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- ABSTRACT . - ' .

-

An ekperimen;al investigation of ‘the dynamic thermal

»

T R vy o

performance of a flat dolar collector was conducted in.the heat

transfer, laboratory of Concordia University. ~

Py
% o

3

A lamp gﬁ 1,6 kilowatts, having a peak energy at a wavelength

of 1.1 /u.ﬁ , was used to simulate the solar radiation. .

A pump was used to circulate water through the collector.
p .

1

This pump was controlled by'the difference between the water

o

. cemperétures at the collector outlet and at the water

storage tank outlet which was connected to the collector inlet

via the pump.

’ st

~ ‘ . The thermal efficiency of the solar collector debends on

the ccontrol of the temperature difference and the water flow

rate passing through the solar collector. In order to increase the - -/J/

efficiency of the solar collector, the following are recommended:

.
"

R ‘ ’ ‘ ! v

.

-

" (1) a control with a small temperature difference.

¥ s
.

. {2) a maximum continuocus water flow rate for a fixed .

temperature differential control, which ensures a

1N

, constant temperature 0f the water at the outlet ) '

of the collector.
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' NOMENCLATURE -

. - ' ) - [
.. \1“ o . ' . ’

o p . - ' .
specific heat of ‘water at constant pressure, R ,
in J/g°C . . ) -

. [ ) 14 - ) Y + * '
pumping power averaged over a tota] period of - « "4
a cycle, in watts. ‘ ‘ S S
J’ . [ . s R
~ - . . .
power given to solar cqllectof,‘i,ﬁ_w'atcs- Y : .
, »
- - ’ x s L}
- v " ) . -~
mass circulated through thé s‘giar collector . . ’
during'tlie pumping period, in kg. ’ . A}
. ’ N . LA
output heat carried by the flowing water through »
the solar collector.during & Heating afd pumping f\ R
period, in kJ | - . -
' N ) - N
N . . t N
. . - hd , . .
rate o:f ",oucput".he&t‘carried T .
4
by the flowing water through the solar collector,
f N + 4 hd : .
averaged over a total period of a cycle, in watts. *
ot L 3 . . ’
. LN
-~

L
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- . -« W
© .. ’'temperature of the cold water entering the -

 solar collector, A %c. Lo - ' s |

, - wperiod, im %.

,,___,coliector inlet via the pump,’ ina°C.,

, .

. . [
. 4
p
s . . . R 3
s ~
.

B - '
. ¢ 3 -

o

-

N
> .
~ * ' a

A . S 1 v

mean temperature of the water collected from the

~ S ®

B

outlet of the golar collector during the pumping
v v )

[ -

‘ v ) . %
heating period(’*(immping is stepped)) in seco_nds"
A\ , / ‘ E “ ’
' - . ~
pumping period, in second s \ Y

£ - | ' '\\“f"’ . ‘
equal t, + €y total period of a cycle;=1n seconds .4

——

. . ' S

)

r - ’ i - .
temperature control differential (TCD): difference between

1

4 R ° "\ ,
the water temperatures at the solar collector outlet and * s q.

.
" -~

at the vater $torage tank outlet which is connected to the {

the temperature difference at which the

1.

switches on the power to the vatet p

the temf)e‘:acurefdifferenc’e at which the control

N . [3 -
“

‘switches off the power to the"pum'p. e < .

St _— -
volume flow rate 'through’ the solar collector : _ ) 4
‘ . ) ) o . t )
during the pumping period, in cm3/s cet e , s

maximum continuous flow rate through the solar ' . -
d : . o ‘. i

collector, in c}n3/s R K ' s ; BN <

. ’ - -
- N s
- R » . - 2 .
N . . . ’ -
, v . K
. . R R -y
. s
N




water 'density, in g fcm3,

. - i} - ” - \a .~ .l
5 . y C. w7
'. - i ) * 1 - . - t [
3 2 _ . .. wave }en}gth, in Znn . o ,
. o . C e co - '

se

' ‘ ’? ' thermal efficiency of the solar colléctor, in Z.:
‘ :
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INTRODUCTION * .-. .

