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Abstract. A instrumentation and control system for test of performance of solar collector is presented. Units of
refrigeration and auxiliary heating of liquid were developed and implemented to provide adjustments of values of
temperature of the circulating liquid. The setpoint mass flow rate is achieved through a control system based a
frequency converter and pulley acting on a pump. A graphical interface show on real time the values of the
temperature of the circulating fluid, the set points (temperature and mass flow), the state of the actuators of solid state
that set the units of heating and also monitorial cooling of liquid and the values of incident radiation in the solar
collector. Electronics transducer circuits of signals and two modules of data acquisition of 12 bits with analog to
digital converter (ADC) and digital to analog converter (DAC) were used. The results are registered electronically and
used for determination of the performance of solar collectors, in accordance with the NBR-10184/1988.
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1. INTRODUCTION

The use of electric heaters of passage, for watatig for residential use, represents a thermadfaa for the
users and at the same time provokes an increatieeafemand in the Brazilian electrical system. Adow to the
PROCEL (2005), 6 % of all the Brazilian consumptisdestined to the water heating for residenta. u

Due factors as simplicity of installation and loast of acquisition, the electric heaters represemtpredominant
way of residential water heating, as demonstratdtié Fig. 1 whereas the use of the solar enemgthéowater heating
is 0.4%.

Residential solar heating
PPH-PROCEL/ELETROBRAS - 2005

6.0% 14.6%/_044%

ﬂ i electric heater
M not use

gas

M others

solar heating

Figure 1. Residential water heating
PPH-Procel/Eletrobras 2005 — adapted

The technological advancement, the improvementhef life expectancy of the world-wide population athe
increase of the industrial production, are factbeg develop the demand for energy.

In this case, the developments of alternative ssuaf low ambient impact, and low financial cosvédeen the
investigation focus for several investigators.

According to ALDABO (2002), the Brazil presents thest rate of solar radiation, principally in therdheast
region, where has yearly values between 1752 kWhém2190 kWh/, which demonstrates the big potential for
thermal use of the solar energy in substitutiomeztuction of the use of electric heaters, just bikleers countries as
China, Israel, Greece, Austria, Australia, Turkdpjted States, Japan, Denmark and Germany (ABRA088). With
the objective to add an alternative to the existimgthods for analysis of performance of solar ctdies, for the solar
water heating, was developed in this work an appsaraf tests of solar collectors - ATECOL, composgdunits of
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cooling and heating of liquid implemented throudkct&onic circuits of interface, system of acqudsit of data,
supervision and control, in such way to providetoarof temperature and mass flow rate of the sysbé control for
tests of a solar collector.

This work presents the results of characteristfcth® unit of liquid refrigeration, of the unit difjuid heating, the
control of temperature and mass flow rate of thstesy of control for tests of a solar collector.

2. METHODOLOGY

The use of the solar energy as effective measuem@igy conservation and reduction of operationatrequires
studies on the profit of the solar collectors, imdtion of the individual efficiency of each equipm and of the
uniformity of the mass flow rate in the respectbadteries of solar collectors.

According to Duffie and Beckman (1991) the testanflysis of performance of a solar collector carcaeied
through in three parts:

| - Determination of the instantaneous efficiengith incident radiation on the absorber surface;

Il - Determination of the effect of the angles wéidence of the solar radiation;

[l - Determination of the collector time constaatmeasure of the capacity of effective heat.

The basic method of measurement of the performaficie solar collector consists of the expositidntiee
collector under solar radiation and measuremenhefvalues of inlet and outlet temperature of thalf In this way,
the useful energy of the solar collector can baiokd through the Eq. (1) Duffie and Beckman (1991)

Qu = n"K:p(-l—oul _Tin) (1)

The solar collector has his thermal efficiency diésal as the reason between the useful energy radgby the
solar collector and the radiation that reacheglain (Aita, 2006). The Eq. (2) represents the wfficy of the collector.
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Where 0 is the efficiency,Q, isthe energy transferred to the wate, is the incident solar radiation in the plan of
the collector, A, is the area of the collectom is the mass flow rate of the watex, is the specific heat of the water,

T, is the outlet temperature of the water afds the inlet temperature of the water. The plaittectors theory makes

possible to calculate the total energy of a calledty means of the difference between the absoenedgy and its
thermal losses, as presented in the Eq. (3).

