jolmul ahéohs‘

1th the

Gaussxan el1m1nat1od‘method. After assum1ng an 1ni'1a1 room ;ﬁ

,Cimpqgéture, thqr calculat1on ‘starts’ from the lowest

b

subregion where the ‘air’ entérs the collector, and ﬁ;Bbgods

’fup bhe colléctor based on - the calculated alr temperature tor
”the prev1ous subreg1on. Fxﬂally,. the a1r temperaqures

}calculated for the top subregxonq for both ‘the Eront an& the Y

"‘l'

/ t
] . . R
To ! [N ;

back gaths.‘are used to det\fmxnelamrgoutlet tempesaturev as
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the two air flows merge and exit to the room in~af sta;e of

-unif6rqitemperéturé; . e

‘Acéording to mass conservation (Figqure 6.6), the

following équétion is obtained: - . j"

ho= M, # M, p o~ '  -" (6.45)
where m is the total mass flow rate (kés").. L ‘«\ ..
. : | ‘ : ~

Energy conservation rgquires that the total amount of

. / . o ) S o e e y
energy carried into the room by mass flow rate m is the sum

t [ “

of,Ehé amounts of energy cartied in by . the component mass
flow rates m, and fg, i.é., | _
RCP(Tarv = Tw) = B2CP(Taiez = Tw) + 0aCP(Taiia = Tw)
" R A . . |  (6.46)
wherélTi.‘ is ﬁhé‘éir temperature at the céllector 6q£}et.

Combining- vequatiohs  6.45‘ andl 6.46 gives .the air

~ temfPerature at the colléttorlexii: e )
Taiv = Tm + WI{Tu 02 =.Tn) + W2(Tyiew = Twm)* - (6.47)
1 . - ) . . o | )
, Y L 5
X : => M, i = Mg S  "| ‘
where Wi Y Y and WZ‘ PR Yt , i

The size of each sdbreéidn“is identiéal,falfhoﬁgﬁ theyf
" can be diffgfenf if so dééired, and.can‘bé ség by the. hgér_
at the,rétart of each simﬁlag}onorun. Tﬁe~time inte;val} or
step}'£or tpe‘calcd1ation is7afﬁitrépy énd-élsé is seﬁ at7\3‘
the start of a simulgiion fun. |

-
-



82 -

4l
f
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Figure 6.6 Air temperature at the outlet of the collector

, _ = o ettt Y SoEER

y

o 5.2 Calculation ‘of Room Air Temperature =

6. 2 1 neat ga1n 1nto the\structure

The heat gaxn 1nto the room from the collector cons1sts"
, df':two parts (F1gure 6. 7)' The first is-the part. (Qconv)

' _ tr#nsported by ‘the mov1ng air’ and the second (although @t
may be small) is the part (Q d) conducted into the room

fthrough the collector s back 1nsulat10n. The total heat gain

/

/ into the bu1ld1ng can be expressed as:

+Q

"cond-'
~ The convective heab gain, Q

i’/ : Q 'Q

gain (6.48)

conv'

conv"ls read11y obta1ned

w1th the mass and energy conservat1ons as dlscussed ‘in the'

prevxous sectxon. That is:

)
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Figure 6.7 Heat gain into the room from the collector -
Qconv = me(TK;1 - Tm) o f o | s (6.49)
... The conductive heat gain, Qcond' can be determined by
\\\\\integrating .portions of the heat condhcted_ from:i*
subregion G6f the collector after the" inner surface
.'temperéture of the insulation is computed. The equation
takes the form of: . ,
.o ‘ ; ) o~ T
Qcond = zs‘b_1m (TI;.,{ - Tm) o : © o ' (6-50)




6 2.2 Collector effxcxoncy N
The collector efflczency is def1ned by ASHRAE (1978) as.
»the ratio of ‘the‘ total useful heat ga1n to th total
_ ava1lable solar'rad1atxon in a certarn durat1on of time. In
"thzs study, the duratxon of t1me is. set aS\a 24- hour per1od
(a diurnal cycle), S0 the.collector eff1caency is actually
the dally eff1c1ency In add1t1on, the conductxon part of
thel heat ga;n is fnotx'xncluded in the calculat1on of the

daily ‘collector‘ efficiency, since the fuﬁctlon' of the"“““*

s

collector‘ isQ to collect and to transport heat through the
'~motion'o£‘air only. This is also the bas1s,for comparison of_v
"active. collectors of the same type. Thegefficiency'equation
le:‘ - | - | |

dally total useful heat gain via convectlon (kJ)(6 51)
"_ ~daily ‘total ava11a51e ‘solar radxat1on (kJ)

