.
\ .
.
N
[N
.
b
.
+ v
'
s
.-
-~
.
NP
e o W .
—
3
:
|
\

N
o
a,
2
a 3 v
. - - .
e . *
* S \
-
4 »
. s
. \ .
. .
- 3 5
. f .
f . i ©
- - . B
SRR * ACKNOWILEDGEMENTS - )
N » . i .
a -

v, The author wishes to thank his supervisor, Dr. Sui Lin,
. for his great e.ncoura\genent -and guidance throughout all stages
.. of this report. . : ‘ ' D‘ -
\ . . . . - N -
t o R .
- o . - -

\ B
\ - .
| . - ~
. \ v
\ .
. .
- \ .
‘ ’ '
~
.
- - A ¥ .
a
.
.
' . 4
- \
- .
N . PN
- - e
- '
f
- .-
. .
I *
- . \
' . . — B . -
b3 ~ »
A . ® \ .
. - - - Y AT A -
- » , 'Y 4 .
» . . 3 4 . .
N , '
! »
* - -
A -
° 2.
~ -
~“
- 4 -
s . * ’
o .

G




NOMENCLATURE

T ‘ e
: QWWPTER I - , . :
. INTRODUCTION- «evvevenehnnnctoconnconionsnes

Peerossasrssacae \l
n
. - .

- »

. . QIMER 11 “ |

CHAPTYER 11T ) ’ ‘ ,

N Y

MATHEMATICAL: FORMULATIONS

. .
S P
. .

g .

. _ ,
..III.l.} Cross segté\\;@xea of flattened

. - ) - "tubes, overall heat loss coefficient, -
' actual heat absorbed by collector.... 6
s, I11.2. Free oonvéction......... P s
. III.3. Forced CONVECtiON....seeescesnnceeeeal?
- . *  III.A. Non-dimensional representation.......13
- .' . ' ° . re x *
.o MER IV ¢ v v TR . .
PR v " '\’g’{N ‘ R &5
. ’ ‘ ' e .
NW‘]"JUCJ\B IWM;YSIS..‘.........................-....-...-...-..-16
> A s

. LHATTR V

; - TESULLS AND DISCUSSIONar 0 v ve e v enevnneenposvoveennsanasenseldd
. ‘o /’,
“ - - ' o s <
A\ =
\
; -

D I A I I I I R R R N N T N S O P G T T R ix

llSSCPJPTI—(&OF THE WATER HEATING SYSTEM. ceviedivnennesnnnese 3

A

’

€

<
e ol b e o 3 b e S e HAATES

LR

et st o e Vi i T




QIAPTER VI

-
.

wmlw‘-DOOOI’.Q......I..‘.QII......O... ‘:’.

o

eesvssersevsvennnas tessecsrecven

o ko
.
.




=t

N

Figqure 1.

Fiqﬁrg 2.

~~. Figure 3.

Ficure 6.
Firmre 7.
Figure 8.

Figure 9%a,%
Fi}}ure 9¢, 9d
Fiqure 10.
" Figure 11.
Fiqure 12.
.Fiqure 13.

Fiqure 14 .'

Fiqure 15.

Figure 4. -

® . o . Page

Anpafatus.-......J..;‘......-.,..-:-..-.\......-... __2q
Schematic of experiment SEt=Ub...seeceeeceeses 30

Characteristics of controller.....ccceeeececeas 31

»

Cross”‘se'ction of flattened tubm 32

CONLIOL VOLUME. « .t vrrnrnennernrnnnnnsseceeenss 34

L

Diagram of segments in ‘finite-difference...... 34

Variation of slope.of temperature-time

curves vi A'Pon.... 35
ison of temperature distrihutions along -

N
{

the tubes between the beginning and ﬂ;e‘

erd of period..... e aeeaanan PP T
. ’ k

DDDDD » e id ...lQIO.'..l..."‘...-.‘tillll...0-.g?

. Program f1low CABE « -« o leevteeeevinecannsenneeeas 3B

5

Copy Of Program.....cecesecececccscnacscscncass 41

variation of outlet temperature vs time f for *

. . {
Revnolds number = 42.6..\....................... 47

-

Variation of outlet' temperature vs time for "

Reynolds number = 67.1 «ueueveeuecneaeennnenes 48

4

Variation of outlet temperature vs time for
AN ’ :

;yl’bymlds nuher = 9A.B..ieeecncirrcncaroncacess 40

Variation of outlet temperature vs time for |

Reynolds number = 17529 e e e eeennncnaannnneneas SO

Al 1t

R el ! PO

-

el

. Fiqure 5. \“fariation of top,'lo‘ss coefficient vs"I‘p......... 3y -
p ’ \

!

~

5@

R e WP i

?

*
.
g



Y
Mo
.

"~

_ F‘ig\'xre
Fiqure
'Fiqure
Figure

Fiqurce

Figure

Figqurc

A

‘Fioure
\\?__:

Fiqure

Figure

Fiqure

Fiqure

. . ' . €
1 ,
. )
. Page
16. - Variation of Ihegxt rawoval factor vs ( N ‘
.~ Reynolds number. .. .. iervsereniaaas .....i.'... 51
17.  Variation of the outlet termperature Vs
time for Re=2,40.3..a........................ 52
18. Vvariation of efficiency vs Reyrolds .
. nuwer fof AT, = 2080(‘ s 53
1_9. Variation of effigiency vs Rc:ymldé R -
nunber for A’I‘on=28°C Cererreenre et 54 )
20.  Variation of effiéiencv vs Revnolds
_number for AT = 34.5%C..ann.... cetierese.. 55
21 Variation of efficiency vs Reyrolds
. number for ATon = 49.50C,........’..‘.......;".# 56
22, Va{iqt;ion of efficiency vs ngmlﬁs
nuer for different setting temperatures..... 57
23.  variation of : per veriod and ' "
v, «~DUmPing time vs Reyr;blds _ P R LR 1]
24. Variation of efficiency eyror vs Revnolds
" number. for Ot = .49.5°C and 34,5700 50
25.  Variation of efficiency error, vs Réynolds
number for m‘(;;1 = 2% amd 20.8C eeee.l.. 60
%. Variation of maximum efficiency and cfnntmi
sctting tomperature vs.!ho;........;......... 61
27. Variation of maximum efficiency vs control
setting tameratm‘e. 62
) A

viii-

S

I1MBRKS © N oFigamyy

e

s s ot B




U : '
. ¢ ) ) v
\/ \
N N v
» - ' * P i
¥ e NOMENCLATURF
/ ' 4 : ' Thermal diffusivity of water,  m¥/s ¢
. ) . \ : ) |
N N s
A : Cross section area of tube, m2 \ .
‘ o :  Specific heat of water, J/Ka.°c
¢ ' ' . i
v oo Ty : ' Width of flattened tubes, m
. _ r
"l : Insulation thickness, m . ,
. . , ’ - a‘ o
. " et m™ubec wall thickness, m SR L4
SRS : Opollector heat remval factor ]
‘" Y L4 . T :
he : Oonvective heat transfer coefficient inside of
N R ? '
‘ . . tubes, w/m .°c
©m 7t | Wind heat transfer coefficient,  w/m”.°C X "
ko . s Thermal conductivity of water, w/m.OC o U
2 ki e Thérmal conductivity of insulation, w/m.°C T '
. : .
- - - . .\ o - . 0
lrn : Thermal cordu::tw.itv of txhes., -w/m. C‘ .
- - 1, : Ienaght of tubes, m ' . ‘
: m : Mass. flow rate of water, Kg/s . Co
) -H' : Numbx*r of tuhoes B J
\\ - . 0 : ’ 3_‘;unm.iw of hoat alsorbad by collector per period,
\ . - ' \ ‘ - : .
\ o . " : Inside rac},imz of tuhes before flattenerd, o™
v ‘ 1 i ‘ ) . : .
. P :- Reynolds number o .
'n:\n $ Reynolds number at the maximm continuous flow rate

o ey

ST o /\ : \.p[xscW




7
.
H
LY
13
. -
-
¢
.
PR |
AR
t -
i ¢
.
{ -
S N
%n
o
¢
F 4
-

et

o od T

.