N Wt

- * r
M '

. d -4 ,
The supreme religious ctlt of the ancient Egyptians was worship of. 3, T

PN

>
~

‘the Sunm,. which they considered to”Be the sourcé of human life. \

-

. . . - .

a
4

. o A
The world use of energy kads been increasing recently at a wate of
~. . . N q

- ¢

9] - N
¥oughly 5.7Z per year, reaching 7xlO12 watts in 1971. Ther<rapid
s : =S

g

& . ° .
consumption of fossil fuels has alarmed the world and urged scieptists
andlreseafchers to find and develop other sources of energy. Two’

energy soufces that will last as long as mankind lasks are éolar*Ehergy

- .~

- e ° - ind ¢ \D
. . . ) )

-

Y '0.
-and nuclear fusion energy. o * /)V/'

~

THe total sglar radiation in space is as high as 4x1027 watts. From ch
¢ B, . :

, i
2x10l7 watts reaches the edrth. Sold: energy will only be : '

-

utilized when it is competitive with élternative,dhergy'sources. The

A
«

most immediate large scale aprications would be for the “heating and

t

cooling of buildings, heating water, and.supplyiné heat for indﬁstr{al L

and agricultural drying operations. Sunlight can also ‘¢
2 .

- '

R - ~
Al

i ' ”\’;‘9
. < . :

A
be utilizei;ﬁ;fectixkfor poilutionless electric power generation.

A
.
“ .t

The flat solar collector is the most popular devicé to collect solar

energy at modest températuges, and the most frequently considered device

for use in.the heating of &omest;c water. \\\ C .

.

¢

Y - o ’g . .
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the solar collector when the watgy temperature at the collector outleﬁ?'u,-
. @ .

\is higher than that of thé water in the storage tank. The flow should N

s

stop when the wafer témperature at the collector outlet is equal to
. * L)
~ B - LY
or lower than that of the water*in the storage tank. In the literature

ver} little informatipﬁﬂod the effect of the pumping characteristics
Y ' . . “ .

on the tifeymal efficiency of ‘a solar collector is avallable. The

purpose of the-present investigation is to determine this effect
A . 7
experimentallys’ in order to utilize the solar colledtor system

[}
:

more efficiently. - o ]
- o 4

N~
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) .CHAPTER 2 . .~

THE FORCED-CIRCULATION SYSTEM

\
-

2.1 GENERAL ' ‘ 5 S

. In order to investigate, experimentally, the dynamic thermal
’ ) A3 ¥
performance of a flat solar collector, & forced-circulation gystem

was designeéd and installed in the heat transfer laboratory of L

L
.
N

~

Concordia University as shown in Fig. 2.1. - g

re n wcsten

2.2 DESCRIPTION. . B :‘

- The components of the system are stown in Fig. 2.2 and .
« -described briefly as follows: ' C |

’ “ 2.2.1 SOLAR COLLECTOR

| ‘ The flat collector is 91.5 cm wide and 122 cm high. ‘Forty-two

o | 1.27 cm diameter copper tubes flattened to an oval cross-section and

parallel to the height of the éollector, are connected to .two horizontal
‘ N t z ! N
2.5 cm diameter headers at the top and bottom of the collector, with

. E . . " . . - ‘ . P
; adequate T-joints. The tubes are coated with a black enamel paiat.

The solar c@Plector is covered with two glasses which haVe an air space

I -

of 2.54 cm in between, each glass having ‘a thickness of 3.2 mm and a .
. B et .

~ 3

transmittance of 87%. The wooden framle is well insulated at the bottom.
& ) - ) «. ' ¢
. The £lat solar.,collector was inclined 43° to the horizontal. "< ‘

¢ 3

.

2.2.2 LAMP ) ! e

.

, ) A lamp, having a2 power-of 1600 watts and a peafc energy at
. . .

LRS! /um',was chosen to simulate the soutce of solar energy. The

.
[N | ’ -
»

. . .
- ‘ . . *

N 4 . "o

.




I

‘8
o

lamp was placed normal to the flat collector at a distance of 34.5 cm

’ -

from its surface. An efficiemcy of the laﬁp of 80% was estimated.

wt

During the experiments the lamp was always on.

" 2.23 WATER STORAGE TANK

. .
The water to be supplied to the solar collector was stored

in an insulated tank in which a constant head was maintained. Hater

, from the city water supply was flowing continuously through

the tank, entering at the bottom and leaving to drain at the top.

This continuous flow ensured a constant temperaturefinside the
storage tank, this temperature being equal to the tempgrature‘bf the-
tap water which could be adjusted.

