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Abstract. Cylindrical parabolic solar concentrators of small concentration ratio are attractive options for
working temperatures around 120°C. The heat gained can be utilized in many applications such as air
conditioning, space heating, heating water and many others. These collectors can be easily manufactured
and do not need to track the sun continuously. Using a heat pipe as a solar absorber makes the system more
compact and easy to install. This study is devoted to modeling a system of cylindrical parabolic solar
concentrators of small concentration ratio (around 5) fitted with a heat pipe absorber with a porous wick.
The heat pipe is surrounded by evacuated glass tube to reduce thermal losses from the heat pipe. The liquid
and vapor flow equations, energy equation, the internal and external boundary conditions were taken into
consideration. The system of equations was solved and the numerical results were validated against available
experimental and numerical results. The validated heat pipe model was inserted in an evacuated transparent
glass tube as the absorber of the cylindrical parabolic collector. A calculation procedure was developed for
the system, a computer program was developed and tested and numerical simulations were realized for the
whole system. An experimental solar collector of small concentration, fitted with evacuated tube heat pipe
absorber was constructed and instrumented. Experiments were realized with the concentrator axis along the
E-W direction. Results of the instantaneous efficiency and heat gain were compared with numerical
simulations realized under the same conditions and reasonably good agreement was found.

Keywords: parabolic concentrator; concentrator with heat pipe; solar energy; evacuated enveloped heat
pipe

1. Introduction

The cylindrical parabolic solar collector is composed of a mirror of cylindrical parabolic
geometry with the absorber placed in the focal region of the mirror. The efficiency of the collector
is essentially influenced by thermal and optical losses. The optical losses are depending on the
mirror fabrication precision and orientation. For a mirror fabricated within acceptable levels of
quality, having precise collector orientation and sun tracking, the optical losses will tend to be
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constant and small. Hence, in order to improve the overall efficiency of the collector system, it is
necessary to reduce the thermal losses, which are inherent to the collector itself.

The thermal losses depend upon the temperature of the absorber tube, the thermal conductivity
the tube material and the convective resistance between the working fluid and the tube wall. To
reduce the conduction and convection losses, the absorber tube is housed inside an external glass
tube having vacuum in the annular gap between the two tubes. Additionally, the radiation losses
are reduced by using selective coatings on the absorber surface. The heat exchange between the
absorber tube and the working fluid can be improved by enhancing the convection heat transfer
coefficient by adequate choice of the working fluid, increasing the fluid Reynolds number, use of
techniques for heat transfer augmentation as micro fins, spiral strips, etc.

Working fluids to extract heat from the condensers of the heat pipes vary according to the
temperature achieved by the project of the parabolic collector. For temperatures below 100°C
water is used. For higher temperatures fluids of higher vaporization temperatures are used. Silicon
and Therminol oils are most preferred. For temperatures below 100°C the best storage medium is
water. For higher temperatures liquid storage is not as attractive as storage in latent heat which is
covering a wide range of working temperatures. PCM storage is usually preferred because of the
high storage density and nearly constant temperatures during charging and discharging processes.

One of the advantages of incorporating heat pipes in the absorbing unit of the collector is that
the heat removal is accomplished by the external surface of the condenser of the heat pipe which
can be improved by the conventional fin technique. Another advantage is that by using heat pipes
the necessary pumping power is reduced.

Ortobasi and Buehl (1980) presented an optical and experimental study on a tubular solar
collector with a heat pipe absorber. Vasiliev, Grakovich et al. (1984) developed a model for flat
plate solar collector with heat pipes and demonstrated that the use of the heat pipes can improve
the efficiency by 10 to 17%. Azad, Bahar et al. (1987) reported the results of an experimental and
numerical study on solar water heaters using gravity assisted methanol heat pipes.

Gari and Fathalah (1988) presented a model simulation and experimental results of a passive
condensate heat pipe pumping system using acetone as a working fluid. Ismail and Zanardi (1990)
presented a numerical and experimental study on solar concentrators of small concentration ratio
equipped with heat pipes, analyzed the optical and thermal losses of the system and validated their
model with experimental data.

Azad and Bahar (1991) analyzed the coaxial heat pipe solar collector and compared the
numerical predictions with experimental results. Ghaddar and Nasr (1998) presented the results of
an experimental study on heat pipe solar collector with R11 as a working fluid, while Chun, Kang
et al. (1999) presented an experimental study for the utilization of heat pipes for domestic solar
water heaters. Hussein, Mohamad et al. (1999) presented the results of optimization of a wickless
heat pipe flat plate solar collector by using a transient thermal model for the solar system.

Kim and Seo (2007) numerically and experimentally investigated the thermal performance of a
glass evacuated tube solar collector consisting of a two layered glass tube and an absorber tube.
Air was used as the working fluid. The length and diameter of this glass tube were 1200 and 37
mm, respectively. Four different shapes of absorber tubes were considered, and the performances
of the solar collectors were studied to find the best shape of the absorber tube for the solar
collector. Beam irradiation, diffuse irradiation, and shade due to adjacent tubes are taken into
account for a collector model to obtain a realistic estimation.