(33

.

- Heating time, + s

2
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The rate of incident radiant heat per
unit area,  w/n” )

Time aoordinate, [

Puming time, s . o ‘ -

Time interval of one period, &

Outside tube wall tomweratire, € o . - ’

tomperature at coordinate x and time t in
free convection, % . ’ ;g‘

Water temperature at coordinate x and time t in ‘

foroed convection, “%. . .

Qiffe"fm\cé between the temperature at the outlet’ Cer v 70Ty
of the collector and that at tottom of the storagé ) .
tank at whicH the mump starts to work; ?(‘
Difference between the tamwperature at the outlet

of the collector and that at the bottam of the storage
tank at which the ‘pum is shut off, % ' o

Jicat loss coefficient fraw the hottam of °
3 ” ’ '

L S

oollector, - w/m?'-.oc . ' ‘ .

Hm}: loss coefficient fnjzn the too of
oollector, . w/m2.°r3 ’ !

A

Total heat Joss coefficierit’ taken at the temperature
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) v ’ : Water velocity, m/s - &
) v K 3
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The flat solat" collectqr can be used w1th natural c1_rculat10n .

or w1th foroed c1rculatlon.

The solar collector heating system is used with natural cir-
culation , using ‘a storage tank located above the coliector, with

collec ‘ tank connected by a circulat'fion loop. These systems -

ge ly lead to low flow rate through the collector with

flow rate and high tamperatu

phencmenon lowever, these systoms are rellable, low ooeratlng

cost and can be ooerated in

avallable .

using a pumw to circulate water. The pump suction is oconnected to

actuates the on-off operations of the pum. These systems are hich

a

the

_fluid‘undergoing a large temperature rise . Because of the low

the systenf can get b0111nq

area where electricity is not

st

The collector heating systam-is used with forced circulation ’
. ‘t.he bottom of the storage tark. A temperature oontrol device

. 'in operating cost but commonly used for the heating of buildirgs.

-

\ *
The collector which was studied in’ this report was\desumed

‘ ‘by a team of students at Ooncordla unlver51ty [l] and won two

-\

flrstawa.r:e}s J.nwaterheatmgbysolarenergyandmsysten

4 C”‘\ )
. [
. . .
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Fe
-

solar collector with forced circulation is investigated by a

cef ficiency ‘(including storage ), in the International Student

(‘onpctltlon of 33 uruve_r51t_1e5\ at New Mexico, 1975. The oollect:or AN
was demgned w1th two qlass povers. The tubes of the collector ' ‘e i
’wore flattened and painted with black enamel pamt. Water was ‘used {1
as c1rculat1ng £luid. i v ) ; .
P ) . “ ‘ [
Tn 1976, Nabil NlCOlaS [?] used this solar collector sv'stem . ‘

and ncrfonnod omcrnnents to flnd the ontimm ooefatlnq condltn,on. s

V'm:cver, the experiments falled to determine the nrec15e quantity

.

o

of mass flow rate which offers the maximum efficiency,

w

.. . g
-~

" 5

In this report, the ontimum ooeratmg condition of the flat |

t
nurerical method. . ‘

v
o ek et e I M 7

.

N
EARYIRTPPIVE




-

. CHAPTER 1II

N
t

1

DESCRIPTION OF THE WATER HEATING SYSTEM

e

“The water. heating system conmst_s of one flat collector, one -

storage tank, one circulating pup, one tamwperature control dev1ce
and one flow control valve. The system is equipped with a tempe-
rature recorder to record oontinucusly the inlet and ouflet

temperature of the collector. The solar radiation is simulated by

i

. a lanp having a power of 1600 wattl,é\'and a peak energy at - A:1.1 pm
and installed along the lenght of the collector and parallel to its - 4
surface at a distance of 34.5 am

\A ‘ Fl?ﬁte 1 shows the plcture of the vater heating system |

u51ng ‘the flat collcctor F.tgure 2 shows the schanatl chaqram of

me@@erlnentalapparams [2]

a

The ccxrponégts of the flat oollector heatung system can. bé ' ) - .

" described briefly as follows:

1. FLAT OOLLECTOR : L\/‘

‘

The flat collector is 9%.5 ém wide and 122 ofi'long. It Has:
42 :tubes of 1.27 cm inside diameter and flattened to an oval cross

section and parallel to the lenght of the collector. Both ends are

S e A A — e

welded. to two horizontal 2.5 o inside diameter headers at the top

and the bottom of the collector. The tubes are coated with a black : - ke

lenamel paint. The oollector is covered wn-h 2 plec&s of glass wmch : T

.

have an air space of 2.54 cm in.bgb:een.Glaés cover having a thickness

[}

-

\‘, e ‘ﬂnnxs amf

5
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of 3.2 mm and a transmittance of 87%. The wooden frame at the bottom

is well insﬁlated by 4 am fibe@ glass. The flat ool‘iec’tor is inclined

439 to the horizontal . N

2. WATER STORAGE TANK :

»

Nater to be supplied to the collector is stored in,an insu-
lated tank in which a constant head is maintained. Tap watsr from the
city water supply circulates oontinuously- through the 'tz'ink, entering at '
the bottam and leavmg to draln at thc top This contlntx)us flow .

-~

inside the tank ensures a constant temperature m51de the storace tank.

_'I‘hls temperature is equal to the terrperature of the tap water Tha

\

flow rate of tao water can be adjusted

.

3. TEMPERATURE CONTROL DEVICE. .:- 4

e .

A t:enperature control device oontxolg the ON -, OFF oyberati'c;n .

of the c1rculat_mg pum. The device bases on the tarperatune chffe-
f!«

re.noe AT between water at the outlet of collector and water at the
bottx:m of storage ‘tank. Each sett.g;y has m:; operating points: -a
& T, which controls the (N of the pump, and aoT e
the OFF of the pump. The characteristic of this device is gréphicallya

which ocontrols

~

. presented by the curve ATm VSTATOfﬁ in Figure 3. ,

\
7 .

4. GIRCULATING PUMP :

u ~

- L M —~ - ° B
Water is pumped through the solar collector by a circulating

. ’ . Y ! .
-~ punp. Water enters at the bottcm and leaves at the top- of

pr——

collector The suction of thc pmp is ébnnected to the bottan of the

storage tank.

[ MARKS ON Shidmmy;



T 5. FLOW CQONTROL VALVE :

~ . ' .« . . B T ‘ - )
- . ' ) A valv%at the outlet of the colledtor Sontrols- the
‘ . ° water flow rate through the éolle;:tor. Water during the pm;bint_; periad’ w
i : ‘ ’ lis collgc;:ed in a container and weighed accurately. The sfstem is '
‘ / N Eaxefully designed to prevent w‘;‘ter frgn flowing hfhm)gﬁ the oollec -
?tor{when» dx; pum is stopped. g '
B *
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CHAPTI:R IIT .
MATHEMATICAIL ‘FORMULATIONS . ' ~

. i o |
1I1.1. ELATTENED TUBE CROSS SECYION AREA, OVERALL HEAT LOSS

QOEFFICIENT, ACTUAL HEAT ABSORBED BY THE OOLLECIOR: h
We assume that the tubes of the collector are flattened ,
-
to the fonn shown in Figure #. As shown in Flgur:e 4, / -
Tyt : o
: f -
D, = d+2.r . (a1)
i- \
\ ' ' a _ - - .
We - assume that the inside wall perimeter keeps the same
after flattened: . A b ’ o
L
. v w 2.M.R = 2.d+ 2.W.r o Vo (a=2) ‘
- ‘\;“ N
get fram equations ‘(fq-l yad (a@=2 ) » . °
' . " e 1
) . - a"/v
d=D. - 2.r -
[ ' »l~ ! ‘ ' -®
and r= (W.R-D;)/(N%2) : i

The cross section area of flattened tubes’is calculated Ly the .

formula: ) . ' NJ‘

i \A 2.d.r +1rr?" ‘ : (a-3)

B . )
2 . @ !