2.2.4 CIRCULATING PUMP

, Water was pumped through the solar collector entering at°the

bottom‘®of the collector and leaving at the top. A pump, the suction

o

of which was conflected to the water storage tank, provided water D e

circulation at different flow rates through the collector.

- L4
The ﬁdgékwas controlled to operate on an ON-OFF basis. The

s \

period between ON and OFF positions,- in which the‘pump circulated water

>

through the solar collector, is called the pumping period.

r

. -

2.2.5 FLOW CONTROL VALVE

3

. |
‘container and weighed accurately. The system was carefully designed

»

A valve at the outlet of the solar collector controlled the

-
\ ’

water flow'rgte through the collector. The water flowing throuéh

the solar collector,during the pumping period was collected in a ‘

—

-

. .
to prevent water from flowing .through the collector when the pump

’
»

was stopped. U -
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2.2.6 TEMPERA&'UR.E CONTROL DEVICE

Lo

A temperature cont:::ol, device controlled the ON and OFF’

i 6pera‘t:ion of the pump. The device was c;)ntrolled by the water ) N
temper;ature difference,“ AT, betw‘e.en' tt}e outlet of the éolar' "
collector a‘nd the outlet of the storage: tank which was c?nnected to

the cc;ll.ector inlet. The device could be set to achieve desired

values of AT. Each sétting had two éperating point:‘s: a'" AT-ON"

@hich controlled the.ON of -the.pump, and aAT-OFF which cotroileéi :

the OFF of the pump. AT-OFF was smaller thanAT-ON..,

o . o . . .

-

2.2.7 _ TEMPERATURE RECORDER
. N .

record the temperatures at four points. "Thest four\pé

in-Fig. 2.2 and are described below. . : .

-~ " ‘0«}

Pt 1 is at the surface of the outlet pipe of the water étorage tank,

"

. > )
which is connected to the collector. inlet. M

Pt 2 is in the wat;er;inside the solar collector idlet pipe.

- -

¥y - ' B

Pte3 is at the surface of the outlet pipe of the solar ‘collector. P

€
b

Pt 4'1s in“‘the water ins‘ide the outlet pipe of the 'solar -collector.

“

Four copper-constantan thermocouples were connected to these points
sl ) :

A | ,
and to amultipoint temperature recorder.

3

Two coentrol wires connected /pdints 1 and 3 to the temperature control

cl;vi«':ef

iy
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2.3 SYSTEM OPERATION.

s

"and heat was transferred to the water inside the collector tubes and

at the tank outlet, pqintil. At that instant the temperature control

\ .

o

Fig. 2.3 éhows the temperature records during 9 cycles of the system
operation., The temperature regdiﬁgs starting'ffgm the bottom of the
figure refer to the following sﬁage of the expe;iﬁent: The temperature
control device was set at a fixed AT; the power waé supplied Eo the
lamp; th§ pump Qas not running; the temperature of the water at the
collectorboutlet was higher than that of the water iIn the storage tank.

The radiation increased the surface temperature of the solar collector

1

’

raised its temperature until the water temperature at the collector
» -

outlet, point 3, was " AT - ON " degree higher than the temperature’
. oo

—~ .
device switched on the power to the pump which circulated cold water.

from the storage‘tank through the collector, displacing the warm water
. \ - )
inside the collector and cooling the collector. Temperature at point3

.

dropped until it reached " AT - OFF " degree higher than point 1.
At that instant the temperature control device switched off the power
to the pump., The time elapsed between the'switching onand off of

the power to the pimp is the pumping period tp . When the flow of

v . v
water through the collector stoppéd, the tmperature of 'water inside

fitil a temperature difference
v
- ON" , that elapsed period is

‘the collector started to increase -agai

between points 3 and 1 reacied "

. . 3> : .
the peacing period Ey The pump started and the cycle was repeatéd.