Redpath, Eames er al. (2009) presented experimental data from a heat pipe evacuated tube solar
water heater. The high capital costs associated with heat pipe evacuated tube solar water heating
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systems can be reduced by replacing forced circulation with thermosyphon circulation.

Kumar and Reddy (2009) presented a three dimensional numerical analysis of the porous disc
line receiver for solar parabolic trough collector. The influence of thermal fluid properties, receiver
design and solar radiation concentration on the overall heat collection is investigated. The analysis
is carried out based on renormalization-group (RNG) k—e turbulent model and Therminol-VP1 as
working fluid. The use of porous medium in tubular solar receiver enhances the system
performance significantly.

Padilla, Demirkaya et al. (2011) performed a detailed one dimensional numerical heat transfer
analysis of a solar parabolic trough collector. The receiver and envelope were divided into several
segments and mass and energy balances were applied in each segment. The partial differential
equations were solved simultaneously. Finally, the numerical results were validated against
experimental data from Sandia National Laboratory (SNL) and models showing good agreement
with experimental data.

Nkwetta, Smyth et al. (2012) presented the performance of an evacuated tube heat pipe solar
collector compared to a concentrated evacuated tube single-sided coated heat pipe absorber for
medium temperature applications. The concentrated evacuated tube heat pipe solar collector
showed an improvement of 30% and 25.42% in overall average temperature gain and total daily
collected energy, respectively compared to the non-concentrated evacuated tube heat pipe
collectors.

Chong, Chay et al. (2012) proposed a cost effective easy fabricated V-trough solar water heater
system using forced circulation system. Integrating the solar absorber with the easily fabricated V-
trough reflector can improve the performance of solar water heater system. They realized optical
analysis, experimental study and cost analysis of the stationary V-trough solar water heater system
and reported promising results in both optical efficiency of V-trough reflector and the overall
thermal performance of the solar water heater.

Parabolic trough solar collector is the most proven industry scale solar generation technology
today available. The thermal performance of such devices is of major interest for optimizing the
solar field output and increase the efficiency of power plants. Hachicha, Rodriguez et al. (2013)
presented a detailed numerical heat transfer model based on the finite volume method for these
equipment where the different elements of the receiver were discretized into several segments in
both axial and azimuth directions and energy balances were applied for each control volume. An
optical model was also developed for calculating the non-uniform solar flux distribution around
the receiver. The model was thoroughly validated with results from the literature. In all cases,
results obtained showed a good agreement with experimental and analytical results.

Arab and Abbas (2013) developed a semi-dynamic model of a concentric evacuated tube solar
water heater to investigate the effect of working fluid choice on the technical and economic
performance of a typical solar water heater and validated the numerical predictions against
experimental data. The effects of using water, ammonia, acetone, methanol, and pentane as
working fluids of the built-in heat pipe were discussed. They reported that the performance of the
solar water heater can be significantly enhanced up to 28% and 50% from economical and
technical points of view, respectively.

Ayompe and Duffy (2013) presented the results and analysis of the thermal performance of a
solar water heating system with heat pipe evacuated tube collector using data obtained from one
year field testing. They reported solar collector efficiency of about 63.2% and system efficiency of
about 52.0%.

Cabrera, Fernandez-Garcia et al. (2013) summarized the existing experiences and realizations
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on applications of parabolic trough collectors in solar cooling systems, presented a survey of the
new collectors with potential application in feeding absorption chillers and evaluated its occasional
use as an alternative to other solar thermal collectors. They reported that parabolic trough
collectors present similar leveled costs of energy for cooling as flat plate collector and lower than
evacuated tube collectors and compound parabolic collectors.

Wang, Zhu et al. (2015) developed and studied a tracking compound parabolic concentrating
solar collector with concentration ratio of 2.3, which combine the compound parabolic
concentrating, heat pipe evacuated tubular receiver and crank rod transmission mechanism
together. A theoretical model was created to simulate the solar incident angles and the optical
performance of the tracking compound parabolic concentrating collector. In addition, thermal
performance of the tracking compound parabolic concentrating collector at different operation
modes was investigated experimentally.

Liang, You ef al. (2015) summarized the one dimensional mathematical models under different
assumptions and details for parabolic trough solar collectors. All the heat transfer processes were
considered: convection within the absorber, in the annulus and between the glass and ambient;
conduction through glass cover, absorber and support brackets; radiation in the annulus and from
the glass to the sky. The difference in accuracy for one dimensional model was presented and
analyzed on the basis of the experimental data from Sandia National Laboratories. The average
difference of outlet temperature between the simulation results and test data was 0.65°C, however
it was 2.69°C between the 3-D model and experiment results.

Biencinto, Gonzalez et al. (2016) described and evaluated a new simulation model for direct
steam generation in parabolic trough solar collectors. The model is based on a steady state
approach but deals with transient conditions such as start-up, shutdown and clouds in a reasonable
computing time. The performance of the model is validated with real experimental data.