'[‘hc heat loss at the top consists of the heat loss by free

i

omvection from thc glass cover and the heat loss due to the
» pflective radiation of covers and tube surfaces L . S
- . .
€ .

An:ex:miirical equation for top loss oogffipient is develoved by

° L

- -

S | MARKS ONDEaMLY
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7 -
- - - » -
El~in [ %} as follow ‘
v *_ R Y .
N 1t s 2 s 'I‘az) 2 o
T A | :
- MA T, — Al Fo+0.0425.N. (1-F )] "1+ 2Ly
« o} uk»'p W D D . F
) BN T, N+ T - ‘q
- - ' . - J '
Whore N:immber of qlass covers )
e Un G : Stefan-Polzmann constant = 5.67 10— /m?.O 4 e .

hw : wind hL‘:ut transfor cocfficient = 5.7 + 3.R V [4]

Vv o owind velocitv, m/s \ C

= E] + 0.04 hw-f- 510" h (1 + 0,058 N)

E_ : cmittance of glass = 0.78 .

f] ’
/ - .
: , F,, @ emittance Qf tube 5 0.9 .
) T : ambidnt temwerature, K, . o . ]

'Pn': averarie gg}i;,side wall tube temperature, °K
z * N

7 T4t too loss cocfficient can be also read bv the graoh nrevared by

JuA fie and W.A. Beckman lS ] as shown in Fiqure 5. We see that its  ~

al varics hotween 2.5 and 5.0 w/m .°c for T_ hetween 10°C anmd 110°C.

1t is assumd pwt the tomperature at t;_h«gsurface of the hottam of.

" ~ the collector is ec?uﬁl to ambient’ temperature. The hottam’ heat. loss
‘(:r)c:‘fl'ic'ic:nt :Ul k /e where 1' : themal énnductiv:i:t‘v ‘of insulation
material Of ¥ 1nsulatlon thickness.The hottam heat loss coefficient

of this o«)Il(\ctor is cqual to: ll =1.125 w/m
[

,® - [\

0y

e overall heat loss cocfficient taken at the outside tube wall
\ ' _ - M ' ~
. temeerature ‘\”'I‘ =’U$:’+ 0]:-/ . o . -
" The actual heat absorbed by the ‘collector ver unit area, per
unit tiume is oqudl to the rate of incident radiant heat.mifus the

total heat loss per unit time, per unit area, written as follow:

|MARKS oN ORrénmL
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f' data in-chapter V.

oS . 8 . : . "

@ - . - H , s

aq = Fr{s - U N Tp - Ta )] ‘ K - ( 1 ) .".

where S is incident radiant heat, w{m . 5 consists of direct
i . . &> ,
qolar radiation and dlffuse solar radJ;atlon. In this case,_ the enerw .

- PR
.e

source is.fran a lamp. The lar‘rp,t’po‘uer is 1600 watts. We assume that
t‘J’nc,_encrr]y caning” to the flatr;H collecto; is 80% of 'total source enerqy.
Then, the uscful source encrrv is 1280 watts. The surface of enllector -

i3 amual to 1.0;10 mz. T11ef\l, the incident rc.“xdiant hea‘ﬁ:' unit area, per X
™

b T, is called the collector heat removal factor which defined bv

N — ’ o, 2 } Y
unit time is eoqual to 1220 w/m . .

\‘ "TADufflearﬂWABedqnan[ las.

Qc . =T )
. F = Two wi .
\ ‘ ° r t'Do Ax. l Sv - U,I,.TTD—'I‘.a)] o
\‘ where m : mass flow rate of water . ) °
\ 3 B
\ <, " : specific heat of water e
) Lo A x : segment along the lenght of tubes
<‘.\ ' . N number of tubes per collector
" \ : water temperature at the end of segment .

water temperature at the entry of segment

5
-3
.5

. \ D : width of flattened tubes. /
\ ] _ ‘

The mi\lcctor heat rem:va.l factor deoemis on the gecmetrv of the -

collector, » mode of ‘heat transfer bemeen tubes and « c1.rculat1nq water,

“ the c?worating \fmperature.{ Fr will be .detemu.ned by exnenmntnl
\ ) ) , .

el M - ' . *
. , . . —
The actual t absorbed is writth in the conduction tcrm X

s
| \ - I1MARKS ovm?‘
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b e N -
) n(ﬁ ~
. ©  taken _through the tubes: \
= k. .(T, - T . 2
q = P ( '{‘\l T Y / s (2)
3
where T, is average inside wall tube temperature
° - - kp is thermal oconductivity of tube
(;p is tube. thickness . j, - ¥
. L ’ L o » o4
‘ L The actual heat absorbed is written'in the convection term <
. ) . .
'taken inside tube: - \ . ) .
‘ . . & : . ’ §
' ‘ — = h T)" ’ s 3 ¢
q - %- ( Ti - ) . . ( ) }
where —hi :* convéctive heat transfer coefficient inside tube ,
~ ‘ T : mean water, temperature
Fram the eqiations "(1) . {(2), (3), we eliminate 'I‘pand Ti and obtain:
’ o ) . T_ =T+ S/U -
Lo q =—2 T L (4) -
. o SR o
i : Fr'UT' kp hi . - .
. 7 If we call U the overall heat loss coefficient calculated with
the water tempefature, we have: oot
4 ) N ! i T ) 5 . . e ‘
. q = Fr.[s - UL‘.(‘ Ta)} (5) _ .
. ‘ / . _ . R
Fram the cguations (4), (5), we get: o
- . , n S ' -
. . ) L — .
: s —— o ‘
. . . T-T ' :
' ‘ a.\ —-‘.}~+_I_:.‘I:ep__+j1.'_°' ,
T . UT ¢ h.
; o = ' X
& - , . s . . ‘ ) .
: e . - - T - y .
' o 1 MARKS oN O Ricampy;
\ v " L '
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The outlet temperature calcpfat:ed is not sensitive with the >
\ . Vs o
- values "UL'. ’I‘hon', 'the approximative value of UI can he used. We assume that
-in equation (5-a), F_ is equal to’ 1 ( F LD -
N 4 " '~ the mean value of i..is used. In Figure 5.Uy varies .

, e
botween 2.5 and 5.0 w/n>.°C. Then, U, is equal to 3.75 w/m’.oC.

' h ) 2o . N
. " - é v = s c - 0 e . . _
. . U’I‘ ut+hb 4'..88 w/m . C ard (I‘—'I‘a) is equal to 20 C ., .

! < = : ) f '
- The tem e /k = 2 10 6 m? Oy mav be ncgiocted. . .
' . o : 2 0, . 20
- h, is equal to 300 w/m’. C for free convection and 600 w/m=."C
* for_ forced convection. ) : ¢ .
\ ' We obtain UL equal to 5-8 w/mz.oc for free oonvection and equal ¥
to 5.3 w/mz.o(; Jor £or{§=‘] convection. n ’
I11.2. FREE CQONVECTION : . )
s - : ‘ -
ENERGY BQUATION: - ‘ - ~ “
We observe the control volume: shown in Figure 6. The cnergy .
v ecjuation can be writtcn. as follow: ° ) -
: .o 'Rate of gain Rate of energy  Rate of energy Rate of enerqy
. = » : + 4
Q -of energy ' " input by input <by . input by
o B omvection conduction ' ryliation
" or
\‘ ‘ R s
afc, .1, ) : .bmv.cb.'rl ) ) 02'1‘1 ‘ .
—P aax =5 — = AL A% = (k. ).A.Ax e
) ot 'L)X Jdx (6 )

+D_.Ax. F. [s - Uy - Ta\)]




) .11. '.»‘ |

1

whero 'r‘l is the tamerature of water at position coordinate x
alomry the lenrght of the oollector and at time & .