6.2, 3 Calculat:on of room air temperature

Thé&calculatlon of the room air temperature is based ‘on

".u; . .(;*
the heiﬁﬁm’lance;on the entire bu1ld1ng envelope. The heat

_galns are ma1nly from the collector as outl1ned in the '

prev;ous_sectlon. Heat losses occur through all - he'\walls,'
"celling ‘and -floor. %he south s1de ‘collector wall is
cons1dered to contr1bute to the heat gain through conduct1on
dur1ng dayt1ue, but - to heat loss at hlght.,The‘room air
temperature.. is ~determined simultaueously ' with the

calculatlon of the floor temperature d1str1but10n.



MR
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The floor is divxded 1nto a number of horlzontal layers
PR
that are assumed to ‘be 1sotherma1."Thlq -means that heat

L4

transfer vthrough the floor into the'ground is taken as one

. dimensional. = The generai - eqguation .governing the
\} .
- one-dimensiorf1 heat conduction is: = . °
* ' ’- * ' .
pepie = %g(kg—) o . (6.52)

-

+

“In the follow1ng, equa\1on 6.52 is dlscretxzes’WTtﬂ'a fully
'1mpl1c1t scheme according to Patankar ‘(1980) Fxgﬁie 6.8

shows the 1nter1or and boundary nodes associated w1th their

reSpect1ve control volumes for the floor slab
The discretization equat1on -for each_of the interior
nodes takés.the~form:

X T, = X.T

pTp = X\Ty * xsTs'f b - v:' . | (6.53)
=k | | | |
where xs = A%

- k

xN' T BAx.

*, o _ P Cp.A

_ Rp" = = t:

- om )
b = X5 TP .

’ - ; ’ [

Rp = g + Xy *+ Xp ,‘

Tp = temperature at previous timg (°C)

Cp, = specific heat of the floor (Jkg"°C")

P2

den51ty of the floor (kgm- ’), ‘and

\ Ax = length of gr1ds (m).

on’' the boundar1es the control volume for each node is

only half of that for the interior nodes. The eQuatzon for a

" node on the boundary_1s found to be:



 .T?§F4jk,S”  | | ;Z. floor
_”i e ‘ . .
“1‘;) . . i .

- T 3 : ' - ce
~(a) 8_internal hode ’ “(b) & boundary node

Figure 6.8 fﬁtetior>and boundary nodes for the floor slab

xB'rB . xI'rI + XoT + b (6.54)

¢ 'k. ' c : : . - \.b
* where xI 3 A _ _;“ | . '

Em = Ufloor B —_—

ngﬁAx _
b < nons ,’?

X, =X

B 1 B
TP = tempecature at previous time (°C), and

+ X, + X_.°

5.Ufloor = heat transfer coefficient between room aif
' and floor (Wmz2°C-3), °

The heat losses through thé.bhilding énvéiope can be

identified as:

Qoss * O vall f;Qs.wall * Qe val1l * %oor * chiling *
inoo; * Q¢ound o )



, . = ISU(Te - To) *+ Sgy o U (T - T,) . (6.55)
where  IS.U  =. S; ya11%h.wall Ss.wallls.vall *

ceilingUceiling fundYfuna’
Heat storage in the room air is approxxmated by, v )

S + S + 8

e.vallVe.vall ¥ SdoorVdoor
4

Q| t = VumCPm(Tm T )/At ’ o (6 .56)
.. S E o .
Dividing both equat1ons 6. 55 and 6.56 by the floor area

(Sfloor) .and combining them glves-

XnEm = T, +b - o  (6.57)

where xB\f Uf1o0r

nCPmVm

xmo = p 4

_ tsfloor‘
S - o

b“ XoTo + KT + anin

Em = X +x°+x,.,‘°

B . ,
Vm = volume of room space (m ), and

Tw =-room temperature at prev1ous time (°C).