Jebasingh and Herbert (2016) presented a review paper focused on the performance and
efficiency of solar parabolic trough collector and also reviewed the pertinent applications of solar
energy such as air heating system, desalination, refrigeration, industrial heating purposes and
power plants.

In cold environment, the conventional flat plate solar collectors and all glass evacuated tube
solar collectors will suffer from various problems, such as large heat loss, low efficiency, freeze
and tube burst, which severely limit their applications. For this reason Zou, Dong et al. (2016)
proposed for water heating in cold areas a special small size parabolic trough solar collector, which
could overcome the shortcomings of conventional solar collectors. An experimental platform was
developed, and extensive tests were conducted to evaluate the characteristics of the proposed
parabolic trough solar collector. It was found that the thermal efficiency of the proposed parabolic
trough solar collector reached about 67% even under the condition of solar radiation of less than
310 W/m’, indicating that the parabolic trough solar collector could collect solar radiation
efficiently. The results showed that the efficiency increased with the increase of the output
temperature, and was reduced by wind action and frosting.

Guo, Huai et al. (2016) investigated the influences of some parameters on the performance of
parabolic trough solar receiver such as the mass flow rate of working fluid, ambient temperature
and solar incident angle on the heat losses of solar receiver. The exergy losses of solar receiver
increase as the inlet temperature of working fluid, wind velocity, and the inner diameter of glass
cover increase. The convective heat loss of glass cover predominates in the heat losses of solar
receiver, but the exergy lost from absorber ends takes the largest proportion. The optical heat loss
of solar collector is far more than the heat losses of solar receiver. There exists an optimal mass
flow rate of working fluid for exergy efficiency.
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Conrado, Rodriguez-Pulido et al. (2017) presented an up-to-date review on the thermal
performance of parabolic trough solar collectors. Various types of mathematical models,
simulation and numerical methods, and experimental set-ups of the parabolic trough solar
collectors were reviewed and analyzed in terms of heat loss, environmental conditions,
temperature and heat flux. Furthermore, they reported cost analysis and economic strategy used for
the parabolic trough solar collector collectors.

Considering the above literature revision, this paper presents a complete model for a cylindrical
parabolic solar concentrator of low concentration ratio fitted with heat pipe absorber. A detailed
model of the heat pipe with porous wick is developed, solved numerically by the finite volume
method. The grid size was optimized and the numerical predictions were compared with well
accepted experimental results. A model for the trough parabolic solar collector with the porous
heat pipe enveloped in evacuated glass tube is used as a heat absorber was developed. The
available formulations and data on the optical and thermal losses were incorporated in the model.
The numerical predictions of the system composed of the collector and the porous wicked heat
pipe were compared with experimental results to validate the model and the numerical simulations
with the system oriented along the E-W direction. Reasonably good agreement was found.

2. The mathematical model
2.1 The heat pipe full model

Fig. 1 shows a heat pipe of circular cross section used as an absorber for the solar concentrator.
In order to formulate the heat pipe mathematical model some assumptions are made to facilitate
the mathematical treatment (Chi 1976). These assumptions include that the liquid and vapor flow
in the heat pipe is laminar, steady; the vapor flow is subsonic and that the thermo-physical
properties of the liquid and vapor are constant in the temperature range of operation of the heat
pipe. Although this last condition is used in the present study, the model developed allows for the
variation of the physical properties with temperature. Also it is assumed that the vapor fills the
interior of the tube, the processes of condensation and evaporation occurs at the liquid-vapor
interface which coincides with the physical interface between the porous wick and the vapor
region. Finally it is assumed that at the vapor-liquid interface, the vapor is in a state of
thermodynamic equilibrium corresponding to the local pressure.

Fig. 1 Heat pipe schematic representation
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Using the above assumptions and the geometry presented in Fig. 1, the liquid flow in the
porous structure is formulated based on the equations developed by Vafai and Tien (1981) in its
conservative form. Hence the equation of mass conservation, equation of momentum in the x-
direction, equation of momentum in the r-direction and equation of energy were written in their
conservative forms (not shown here to avoid excessive and repeated equations). In these equations
the effective thermal conductivity, k. of the porous saturated medium and its permeability g are
used to define the porous material of the heat pipe wick structure.

The vapor flow in the heat pipe flows in the in the core of the tube and is described by the
Navier Stokes equations together with the equations of continuity and equation of energy written
in their conservative forms, that is, the equation of mass conservation, equation of momentum in
the x-direction, equation of momentum in the r-direction and equation of energy were written in
their conservative forms (not shown here to avoid excessive and repeated equations).