(.3

-~

v assume that the convection term being much ‘less siqgnificant

"

““han the cr)rthmuon Lerm anxl the radiation term may be rmlec“tcxi

during the hc‘lt‘_L\‘"f]J . ‘Then, tho equation () hecames: ‘ : .
o P p..F .. [a8 . )
b =4 o, el r’ 1 A="(r -T_ ) (f-a) .
. ot bx\? P.c_.A r 1 : v,
. ) D L .
\ , .‘ \ -
vhere a = k/ (’ -C _ L -

',,/
:

_IOHNDATY QONDITIONS :
.

The tamerature at the tube inlet is reo:;rdcxi‘b; the u!fnerature
reonrder. Py experimental data, the temoerature at the inlet keeps cons-
f.u‘ﬂv at the storane tonmperature about 800'seconds, thc'n increases  Vinrar-
v with tine. '1'00 slonc of temperature—time curves at the inlet 6f the |
nlloctor is measuroed. r‘mure 8 shows the variation of slooe of tempe-’
rature -time curves vs oontrol settinn tomerature. Pecause the solutions

o

of the problem are not changed siqnificantlv with the values of slooe,

) - . P § [s)
an averadge value a_ of slode can be used. a, is equal to 0.011 “C/s.

Then, tHe boundary condition at the inlet of colleqt.or can be

ormrossad by follovdm“ecmation: o

at x = 0, 0 t<sno_=,ecorﬂs ST (0,e) =T, ., -

I ) 1. , in -
- } " £ 3> 000 secomds, Ty (0u) = 3 (€800 )T
The boundlary conaition at the outlet of the collectc;'r is " , *
- | < | !
¥ /9 S
. L : - -

mnnxs oNoficml.
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-
X t ) -
simplified as : | ' . / )
. 0T (L,t) " . . _
at the end of tube x =L, ———— =0 (8),
ox : l '
N A
INITIAL CONDITICN : ,
At the beginnint of each period , t = 0, T, (x 0) = £(x).
e functxon f(x) 1s unknown. Because the problam was penodmal ’
the umperat:um dist.ribution along the tube at the end of period must”
bo 1dentical to that at the beginning. Thus,
Tl(x,O) '= ’I‘z(x, tt) . >
hifferent functions pgferred to f(x) are given and the res-
nect ive tamerature disiributions '1*7_(x',tQ are obtained. Fiqures %a, 9,
a¢  show ‘that sz(x,tt) are not sensitive wigh different functions
f(x). Then, the iteration method can be appuéd to find the initial
cumhuon. In cffect, it requires only ‘two iterations to get the
function f(x).identical to T, (x,t ) -as shown in Flgure ad. a
1IT.3. FORED QNVECTION | . ‘ .
) .o-'
 ENERGY PQUATICN : . .- . \
F . K
The punp delivers. a mass flow rate m eé;uivalent Lo a ‘ [T

mran velocity v or Reymolds number Re.
- . N *

¢

For foroed convection, the. equation (6) becomes:

BT, T, d%r D_.U .F
T2 g 2 _ a 2 Do L r2

ot ox ..t-c)xz /’gb

4 N ) ~

S ' ) o
———-( T T, )] ] -('10)

e

.
N it

P b 4

ne
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&’ - BOUNDARY CONDITIONS ;

[y

* -

The - mlet wat:er tomperature decreas&c to the tatperamro 'rm

at t_hebott:anof tmtankmavexy short_time .

It is smpl_xhed for
! x =0, Tz(p,t) = Tin : (:1‘1 )

/ ! tos
¢ )

At the outlet of the tubes, itvisasm‘msd tl':at‘t.hebmirﬂarvcon--

“dition of cuation (8) is still held: ' .
) AT, (L, 1) T
. X =L, —= =9 (12 )«
[ r)x o

INITIAL. CGONDITION : |

[y
-

After a heating time, th , the te:rperature

dx_,t.rumt.xm aloﬁg _the lenght of collector ¢an be written as:

v

t 'aéh , Tkt =Tty (1395

Q-

. a \ :
> *111.4. NON-DIMNSIONAL REPRESENTATION :

AS . v

The non-dimensional variables correspondim to ﬁ;&sﬁgism
¢ ovordinate, time’ coordinate, temperature ‘are defined as :

o o ‘g - x
. ' < "
» ,) = —-_-, N .
. e . , - L : {
. N . . ‘ '

<% 0 T -
| = in
AToff - °
T, - )
— and 0'2‘3-—?- o B
' AT,ee ' ,
\ - o

— . ‘.

SR
»

£ AL W 1 WA e -

S % g LTI

e ¢

T oo
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where t, : time interval for a period -
: ‘ - ‘ . Y
™ * . T;,° water temperature at the hottom of the storadge tank
. . . e
b ' ‘ . : ' .
“AToff : setting temperature at which the pum, is 2
shut off. a S ‘ '
- . We replace the non-dimensional variables into system. of equations (6a)
to (13).We get the system of equations in non—dimensicnal form as S
fOllCM M ' | }
) - o * . FOR FREE OONVECTICN :
6 | . ' ’
"EQUATION :
- ' } N2 ‘ '
. * be.‘ = O( . a 94 -+ O( . — '0’ <+ O(
‘ P SENEYY: 3 1
- . . o where &, = a.t:t/Lé2 \
‘ . and &, = [S/UL + T - Tin] /AT e ,-
g ‘ ' : BOLNDARY BQUATICN- : : A .
-, o Q)' =0 ’ 0<C<Co‘ ’ Ol(olc) =-0 - “
R 3 . . - c o ?
o ' \ ' T LT L, 0 l(o,t) = a'o.*(C- Cé)
. ) . . ° o
where a_ =, .ao'tt/AToff : _ . |
* ' TO = 800/tt v N N ) :
’ . 8,1, T) ' !
. $=1, -t =0 (8) S
. 25

- INITIAL CONDITICN :

oy
!

T =0, #,(5. 0 =g(5), qetemined by iterations. ()

‘-u <
- r

i
i
!
:
|
g
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FOR FORCED CONVECTION >

] POUATION : | : .
. . 2 :

where Ofl,;—' v.t, /L -

s
BOWNDARY OONDITIONS : ,

Id

® SQ= 0.\ ’ eé( OIC)

no.
o' .

A S0, Ty f
/ “ . S = ]- ? {)g ' i =0
. ;o ’ |
/ : " INITI'AL CONDITION 3 . ‘
"{~ / * / % u A C T:Zh v Oz(gf;h)— =01(Slch)
‘« I}
.; ~ 3
‘v o~ \ _ .
. ‘ ° ' :

4n

Yo 1 3g T o2 gst’

-7
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QIAPTER IV
NUMERICAL ANALYSIS - L e
[ .

“

The heat transfer orocess is unsteady and assumed one-dinen-

sional . When the variables x .apd t vary between 0 and L and between

t
divide 1 of §into ( Lh—l ) non-dimensional segments and 1 of T

A S0 and -t respectively, the variables § and T then vary between 0 and l.vie o

into ( K~-1 ) non-dimensional intervals as shown in Figure 7. Then,

@

one non-dimensional segment is equal to :
65 = h="1/(@-1) .
one non-dimensional interval is equal to :

NA C = kt = l/ .(K—l) _J 0 ’ ) . " 3
. | . .
the non-dimensional position coordinate -is equal to :
$= (-1).h. where i=1,2,3....,L-1, I -
' ) l' r -
and [ the non-dimensional time coordinate is equal to :

?

ey e e e aimae 4

BN

T=(3-1) .k where j =1,2,3,....., K-1 , K

I
s

The £irst order partial differential is written in backward .

di f forence ‘as follewmr o
" : : \ v
\ o0 id 2 ei,j -e'i—l,j - T
- s . ho
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' QIAPTER IV .
NUMERICAL ANALYSIS L e
'

-

The heat transfer process is unsteady and assumed one-dimen-
sional . Wher; the variables x .apd t varyv between 0 and L and bétween \
© .0 amxl-tt.resr)ectivelv, the variables § and T then vary antwéen 0 and 1.We <
divide 1 of §into ( I"h_l ) non-dimensional segments and 1 of T

into ( K-1 ) non-dimensional intervals as shown in Figure 7. Then,

e

one non—dimens;ional segment is equal to :