The resultant set -of equations is 'in the form of
: e

:'triangular’ matrix, which can be Csolved easily 'with a

4

subtbutine in the simﬁiationvprsgram.
6.3  Features of -the- Computer Model and Célculation Steps

The computer program (ACTVSYS),**Vhich is ljsted.in

Appendix B.2, consists of a main section and 16 subroutines

;coded‘ in BASIC‘ language. The ‘program. can be -run on a’

- microcomputer (IBM—PC, for example). Two ' separate input

the control pa;amete,s'(i

files are needed, . one containing ' the construction

infotmation of thefb ildijz/jgf the collector, ‘as well as

, the time inlrement, the output

. ’ * ' )
o — | .81
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‘-time interval and the total length of the simulatlon time)

for a simulation rﬁn,,and the other containing environmental
jﬁg&lﬂqrhe format of file #1 1s dxsplayed in Appendix B.3. A

sample of the output file is shq ;{';;? - ndix B.4.

Since - the radiant
temperature dependent .as are the 'natural 0convecuav ,
transfers 'across enclosed spaces,-iterations~are required
for each subregxon in each time step for calculation of. the
collector performance. o )

The model is capable ofAsimulating an active solar air
heating'5ystem'with up to three covers. The flow pattern can‘\
be selected either as twofpath or one-path (back-path flow

~~ only). Two algorithms for solving matrices are included in
the model, one (Gauss1an e11m1natzon solver) for temperature
: calculatlons for the collector subreg1on and the other

(trxangular matrix solver) for the calculatlon q{/éfoom air
‘ Y4

wlme

e

and floor temperatures.v
The calculat1og’procedure~can be 'detailed .as follows

(the flowchart can be found in Appendix B.1): B

1.. . gnput (from 1nput file #1) the physical d1mens1ons of
the buyldang and of the collector, the assumed initial
room air temperature, and the simulation control
parameters. _' ‘ . , \‘ -

2. Input (from the keyboard‘in reSponse to prompts)’ the

- numher ot’ covers of glaz1ng to be used ‘the number ofa
collector panel? to be used and the numberSpf_supreg1ons

for- the Colléctor model. In addition, the number of
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1] ' . . qg

L s

-

L. 4

. nodes to be used for the floor temperature computation

also is input from the keyboard, as are the air flow

velocities in the front and back-paths,

‘Calculate.the effective absorptance of each cover in the

. collegtor cover array usiﬁg the Edwards' algorithm

10.

11,

(Edwards, 1977).

o

Calculate the mean radiant temperature of the

.surroundings and estimate the temperatures for the

covers, the abso;bing'plate and the insulation surface,
based on an assumed inrgt (room) temperature.

Calculate all ghe temperature-dependent heat transfer

-coefficients using estimated temperatures. o

Determine the matrix coefficients and solve the matrix

for temperatures in the subregion.

Compare the oldv and the . new gpsg;bing pla&e'

‘temperatures. If -not within spEET?ied accuracy, the

: -A
newly-computed _'temperatures become th \gstimated

tempefature and the calculat1on is restarted from step
6. Otherwise the'calculatlon goes to the next step.

Heat balance 1is reached for one subregion and the

o

. calculation starts from step 4 for the next subreg1on.

When  the top of the collector is reached, the
calculat1on is in the last subreg1on vhere ghe outlet.
air temperature is determlned . ‘

Based on  the calculated a&; outlet temperature and the
air flow, the hea; gain.ingo'the bﬁiiding is determinea, '

Calculate the coefficients foy the triangular matrix and

i



. solve the matrix for the room air temperature and- the
;ﬁ floor. temperature distribution.
12, \The average of the .newly- determined and the old room air

.temperatures is used as the e8t1mat‘p\ room air
y ,

tewpereture for the repetytion of the whole calculatrén *

proéedure starting at step 4.
13. The second calculated room air temperetute is then taken
as thi\new room temperature. |
4. Time is advanced and’ the results are printed at the
printing time interval until the total_run time is over.
' The‘;erecution of the compiled program on an IBM-PC
takes approximately 30 m?nutee fqt a two-day' period of a
simulation run with a,sampliﬁg time fnterval (time step) of

15 minutes (10 subregions used).

