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Abstract: This study investigated the heat transfer performance of a linear Fresnel solar collector absorber tubes with
circumferential non-uniform heat flux distributions. A 3D steady-state numerical simulation was implemented on
ANSYS Fluent code version 14. The non-uniform solar heat flux distribution was modelled as a sinusoidal function of
the concentrated solar heat flux incident on the circumference of the absorber tube. The k-¢ model was used to simulate
the turbulent flow of the heat transfer fluid through the absorber tube. The tube-wall heat conduction and the convective
and irradiative heat losses to the surroundings were also considered in the model. The average internal and axial local
transfer coefficients were determined for the sinusoidal circumferential non-uniform heat flux distribution span of 160°,
180°, 200° and 240°, and a 360° span of circumferential uniform heat flux for a 10 m long absorber tubes of a 62 mm
inner diameter and a 52 mm wall thickness with thermal conductivity of 16.27 W/mK between the Reynolds number
range of 2 600 and 100 000 based on the fluid inlet temperature. The results showed that the average internal heat
transfer coefficients for the 360° span of circumferential uniform heat flux with different concentration ratios were
approximately the same. The average internal heat transfer coefficient for the absorber tube with uniform heat flux was
approximately the same as that of the absorber tubes with the sinusoidal circumferential non-uniform heat flux
distributions. The average axial local internal heat transfer coefficient for the uniform heat flux distribution was slightly
higher than that of non-uniform flux distributions at the Reynolds number of 4 000. The averaged internal heat transfer
coefficient increased with the decrease in the inner diameter of the absorber tube and the wall thickness. However, a
decrease in the inner diameter of the tube resulted in an increase in pressure drop and the consequent increase in the
pumping power required to overcoming the pressure drop and the turbulent dissipation of the heat transfer fluid. The
numerical results showed good agreement with the Nusselt number experimental correlations for fully developed
turbulent flow available in the literature.
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1. Introduction simulation results by Haberle et al. [1] showed that the
The solar thermal collector systems play very critical role radiation intensity was evenly distributed on the lower
in converting the incident solar irradiation into thermal part and very low in the upper part of the absorber tube,
energy of the heat transfer fluid. In linear Fresnel indicating non-uniform radiation heat flux on the
concentrating solar collector, the solar heat flux impinges absorber tube. The study also showed that distribution
on the absorber tubes from the underneath independent pattern did not vary significantly for different angles of
of the position of the sun, thereby resulting in incident solar radiation. The studies by Goswami et al.
circumferential non-uniform heat flux around the tube [2] and Mathur et al. [3] also showed that flux
and hence non-uniform heat transfer to the heat transfer distribution on the outer-wall surface of the absorber tube
fluid. The previous studies on thermal performance of had a peak at the central portion from the underneath and
linear Fresnel concentrating collector absorber tubes decreased rapidly on both sides of the tube. However, the
were based on uniform solar heat flux, which is not so as study by Abbas et al. [4] on the thermal performance of
revealed in a number of studies. The ray tracing the linear Fresnel collector receiver tubes of the
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trapezoidal cavity noted that the solar heat flux axial local heat transfer coefficients of a 10 m long
impinging on the receiver surface was far from being absorber tube with a 62 mm inner diameter, a 52 mm wall
uniform, but the study assumed a uniform radiation flux thickness with a thermal conductivity of 16.27 W/mK are
impinging on the receiver tube. Experimental validation determined with circumferential non-uniform heat flux
of an optical and thermal model of a Linear Fresnel spans of 160°, 180°, 200° and 240°, and 360° uniform
Collector by Francisco, et al. [5] assumed a uniform heat flux distributions for the Reynolds number ranging
radiation flux impinging on the absorber tubes. Other between: 2 600 and 100 000 based on the inlet
studies which also assumed uniform heat flux include temperature. The pressure drops and pumping power
studies by Velazquez et al. [6] and Dey [7] etc. requirement for four absorber tubes of 10 m long with
This study numerically investigated the influence of different inner-wall diameters and thicknesses and their
circumferential uniform and non-uniform solar heat flux internal heat transfer coefficients were also determined.
distributions on the internal and axial local heat transfer 2. Physical model description and numerical
coefficients of the absorber tubes of a linear Fresnel formulation

concentrating solar collector. The circumferential non- The physical model description of the geometry of the
uniform heat flux was modelled as a sinusoidal function tube model used for the numerical simulation of the
of the concentrated solar heat flux incident on the tube. uniform and non-uniform heat flux boundary for this
The 3D steady-state numerical simulation of the uniform study is presented in Fig. 1(a). The tube has a 62 mm
and non-uniform heat flux distributions on the absorber inner diameter, a 52 mm wall thickness and a thermal
tube model was implemented on the ANSYS Fluent conductivity of 16.27 W/mK. The tube was divided into
version 14 [8], which employs finite volume method M xN number of sections in the axial and
described in [9]. The tube-wall heat conduction and the circumferential directions. Figs.1 (b) and (c) is the cross-
convective and irradiative heat losses to the surroundings section of the tube model with uniform and non-uniform
were also considered in the model. The k-¢ model was heat flux boundary, under the influence of gravitational
employed to simulate the turbulent flow of a heat transfer field (g).