A% = h=1ml)
one non-dimensional interval is equal to :

o . AT- x =1/ &1 .
: , t . . (
the non-dimensional position coordinate-is equal to :
) L $ = (i-1).h. where i=1,2,3....L-1, L, -
X . . , ' ) l“ r - ) : ' .\
and [the non-dimensional time ocoordinate is equal to :

T

}

“

T=(3-1) .k where §=1,2,3,...c., k-1 , K
- ;
. . " ‘? _ The first order partial differential ;);} is written in backwa;d .
! difforence as follow < ‘
. . N AN P é
. N \ LI
! M5 - iy Py o an
g . 0S8 . h .
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The flrst order partial dlﬁferentlal

where l’\'0=8.00/ t‘t.k

? ) - ‘ l = Lh; O‘I‘h ) =.‘e"1}\_1,j

and Ac—a .('Ch (4 ),/(Kl

<L }m)m A) defcrence as "fnllow :
20 . B & .. . ]
. i, A i,j-1 H
o : a DU TEE e —tJ o (15) 3
ot 20 C k ‘ L
s - t :
_The second order partial differential ——is written in -
-finite-difference form as follow : - ) 2
2 0. .+ U, . .
(_).Q = 01+1J ' 0 1] ° :Ol"lrj ( 16 ) o
\/,: 2 i
DS " N h * i ]
We replaoe the terms ( 14 ), ), (16) into fxmatmns (5') '
o (1 3" and obtain t,;he dlfference equations as follows : . ) y
) FOR FREE CONVECTION : « L .
5 1 B . - N
- BQUATIEN : :
o N
"(1+2k O(h+k ol)ﬁ' -0, (X_.x_/h?)
g - 4 e LT I ) k)
1 3 ‘ - (6
. .. ( eil" ’- + Gl+l,j = kt.d:!; d4 -
T Oijllsk:mnandcalled C(i). ’Ihesystenofequat;ions(ﬁ" )
s - ~ ) ‘
' \ where i = 2¢34-....,1, forms a tridiagonal matrix.
'BOUNDARY CONDITIONS : | \ i
”’ ' . . .
'S 1 , \Vr ‘ . A
- S y .o {} .. =20
. T CEECSPER IWEL) (7o) s
. LB = ai- |
- - . . - J )K ’ 1 i,j A ( J KO) .

'
’
r——“_*”m‘ DRIl LW 5wk MU X et 3
-
s
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‘INITIAL CONDITICN :It is linearized for lS_t iteration .

4

Y - = h. . i - ‘ oLl } .~
jea, Oy o =mi-1) _ S
. \
" FOR FORCED OONVECTION : .
) mpATION\ T e
\” N . 2 "' -‘ 3 0 _
UL 20k o/ R X ko /m B -

i,J . i,31

2 _ 2 ‘
(k- /%) - B, (h1,9 = (k- /R OG /M) B, X

i—l,\j = t’ub'dl.
+ ' B \' ’ .
. - , A : i (10'")
“‘Si.rnilarly; the system of equations (10'') forms a tridiagonal . \
. Y . £ ' ’
matrix.
" BOUNDAR (ONDITIONS : At
i=1, U . =0 e (i1 ),

Cliens O o= . o (12
| 1 Lh h zlh'l] kz,"h—l‘-lj . ’ | R ( - )

" INITIAL CONDITIONS :
] =" = 0 ’ re
1=K 02i,K ‘i, K . ¢
) 1 1 .

“The equations (6'') and (10"\)/aﬂé parabolic: Because the temm

d'l is too largc,‘r the' iteration method is not convergent [ ﬂl .
The simplest way is to solve the problém by the matrix method. The
equations }6' ") Yorms a- tridiagonal matrix 7\—1 which is the follow: .

&
-

%

PP R R

bl 0
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- ‘ 2 .
2 2, ¢
b ¢ . : .

’ N —a7 al "'a3 : - “ ,
. [ -a * ' ’s
! S S . i
- A = v . ' ~ i
1 ¥ v K
Y &) ' ) $

) ‘ ) a -a ’ !
. [ I3

» - ‘ ) T \)l 3 . !

- N R Y -a2’a1+a7 L}]—l j i

where a, = 1+ 2.k.0/h° +k, . Gk S E

) 2y ( Ky ’2/h 3 , .

2
5
\
g

.- a2
Co. o~ fa, = k. .
- : 3 g+ S0 ) R
: - Simi Iarly, for forced convectlon, the tr:.d;.a@onal matrix is: -
— ~ -
hl - . . i . . .2 .
| ! 4 _
' . - - - X ' ~ -
- T B : .
’ Co L)
ot T 93 |- -
A = , , ,
2 “. i ' 3
‘ . . - T3 }
v N Qe
. mayapta, | Lyl t

\whcrc a1=l+2k O(Z/h +k 0(3+k O(/h

"

. i . . Y ) ’ ) 4
. . az'=k°(z/h - L T
w “- - 8 ”“ . “ . ) 1
. ]
t a; = k 0(2/}1 + k o<l/h , -
\ . ' ) The LU deémbosi}ion matn%gnﬂnod is apphed to solve the prablem [ ]
. o ) A , -
. * ) o~ M ¥
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The tridiagonal matrix A, can be decomposed into two matrices:

the lower matr:.xdfrand the upper matrix"ﬁl as follows:

-

B 2. ‘ .
m3‘ 1
UV 1

-~ Ih—l -
: ,/ Z
] . ——
ard U1 = .
. —a
-2 73
\ Wt
i SLFL L, -1
‘., i )
: wherfe u, = ay )
- m, = -a2/ui:_~b with ,ui-l #0 .
» . N .' ‘L'.\ LN
- cand uy = a) + mp.ay for i= 3, ....,Lﬂl-l.
. .o ‘ o, ;
_  'The system 6t equations (6'') for i.=2\,3,.....Lh-l can he |
written in matrix form : °
. " R .y =b : -amn
~ | i I SOOI T
. The vgctx)r y is ) 07,], EY R | 'Lh-l,j

The vector b is lbz‘b3'b4' ..... .bf-h-l' L .-

a

_ a2 .
where b, = 8, ;4 +ogkym 1obiygg * ke Xae %y

-




~

'y N ' " IJl . Ul .Y = b
or : »L'l .72 = b
. . whnr.c ”1 -y =z

0

17') ’

18

From the cquzition (18), we obtain the solutipns of vector z

ag follows: . 0

(12)

Finally, we obtain the solutions of vector v from thétequation

(17) as follows:

’ Y

Sqmlarly, the same procérﬂure of cal

<

" to Emd the solutions of system of equatJ.ons (ro*").

L

* The actual cnergv absorbed is calculated by the trapezoidal

e

mlv intearation:'at céach step
ahmrbed by the flat solaB{lLector is as £ollow :-

0 = m.C_. AT of £ tﬂ.

,+90

The formula of the total enerav

o ——

v

S
j = Ky 2 ‘h
' .+...¢l-*2-0 .
LhrJ - LhrK—l
.

9.

ations can be amplied

-

_}I’Kl‘*'l".. ee’e

‘d}r"';
}1'

K

) o

-

-Lh P e e

[
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o ) . ; .
The thermal efficiency of the collector is calculated bv the
) - ( ; A

following formula : o

' : " - Qn/(t+.th).

‘S:W.If ) - \

< The flow chart of the prograf ig shown in Fiqure 10.

P NN T SR ] e

!