P v ‘

e
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97., COMPARISON OF THE ACTUAL AND THE 'smuwr:nx n*r-sn’ua‘\
. .. R
7.1 Model Valigati;n for the‘Activo Solar Collector

| In order ,te validete thewaétiye colle?tor model, data
were”;obtaihed, from 1two flat-plate ;ollectors' built by
Alberta Agricdlture, and - locgged on tire Uniyversity of:
Alberﬁa's 4Park13nd Reébeich Stetion‘en Edmonton, klberta.~’
Specifiqations-of‘the two flat-plate collectors are givenrin

P

Appendix C.1. .
The predicted transient performaﬁee of ”two‘ flat-plete
air collectors. is plotted in Figures 7.1, 7.2, ;.3 and 7.4
‘together with the meaehred»perfOtmehce. \One eollector was
single—glazed‘ akd the other double-glazed, and both vere
single-path' (back-path).‘ The construction parameters of

these collectors were used in the simulation model.

Reasonable values were assumed for the undetermined

p:operfies,~ such " as the absorptivity of the coiieq}ing
surface, the density of the metal collector - sheet eﬁa' the
;ranemissivity of the glazing materials. Air was drawn into
the collector from the.outsige. .

Eigures 5.1’”and 7.2 show the comparison of the
predicted and measuieé collector outlet _temperatures of a
single-glazed . flat-plate collector vfor a cloudy day and a

clear day, respectively. A good agreement of the tw9 curves
vas seeh throughout'.the.'day. The bredicted temperaturéé,

S S SR D S I D R WD - 4

'The construction details of these collectors and the —
mdnitoring system can be obtained from the Engineering and
Home Design Section of Alberta Agriculture, Edmonton, .
Alberta. .

- - . e .
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.Pigure 7.1 Measured and‘calculated Butlét témperatures of a
single-glazed one-path collector on a cloudy day
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Figure 7.2 Measured and calculated outlet temperatures of a
@ﬁ  , sxngle-glgzed one-path collector on a clear day

-
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Figure 7.3 Measured and calcuiat
double-glazed one-pat

outlet temperatures of a

collector on & cloudy day
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Fﬁgure 7.4 Measured and calculated outlet temperatures of a
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double-glazed one-path collector on a clear dgy
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however, were observed “to be, on average, 1.2°C higher than

'the monitored temperatures.

L

A typ1cal comparlson of the results for a double- glazed"

.flat plate collector is. shown 1n F1gure 7.3 for a cloudy day

dand in F}gure 7.4 for a clear day. The average dev1at10n of

*

-the predlcted‘from the measured was seen to be w1th1n 2 C. A

L)

N

g collector's outlet temperatures— was maintained for both

days.

.

y . “
[ ) . =

are shown in Table 7.1 for the skngle- glazed collector and

in Table 7. 2 for the doublerglazed collector. The s1mulat10n

94

good agreement between the predlcted and the measured -

The predlcted and measured amounts of energy collectlon"

'model pred1cted ‘the peaformance of . the sxngleaglazedl

collector‘ with differences rang1ng from 0.3% to 8% and that —

- of the double glazed collector w1th d1fferences ranglng from

=3, 7 to_- 2.6% (wherg the ,negatlve 51gn 1ndlcates an

W

)

'erestlmatlon)

RSN

" The . dev;atlons of 'the predicted.performance from the

measuted performance ‘may be due to.the.thermal‘mass “effects

Ny
of §omelmater1als that were neglected in the development 6%

the s1mulat1on model The effeet of wind also may contrlbute

to the devzat1ons (the model 1s capable of tak1ng the wind

Téffect into account 1f the speed and the d1rect1on of_ wind

,4are prov1ded as 1nput) In add1t1on, the correlat1ons used

hto estlmate- various heat 'trapsferv coefficients Jmay be

‘ .respons1ble @or some errors;

ks . —'
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‘ MEASURED & PREDICTED ENERGY COLLECTION FOR THE

ble 7.1.
. l“ SINGLE GLAZED COLLECTOR

—

solar radm eneygy collec
mm/dd/yy - KJ/m? measured

tlon(KJ/m ) differenca

redicted -
predicte % “

- 05/10/86 '4,620.36 1,843.35
© 05/11/86 ~ .13,214.30 - 5,428.34
05AL2/86 - 17,498.12 « 6,775.44
.05/13/86 17,377.55  6,949.31

