48

CHAPTER FOUR

RESULTS

This chapter presents the experimental results of the developed CST: Slzﬂ' PTC

system on selected days during the months of December 2015. lanuals Fcblualy

2016. The developed system were tested for its thermal per toxmanc?il the tropical
climatic environment of Malaysia where the degree of solar won 1S constantly
varying due to formation of clouds, rain fall and wind. Howe c cl]apter Investigates

the effects of various parameters on the performance of the ran

are the design of collector and liquid system, material é as thegsi t’u
\/: | 5’
‘—) S
| |T) a’{&\t acking system and
N,

vaollowmé, the sun track

*nvestwated
NJ

CBIVGI

4.1 Collector Design

track the sun based on obse

presented in this ILSLdth&MObSGI ve
In each 1 minute, the ﬂmvel e

PTC reported here t ‘l(

interval at an ang 750

&
s
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Results for both are plotted in Figure 19. The trend of the outlet water
lemperatures obtained with PTC automatic tracking was observed to be higher than the
9 _

manual system. This is as expected because the automatic tracking system was able to

track the solar insolation on a biaxial path every minute while the manual syste

moves every interval period of measurement. Consequently, it is

Relationship between these factors 1s also studied. Figure 2

ambient temperature with solar insolation measured
clearlv shows that as the solar irradiance INCI

lemperature and lower percentage of humidity.

tracking system will be Md
_ €
dependence of humidiQ gl mbignt tc

will be used as indg
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4.2 System Design
There are 2 different design options for the liquid heat transfer namely closed system and

open system. Closed system does not allow the water to flow out of the system in contra

with open system where water 1s allowed to flow out of the system. Both, syNnis are

discussed below. | % :

4.2.1 Closed System (Static Water) V:
thiincrlease In water was

determined 1n the closed system. Using the 2cm coppelgybe rgceiwgr¢@hd automatic
®

tracking PTC as collector. water through the 1'eceiver\¢ul sta tc—‘* @owing).
Inlet valve at one end of tube receiver is opened I@Ww W ‘losing the

valve at the outlet end. After interval period

To investigate the ability of the fabricated CST desic

7 <$-
di solar 1nsolation obtained

throughout the expernnment ting {ge sed spsteip. Tl@'aph shows that heat absorption
_ ‘v’ £ &
. 1 \m {ToR™Y

e :30 am until 3:30 pm. Its showing

peak temperature rise

&
@ow in the morning. Clearly, the low

Qd low solar insolation. Formation of clouds

absorption of heat |
llu,’ime S1t

oscillates n :.md:wd Cover 'S,

Nncrcasc In temperature of water 1s justified with the closed system

y of solar insolation during the experimental

test. The s

conditidg, Were the water cannot absorb more heat when the temperature started to

INCIeas become significant with ambient temperature.
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4.2.2 Open System (Flowing Water)

The CST was then tested und resents the condition of

receiver was used with the

real hot water heating system. The& :

'on.io ensu,e

PTC oriented along N-S dire

recelver tube.

the C.\'pcrimcnl.% 18 _
constant lhl‘l@l the cx]wrimenlb

N
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Figure 22 and 23 shows temperature rise mn water flowing system and as
compared to the static water system. As expected, temperature increase will be higher in

open system because heat accumulated 1 open system will be driven away through water

low. This can be shown by rate of water heat absorption as shown in Figure ”.\:RL of
water heat absorption for closed system 1s calculated from rate of hea& lra fer by

radiation., Q< = €6 (AT"). Thus if the temperature difference between a and water

hecome closer. rate of heat transfer become smaller, as observed. TWII] contra with

open system where rate of heat absorbed keep increase duc gy ase 'in lemperature

difference between outlet and 1nlet.

)

AT (K
- )

Solar Insolation (W/n

femperature Difference.

Fioure 22: Vari

¢ Time Taken during t Ic%xperimemfbr Open System.
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4.3 Tube Receiver
The tube receiver plays an important role in transferring all the received heat into

the water. In this study, effect of varying size, material and design of the tube receiver

will be investigated.