The program is shown in Figure'1ll.
° R pan

Ly u.:‘..T £

»
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] . RFSULTS AND DISCUSSIONS . r

¢ ° . .
Four e}coe_rm\ental curves of Figures 12,13,14 a}'B, 15 obtaiperd
from Nicolas® renort are used to determine the values of collector
heat rmpval factor Fr. In effect, the factor Fr is a marameter
b '
of g{c systan-of cquations (A'"),{(7'"'),..(13""). Then, there isa =~ »
determined value F which will make the solutions of systgm of ‘ _
wr

. . T . 7
cquations (6'')...,(13'") aqgree with the experimental results. :

Bocagusé‘tbe- system of equations is divided into two parts:free-
convection and forcad convection. There will he one value F_. for

cach vart. To simplify for nrogramming, the value//'f’r in free

ocony ion must satisfy the following condition: <

L

at 3= Y exier viL\tal’ T3 ) ymerica1™ T (L,t)wer\

"~

- G A o
.and the value Fp in forced convection must satisfy the ‘following
condition : o -

N . ) b

= TZ(LIt) the actual heat

numerical
absorbed by the cmNector per period calculated must be ecual to

at 'I,‘Z {L,t) . tal’

the exoenmental one™: (Q/pecriod) icals(Q,/p?nnoa) imental
As, shown in Fiqux;; 16, the values Fr are, function of the

con*_rié setting temperature. It can be seen that F. increases as

i

the control setting temperature decreases and the value F r. in

. * . P ! . b} .
. forced convection is higher than that in free convection.
N - o '
t 1) . .

ot "

T

s %2

ol
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We choose Fr = N,41 for free convection and Fr = 0,772 for

1

forced oconvection fmp the curve of Fiqure 16. These values

correspond with ATon =] 4°c. The experiment on solar collector with

the control setting tawerature AT = 14°C  was carried dut. The
experimental results of ‘outlet tameraturé vs time are compared
_y With the calculated values as sf\own in Fiqure 17. It is ‘
@Oonfim‘ed that the cglculét;sl results 5qreoc.1 satisfac}:orilv with

, the experimental ones. ) o a,

i
I

*

Figures 12,13,14 and 15 /also show the variations of” the outlet
fa

tamperature vs time with ‘Reymlds number as parameter.

.

I‘J.gures 18,19,20,21 and 2?7 show the variations of the thermal

efﬁcxencv of the collector vs Pevnolds number with thc mntrol

setting tomoerature ATon as marameter.

3

For one fixed value of the oox:xtrol settimg taomerature, if
m.:ynqlds number is verv énall, the flow is c\ﬁntinuous because the
tamerature at the ‘cutlet of the collector bs‘ac:rm(vzs steady atr the
temeratm‘e ﬂlat chffercnce with the tenperaturc at the bottcm
of the storage tank is t’flghcr than AT ¢ ’Ihe Reynolds nag ey -

corresponding to the maximm 'conti_nuous flow rate is

f

called Re . .
Q

1 ‘As shown in Fiqures 19,20 and 21 , the thermal

efficiency increases to a maximum ardl‘de::reases It can he seen

o

: that the thermdl efflc;encv of the c:ollector is maximum at the

\H

>

oontinuous flow rate. I\t;K this noint, the efficiencv of the

¢ e




cullector is sensitive with the chanqe of Pevrolds number .

When the Pevpolds number increasds to a value hiqher than e ,

the dif feroence bot_woon the equilibrium temperature at this flow rate

w LU] that at bottam of the stordae tank is lower than AT The

“of f°
i will be shut off and the flow becames Deriodical. The theo-

Fical curve of” thermal efficiency drops significAntlv at Re = 100

as can be secen in Fiqure 21, then increases liahtlv un to Re = 220,ard

. decreases lightly. The experimental curve of thermal efficiency is -

-

a little different (ran the theorical curve . The thermal eff‘icie:pv‘ -

o

drons siagnificantlv at Re = 100, then increases much higher- than
the theorical curve at Re.= 300. This giisagreer\eni: is possibly

due to  the assumption that v remained constant t}}:&)uqh the oriod.

Ficqure 2%V shows that the heat absorbed hwy the collector oer
period fluctuates w1th r&méct to its oonstght value O_ at very lal;‘g(\
I?(‘ygnlds nunher and that ghe pabing time graduallv decreases
. as.the Reviolds numbxr increases. The efficiency being Functith ™

of ‘the rate of the absorbed heat also fluctuates with respect to

~ iyt;s constant value. ° " Q
. - . o
Figures 24,25 show the varJ.atJ.ons of the error of the thermal

of flClchv vs Reynolds nunber mth the control setting temperature

A'I‘(m as paramcter.. It can ba seen that the accuracy is @sonable.

'y

Fiqure 26 shows the variation of Reo vsATon and the

I3

maximum cf ficiency. Re, decreases as the oontrol setting tempe-
rature A1 on Lncreases.

. *

v et b e S M DS

W R m e
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C ' o 26 . -
S Piq{xrg 27 shows the nmdmm)efficienc_:v‘as a function of AT_ .

. L ~ The rr\axinu\n.effici'ency is nearly inverselv provortional to the,

e S

ocontrol setting temerature ATon.‘ S
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/ . CHAPTER VI

3 3
. r’
In conclusion, the finite-difference method was used to
- solve the problamof the unsteady and periodical heat transfer

provess. Theov8rall heat loss coefficient was assumed constant.

e cnllector heat rennoval factor was determined experimentally

and used to calculate the actual heat absorbed ly the collector.

- - »

Tt is seen that the obtained numerical results: dre quite reasonable.

V -

s 7 It 'may be concluded that :

The thermal efficiency of the oollector increases as the

’ ~ [

' . o _control sctting temperature ATm- BT cr decrecascs.

For a tixed control setting te:rperz;mre, the thermal efficiencv
. ’ Y
: ¥
of the flat collector is maximum at the maximm continuous flow rate.
AL this.point, the efficiency of the‘collector is sensitive with ‘

the change of the flow rate.

e N . +
» N
o

The maximum continuous flow rate increases as the control | : ;
. . , ‘ :

LS . \ ¥

setting tonperature decreases.

-

This method being general -, simple and accurate will be . .

{ - useful to investigate the dynamic performance of the other flat .

’_"\k plate solar collectotfs. ‘- «

<
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|-For first iteration, assume first order

Read the boundary oc;lditions
_ N "
Oi,j = A (3K (7' .
-\ ‘

Read the initial condition

'(1 - Y vy
i1 o h. (i-1) (9'")

o ol ,

Do 1000 N = 1,2
C

t

( 2 iterations ‘

Do 100 &= 2, L-1}

. , [e]