1,992.10 +8. 1
5,589,23 +3.0
7,152.52 +5.6
6,971.11 +0.3

s

Table 7.2, MEASURED & PREDICTED ENERGY COLLECTION FOR THE/

DOUBLE GLAZED COLLECTOR

;/

/

solar rad. energy collec

tion(KJ/m?) differgn

. . ce
mm/da/yy. KJ/m* = measured predicted %
~05/10/86 4,620.36 1,687.91 1,658.16  -1.8

05/11/86 13,214.30 4,728.91
05/12/86 ~ 17,498.12 6,212.97
05/13/86 17,377.55  6,281.39 .

4,849.54  +2.6
6,205.60 0.1
6,048.56  /-3.7

rfaces w1th1n a collector*has
‘predicting  the performance of

collector with an acceptable ac

/

proven t6 be capable

a flat-plate ‘air s

/
curagy, considering

THe model der1ved u51ng the. approach of/éaarmal balan;e -

of
olar

.the

simplicity of the method. The method qf subdivision was used

-

in setting up the analytical model.

results from a ten- subreglon

d1fference from those from a one subreg1on ;£§2 The maximum

difference between ' the 5two was

consistent with the similar finding

‘However, the -prev

run did not show

around 1.2°C. This

of O'Brien-Barnini

ious

much

is

and

VMéGowan (1984). The temperathré profile albng the collector

,might be of. linear form so that one

subreglbn is adeg

uate

for *temperature calculatlons of the collector (Th1s may bé

- an interesting subject to study.).

The t1me,needed “for

the

“ .
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completion of a one-subregion run was seen to be 80% less
‘than that needed for ‘the complet1on of a ten sybregion rUn.
The overall model pred1:t&on ‘of the. performance of
flat-plate collectorst was quite’ sat{sfaotory. It closely
followed the trend of tberactual‘performance; and therefore,

constitutes - a validation of . the vcomputer model for

simulating flat-plate active solar collectors,

-

are preé&nted in F1gures 7. 5 7 6 ‘m‘Since the

direct gafn model  has not beenq val1dated with actual
measured1data, ‘the results predlcfed by :the¥ model can be

1ntefpreted“only as. indications of What might be expected in

. \
an actual direct gain systeQ -
In tenms of temperature rise 1ns1de the ucture, the
. A

;51mu1ated dlrec; ga1n system ranks f1rst followed by the .
active system and the thermosyphon system last Wh1le <the
room - temperature of the ‘thermosyphon _system reached a
maximﬁm of 14°C for Dec. 21, 1985, that of an active system
would peak to 22°C and.that of a direct gain,.systemrvwould
reach 59°C‘ Similar heating patterns are seen. for Dec. 22,
1985 and for Feb 5, 1986 Both the active and the direct
gazn- systems -seem to start heatzng up earlier and faster .
than the thermosypmon system. The compar1son of the three

systems appears 51gn1f1cant for Feb 5 and 7, 1986, when the

Sty
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outdoor- temperature stayed below -10°C. Of the three
o systems,'only the d1rect gain system appeared to be able to‘
heat the shop space to the des1red daytxme worklng condition
of +10° C. An active system would prov1de “some - heating but
not enough to reach +10°%¢c, whereas the thermosyphon system
was unable to c11Mb over the zero-degree 11ne.
= “Table 7.3' shows the‘dailyvenergy collection éna daily
collector efficiencies for ‘both active and thetmosyphon
systems. éfficiencies are not shown 'for.the direct gain
' system since all solar radlation \entering the buiiding
'generally is_con%ideved'to be absorbed inside.the structure
(Williams, 1983)t‘ B T . - .
Apparently; more heat would be,collectedkby blowing the
air through the _col}ector, resulting in higher “daily

collector efficiencies‘than with the thermosyphon systgm.»'