fluid through the absorber tube. The average internal and
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Fig.1 (a) Tube model in a horizontal orientation, (b) and where him,n) is the local internal heat transfer coefficient,
(c) are cross-section of the tube model with uniform and Aimn is the inner wall surface area, Twimn) iS the inner
non-uniform heat flux boundary. wall temperature and T, ,, is the fluid bulk temperature

Based on the energy balance principle applied on the

element in Fig.1 (a), Eq. 1 can be obtained for steady- at the axial position m defined as:

I sN g
state conditions: Tom :Tb’m(_ql+ n=19i,(m,n)
Go,(m,n) = Gi,(m,n) T Ux,(m,n) T Ax,(m+1,n) T Yg,(m,n) + q¢,{‘m,n+1) * o, conv,(m,n) ™ Yo, rad,(m,RJCP
Jo,m,n) IS the incident heat transfer rate on the outer wall Where m is the mass flow rate of the heat transfer fluid,
surface at location (m, n) expressed in Eq. (1) as follows: cp is the specific heat of the heat transfer fluid and Ty m-1
o gy = q”( )AO( ) 2 is the upstream local bulk fluid temperature. The average

While i is the heat transfer rate to the working fluid internal heat transfer coefficient h,  is related to the

at location (m, n) which can be expressed as follows: average Nusselt number as follows:
qi,(m,n) = hi,(m,n)'A,(m,n) (Tw,i,(m,n) _Tb,m) 3

International Research Journal of Applied Sciences, Engineering and Technology
An official Publication of Center for International Research Development
Double Blind Peer and Editorial Review International Referred Journal; Globally index
Available www.cirdjournal.com/index.php/irjaset/index: E-mail: journals@cird.online

pg. 2



ﬁimDi

NUi,m =—

f

where h. is the circumferential average internal heat

transfer coefficient at location m:
Zr'?lzqu(m,n)
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i,m

and where T, . is the circumferential average local

w,i,m
inner-wall temperature at location m:
_ 1w 7
Tw,i,m = W ElTw,i,(m,n)

The average internal heat transfer coefficient, ﬁ, over the
full length of the tube model in terms of the overall inner-
wall surface temperature, 'rwj can be expressed as
follows:

- 3L 0 Gigmon)
' Dy Lror (Twi —Ts)

Ox,(mn) @nd Oy (ms1n) are the conductive heat transfers

in the axial direction, modelled from Fourier’s law of
heat conduction [10]. Also, the conductive heat transfers
in the tangential direction, qy ny a@nd Oy n.g are

also modelled with the Fourier law. Q, .0y (mny IS the
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forced-convective heat transfer %oss from the outer-wall
surface at (m, n) to the surrounding of the tube modeled

from Newton’s law of cooling[11]. 0, 44 (m.ny» FEPresents

the first order radiative heat transfer loss to the
surrounding modelled from the Stefan-Boltzmann law of
the emissive power of a surface at a thermodynamic
temperature[12].

The average inner-wall heat flux (g”), internal heat

transfer coefficient (h;) and inner-wall-to-fluid bulk

temperature difference (T,, -T,)of the absorber tube

model are determined by performing numerical
simulations implemented in ANSYS Fluent version 14.0
[8], under circumferential uniform heat flux and
sinusoidal non-uniform heat flux distribution models.
The average internal and axial local transfer coefficients
were determined for the sinusoidal circumferential non-
uniform heat flux distribution span of 160°, 180°, 200°
and 240°, and a 360° span of circumferential uniform
heat flux and the Reynolds number range of 2 600 and
100 000 based on the fluid inlet temperature.
3. Numerical simulation and model validation

The numerical simulation procedure and model
validation were presented in part one. The physical
properties of the absorber tube model, heat transfer fluid,
solar heat flux and collector reflector parameters used in
the numerical simulation are presented in tables 1 and 2.
The thermal properties of the heat transfer fluid and the
absorber tube material were assumed to be constant.