Decompose the tridiagonal matrix to
. h'd ) R

# - LI matrix and find the solutions of

~

equat.mm (6'')
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PQOGRAM DNIRIINPUTAUTPUT)
DonadesdoeRarnbone ’
“IMgwstow D(‘QD)-rJZO)vR(dO)qBPjZO)oUL@O)uTM(ZO)oTD(ZO).Y(EO)o X(20
) «TF (20
. C 60019.0“50.1949.6 ; v
C READ DATA ~
c . - . ,
4000003 . RFAD YoLoKoRHoRH2oKA] .
npgo2r READ e.HSM-GKQMvALPHl ALaHZ,ALFHB.ALPHa YFRE.GLEN
} ' C RX1aX1/X2
hDOO‘OS‘ RFEAD 168+ARFAICPIX29sSeRX1 RSN \- '
000063 16 FORMAT(SFIJ.E‘ , {
nnogo063 X1=RXlexp L N )
030065 X11=xt . : . .
000066 Kl=Kel : ' . :
0Nnoovo . LlsLe) o T - : -
000072 ' L2=L-? N . ‘ . )
000074 . L3=L-3 o ‘ . .
n000TS La=L=b o~ , ' ‘
—#00100 MH]=KHe] o “ o : } !
ongloz KHZ212AH2=] ] v o ) ";_ o i .
000103 KH3lsKH3el . " o ’ - o :
C BOUNDARY CONDITINN . | C 4
. 000105 - DO 210 Jk1eKH21 . ] :
© 000106 - 210 D(JY)=0,0 , . ~ ’
0n0113 NO 220 J=KH21KH b : : M. ” '
gno1ls | 220 ND(YI=D(UY~1)+0,0165 - \
| 000125 DO 230 J=KH1+KH3 o — o , LT
000127 230°D(J)=0,0 s , :
| 000134, DO 240 J=KH3l,K ‘ " ‘ X z
000136 240 D(J)=0,0 : : : ‘ .
C INITIAL CONPITION ’ : - o
- 600163 . ¢ READ S.SLOPl.qLop?.qLopa P
o ~ ! ,
C .ODQOCQDQOGCQQQOOQOQD T, T .
000154 - 00 5000 NN=1+8
. ~’ C GQ“....'..G.Q, i R C .
000156 PRINT Y4oNN o : s h
‘c Sncadbaeygene ] . .
000163 RF.AD 6.ALpu1.ALpua.fgpﬁA.ALpﬂax.ALpnbl - o i
C ®abacsedpanpses =/ i
00020] AMFR=1000+0*AREA®ALPHLSGLEN®424 0/ TFRE * . : z‘
.o ' c - . o ' - . o '
000206 Ctirs0,0 . , |
000211 © DO 10 =244 o . . ,‘i
000213 .10 CtpaCly- laoSanloncu . T e T e T
000224 _bo 20 1=5 , ' . j
000226 20 Ct1)=C(]~ l)oSlop?»an T .
000237 Do 30 1=8s11) - ~ S )
000241 J30 CI)eC(I=1)+SLOPIOHSM , : ‘ . s
; C END DATA ‘ T s - A v
c - - . . ' N . 4 N
000252 R]=GKSM® ALPH2/HSM/HEM w . o o .
' 000255 “RISALPHISGKSH 4 , : S g
.- ) ¢ . .
i . i : N e -
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\ . . | E
s . . b . s e PO R Bra s
. N an
nO0257 . RozA| PHISA|L PHGEaGKSM o oo <
,N00261 R51=140¢2.0%R]¢R3
: ’ﬁ-“c s
. .C ~
c .
¢
v C : '
nNO26% Go .70 (515,515.515.5i5'515.515.51s.5151.NN .
NO0302 - , 510 GKSP=GKSM®].5 -
N10030¢ 6N 10 501 o R B
nnn3os 516 GKSP=GKSM ‘ X >
nnn3oT 60 T0 S0) S ‘ )
0nnl307 520 GKSP=GKSM/2.0 o . . -
nno3ll 60 TO 80 . : -
r0o312 530 GKSP=GKSM/4e0
nnollea 60 To §0, o e S
nno3ils 560 GXSP=BGKSM/6e0 R * <
000317 * 60 To s01 o ‘ W v
nno320 © 550 GXSPz=RKSM/T .0 ’ B
000322 60 Tn s01 e : .
nnp323 560 GKSP=GKSM/840 ) e
0np325 60 70 50) e e
na032e 570 GKSP=GKSM/12.0 - * - '
n"n0330 50" To 501 ‘
000331 . 580 GKSPzGKSM/1560 \
N00333 60.T0 501 - @
nno33a 590 GxSP=GKSM/20.0 - ) e
000336 . 60 To s01 L ~ .
N00337 50) RP1EGKSPEAL PHI/HSM/HSM . - )
0N0342 n RP2EGRSP#A| PH] /HSM .
nN03es PP3IZALPHI1 #GKEP
n00366 RP4=RPI®ALPHA]
0002350 gzl ,0e2,08RPYeRPIeIIP2
c ' L o L o
— € FOR FREE CONVECTION )
c - . ,
000354 A1=R)/RS) . .
000356 < n:af 0/R%1
000360 A3=R]/R5] . /
00036} ~ﬂv_wn“_ﬁo, /R5] e _ o
000363 Jel 3 L
fro3es ‘ TH20,0 AN
000365 450 J=mJel . ' » . -
000367 . Y1aGKSMeTFRF '
000371 THaTHev]
000373 [F(JeKH2) 46044709470 _— . e —_—
000376 470 D(J)=sD(U=1)¢0,0165
000404 GO TO 460
0004065 - 460 DN 400 [=2.L1 Co . ‘
N00a07 400 TN(I)=-a) ‘ - <
nooele RP(Ll):A]'D(JiOAZ'C¢2)0A0 ) _
0006426 . DA SO0 Jxelsl2 . e A i
. 000630 11=L1=-1 :
000431 - 13alel ,
Nn0e33 - BP(11)=A29C(I341)4A0 - n ,
N00642 S00 CONTINUE ' ‘
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TF(l)==(A14A3)
T n0651 DO 600 T1=2sL2 - ° -
10453 600 TF(I)= -Al
00460 Ulrs . .
nD4s3 N Y(l):BP(l) .
00470 DO 700 I=lel2 o o ;
np4T] T3z1e] Ce - \ -
10473 TM(I3)sTD(ID Z0(TY g
00502 W13 =Y, 0=TM(TI3)RTF (1) .
nnsle Y(I3)=ap(13)-TM(13)~v(I) i ) ) :
n0s524 700 CONTINUE _ i
n0527 0N 8an I=1.L1 — “ 3
00530 Ti=L-Y ., . ‘ 1
00531 12=11+1 o - J j
n0%33 I3ale] ’ s : :
n053¢ IF(1-1)301,3014302 . X ' K ) )
NN536- 302 X(Il)=(Y(II)-TF(Il)°X(12))/U(Il) - :
10554 60 T 303 B .
10556 - ¢ 301 x{yLi=v(I1)/UCI]) . ,
n0563 GO T0 303
0564 303 C(I=x(11) 4
nOSTL_ _ _ 800 CONTINUE _ S R T N
"N08T4 C(1)=0¢W
00601 C2=ARS(C(L)=RX1) ‘
n0611 IF(Ce- 0.05)4“0.a40.450 " . ’
70616 . 440 KH=J , '
0616 . 60 70‘430 o~ )
C \’.} '
C FOR FORCED CONVECTION . \.
: c ‘ .
N0616 430 AI:(RPIORPZ)/RS
10627 AP=1,0/R% .
10623 A3=Rp)/R5 _ T
- 0625 - AD=RP4 /RS . B r
00626 H'OOO .. y o ¢ .
n0627 T TP=0,0 T~ )
0630 SY==HSM , . e )
10632 D 4100 f=1.L . Y. . : 7
10633 ST=STeHSH - 3 _ . - N L
N0635 FACT=14040,604S1#(=Slel, 0)
n0642. Ctl)=CcryeFACT TN -
0647 " 4lon CONTINUE T : .
n0652 L XY0=C (L) o . - ' .
nN065S, . 420 Usue) ' : ' N L -}
NO657 . _ Y2=GKSPeTFRE . L T o
00661 TPeTPeyv ) . _ <
0663 N(JI=0,0 - - . ‘ e
10666 DO 100 1=2,L7 . : - .
n0670° . 1008TN{I)==Al . ’ ‘ .
no6TS H«l)anlvn(J)¢A2~r(?)oao AN . o
natToYr Utli=l,0 ° L oL L
naT12 T Y (1)=8(1) ) -7 . e Co b
noT17 DO 200 I=zleLe - ) . . R : Co
n0T20 I3=1ls) B - , o L
notez . B(I13)= A2~C(I3ol)ono ' - _ , b
) G . ! .
A e