The heat transfer in the metallic tube is governed by the steady state heat conduction equation.
In order to facilitate the numerical treatment of these equations we adopted the dimensionless
variables presented below

)
Vp=— %
T2 Lepyd

Where v, is a reference velocity related to the energy rate O by the equation
While p, and . are respectively the reference density and reference viscosity in a given
temperature and A is the latent heat of vaporization of the heat pipe working fluid. For constant
properties p = =1
These dimensionless variables are also used to calculate the dimensionless numbers such as R,
P., D, and others as below

C
Rer:pvrvr r-r : Pr:/’lvr pv : Rerp:/’lvrplr
/'lvr I(v /’llrpvr (2)
/Ilrcpl rzg
Pr_= ; Dar=-
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Where Dy, is the Darcy’s number. It is important to mention that the boundary conditions for
the governing equations are not commented at this stage but will be presented in their
dimensionless forms together with the governing equations. The above dimensionless variables
listed above were substituted in the governing equations (described in their conservative form) to
obtain the system of equations and their associated boundary conditions as below:

The liquid phase

» Mass conservation equation

o of Along o of Al o o
La’| & a l e
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* Flow equation in the x-direction
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The vapor phase
* Mass conservation equation
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» Flow equation in the x-direction
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» The heat conduction equation for the metallic shell of the tube is
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The boundary conditions for this problem are divided into two sets, boundary conditions far

from the interface and boundary conditions at the interface.
Boundary conditions far from the interface
For the vapor flow

* No slip at the solid surface

V::(O, r*)z v;(l r*)z 0
u:(o, r*)z u\j(l r*)z 0

» Symmetry with respect to r=0

« Solid lateral walls
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« Insulated lateral walls
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For the liquid flow

* No slip on the solid surfaces
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« Lateral solid walls

« Insulated lateral walls
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« Insulated lateral walls
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* Heat flux in the evaporator and condenser
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(12d)

(13a)

(13b)

(13¢)

(14a)

(14b)

(14c)

In Eq. (14c) the (*) signs refer to the condenser and evaporator respectively. This condition can be

changed according to the way heat is removed from the condenser.
Boundary conditions at the interface
Liquid-vapor interface

» Energy balance at the interface

v(xa)=2 {—keﬁ K aTV}(p%)_l}

Vr errV 8r pVI’rV 8r

(15a)
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» Mass conservation at the interface

vr(x*,l): p\,rpx v;(x*.l) (15b)
Pir Pl
« Continuity of the velocity at the interface
u(x"1)=u;(x" 1) (15¢)

» Equal shear stress at the interface

A () b 20
5wu»4¢#@@ (15d)

» Liquid-vapor equilibrium

T, (x*,l)zT(p) (15¢)

» Temperature continuity at the interface

T,(x)=T(x"1) (150)

At the liquid-metallic tube interface

« Solid wall
r
S x p .
Y [X r—] =0 (16a)
\%
* No slip at the solid surface
r
£ * p o
\%

« Continuity of the heat flux at the interface

« I « I
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« Continuity of the temperature at the interface
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Fig. 2 Geometry of the parabolic concentrator

To solve the system of coupled equations subject to the associated boundary conditions, the
authors used the finite volume method, the Locally Analytical Differencing Scheme (LOAD)
proposed by Wong and Raithby (1979). Extensive number of numerical tests was realized and the
details were omitted here for brevity.

2.2 The solar collector model

Fig. 2 shows a section across the parabolic trough solar collector. The glass parabolic mirror
has a width W. The porous black painted heat pipe has an external diameter d surrounded by the
glass evacuated tube of external diameter D, and internal diameter D;. A section across the
absorber tube is shown on the left side of Fig. 2 indicating the fluxes of radiation and heat received
by and emitted from the absorber porous heat pipe. The mathematical model is formulated based
upon the collector geometry shown in Fig. 2.

The following simplifying assumptions are considered:

a) The system is in thermal equilibrium.

b) The solar beams are parallel.

c) The optical properties are constant over the spectrum used and do not depend on the
temperature, the angle of incidence or polarization.

d) The evaporator of the heat pipe and the glass tube have uniform circumferential temperature
because of the low concentration ratio of the collector.

The radiation heat transfer contributions considered include two sources, one is the solar
radiation including the visible and infrared ranges, while the other is the heat exchange in the
infrared range corresponding to the absorber temperature. The optical properties are considered
constant in the respective radiation ranges.

2.3 Solar radiation

Based upon Fig. 2, and considering a section of the absorber tube of length Az it is possible to
write the following equations:

» The flux of solar energy striking the external glass tube directly or after reflection from the
mirror is
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Q=Ep,(W -D,)Y, Az +E(D, -d)Az + EdAz + E(D, - d)z? p,Y, Az (17)
* The flux of energy emitted from the internal surface of the glass tube is
Q2=7 Q1 +pw Q5 (18)
» The flux of energy reaching the absorber is
Q,=r,,0.E\W —D,)Y, Az +E(D, —d)z2Y, Az +7, EdAz +p,,Q; (;i) (19)
* The flux of energy reflected from the absorber is
Qs=ptvQ3 (20)

» The flux of energy striking the internal surface of the glass tube is

Qu=Qu+7u Ep (W — D, )Yy (L— &) AZ+E(D, — )z Yo oo (L— ) AZ +
Yy Y Q1)
+ E(DI - d )Tvv (1_ z-vv)AZ +pr5(1_ %)

» The flux of energy lost from the glass tube is

Qs=pw Q1+t Qs (22)

In these equations E is given by E=I F(a) F(e) and | is the intensity of the solar radiation, F(a)
is a correction factor to account for the inclination between the normal to the aperture plane of the
solar collector and the solar beam (Duffie and Beckman 2013), and F(¢) is a function to account
for the error in the collector orientation (Duffie and Beckman 2013). The parameters Yy, and Yy are
the interception factors for the glass tube (tv) and the heat pipe (tc) and p, and p, are the
reflectance of the glass tube and the absorber respectively.