4.3.1 Size

Two different sizes of tube receivers are mvestigated. A 2 cm w

diameter of copper tube. Different sizes of tube receivers are tgsteOMlo determine w hich

recerver performs better at high temperature. The most comm

s directly proportional to the area of the hot surfac

other hand. the larger the diameter of tube receive

thus cooling the temperature at the tube ILLLWLN
C@]

The thermal efficiency obtained fr

receiver is 43 % with an outig as a

()
') & P '[ 6 l C C\fel-l ll] ) O 5 5 _1‘ N
maximum efficiency of \ arl ough received

W/m- in 2 cm tube receiver.
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Temperature difference produ KlUbe receiver are higher

¢

than 1 c¢m tube, thus producing h\ e
g\

indicates that more heat can be ca },I

water compared to heat loss throug the suyg

allows more heat can be

4.3.2 Design %: 5

The 14 eIver 1S respons Mo receive solar irradiance from the collector to

SN {Tows through it. Therefore, the design of tube receiver is Important as
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box made out of glass (facing downward) to reduce the amount of heat losses by
convection because glass have low thermal conductivity that 1s 0.96 W/mK compared to

copper that is 385 W/mK. The rest of the box's sides are painted black to increase area of

diameter copper tube receiver encapsulated inside box cover and withou! %sulalion

¢ average values.

heat absorption from the sun and collector. Figures 26 and 27 shows efficies

respectively from two ditferent sets of data. The solid line represents

Fioure 28 show the comparison between both of tube recerver desa

| ‘l'chce In efficiency with

The PTC with covered tube receiver presented here gives no

non-covered tube receiver. Encapsulated receiver inside be

on the 2 cm diameter tube receiver.

w w L b5 Wuwn
Q U © v

fficiency, np (%)

20
= 15
10
S
0
0

ncy of 2 cm Di(uhi(@r of Copper Tube Receiver Encapsulate

Fieure 26. ;ulh

vith Solar Insolation Obtained by the Open, Automatic Tracking

Inside Bolubs

N

System.
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Further investigation on influence of wind speed and humidity to the thermal

performance of CST were made. Results for both covered and uncovered 2 cm copper

tube receiver with wind speed and humidity variation are shown in Figures 29 and 30

respectively. Clearly from the results, wind speed did not influence the system acqboth

conditions have similar wind speed during measurement. On the other hand; m th

-
measurement of cover tube recerver, the humidity is low around 40 % “lecovered
tube recerver was measured with high humidity level. High level of hifhgghty could help

in reducing heat loss from the uncovered tube receiver, thus inc

is why we can really see any difference 1n efficiency of cover

the high humidity under uncovered measurements. é

Covered

LUncovered

Wind Speed (m/s)
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Figure 30: Influence of Humidity of Covered ar

Tube Receiver with Time Obtained by the m ﬂ S ystem.

1ld ‘,ﬁeally observed

Further mwstlﬂatlon was carried out loN)m .
on much smaller diameter tube receiver. 1 %a MT@L

material was used. The efficiency obt ub ﬁoﬁsetb of measurements

ted 1n Figures 31 and 32

- made of the same

under encapsulated box receiver is

{E) ce under high solar insolation
%*‘

maller diameter tube because smaller

'...}J
'--—--"’
l‘-*
q°
P
§®)
g
@,
p—
g
P..

(Figure produces higher efficiency than

VJ'

uncovered one. This can
tube produces less h
the heat absorpy the tube recei™Y? by reducing the amount of heat losses by
ases heat absorption by radiation. The higher the rate of heat lost by

convection a

the recel ower temperature output would be.
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Automatic Tr ackuﬁ

To confirm that the increase efficiend

100

A
S

] cm diameter copper

was not due to wind speed and humid Sme@ll relationship of the data

'O

with solar insolation was plolted ﬁ@sewed that humidity for both

St Sll@ thus did not give effect on the

O
n tf@olher hand, wind speed for uncovered

&

covered and uncovered tube

increase efficiency of cov

tube receiver l% uf 111@1163151116111(3111 of covered tube receiver.