Q, = AR [G; (ra)-U, (T, -T,)] 3)

Where R, is called factor of removal of heat, represehésdapacity of the collector to heat transfer ef ptate to
the water; {o) is the product of the transmittance-absortptivilly is the global coefficient of losses, that congtega
all the thermal losses of the collector andi§ the ambient temperatureg(fe) and RU_ are parameters that
represent, respectively, the effect of the prigeoptics and the thermal properties of tHarsmllector (Duffie and
Beckman, 1991; Shariah and L6f, 1997). The valdebese parameters are gotten in the experimesnsayafor the
determination of the thermal efficiency of tlmllectors, which can be effected in aceom with norms
techniques as NBR 10184(1988) and ASHRAE STANDA$IN977 (1977). The combination of the values of F
(to) and RRU is used to define the quality of the collecthat express the behavior of the curveefiiciency
of the same. With this, the efficiency of theteys can be defined by the Eq. (4):
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”:rmp(rout _Tin)
AG;

(5)
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The Eq. (4) represents a similar behavior to thedr equation of the type y = bx + a, where the(t@hstant term)
represents linear coefficientgr(fe) and the inclination represented for “bhgalar coefficient gU.. The results
presented graphically facilitate to the attainmeafrihese two parameters, demonstrating in simplifi@y the behavior
collecting. The graphs present in the vertical akis efficiencyn and in the abscissas axis, the result of division
between the difference of temperature of the finithe input of the collector and the ambient terapge and the solar
radiation in the plan of the collector.

Being U, Fr e o) constant, the graph versus will be a line with interception in: #ro) and the

(T, —To)
GT
derivative in - RU,.
Soon, the efficiency of the collector is relateithwthe value of the inlet temperature of theger in the same,

so the bigger value of the solar radiation incidemdst vertical will be his curve, according to wimoin the Fig. 2.
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Figure 2. Solar collector efficiency
3. THE APPARATUS

For standard NBR10184 (1988), for realization &f thsts in solar collectors, the mass flow ratetrbe$.017 kg/s
for each i of area of the collector and the inlet temperatiréae water in solar collector must be controliegrovide
an equal value to the one of the ambient temperawith tolerance of + 2°C and the system of testst provide
adjustments of values of up to 30 °C with respedhe ambient temperature and know the incidenatiad on the
absorber.

In this way, with the necessity to provide to tdchh conditions applied by the Brazilian standattiere was
developed, in the Laboratory of Solar Energy of Bezleral University of Paraiba, one technical agfoet which
integrated to a solar collector under test, is ablgrovide the control of mass flow rate and terapege of the
circulating water in the hydraulical system, thrbua system of instrumentation and supervised cbntrothe Fig. 3
presents the interface of the system of supervigiahcontrol of the apparatus. Through this intexfahe user has the
information in real time of the inlet water tempera and outlet water temperature of the solarectdl, the units of
refrigeration and heating and also of the ambiemipterature.

The adjustment of mass flow rate is obtained thinoagvirtual instrument, which controls a frequemonverter
remotely hanging the rotation of the hydraulic pua setpoint. The incident radiation on the solaltector is
measured by a precision Eppley pyranometer, whasea a@re sampled and stored in a database, for ajameiof
reports.
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Figure 3. Interface of supervision and control
3.1 Cooling of liquid unit - CLU

The refrigerators of liquids, also called of chidieor unities of frozen water, are equipmentsequigd to guarantee
the continuous supply of water to the temperatdjested for the cooling of industrial process (Cais2004).

For reuse the circulating water in the system @valing of the water heated in the collector untést, there
was developed a cooling liquid unit (CLU) based tbe principle of vapor-compression refrigeratiomnfi the
adaptation of a 6.16 kW window air conditioner, witis evaporator immersed in a reservoir of nylontaining 116
kg of water (Soutat al., 2008).

The temperature of the thermal bath can be redupdd 14 °C with a controller of the compressoside this tank
is also installed a copper coil for cooling with him of diameter and 7 m of length, which drivestbdawater
originating from the connection of the solar cditecunder test, providing an adequate heat exchtmge re-used in
the test, without mixture of mass, as shown in4~and Fig.5.

Figure 4. Compressor and reservoir Figure 5. Eratpoand copper coil for cooling

The copper coil, immersed in the thermal bath, ceduhe heated water by solar collector, resultimgduction of
up to 40 ° C.

For such, a vapor compression refrigeration systasadopted, using the refrigerant gas R-22 ad dtivork.
The equipment consists of a compressor type scarienser and evaporator and reservoir of ligeod.specification
of the used copper coil in the heat exchangerdkasloped a program, based on the LMTD method (itbgraic mean
temperature difference).