The inclination of the solar beams to the normal to the aperture area of the collector reduces the
aperture area and consequently reduces the reflector surface area due to shading over the reflector.

Following Ramsey, Gupta et al. (1977), the function F(a) can be expressed as

F(o)=(1— A)cos(a)

Where A is a function representing the ineffective fraction of the area due to shading.

The function F(¢) was investigated by Umarov, Zakhidov et al. (1976), and their results were
used in the present study.

The angle of incidence @ is given by Duffie and Beckman (2013)

€0S 6 =sind sin¢ CoS S —SiNd COS ¢ COS S COS y + COS & COS ¢ COS S COS  +
C0S & SiN SCO0S ¥ SiN @+ COS 3 SiNg Sin S COS y COS ®
Where &is the sun declination given the approximate equation (Duffie and Beckman, 2013), as

(284+n)}

5=23.45sin [360
365

Where n is the day of the year, ¢ is the latitude, s is the angle of inclination between the
horizontal plane and the aperture plane, y is the azimuth of the surface and w is the hourly angle.
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The angles « and ¢ can be found as function of 6, w, the solar azimuth y, and the solar height g,
(Duffie and Beckman 2013).

2.4 Thermal radiation between the absorber and the glass tube
Consider a section of the absorber tube of length Az as in Fig. 3 and assuming that the metallic

tube is at a uniform temperature T, and that the glass tube is at a uniform temperature 7,;, the net
thermal radiation received by the glass tube and the metallic one can be written as

d 4 4 d
D&V oTie+ey Ol {1— (1-pyi )Dl

Hy=— - ! (23)
1-pyill-(1—pg )—
Pv{ ( ptI)DJ
4 4 d
ey 0Ty +Pyi€tOTe D,
Hi= i
-
i (24)
By=H,
By=e0Te +pyi By

Where ¢ and ¢, are the emittances of the absorber and the glass tube respectively, p; and p,; are
the respective reflectances.

2.5 Heat transfer by conduction and convection between the glass tube and the
absorber

For a horizontal tube of uniform surface temperature surrounded by a second tube of lower
surface temperature, with the annular gap filled with air, the total heat loss by conduction and
convection can be expressed in the form

Tie — Tui
Qcc=21Kes (I:(di")')Az 25)
Where ke , according to Ratzel, Hickox et al. (1979), can be given by
ks=k, forRa<1000
(25a)

k. =0.1585k,Ra®%*" forRa>1000

Where the Rayleigh number R, may be viewed as the ratio of buoyancy and viscosity forces
multiplied by the ratio of momentum and thermal diffusivities and is given by

|3£

Ra=p9p (25b)
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AT=(Tie - Tyi) (250)

(25d)

“= N (259

The properties p, 5, 1, a and k, are expressed in terms of the temperature as in Ratzel, Hickox
et al. (1979).

2.6 Heat loss by convection to the ambient

The heat loss by convection to the ambient can be expressed as
Qca=ntDehy(Tye —Ta )AZ (26)

Where T, is the temperature of the external surface of the glass tube and T, is the ambient
temperature. The film heat transfer coefficient is given by Kreith, Manglik et al. (2011)

2
hy=1.41T e ~T4|DO?° 27)
If the external air velocity along the tube is zero. Alternatively, h, can be expressed as
h,=k,CReP DS (28)

With Re the Reynolds number, C and p are constants depending upon the Reynolds number, k,,
vand v, are the thermal conductivity, kinematic viscosity and velocity of air, respectively.

2.7 Heat conduction across the wall of the glass tube

Finally the heat conduction across the wall of the glass tube can be calculated from
(Tyi—Tve )AZ
In(—%
( D, )

Qcty=2ky (29)

Fig. 3 Thermal radiation exchange between the absorber and the glass tube
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2.8 Energy balance

The equations listed above are used to write the energy balance equations for the different
elements.
* Energy balance of the absorber

Qu :QS_Q4_Q1 _Qcc (30)
Where Q, is the useful energy removed by the heat pipe and
Qu =nd(B; - Hy )Az

« Energy balance of the glass tube as in Fig. 3

Q1 +Q5+Qcc +Q2=Q0 +Qp+Qca +Q3 31)
Where

Q2=nDj(By —Hy )Az
And

Q3=nDe cTﬁv(TvAé _Ta4 JAZ +7,i Q)
» Heat conduction through the glass tube

(1-14i Q2+ Qee H1— puy—tw )5=Qety (32)

The three balance equations contain four unknowns, T, T, T\ and Q,. To determine the four
unknowns an additional equation is required to be able to solve the system of equations. The
additional equation can be obtained from the analysis of the heat pipe. The determination of the
temperature distribution over the heat pipe is done by using the detailed calculation procedure
described in Ismail and Zanardi (1993). In this procedure, the determination of the temperature
distribution is realized by solving the system of equations for the internal flow in the heat pipe
coupled with the energy equations of the vapor and liquid flow and in the wick of the heat pipe.