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00730 . . TMUIV=TD(I3/ULD) 44 . ‘ : K
'n0737 U(13)51,0¢TMI13)#A3 . . o .
00766 CYUI3N=R(TI3I=TM(I3)eY () ' B v
‘00760 200 CONTINUE_ . : :
nN0763 R(L2)=A28C (L l)y+AD . . ' T
100771 TM(L2)=TD(L2)7U(L3) C . v o
101000 U(L2)E],n~A3¢TM(L2]) ¢A3 . .
‘01007 . CY(L2)ER(L2)=TMIL2) ey (1 3) , \ \ f
01021 NO 300 I=l.L2 -
1N1023 I1=L1~1 R o N . 1
n1oae 12=11+1 ™ . ' i
11026 IF(I=1)170+1/0418R0 3 T
101030 . 170 X(Il)y=Y(Il1)/U(11) . ¥
101037 Go To 190 . . i
ai040” 180 X(Il)=(A3ex(I2)«Y(I1))/0(1IY)
101054 ) Gn TOo 190 o L i,
'N1054 190 C(I2)=X(11) . C,
01061 300 CONTINUE ‘ o
101064 X(L1)=X(L2) - ‘ ’
01070 ® cL)=xeLl) o
N1075 Ce1) =n(J) . //
‘n1102 . Dha= AMFR”CP¢X20(X10¢C(L) ) #Y2/2,0 o o e L]
01113 W=We+D? i . v -
01115 Z=A8S(X10-C (L))
01125 1F(2=-0,000001) 61046105620 .
n1130 610 WI=AMFReCPaeX2eC (L) ‘ A . . S .
‘01135 TPER=THeTP . o ~
‘01137 S S A INE S ¥4 e e e
1163 & TeaiNt 23 | ‘ T R
[ ‘n1164s PRINT 244X o . e - . - {
: 01156 . 6o TO 639 . , -
- ™1155 620 X10=c{() : -
© 071160 £ CizARS(C(LY=~1.0) - -
01170, 1IF{C1=0.05) 41044104620 . T T i o _
‘01173 " 410 TPER=TH+TP _ ‘ L : .
N117% +  Wl=W/TPER = ‘ &
01177 _ 630 EFFIC=10A.0%Y1/S
: c } §
;oo c -
£ 01202_,  _ __ PRINT 22.X11+X2 ‘ - R S
Lonl211 "PRINT 1B4GKSMiGKSPIRX1eX] 9 X2 e . . :
01227 . PRINT 15,ALPH] (AMFR s - C ‘ 1
031237 - PRINT }1sJeKH TFRE ° . . . . i
01251 ) PRINTY 19.TH.TP,TPEﬂ , : : ‘ T
N1263 o PRINT l7oSc*10FFF ' ' Co- !
01275 5000 CONTINUE™ " L !
. C . , :
e Cc - )" \ i
1277 | FORMAT(514) - , . ‘ o :
012771 ? FORMAT(5F12.104/03F14,9) ~ ' . . , .
nl2711r .3 FORMAT(3Xe5F13,2) . , O o ‘ = .
01277 ___ 4 FORMAT(6Xe3HI =y1246%,E13s a) N - - A ’
01277 -* S FORMAT(3F10.7) T ' SR
012w 6 FORMAT(5F12,6) . o S :
(*01277 - 7 FORMAT(10Xs6HITE = +16) - . - TN
27T 9 FORMAT(2(2XehE1144)) . T PRI
LI " . »
1 PR -
t ) ' ' ; co |
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an2rTT 11, FORMAT (10X 4HK = 5 1545Xs sui 2 »15+5Xy ) THTIME REFERENCE = 3F10,3)
“n01277 13 FNRMAT (216} )
"N1277 14 FORMAT{//910Xs5HNN = ¢13,//)- .
NN1277. _ 15 FORMAT(10XsBHAIPH] = F12.4+5X014HM.FLOW RATE = 4+F12,8)
nol2ry Y 17T FORMAT(10Xe4HS = yF10,394HW = 3F10.34/s10Xs13HEFFICIENCY = ,F10.3¢
1BHPER CENT) ’
001277 1R FORMAT(2XsTHGKSM = ¢F10,542X 9 THGKSP = oF10,542X96HRX] = 4F10.5¢2Xs "
15Hx1 sFl0e5¢2XsSHX2 = 4F1045) ' _
nnlary 19 FORMAT(10XK+sSHTH = ¢F10e244HSEC4e5XeSHTP = sF1042¢4HSEC 15X s SHTPER=
19F10,24v4HSEC,) N ‘ ‘
001277 Pl FORMAT(10X,I5) o . , :
001277 22 FORMAT(10X+OHNT OFF »= «F10,39/910XeBHDT ON = ,F10,3) :
001277 23 FORMAT(10Xs2THRPUMP WORKS  CONTINUOUSLY) H
nn1z2rr 24 FORMAT(lox 17HAT TEMPERATURE = +FB42) )
nn127rr STOP u L B .
001301 . END f" ‘
: e , . 5
NN = 1 ¢ :
o PUMP ~ WORKS  CONTTNUOUSLY T e o T
L4
AT TFMPERATURE = 70,20 - ..
NT OFF = 47,500
. DT OM = 19,000 . o Co .
GKSM = L0120 G6GKSP = ,L,01250 RX]l = 2.50000 ‘X] = 70,198469 X2 = °
ALPH] = 1.0000 MeFLOW RATE = 00229047 - —
K = 2R(0 KH = . 5] TIME REFEFRENCE = 3172.000 s
TH '= 1982,50SEC. TP = +9079.B5SEC, . TPER=  11062,35SEC,
S = 12R0,000W = 673,026 . . N -
EFFICIENCY = S52.580PER CENT ‘
NN = ? - g - -t -
‘l‘ .
PUMP WORKS = CONT TNUOUSL Y« o ¢
AT TFMPERATURF = 54,0] 7 .
DT OFF = 47.500 o el - : - - -
‘ DT ON = ‘19,000 4 : ) oo ' ;
GKSM _= . «01250 GKSP = «01°50 RX1 = 2,50000 X1 =  54,81106 X2. = !
ALPHY = 13097 . M,FLOW RATE = « 00299983 ) :
K = 232 KH = 51 .  sTIME REFFRENCE = 3172.000
TH = 1982 .50SEC, - T = T176,65S€C, - TPER= , 9159,15%¢EC,
S = 1280,000w & 6BB P45 e et .
FFFICTENCY = S3,769PER CENT . Ty T i »
Ky b N “¢\ .
NN = 3 .
s . i
PUME™ ' WORKS  CONTINUOUSLY o E e T
AT TEMPERATURFE "= 41.86 . . .
NDT_OFF = 47,500 - i -
‘ nTigN = 7000 = - .
,‘»Ggsu = ~ «01250 GKSP = .01250 .RX1 = 2,50000. X1 =, 41,B86358 X2 =
! __ALPHY = 17453 MoFLNW .RATE = » 00399985 C ’
K = 193 XH = 51 TEME REFERENCE = ~ 3172.000
? TH = 1982 ,50SEC, TP =. 5630430S€C, . TPER= " 7612,80SfC,
L S = 1280.000w = CONCORDIA UNIVERSI’I‘Y . &
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A
PlIMp WORKS  CONTTINUOUSLY
AT TEMPFRATURE = 28,43 K
. NT_OFF = ‘j:kéi,soo
- NT oN = 19%Q00 ‘ - s v
GKSM = .01750 GKSP™E 201750 . RXL = 2.50p 1l = 2B.42T736 X2 =
ALPH] = 2.H194 _ M.FLOW RATE = 59966 e
K = 151 KH = 51 TIME REFERENCE =  3172.000
TH = 1982.50SEC. TP = 3965.00SFC. TPFR= . 5947,505€C,
S = 1780,000w = 7 06 . - .,
FFFICYENCY = 55.774P CENT
NN = 5 j
k4 -
| e —_ . o e e . .
P(iMp WORKS CONTIHNUDUSLY :
AT TEMRFRATJRE = 264,50 '
NY OFF = 47.500
0T ON = 19,000 ) . :
GKSM = «01250 BKSP = N ,01250 RX1 =° 2,50000 X1 =  24,49585 X2 =
. _ ALPH1l = 3.0559 MeFLOW RATE = 200699965 | o
K = 139 KH = '+ 5] TIME REFFRENCE = 3172,000 ’;
TH = 1942.50SEC, TP = % 34B9,70SEC, TPER= 5671 708EC,
-8 = . 1780,000w = 717,686 ' ’
EFFICTFENCY =  56,069PER CENT
\! .
T NN =z 6 : ST T T a
\ PUMP  WORKS  CONTINUNUS(Y
. AT TEMPFRATURE = 21.52 : - .
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