Thé total period of a cycle ¢t =t + Eh‘ .
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: _CHAPTER 3

. ‘ : .PARAMETERS AFFECTING THE @IAI SOLAR

=
[ ‘s Y . A -

- s N

COLLECTOR PERFORMANCE

3.1 . MAIN PARAMETERS K
] ° The main parameterg that affect the performance of the
\( flat solar collector are: ! '
1. ‘ the flow rate
2. the temperature control diffe;encial AT (‘
3. the collectorzinlet water temperature o
4. the solar radiation
- ‘ S, the ambient temperature. )
i - 3.2 FIXED PARAMETERS .
_ : i ) Three parameters were set constant throughout the experiments :
g B 1. the solar power at 1600 x 80 = 1280 watts
3 : . . . 100
é ! - 2. . the temperature o  the water in the storage tank;

( which was pumped to ﬁhe solar collector, at 11.2 °c.

3.' thé ambient temperature at 22.7 C
3.3 VARIABLES USED IN THE EXPERIMENTAL INVESTIGATION
;f . g - ffus the remaining variables which were used in the experimental

. ) . *
investigation were the flow rateV and the temperature control

 differential AT.
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METHOD OF INVESTIGATION

4.1 OPERATING RANGE

- \ +

In order tp study the operating range of the system, the first ten

experiments were run by changing alternatively the flow rate and the
3 ’ o

AT. It was observed that when the flow rate ig small for a

. 7

fixed AT setting, equilibrium condition of heat transfer could be

TCD

reached such that the collector outlet water temperature, which

.

controlled the operation of the pump, would not drop to AT - OFF.

1]

For such a case the pump opératéd continuously. A manual stop ofizhe
pump was required. Therefore there exists a maximum continuoushﬁlow
rate at' which a heat transfer equilibrium condition can be obﬁ?ined.

This condition was considered'as the lower limit of the operating

range. The upper limit of the operating range was arbitrary chosen in

such a way that the pumping périod was never less than 120 seconds.

c

4.2 © EXPERIMENT PROGCEDURE

v

Baged on the resuits of the preliminary tests, the experiment procedure

was established as follows:

1. Supply power to the lamp, -, ™
2, "Choose a setting for the temperature conérol differeqtiali AT.
3. ' Set the control valve to obtain a certain flow rate.
( starting from'a mean " value about 19 cm3/s ) -
4

. ' Start the heating period, use a stop—nyth to measure the

time, and record t.

-

h
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E . N
' o

. Collect all the water flowing through the solar collector

during’ the pumping period, measure and record e
Weigh’the:collected wvater and record the mass. .
'Rgpeat steps:b to 6 . -~ . =
' When the pump stops and the heating period starts change the
control valve setting in order to inctgssé\of decrease the
flow rate. * ° L T
*Repeat steps 4 to 8 until the whole operating' range is
covered. ./ ’ ' ,
B, . .
«Choose another setting for the temperature control "AT. .
Repeat steps 3 to 1l. ’
. L ) Q .
Four values 'of ' OT wete used in the expériments.
) -, . - ] \T - N - r
). s ) _
. v ’
- .
1
. ; ) N . ‘ . a;
0 ~ < W
A o .
\ +
.
O = .
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CHAPTER 5

- , EXPERIMENTAL RESULTS AND ANALYSIS

5.1 TEMPERATURE CHART ‘ .

“

<
. »
2.

The temperatures at poi'ht:s 1, 2, 3 an,df'were recérded ori tem— .
’ y ’ TS ' ) .
perature chart. On this chart the following data were also recorded :
the experiment number, thg heating period th’ .the pumping period tp’

the collected mass M, the flow rate V and the temperature controldT,

and other useful observations.

5.2 CALCULATIONS : -

¢
The mean tempeérature, Tm , of the water flowing otlit qf': t{é‘? solar

collector during a pumpiné period tp, was computed by incegrat%

the water outlet temperature recorded on the chart, point 4 during tp.

~

The density of the water p was found at T -

The water flow rate was calculated as = V= Mt x1000.

<P
R %
The -heat gained by the flowing water during a pumpingéperiod, is

-~

' © - : s
~e Q=M(T - T,) c. N\
Q

. The output povfet per cycle,c’;:—t—-—xlooo w.lé ¢calculated.
t

gi»:en by:

5.3 TABULATIONS

¢ .
The results and the calculated parameters were tabulated

\

in TABLES 1 to 4.

. 9.4 ANALYSIS

Snl’-ld,AT and th‘
£

®

The results show that the heating period t:h is nearly constant for a
fixed \e&perature control AT, and thus does not depend on the flow rate.