7.3 Discussions on' Model ?etformance

| The validated model of active flat-plate collectors was
incorporated-into the active system model to calculate‘Athe
solar heat gain into the bu11d1ng. Using. the fully implicit
finiteA dlﬁference method (with which convergence is
guaranteed), the solar heat gain was used to calculate the
room’air'temperature»together with the floor temperature
distributiont, Therefote, the predlcted performance of the
active system was expected to be close to rea11ty. This may
\be seen from the comparlson of the*solar heat ga1ns (see
Table 7.3) 1nto the bu1ldlng, and- from “the compar1son 'of

X
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.,Table 7.3/ COMPARISON OF ACTIVB AND. TQERMOSYPHON SYSTEMS

m ' ~ ACTIVE ) THERMOSYPHON
mm/dd/yy 1o, KJ/m* ZQ, KJ/m’ n, % ¢ | IQ, Ki/m* n, %
12/21/85 *11 020. 9 .4,315.7  39.2 : 2,876.4 26t1
12/22/85 7,282.7 '3,115.9 42,8 1,311.4 18.0
' 02/05/86 8[172.3 2,608.9 31.9 1,773.4 10.9
02/06/86 13,4588 4,673.2 34,7 4,195.5 26.1
02/07/86y 6,765.6 1,815.9 26.8 457.9 6.8

temperature riées in the buildihav‘between the actual
therﬁosyphon system gnd the simulﬁﬁed active system (soe
Figutés 7A5 to 7.8). Table 7.3 shows, for exampie; thét on
Dec. 21, 1985 the energy. collect1on of the existing shop was
2,876.4 KJ/m‘ and that of the actlve system would be 4 315.7
KJ/m? (1439.3»-Kq/m’ more than the ex}Stxng system).. In
F‘FigUre 7.5, the room temperature of the .active system is
seeh to- be htéher, but not too ‘high, than -that of
thermosyphon system throughout the day.

The simulation model for the direct gain system,
however,'appea;s to be over-perfotming.“Under cloudg day
conditions Such as those of Feb. 5 or 7, 1986, little direct
solar tadiation was available. Thﬁt."the indoor air
temperature of a big shop with a large séuth window would be
unlikely to hgat'up to 30°C while the outdoor 'tempérabure
remained below -10°¢u Ovetheating, howéver, in a direct gain
building'maj occur on suhny_days in winter timé, as reported
by othor‘investigators:(Mahajan and Liu, 1983; Scully, 1979?
Sandia Laboratories, 1979) Therefore, the direct gazn ‘model
“was expected. to follow the real ‘system but ~w1th.

overestimation of the room air temperature to some degree. .
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This overestimation may ‘be caused by neglectind*,‘the«

long wave radiant 'ﬁeat losses through the glazing of the

shop.\The results from the model could serve as 1ndxcatxons

of -what might “happen approx1mately~,\~ ‘a dxrect \galn

building. - B

7.4 Diséussions on Petformanceé of Different Systems

Several 1nterest1ng p01nts have. been identified through
the study of the project

The exzstlng thermosyphon s sYséém maintained a
satisfactory environment when the outdoor‘tempera;ﬁre was
above 0°C, In.spite of high‘air temperature at the oufE;l,
the thermosyphdn system did not transport heat intb the shop
effec;ivély when the sun was-shining. This was mainly due to
~the low airiflow'rate inducea by the buoyancy forces. When
-the,outdoor'temperétﬁre dropped below -10 °C, the system was
unable‘to'méintain a tolerable‘ﬁﬁYking temperature, although
the mean room temperatures were épproximately 20°C higher
than the oﬁtdoor temperature. The déily collector efficiency
of the-building‘wés.seen to be lower for cioudy days than

thét_for sunny days.

The comparisoh of Ehe three systems (thermosyphon,
o

active and direct-gain) indicates that a direct-gain system

could perform just as well as the other two types of
systems, if the s?uth window were dimensioned properly, if
provisions were made to avoid summer overheating and if low

night- tlme “temperatures ‘could be tolerated. The large

N



N

102

temperature fluctuations in a diurnal cycle for the. direct

gain sysfqm is because, during daytime the glazed area is

able to transmit up to 90% of the total solar radlatlon
incident.upon it, but at night ‘the large w1ndow area, 1f
uninsulated, 1is  extremely effective in losiné heat by both
conducgion ané radiation, Ogerheating of the shop could
occur, ° éin in winter time, witb a direc; gain,ﬁytem'if the

£

window area were as big as the. collecting Area of the

existing 'system. A propetly dimensioned south—facxng window

with n1ght insulation would éaﬁtalnly 1mptove' the thermal

pg:formance of the bu11d1ng.