Property heat transfer fluid (water) | steel absorber tube
Density [kg/m®] 998.2 8030

Specific heat capacity [J/kgK] 4182 502.48

Thermal conductivity [W/mK] 0.61 16.27

Viscosity (1) [N s/m?] 0.001003 -

HTF inlet temperature [K] 300 -

Emissivity of the absorber tube [-] - 0.85

Table 1. Properties of the heat transfer fluid and absorber tube material
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concentrator | tube absorptivity | shape mirror beam  solar | concentrated
ratio, [-] [-1 factor,[-] reflectivity, | heat flux,q;, | solar heat
[-] [W/m?] flux,  al.,
[W/m?]
10 0.90 1 1 787.263 7,085.367
20 0.90 1 1 787.263 14, 170.734
30 0.90 1 1 787.263 21,256.101

Table 2. Solar heat flux and concentrati
4. Results and discussion
4.1. Temperature contours of the uniform and non-
uniform heat flux distributions
Fig. 2 shows the temperature contours of the
circumferential uniform heat flux and the sinusoidal
circumferential non-uniform heat flux distributions of
the heat flux in table 2 with Cr = 10 on the outer-wall
surface of 10 m long absorber tubes. The heat transfer
fluid flows through absorber tubes are in the z-axial
direction. The temperature contours for the 360° span of
uniform heat flux distribution indicated that the outer-
wall temperature of the tube increased in the fluid flow
direction and was greater at the outlet of the tube. The
temperature contours for the 160°, 180°, 200° and 240°
span of non-uniform heat flux distribution cases
indicated non-uniform circumferential temperature
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profiles on the outer-wall surface of the tubes, which
increased in the fluid flow direction and decreased
tangentially from the irradiated bottom portion to the
unirradiated top portion of the tubes. The contours also
showed that the circumferential outer-wall temperature
of the tubes was greater at the outlet of the tubes and
increased with the increase in angle span of the heat flux
distributions on the outer-wall surface of the tubes. The
blue colour indicator at the unirradiated top portion of the
tube inlet shows that the fluid layers at that portion were
unheated, while the bottom portion of the tube outlet was
the most heated portion of the tubes as indicated by the
red hot colour. Fig. 3 shows the total surface heat flux
contours for uniform and non-uniform heat flux
distributions.

360° Uniform heat flux
distribution

240° Non-uniform heat
flux distribution

200° Non-uniform heat
flux distribution

180° Non-uniform heat
flux distribution

160° Non-uniform heat
flux distribution
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Fig. 2 Temperature contours for uniform and non-uniform heat flux distributions
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Fig. 3. Total surface heat flux contours for uniform and non-uniform heat flux distributions

4.2 Sinusoidal circumferential non-uniform heat flux
distribution profiles

Fig. 4 shows the sinusoidal circumferential heat flux
distribution profiles of the 160°, 180°, 200°, 220° and
240° span of the heat flux in table 2 on the outer-wall
surface of the absorber tube model. It shows the peak
portion of the profile, where n = 18 and 19, which
corresponds to the lower central portion of the tube with
the highest proportion of the heat flux distributions and
the two horizontal ends of the profile, which are the
unirradiated portion of the tube, where q, =0. The
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Fig. 4. Sinusoidal circumferential heat
flux distribution profile
Fig. 5 shows the circumferential inner-wall heat flux
distribution profiles for five external circumferential
non-uniform heat flux distributions with spans of 160°,
180° 200°, 220° and 240° based on the sinusoidal
function of the heat flux given in Fig 4. The absorber tube
had an inner diameter of 0.062 m, wall thickness of

7000 4

2000

sinusoidal heat flux distribution profile is similar to that
of ray-tracing simulation results reported by Haberle et
al. [1] on the optical performance of the Solarmundo
line-focusing Fresnel collector using ray-tracing. The
ray-tracing results showed that the solar flux radiation
was evenly distributed (between 80% and 100%) at the
bottom lower part and very low in the upper part of the
absorber tube. The sinusoidal heat flux distributions gave
an average of 97% of the radiation heat flux distributions
at the lower bottom portion of the tube, where n = 18 and
19, and decreased down the unirradiated upper portion of
the tube.

160 deg.
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Fig. 5. Non-uniform circumferential
inner- wall heat flux distribution profiles

0.0052 m and thermal conductivity of 16.27 W/mK. It
shows that the circumferential inner-wall heat flux value
increased as the angle span of the heat flux distribution
increased. It also shows that the circumferential inner-
wall heat flux distribution was greatest at the peak
portion of the profile. This portion corresponds to the
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lower central portion of the tube, which received the
highest proportion of the incident-concentrated solar heat
flux and the highest heat transfer rate to the fluid. Even
though the tangential heat conduction in the tube wall
resulted in the increase in the inner-wall surface heat flux
at the unirradiated upper portion of the tube, the heat
transfer to the fluid in these regions was still significantly
smaller than at the lower portion of the tube.