As the heat removal is realized by circulating a fluid external to the condenser of the heat pipe,
the boundary condition can be written in the form

T
_km—am =Nes [Tt —Ts (X)] (33)
r_
r=n
And the fluid temperature is determined from
— —T¢)=0 4
& mC, (Tm—T¢) (34)

Where ki, is the thermal conductivity of the heat pipe material, P is the pipe perimeter, m is the
mass flow rate in the condenser, p and C, are the density and the specific heat of the fluid. The
film heat transfer coefficient h,can be calculate suggested by Mc Adams (1954)
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hied
€ _{0.35+0.56Re052 Jpr 03
Kt

3. Procedure for the numerical calculations

The calculation of the temperatures and the useful energy is done following the calculation
sequence below.
(i) Using the global formulation for the heat pipe it is possible to write

Qu :ApUhp(Tte_th) (35)

Where T and T, are the mean temperatures of the condenser and evaporator, A, is the tube
cross section area and Uy, is the global heat transfer coefficient calculated as in Chi (1976)

2 1 1
ré In(r /1y) rg In(ry /1) Ty Fy (6 Le +La +6LCJTV
Uhp = + + +
2Lekm 2Lgkeg Pv hfg

ré In(rp / r\,)+ rg In(rp /1)
2I—ckef 2|—ckef

Where F, is the friction coefficient for the vapor flow.
(i) The energy balance in the condenser can be written as

Qu=het Ac(Tic—T+ ) (36)

Where A. is the condenser area and T; is the mean temperature between the fluid at entry and
exit.
(iii) Energy balance on the fluid results in

Qu=mC p(Ts—Tre) (37)

Egs. (30), (31), (32), (35), (36) and (37) have six unknowns and therefore can be solved by
Newton-Raphson method and the temperatures and the useful energy Q,. can be determined.

(iv) With this value of Q,, imposed as a boundary condition for the heat delivery to the
evaporator one can solve the heat pipe model.

(v) In order to use the boundary condition of heat removal it is possible to represent the
solution of Eq. (34) as below.

With the value of T, as determined from the global formulation, considered as constant over the
whole length of the condenser and discretizing Eq. (5) one can obtain

hPAXx hPAXx
Ti=|1- Ti1+ T
' ( mcpj 1 me, " (38)
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(vi) This last equation which can be solved by a marching technique to obtain the temperature
distribution in the fluid.

(vii) These values T; are then used in the heat pipe model described earlier to obtain the
temperature distribution along the heat pipe.

(viii) The new values of T, obtained in (vii) are used in Eq. (38) to obtain the new values of
temperatures and the process is repeated until convergence is achieved.

(ix) The values of the temperatures T are used in Egs. (30), (31) and (32) to solve the system
of equations corresponding to the evaporator (divided into N elements each of them of length Az),
by the method of Newton-Raphson. This process is repeated until all the temperature values are
determined.

(x) Having determined these temperatures it is possible to calculate the efficiency of the system
as

-
WL

. N
withQ, =20 39)
1=

€

4. Experimental rig

To validate the proposed models of the heat pipe parabolic solar collector and the numerical
predictions an experimental rig was designed, constructed and instrumented. The installation was
used to heat up water for use in the Laboratory of Thermal Storage and Heat Pipes of the State
University of Campinas, Brazil. The experimental system is shown in Fig. 4 and is composed of a
single cylindrical parabolic solar concentrator of low concentration ratio (less than 5, 0), a constant
head working fluid circulation circuit and a vacuum pump to produce vacuum into the glass
envelop surrounding the heat pipe. The details of the experimental installation are shown in Fig. 4.

The parabolic mirror is supported by a bed hinged at both ends to allow the heat pipe collector
system to be rotated for orientation and adjusting. The aperture angle of the collector is 90°, the
fo;:al distance is 10 cm, the length of the collector is 1 m and consequently the aperture area is 0.4
m-.

The absorber of the concentrator is a copper heat pipe painted black of 25.4 mm external
diameter, with a wick made of bronze mesh sandwich. Water is used as the working fluid and its
volume is 15 cm®. The heat pipe total length is 1.30 m, of which 1.0 m is the evaporator, 0.2 m is
the condenser and 0.1 m is the adiabatic section length. The evaporator region is enveloped by a
glass tube of 51 mm external diameter and 2 mm thickness with one of its ends fitted by end cap
and reduced diameter connection to 10 mm to connect the glass envelop to the vacuum pump. A
vacuum gauge is installed to measure the pressure in the annular space between the copper tube
and glass envelop.