Proceedings of COBEM 2009 20th International Congress of Mechanical Engineering
Copyright © 2009 by ABCM November 15-20, 2009, Gramado, RS, Brazil

3.2 Analysis method of the heat exchange in the CLU

According to Incropera and DeWitt (1998) there fave methods of analysis for the heat exchangees . MTD
(log mean temperature difference) method anTU (Number of Transfer Units and the Effectivesies) method.

In any situation, both the methods can be used@igét equivalents results. However, dependinghemature of
the problem, the-NTU method can be easier to implemented. The LMW&hod is more appropriate to know inlet
and outlet temperatures because the valu€Tail can easily be calculated. When the inlet anitebtemperatures are
not known, the calculation through the LMTD becomasre laborious and demands iterative processisncase the
&-NTU method is simpler. In this work the LMTD methwas adopted. Thus, the thermal load can besepted by
the Eq. (6) and Eq.(7)

Q=rhc, AT, (6)
where:

AT, —AT.
AT, =—2 L ) (7

Where:AT,, or LMTD is the log mean temperature difference
3.3 Axial temperature distribution in the pipe

The axial distribution of average temperature i pipe for the condition in which the surface terapgre remains
constant is represented in Eqg. (8) and Eq. (9).

dr, _ — P AT (8)
dx mc,
where:
AT =TT, (9)

The total rate of heat transference for eation, under condition where the superfidianperature
remains constant is given by Eq.(10).

qconv = h &A-I—“TI (10)

h: average heat transfer coefficient;
A : Surface area of the pipe;

AT -

Im -

log mean temperature difference.

The Equation (8) can be solved separating the bagaand integrating of the input for any pointrejdhe axis
pipe, resulting in the Eq. (11).

'[AT)< d (AT) - —ijxhdx
& AT me. "’
(11)

The result of this equation is used to find an egpion to determine the temperature in an x pamg)(of the axial
length of the pipe.

3.4 Heating of liquid unit — HLU

For storage and heating water auxiliary was dewslop carbon steel boiler with capacity by 23 litensl anti-
corrosive treatment. A temperature sensor Pt-106 iy connected to three wires, with stainlesd stesmath immersed
in the water which is heated by an electric resisatype immersion of stainless steel of 4 kW/220ngtalled inside
the boiler. The heating is done directly in theidluthereby reducing energy losses and making yis¢ées1 more
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efficient. Three solid state relays energize themelnts of resistance, according to the necessithamal power
defined by the controller. The tank of heating &ary is shown in the Figure 6 which allows the gratemperature
control in the input of the solar collector, showrigure 7.

Figure 6. Boiler of the HLU Figure 7. Solar collector and pyranometer

3.5 Mass flow rate control

A hydraulic pump is designed to meet a fixed valfithe number of turns and the value of the nunatbeotations,
operate with a mass flow rate Q, a lifting heighHpgiving a maximum efficiency} . (MACINTYRE, 1997).

According to MACINTYRE (1997) the power absorbedthg engine that drives the pump varies with theecof
the number of rotations according to Eq. (13).

3
L [l]
P, N
2 2 (12)
where:

P Initial power consumed;
B . Final power consumed;
N, . Initial speed;

N, . Final speed.

In low rotation, lesser the power in the axiste pump and minor the output power of the motoreduction of
10% in the speed causes a 27% of reduction on alepconsumed for the pump. The mass flow rateirictly
proportional to the speed, has the same perceatligction of the speed, that is, 10%. In this way variation of the
speed of the joint engine-pump a frequency conkveves used that in accordance with the mass flde macessity,
through a signal of analogical voltage, commanddotely, can modify the value of mass flow ratéhef system.

In the traditional method of control of mass floate for valves, a reduction can be obtained, howelie motors
continues operating in the same speed - pressthinfuid on the input of the valve, absorbing Haene power. The
NBR-10184 (1988) establishes that the mass floe fat the assay of the collector must be of 0.04/5 or each
square meter of solar collector. The collector usstlin this work has 1.77of area.

3.6 The Controller

According to OGATA (2005) a system that establisheselation of comparison between the output anulitin
reference, using the difference as a means ofaorgrcalled feedback control system.

The controllers developed for this work have ascfiom the control of temperature and mass flow @ftehe
system, being that the main goal of each one istiemtation for the setpoint.

The corrective action happens when the controlladabsle deviates from setpoint, independent thee tgp
disturbance, a time that the control system do¢setuire no knowledge of the source or naturéhefdisturbance. In
the feedback control no corrective action is taketil a shunting line in the controlled variablecars, that is, the
disturbance reaches the process and later thaotiieolled output if moves away from setpoint tlatcol system acts.