Consequently for the four values of TCD , four respective values of ty
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were obtained. The higher the temp%raturé control ddK?ferential, the

. o

logger 1‘3 the heating period. Fi¥. 5.1 shows the ch%{ac‘teristics of the:

-

temperaﬁure control device. AT - OFF increases nearly limearly with 4 T-

.

ON. Fig. 5.2 illustrates the relation between the heating per@o%th and’

14

AT.\ ) g

5.4.2 ot | ‘ .
' , P
| . \
B P v
Figures 5.3 to 5.6 show the pumping period tp as a function of

V at different values of. AT and t The higher the flow rate, the

-
shorter is the pumping period. A higher flow rate displaces more

. . . T, ’ -

rapidly the hot water out of the dolar collector. '

-
°

5.4.3 M : o : ' ,

The' total mass of water collected duri:ng a pumping pexz_ioc'l increases
w:[t:h~ a smaller rate‘of fiow through the solar collector. While

t:t:e cold water is flowing through the/gaolar collector, displacing hot¥
water and c?q;ing the collector, the collector is being heated by the

lamp's radiation. For low water flow rates, a heat transfer
4

equilibrium cond.ition of the solar collector can be obtained. 'There
exigsts a maximum flow rate, "’m , for a fixed AT, at Whict-l such a
condition occurs. The water tempqerature at the outlet of the
collector then stays constant and just above the\temperat:ure at; which the

temperature control device would cut off the power to the pumps. For

sfxch a case, the water mass collected will approach infinity. The results

show that \'Im is higher for lower AT values.

o ‘ /
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It was obsgrved that a very high water flow rate,mue to a lag-in

-

' ’ -
the control system, the pump would stop at a lower temperature then

the set point and thus more water was collected, The temperature

-

control sensors were attached to the outbr surfaces of the inlet and
. r t, *
outlet pipes of the solar collector (they were too ‘large to be intro-

duced into the pipe). When the flow

temperature at’point 4, dEopped at a higher rate than ‘the pipe surface
P 4 '
temperature at point 3 did.

ate was very high, the water

+

5.4.4 .Q and § .

Figures 5.7 to 5.10 show Q as function of V a} different values of AT

and £, - Figures 5.11 to 5.14 show q as fu tioﬁ of V at different

v

values of A‘l‘ and . '

t
Teased slightly again. Because

<

s : Q=MC (T, - T,) ., the large

@s),of water colleéted at a low flow rate resulted in a large Q .

\

The mean water outlet’ temperlat‘ure Tu; was slightlir higher: at low

4

T /

flow rate Bu‘t could be ‘considered constant forvar fixed AT. | '
For ; fixed AT, the rate-of heat output. ¢ decreased as the flow
rate increased. q reached a mifx:fmum value , then increased
rapidl'ylagain., It can be observed that the minimum vglues of q
occure! in a narrow region oRpthe flow ra:te. This phendmenhé is

expected as the flow changes from laminar to tutbulent.

Al

i f -

TN .

at




)

In the laminar flow region, the pumping périod deﬁreases as the.

[y
‘

flow rate increases., It results in the increase of the number of .

cycles per, unit time. qu increase inpthe«numbe% of heating'
- . S
periods causes an increase in heat losses from the collector
ol . Ry ., e .
to the surroundings. Thus the‘heatitransmitted to ‘the flowing
N AN o . - . 5

~
- %

water decreases. _\ '

w N \ N
In the turbulent flow region, the turbulence increases the heat’

transfer rate from the collector to -the flowing water and thus 'the

)

g .
rate of heat gained, § , increases as the flow rate increases.
’ €

-

- , .
The temperature control AT greatly affected the rate of heat

~

output ‘§4 . The higher’ OT, the higlier is the surface.temperature

] - - ‘ .
of the solar collector, and in turn the higher is the, rate of heat -

.

loss to the surroundings. The expected decrease of G as’'AT

increases is shown in Fig.‘S.ls.

.