T
Theor L,llt.,d“y hio

Qd speed will asm@’heat loss from tube receiver, thus decreasing

the rate of heat ? tion of tube recerver as stated by Newton's law of cooling which

t

‘Oer

states thgt th®ggte of heat loss of a body i1s directly proportional to the difference in the

temperatures between the body and its surroundings provided the temperature difference
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is small and the nature of radiating surface remains same. In this case, we can conclude

that the lower efficiency of uncovered tube was due to the design itself or due to the wind

speed because of the variety of the parameter and it is not easy to fix all the nature

parameters. Nevertheless, we can conclude that the efficiency of the tube IEN g to

absorb heat 1s not totally dependent on the design (covered or uncovered) t also

dependent on both humidity and wind speed as well. Y'
ver

T —

X Humidity uncover + Humidity cover O Wind speed uncover A Wind ST
I 3
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4.3.3 Material

Two different materials of tube receiver are investigated; aluminum and  copper.

To observe the influence of material to the CST tube receiver design, 2 cm diameter of

tube receiver made of copper and 2 cm diameter aluminum tube receiver. uni Nc

>red
condition were tested. It 1s expected that the higher thermal conductivity ON) which

1s 385 W/mK should be able to transfer more heat to water thus imv efficiency

compared to aluminum with thermal conductivity of 205 W/mK. H owﬁ 1f the copper
SS

tube receiver 1s exposed directly to environment, tendency of ,vill be higher.

ma I*Molﬁd In

The thermal efficiency obtaimned from the experiments for bo
- ,é\ 1S
Figure 35. % A
s

N
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Figure 35: E fﬁcAo_’ 2 cm Diamete{%"fl luminum and Copper Tube Receivers

with Solar Insé W Obtained by the Open, Covered, Automatic Tracking System.

N
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The graph shows not much difference in the efficiency, which is unexpected even

though the solar msolation throughout the experiment for both sets of data is almost the

same (Figure 37). Investigation on the wind speed and humidity on both experiments

observed that humidity 1s similar (30-50 %) for both materials. However.
during measurement of copper tube receiver is much higher than winAee during

measurement using aluminum tube receiver as shown in Figure 37. Winvd INCreases

Ncannol see the

e:
h( ernlal conductivity
\Y.

-
-

the amount of heat loss thus decreasing copper efficiency. Theref

high efficiency n copper in Figure 36 even though copper has |

than aluminum.
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4.3

Fo U, /T: =T
Neh = FrNo — - L('I——E)

C L

The thermal etficiency depends on the concentrator design parameters and the
parameters characterizing the operating conditions. The optical efﬁcieq 1cat 1oss

coefficient and heat removal factor are the design dependent paramelﬁ%le the solar

-

insolation, 1nlet fluid temperature and the ambient temperature > the operating

conditions (Brooks, 2006). If the thermal efficiency from w n 4.3 1s plotted

against (T; — Ty) /1, straight line will result provided U,fa cQustagt. The intercept is

M from a series
X

ol

Frno and the slope 1sfgrU, /C. The performance curve o

of tests conducted 1s given 1n Figures 38, 39, 40, 4 quation of

the curve 1s obtained using the standard technique
The optical efficiency, 1, 1s the fractin

of the collector., which 1s absorbed at the h of

.

] T —
lo I

The absorbed radiation, S, or th

by:

4.6
where 1o 15 Mg optical efficiency, a absoptance of the absorber, \y is the intercept factor, p

reflgctaryot the reflecting material and t glass cover transmittance respectively.
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The best fit curve displayed in Figure 38 was obtained and shown as a solid line.

This leads to the thermal performance equation for the collector with aluminum receiver

\2 4.7
From equation 4.3, (Ar U; Fr / A,) = 0.39 W/Km® and Fr No= O.%Ja geometric

tube.

1= 048-0.39 (=)

Iy

O

concentration ratio (Ay/Ay) of 10.2 the gradient of above equationw U; Fr = 3.978
M‘h gives 1N, = 0.59,

" 1101::11 factor represents

' CM]'if > whole

n 0'\»'6)";?1 heat loss
T

N
g'l'ed in Figure 39
48&&/1}611 using standard
|

ﬁﬂope 1s 0.27. Therefore,
N

ritten as:

W/Km ™. The optical efficiency was calculated from equation

this result gives in a heat removal factor Fr of 0.81. The |

technique of the best fit. The intercept c ei

the collector thermal efficiency equr‘eﬁ PT
n=0.42-0.27 (%\

-

The optical efficiency, ¥ of

concentration ratio of I\_&l

to be 0.705 and 3.4 |

copper tube recqypr ;lx‘cnﬂl‘

—

4.8

1€ h¢

val Qf;&?or and overall heat loss was determined

|
%l .C'S?milarly, for the case of a 2 ¢cm uncovered

$ T

%"\fﬁt in Figure 40. The intercept 1s equal to 0.44
Aﬁ : ~ o ¢ - .