The thermocouples used are of the T-type of diameter 24 AWG. To be able to evaluate the heat
pipe performance and the temperature distribution in the different sections along the heat pipe, the
glass envelop and the rest of the system. Six thermocouples were placed in the evaporator region
of which four thermocouples were placed in the middle of the evaporator spaced 90° along the
perimeter of the of the heat pipe. One thermocouple was placed in the adiabatic region, two in the
condenser region, one on the internal surface of the glass tube and one on its external surface.
These thermocouples were calibrated against a certified thermometer of +0.05°C precision. The
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error propagation in the experimental work was evaluated using a conventional procedure. By
using AT=20.05°C, At=#0.05 s, volumetric error AV=+0.1 L the maximum error found in
calculating the useful energy is found to be 6.7%.

General data and information relative to the experimental rig are listed below:

a. Reflector

« Reflectance =07

« Aperture area A=0.4m

b. Heat Pipe

* Reflectance (visible) ov =0.03

» Reflectance (infra-red) pi =0.10

+ Emittance (infra-red) &=0.26

« Evaporator length L.=1.0

« Condenser length L.=0.2m

+ Adiabatic length L,=0.1m

« External diameter d=0.0254 m
c. Glass Tube

* Transmittance (visible) ww=0.9

* Reflectance (visible) pw =0.9

« Transmittance (infra-red) 7,i = 0.01

» Reflectance (infra-red) i = 0.09

* Emittance (infra-red) &=0.9

« Internal diameter D;=0.047 m
« External diameter D. =0.050 m

The tests were realized with the concentrator axis oriented along E-W direction at the city of
Campinas, SP, Brazil.

To flow measuring system Water inlet Over flow

\ => =

Condenser of
the heat pipe v

S -

< Solar concentrator

| ey J ' 65 J

Fig. 4 Layout of the experimental apparatus
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Testing procedure

With the concentrator axis oriented along E-W, the collector was rotated gently until the
normal to the aperture area forms an angle y corresponding to »=90-4 with the horizontal, where g
is the solar angle at mid solar day. After this adjustment is made, the collector is covered for
protection while finalizing adjustments of the other components of the experimental rig. The pump
for circulating water in the condenser of the heat pipe is switched on and the water flow rate is
adjusted to the required value. The vacuum pump is connected to the collector evacuated tube,
switched on and the vacuum is adjusted o a low value (10° mm Hg). All thermocouples are
connected to the data acquisition system and finally to PC. The solar radiation was measured by
Epply equipment and the continuous measurement evaluated at the end of each experiment. The
local wind velocity is measured by digital anemometer and registered few times during each test.

With all the equipments adjusted the test is initiated and each 15 minutes all reading are
collected automatically and the others are registered manually. In average three to four tests are
done each hour. Most of the tests were realized between 10:30 and 14:30.

5. Results and discussion

Fig. 5 shows a comparison between the predictions from the present model and the results of
Tien and Rohani (1972). As can be seen when the heat load is small the agreement between the
present model predictions and the results of Tien and Rohani (1972) is good. When the heat load is
increased the agreement is not as good. The differences can be attributed to the tolerances assumed
in the numerical schemes adopted by Tien and Rohani (1972) and those adopted in the present
study. Also since the temperature variation is big so will be the density variation and these will
strongly affect the results. In their study they used the equation of perfect gas to correct the density
while in the present work we interpolated values from gas tables.

The predicted results from the present model for the heat pipe were compared with the
experimental results of McKinney (1969). The numerical simulations were realized under the same
operational conditions as in McKinney’s work (1969). Fig. 6 shows one of these comparative
results indicating good agreement and consequently confirming the validity of numerical model.
Other comparisons with McKinney’s work showed good agreement and were omitted due to lack
of space.

200

300

AP (Nm?)

—_———— } Proposed
A model

400F__ Tien and
Rohani(1972)
Evaporator Adiabatic Condenser
500 + section
. 5 2
0.2 0.4 0.6
Distance along the heat pipe, x(m)

Fig. 5 Pressure drop in the heat pipe, comparison with the results of Tien and Rohani (1972)
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Fig. 6 Heat pipe temperature distribution, comparison with the results of Mc Kinney (1969)
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As mentioned before the concentrator was oriented along the E-W direction. Fig. 7 shows a
comparison between the daily experimental thermal efficiency and predicted numerical results. As
can be seen the agreement is good. The corresponding variation of the useful energy rate with time
for the same test is shown in Fig. 8 and as can be seen good agreement is found.