From.an economic point of view, the direct gain system

appears to offer‘promise for heating of farm shops. The cost

of the existing building was, according to the 6wne:

~ (Harrold, 1986), $996.00 (materials) plus $1,300.00

(labour). The extra cost due _ to the construction of the
collector  was around $1,000.00. It 1is estimated that a
direct gain system (without .night insulation) with a south
window area of 20 m? (less than half of the collector area)

would save 50 - 70% of the extra cost, and would maintain a

.satisfactory daytime environment for a farm shop. Another

obvious édvantage,of the direct gain system is its natural
lighting during daytime. . f |

~ Another viable option . is the\ fan-forced flow,
especially during cloudy days. The simulated‘re§glts}show

thg; an air flow rate of 0.01 m?/s per m?:, collector area,

would increase the Saily efficiency of the collector by



103

about 20%. Invaddition,fthermal stratifd

| could, be-—reduced. The fan couldjl be  controlled

s

thermostat1cally manually,/being t \'3d‘off when indoor
temperature rea&hed.the desired pcznt. T\fg aI storage seems

unnecessary for /’hxs particulag

required only during “daytime;ﬂ_f : gilow s not
rgqpmménded for active syétgﬂ§‘since froﬁgwflow increases
the heat loss, dirties the glazing and deteriorates thé'
absorbing Murface. |

. The additional Sbgt of installation of a fan plus.
neéessary ducting seems to be notutoo high. The Koeﬁaérs
Model KV15 ventilation fan - (1984 retail price: $165.00,
manufactured 5y Kdenderﬂs Sales & Service, Englefeld, Sask.)
with an air flow rate range of 345 to 706 L/sec, for
.example, Jould meet the flow requirement - of 600 L/sec for
~ the simulated active system. The running cost of such a fan
(220 W) is ‘estimated to be 10 ¢ a day on an eight-hour -
operation scheme (not including a service charge of $7.15
per month). | )

Table 7.4 shows the cost, in -terms of physica{.“unit
:KWH, of using electric heaters ihstead of a §an to supply
the éame amount of'heat into the shop as that collected and -
transportéd into the building by wusing a small fan. The
capital investment was not taken into consideration ”for‘
these systems, Electric heaters, fzzvexa le, would have to

’ptovide an equivalent amount of heat of 7.60 KWH on ‘Feb. 6

~and 21.61 KWH on Feb. 7, 1986, whereas the running of a 220
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Table 7 4. SAVINGS OF AN ACTIVE SYSTEM AGAINST BLECTRIC

HQ&QEBS

-

3
|
-

\\f\ ‘energy collection savings

mm/dd/yy thermosyphon fan Qiff.  KWH' %
KWH KWH KWH

12/21/85 45,79 68.69 22,90 21.16 | 92.40
12/22/85 20,87 1 49.59 28,72  26.96 '93.87
02/05/86 14,11 41,53 - 27.42 25.66 93.58
02/06/86 66,78 74. 38 7.60  5.84 76.84
02/07/86 7.29 28.90 21.61 19.85 91.86

a——

W fan in an active system on an e}ght-hou;

only 1.76  KWH. The savings

elgctric heaters on these

of

two days

using a

&

basis would be

fan 1nstead of

Mould be 76.84% and

91.86%, respectively.,The'abovg percentage savings would be

the same if stated.in terms of dollars.

The

@,
destratification of room air seems not as

active system as

ceiling-mounted

circulation

fans for

imektant . in an

in a thermosyphon system, since room air

has been stirred and circulated through the collector. ‘Ihf

other wofds,

these circulation

4

gy

" would haver little

effect, when running, on the performance of an active system

and, therefore, could be removed.



-

8 cauct.usrons 'ARD u 'rxons | o

The study of the project has shown:
1. No valxdated, accurate simulation model for a
thermosyphon air system has been found to be aQSilable

in the literature, . ‘ )
. , !