This type of control is satisfactory for the praz@s question.
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All temperature sensors were calibrated from 1500 °C, obtaining a precision of £ 0.1°C and et@gtr circuits
of signal conditioning were developed to conve# thariation of resistance of the sensor into furctf the voltage
variation.

For all process of acquisition of data were used tanverters modules with A/D and D/A charactesgstivith 12
bits of resolution and 10 kS/s (National, 2008jalizing 16 analogical inputs, 24 digital canal® &nd 4 analogical
outputs.

The graphical interfaces were developed in the hjcap language LabVIEW' and the showed data are
automatically filed for generation of graphs anplaws.

In Fig. 8 is presented the project of used cordradind in the Fig. 9 the graphical interface of ¢batroller of the
cooling of liquid unit. In Figure 10 an indoor viesf apparatus is presented and in the Fig. 11l8wreal command.

Cooling Ligquid Unit - Supervisory and Control

r(t)

| u( y(t)
| control actuator process >

control signal output

reference signal

signal conditioning I | sensor I

oz
sHiiern
|

Figure 8. Block diagram of controller

Figure 10. Apparatus Figure 11. Electrical command
4. RESULTS AND DISCUSSION

Analyzing individually the components developed fhe stages of refrigeration control, heating, amaks flow
rate, concludes that the system of acquisitionestgion and control presents stability, versatiéind reliability.

The behavior of the unit of liquid heating (HLU) thii23 kg of water and with a resistance of 4 kW/22(@s
demonstrated in the Fig. 12. Was noticed that théemwtemperature increased of 29.3°C for 62.2 A&t mmeans, a
variation of 32.8 °C in 15 min. In 50 min the uaftrefrigeration (CLU) reduced the initial tempenag of the thermal
bath of 28.3 °C for 16.4 °C, for a mass of 116 kgvater, as shown in the Fig. 13. The values reddbe HLU are
enough for maintenance of a temperature of workh ast increments the sufficient for the contréltbe inlet
temperature of the collector. With respect to CeUgached time the value of the temperature of &djtisted for 21.0
°C and this maintenance is guaranteed by the ramses of the reservoir and also by the performafndtiee controller
who qualifies the refrigeration system, keepingtdraperature of the water of thermal bath in tHeevaf setpoint.

Using a solar collector with 1.7’nof area, adjusted the mass flow rate for 0.028 legid keeping constant the
temperature of the thermal bath of the CLU in 2Clwas analyzed the capacity of cooling of the Clbtvarious
values of inlet temperature in the immersed coppérin the thermal bath. The graph of the Fig.ptdsents the curve
of decline of the inlet and outlet temperaturetaf toil copper cooling, measured for Pt-100 senisodirect contact
with the water.
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Figure 12. Behavior of the HLU Figure 13. Cooling of thermal bath

Thus, there was a 63.62% reduction in temperatur@yiding 76.2 kW of water cooled by the coppeil.co
Considering the equivalent model simulated, theais w0.57 ° C average difference for all tempeesuwhich can be
justified by some simplifications in the mathematimodel.

Was used a frequency converter to control the rmionp set and the system mass flow rate, adommg
reference a flowmeter with + 2% of precision ang twrrespondent values of the voltage to the cbofrérequency
converter in which results obtained for range ofsow rate desired were satisfactory, as showkigare 15.
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Figure 14. Cooling water output of the collector Figure 15. Calibration of flowmeter

5. CONCLUSION

In this work, was presented the resulted from aesyof virtual instrumentation, supervision and wsijon
of data for tests of performance of solar collextor

Were developed a system of thermal bath, on theipie of refrigeration the steam, when there iployed
an appliance of air conditioner of window of 5.1 kwhich provided 76.2 kW of cold water, in a temgiare of the
thermal bath of 21.1 °C. The results also demotestrthat the CLU is able to provide a reductiorteshperature of
63.2 % when the temperature of the water is addfkedeferential system in the inlet and in theletof the CLU.
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An auxiliary heating source with capacity for 23 ¢dgwater and resistance of 4 kW/220V, has hisntia¢ power
dispersed in the water by setpoint of the controlle

For measurement of the temperature of the ciraigatvater in the circuit there were used sensork0Bt-which
integrated to electronic circuits and analogicagitdi converter the integration with a microcomputtirough USB
interface.

The control of the mass flow rate, from 0.01 kg/90t033 kg/s, through a frequency converter adtinthe joint
motor-pump, provided versatility, stability to thgdraulic circuit and economy of energy.

This way, the authors of this work believe in thiability of implantation of the apparatus for intaion to the
system of analysis of performance of solar collexto
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