Fig. 9 shows the temperature distribution along the heat pipe corresponding to the results of
Figs. 7 and 8. Because the heat received at the evaporator is not uniform, consequentially the
circumferential temperature distribution is not uniform as can be verified from the experimental
temperature distribution at mid section of the evaporator. At this location four thermocouples are
fixed with angular spacing of 90° between them. As can be seen the higher temperature is
indicated by the top thermocouple and the bottom thermocouple indicated the lowest temperature.
The nearly coincident temperatures are indicated by the lateral thermocouples. This
circumferential variation of the temperature distribution along the evaporator was not considered
in the model. This assumption was adopted to avoid the complication of having to handle a three
dimensional temperature profile in the heat pipe model. In the present study a uniform
circumferential temperature distribution was adopted.

Fig. 10 shows the results of the hourly predicted thermal efficiency compared with the
experimentally measured thermal efficiency. As can be seen the experimental values are below the
predicted ones due to orientation errors since orientation is done manually. Fig. 11 shows the
corresponding hourly heat gain for the results of Fig. 10 where the experimental measurements are
slightly below the predicted ones due to orientation errors of the concentrator.

Fig. 12 shows the temperature distribution along the heat pipe corresponding to the results of
Figs. 10 and 11. Again, because the heat received at the evaporator is not uniform, consequentially
the circumferential temperature distribution is not uniform. This circumferential variation of the
temperature distribution along the evaporator was not considered in the model to avoid having to
handle a three dimensional temperature profile in the heat pipe model. For simplicity, in the
present study a uniform circumferential temperature distribution was adopted.

Fig. 13 shows another comparison between the predicted hourly thermal efficiency and the
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300.0 " A )
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Experimental v ﬂgf 4
250.0 — — E
g 2 Numerical predictions
a cg” Experimental data A
& © 500 F
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Solar hour Distance along the heat pipe, m
Fig. 11 Comparison between the numerical Fig. 12 Measured and predicted temperature
hourly useful heat gain and experimental distribution along the heat pipe corresponding to

measurements corresponding to the results of the results of Figs. 10 and 11
Fig. 10
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Fig. 13 Comparison between the numerical Fig. 14 Comparison between the numerical hourly
hourly efficiency and the experimental useful heat gain and experiments corresponding
measurements to the results of Fig. 13

experimental measurements. The results show the same tendency as mentioned before. Fig. 14
shows the predicted useful heat gain and the experimental measurements corresponding to the
results of Fig. 13. As can be verified there are some differences between the numerical predictions
and measurements due to orientation errors.

6. Conclusions

The numerical predictions from the developed model of the copper heat pipe with porous wick
are found to agree well with available experimental and numerical results. The validated model of
the wicked heat pipe was inserted into evacuated glass tube and used as absorber for the
cylindrical parabolic collector, the whole system was modeled and numerical simulations were
realized with the concentrator oriented in the E-W direction, adjusted once a day. The numerical
predictions were compared with experimental results showing acceptable agreement. The
differences are attributed to orientation errors due to manual adjustment. An automatic tracking
system can lead to better agreement.
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cC
Nomenclature Greek Symbols
A Aperture area o  Diffusivity (m?s™)
A,  Tube cross sectional area B Solar height
¢,  Specific heat (J kg™ K™) y  Azimuth angle
D, d Diameter (m) ¢  Latitude angle
Dar Darcy number:fvz?f 0  Sun declination angle
F(a) Correction factor ¢  Emittance, porosity
Gravitational acceleration (m s) 6 Incidence angle
H  Heat transfer coefficient (W m? K™ « Dynamic viscosity (kg s m™)
A Latent heat of vaporization (J kg™) v Kinematic viscosity (m*s™)
1 Solar radiation intensity (W m™) p  Density (kg m®) or reflectance
K Permeability of porous medium o  Stefan-Boltzmann constant
K Thermal conductivity (W m™ K™) t  Transmittance
L Length (m) @ Hourly angle
m  Mass flow (kg s?) A Vaporization Latent heat (J kg™)
n Day of the year
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Nomenclature

P Perimeter (m)

c
Pr Prandtl number ===
Vv
P ) . HirCpl
'p  Prandtl number in the porous material e

P Pressure (N m?)
0 Power (W)
Ra  Rayleigh number defined as Ra:pgﬁl3ﬁ—l

=
o

Radial Reynolds number
Radial coordinate, radius (m)
Inclination angle (rad.)
Temperature (K)

Heat transfer coefficient

(W m? K%

Axial velocity (m s™)

Radial velocity (m s™)
Collector width (m)

Axial coordinate
Interception factor

Radial Reynolds number in the porous material

PNNITT Q Nax

@
I
=]

Subscripts and Superscripts

A Adiabatic region, ambient
¢ Condenser

e  Evaporator, external

eff Effective

ef  For equation (25a)
fo  Exit

fe  Entry

i Internal

L Liquid

m  Metallic

p  Porous medium
r  Reference

tc  Heat pipe

t  Tube

ti  Tube in the infrared range

tv  Glass tube

v Vapor, glass

vi  Glass in the infrared range

w  Glass in the visible range

*  Dimensionless value

vr  Vapor phase in the radial direction
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