and the SIU\ 34. Therefore, lh{lollectm thermal efficiency equation for PTC with

g

the bes ‘¢ can be written as:

0 n=044-0.34 (T;T) 4.9
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The optical efficiency, n, of the collector was determined to be 0.7 for a
concentration ratio of 10.2. The heat removal factor and overall heat loss was determined
o A , -/ .
to be 0.63 and 5.50 W/Km ™ respectively.

For the case of 1 cm copper tube receiver, the best fit curve displayed wgurc 41

leads to the thermal performance equation given in equation 4.10 below €t collector

with 1 ¢cm covered copper tube recerver.

n=037-0.25 (<=2

[y

4.10

The optical efficiency, n, of the collector was

ci to be 0.55 for a

“ulate w{ﬁ where the

: G, ‘ =
overall heat loss determined to be 6.28 W/Km™. Si y, forf u

4
1S

concentration ratio of 16.84. The heat removal factor

receiver, the best fit curve obtained 1s given FigurQ 7™ vitIN

%T;(;quation 4.11.

ica@iencyﬁ N, of the

The intercept 1s equal to 0.45 and the 31(3@4.

collector was determined to be 0.64 for a con nlr&Q’ ofy I284. The heat removal

N .}
% 311@.42 W/Km™ respectively.

factor and overall heat loss was dete 'lgd W
7 %Q-

B 4.11
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From the above findings, the scatter OE VY
of solar insolation due to the formation ON :
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analysis of the thermal
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Table 4: Summary of the Key Data from the Thermal Efficiency Test

Pea Ave Ave.Dt Avel, Ave. Ave. Ave. Ave. U,
Receiver kK no.om /(W (Wm* T,C T,’C Humidit Wind F, (W/K
(%) (%) m’) ) ) ) V(%)  (ms) m’)
Covered
Aluminum 47.7 36 0.2986  753.73 36 42.55 38.18 z 49]
(2 cm) K
Covered
Copper (2 433 30 0.439 77845 35.09 4145 34.81 A :
cm)
Uncovered
Copper (2 428 30 0.4089 59935 31.85 38.6 53.6 - z 0.63 5.5

cm) V
Covered
i 0.45 624.78 34.32 4032 : i 0.065 0.67 6.28

8.42

e |
o~
'y
-9
~J

Copper (1
cm)

Uncovered
Copper (1 268 19 0.3832 747.87 3391 38.69
cm)

From the table above, 1t was observed tlw cobg\

heat lost was observed to be less when u:n% to 4h ~COV,

O .

1yer _Q(pcnenced lower speed

&

D1 lC@ PTC recerver

in almost all the

cases presented above. This 1s because, the

convectional currents around 1ts enc

obtained by the covered PTC receiv t than that of the non-covered

receirver since the non- LOVLI%ZVCI Sulel

h'it@eat losses by convection from the
F &

11axdy the thermal efficiency obtained with

&

cleaagl_g steadily compared with those previous
4

etﬁiom box improves the overall performance of

'

results. This indic
valu@ﬁd the thermal efficiency equation obtained by

the PTC. The &cl‘ﬁciem
S

covered a WHH tube receiver and the result in general is close to other research works

reporfgl ™ the literature. Peak values of 45 % (Bakos et al., 1999), 63.8 %

(Valai#asu&, Sornakumar, 2007), 37 % (Eltahir Ahmed Mohamed, 2013), 50.57 %
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(Macedo et al, 2014), 18.23 %, 20.25 % (Santosh et al.. 2014). and 50 % (Baha et al..
2014) are described 1in the literature. Overall. the efficiencies are lower than those of

commercial PTC's the collector tested by sandia laboratory (Dudley et al. 1995) holds a

maximum efficiency between 70.8 % and 76.3 %, while the newest Eurotromllector

1s about 75 % efficient (Geyer et al., 2002). This wide difference: %rms of the

performance results 1s mainly due to highly reflecting surfaces, higher intercept factors,

receiver s absorption due to the selective coatings of the receiveswd. od environmental

conditions. Y