2, The validity of the, activsi system ‘cpllgztor model
developed in this ’prbject has ' béih ‘proven* and,
therefore, can be used for Simulatioq studies of
flat-plate (air) solar collectors. o

3. Actual performance of the éxiSting‘ thermosyphon system

is s§tis£actory for the owner's reéuirements (spring and

fall daytime use). m |

o : ‘ :
4. On the basis of simulation, the efficiency of the

“r

existing system could be improved, on average, by 20% by
using a small fan to provide a forced-flow active

system. ’ T -

5. For future S1m11ar installations consideration should be v

g1ven to d1rect &galn systems if low nxght-txme

temperatures could be tolerated.

For further stydy of - this or ijmifag projects, the |
following are recommended: ,//’//‘

-~ Measurement on the p fformance of a direct gain system,
if possible, should be performed to determine how such a-
system will actually behave in terms: of the.:equiremgnts'
of a farm shop, on one hand, and on the'othef hand, to B

check the direct gain model derived in‘this project.

- Systematic investigations on the effects of design
105
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parameters of a th;rﬁ6iyph6§ﬁ air system on its
performance mjght f£ind the optimum design for the
system., A computer simulation model is essential for -
such ntudids. A ﬁodel of this type, howevgr, would be"
complex and might requireva great qsaJ ot! effort to
gevelop. o

The fla;-plaig solar collector model developed in this
project'may be used to study the effects of different
flow pattetna (front-path only, back—badh only or both)
on the collector perfofmance. ' )

" Since t§¢ simu;ef;on results of the flat-plate solar
collector model shown a 'little difference between

one-subregion r

ns and ten subtegzon runs, the

_températufe profi ong a collector may be an

interesting subject to study. e resbits of such an

investigation would help to 'unde ténd'better the nature

" of flat-plafe solar collectors.
i .

N
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APPENDIX 3.2: ROOM SURFACE ANGLE FACTORS USED IN THE
DIRECT-GAIN MODEL

pu

F|j

. 138

i\j 1 2 .3 4 5 6
1.0 .3 11 .18 1 .3
2 .522 -0 075 7,216 .075 . 138
3. .33 .195 00 .21 .07 . 195
¢ .313 . 204 .14 .0 .14 .204
5 .33 .195 .075 .21 .0 . 195
6 .522 .075 .216 .075 .0
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APPENDIX A.3: PLOWCHART FOR

input Torm

THE DIRECT-GAIN MODEL

—

sub y1,.input building

sub #3.calculate sun-

effective transmittance

keyboard
gosub #1 dimension,
) ]
]
gosub #3 related parameters
J
_ sub #9.determine
gosub #9
— of cover system
]
gosub #8-

sub #8.output results '

T

time224?

time=0
day=day+1

gosub #3

sub #3;calculate sun-
related parameters

!

T

" gosub g2

.8ub #2.input westher

data from disk file

J
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sub #3.calculate sun-
related parameters

¥

sub g4é.evaluate heat

transfer coeiffients

— =
- 5 ! sub #5.determine’
gosub # | matrix coefficients
. . I
ar s M
gosub #6 sub #6.matrix solver

for températures

] £

—

sub #7.calculate.

‘heat loses .

o

sub #8.output results

J
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APPENDIX B.1: FLOWCHART OF THE ACTIVE SYSTEM MODEL
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APPENDIX C.1: SPECIFICATIONS, OF TMO FLAT-PLATE COLLECTORS
# 7" BUILT BY ALBERTA AGRICUL -

‘ bk -
\' /. . ’
absorber 0,475 mm (28 ga.) galvanized sheet
. , metal primed and painted flat black
[‘?lazing - , Tedlar 400 SE film
nsulation back and sides: 25.4 mm Thermax with
RSI=1,4104
'dimension 1,22 mx 2.44 m x 0.267 m
. ~ spacing of air 19 mm R
channel - Lo
installation 70° from horizontal
inclination , '
air flow pattern below the absorbing plate
X .
. The two collectors were made of the same materials with

the same dimensions. For the double-glazed collector, the
spacing between the two covers is 19 mm, and air is to flow
below the absorbing plate as well,

- 189

.