5.4.5 ‘pm@mepgmn% " (

]
»

A typicalninstallation, as shown in Fig. 5.16, is consideée& in order
»

} »
to “caldulate the pumping power required. The solar energy collector is

i ‘v

installed on thb/top of a pitched roof of a one story family house,

the water storage tank and the pump are installed in the basement

The solar-water heating system is chosen as a closed system. The.
. ’ ’ . -
energy accumulated in the tank can be transferred to the ‘home hot

\ - a B . 1

water supply syétmm through a heat exchénge; ianflled in the water -

storage tank, The essential energy required to pump the water through
9

the circulation system, is o:he energy 1653 due' to friction in

pfping and Eittings.
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It is assumed that the system includes ten 90° elbows, a check valve, g
‘ . . - : R toLg
a“gate valve and 15.2 m of tubing (including the collector). .. ‘:
i . .- . ‘o - ‘ “ . . ‘?
» ” \ . . . s . i
+ L =352+ 10x03+ 1 x2.4+ 1 %015 +1.2(inlet and exit losses) =22m’ , ¥
N ' \’ {
¢ ®  The follpwing equations were used to compute the.frict':ion lo‘sées:, )
R = 10 =4vp - \ o
e By . S ‘
\ ) Fs'r\ laminat flow | #H = 1.27 ';‘;” v —- ' ~ ;
y ) { 82469 £ L pv©® ,
‘For turbulent flow H = v :
. . i5 . .
¢ d ! ~
l‘ . ° 4 -~
where « R.e : _Reynolds number - ' : Rel
‘L -total equivaierit: iengtﬁ, inm . < a
. . d: .'inside diameter of tube, in mm ; o
- v water velocity in pipe, iacm/s "
e ¢ B . N A M 3 " P
. P water density, in” g9/cm” - )
. B water vfscoci‘tyj\)it‘\. centipoise '
Y] flow rate, in cmsls
. ' ' /
. £ friction factor, *° :
. ! )
\ d H . head (friction losses); inmof water
(reference # 11) o
o > » -3 V H\
1 watts -
The pumping p??v‘ ) 8o , ‘
assuming a pumg efificienéy ofl 80Z. = ¢ . "
) where - vy flow rate, in cmsls . |
H head = (friction losses), in m,of water« °
. * S . 4‘ : e . .,
| ’ ) -~ , °
7 4 A " a
{ - “ o
- - . )
O | . \ ) | -
» ‘ *
- * ~ o < e
B - Ry v )
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N The power E' was, constmed during the pumping period Etp only, and
) in order to analyse the efficiency of the system,” an adjusted 'pump .
R ' power should be computéd and’ used : . ' ,
~ ot N , E' c ! - \‘-‘\ . A [ M ’
E = watts
PR = : B — N . .
. LY - N t ' ~ ,
. h t . .
i e N - l
. : o The results are tabulated in TABLES 1 to 4. hy
' . ~ N
: R 5.4.6_  SYSTEM EFFICIENCY g B
: - . = '
& The efficiency of the system can be defined as : : e
N R N ,
L 3 E + Es . i
,‘ . ’ . ~ ' a
* Values of ? were calculated and recorded in TABLES 1 to 4. ' o
. M ’——‘ . ?I

- Fig. 5.17 shows'? as function ol {I, for'four values. bf AT. Thé

" e#ficiency curves are simildr to those of § versus V .'The pumping o
s ) power is very® smadl compézJ'ed to the solar power E's and to q . ‘
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" The i‘.nx}estigation showd, that for a fixed temperature control- AT, the

-

e
(/‘ water at the outlet of the solar collector can be obtained. This flow

CONCLUSILONS ’

i3

w?

The flat solar collector under ihvestiggtion operates at high efficiency

’ ’
when the temperature control AT is small.

: ~

Y

-

efficiency of the,solar collector increases as the flow rate decreases

in the laminar flow region and as the floW.pate increases in the

~

turbulent flow region.

' -
the solar collector, it is more economical to operate ‘the forced —

circulation system a\t\the small flow rate in the laminar region than at

the 1large flow rate in the turbulent flow region.

. i

On the other hand, there exists a maximum countinuous flow rate, Vm, for

& fixed temperature control’ AT, at which a constant temperature of the

rate depends on the temperature control AT, 1t increases-as the ‘AT
decreases. It shows that the flow rate Vm achieves best thermal

efficiency of the collector for the fixed temperature control AT.

>

In the laéght of the experimental results of this investigation, it can

be concluded that in order to operate the flat solar collector
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i

at high

efficiency, the temperature control AT should-be set at a
\ .

minimum acceptable value depending on the applicatlons, and the
) ‘ -\ N

water be pumped continuously through the.collector with the flow

rate,

Vm, whigh achieves a heat transfer equilibrfium condition."

'
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