4.3 Heat transfer coefficients for the absorber tubes
with uniform heat flux distributions

Fig. 6 presents the variation of the average internal heat
transfer coefficient with the Reynolds number for three
absorber tubes of 10 m long with the same inner diameter
of 62.7 mm, wall thickness of 52 mm and thermal
conductivity of 16.27 W/mK. The absorber tubes were
modelled with a 360° span of circumferential uniform
heat flux distributions of 7.1 kW/m?, 14.2 kW/m? and
21.3 kW/m? respectively. It was found that the average
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with the Reynolds number due to the decrease in the
inner-wall-to-fluid bulk temperature difference with the
Reynolds number as shown in Fig. 7. Also, the increase
in the concentration ratio of the heat flux in table 2 did
not result in any significant increase in the average
internal heat transfer coefficient of the tubes. This shows
that the average internal heat transfer coefficient was not
affected by increasing the concentration ratio of the
external wall heat flux distribution. However, increasing
the concentration ratio of the irradiation heat flux
incident on the tubes resulted in the increase in outlet
temperature of the heat transfer fluid. The outlet
temperature of the heat transfer fluid of the absorber tube
with the heat flux of 21.3 kW/m?was higher than that of
the absorber tube with the heat flux of 14.2 kW/m? by
2.5% and that of the absorber tube with the heat flux of
7.1 kW/m? by 5.0% between the Reynolds number range
of 2 600 and 100 000.

—q"w =213 kW/m"2
--q"w = 14.2 kW/m"2
q'w=7.1kW/m*2

0.0E+0 1.5+4 3.0E+4 4.5E+4 6.0E+4 7.5E+4 9.0E+4 1.1E+5

Reynolds number| -]

Fig. 7. Averaged inner wall-to—fluid bulk

Coefficient for 360° span of circumferential temperature difference (Tinner wai— Tb )
with the Reynolds number
4.4 Heat transfer coefficient for the absorber tubes with different heat flux distributions
Fig. 8 shows the variation of the average internal heat transfer coefficient with the Reynolds number for five

uniform heat flux distributions

circumferential heat flux distribution cases considered.
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Fig. 8. Average internal heat transfer
circumferential uniform
and non-uniform heat flux distributions
For the 360° span case, circumferential uniform heat flux
of g7, in table 2 with Cgr =10 was used, while the

DNI
sinusoidal function of g, was also used for the case of

the 160°, 180°, 200° and 240° span of circumferential
non-uniform heat flux respectively. The average internal
heat transfer coefficients for the circumferential uniform
heat flux and non-uniform heat flux distributions
increased with the increase in Reynolds number due to
the decrease in the inner-wall-to-fluid bulk temperature
difference and the heat flux losses. The average internal
heat transfer coefficient for the absorber tube modelled
with the 360° span of circumferential uniform heat flux
compared with that of the absorber tubes modelled with
the 160°, 180°, 200° and 240° span of non-uniform heat
flux distributions is approximately the same. This
indicates that, for the Reynolds number range considered
in this study, the effective (average) internal heat transfer
coefficient is not affected by the exterior heat flux
distribution, and that the traditional heat transfer
correlations could be used without modification to
account for circumferential wall temperature variations.
Fig. 9 shows the variation of the inner-wall-to-fluid bulk
temperature difference with the Reynolds number for the
heat flux cases in Fig. 8. The average inner-wall-to-fluid
bulk temperature difference for the absorber tube
modelled with the 360° span of uniform heat flux where
Cr =10 was 57%, 64%, 67% and 71% higher than that
of the absorber tubes modelled with 240°, 200°, 180°,
and 160° spans respectively for an effective average heat
flux of 4.5 kW/m?. The inner-wall-to-bulk temperature
difference is inversely related with heat transfer
coefficient and directly related to the heat flux losses,
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which indicates that the heat transfer coefficient
increases with the decrease in the inner-wall-to-bulk
temperature difference and heat flux losses and increases
with the Reynolds number. The increase in the internal
heat transfer coefficient with the Reynolds number is
more influenced by the decrease in the inner-wall-to-
fluid bulk temperature difference than that of the
decrease in heat flux loss. However, the physical
mechanism behind this could actually be due to the
turbulent nature of the fluid particles with the increase in
Reynolds number.

The circumferential internal heat transfer coefficient of
the absorber tube, which is a function of the
circumferential inner-wall heat flux of the tube and the
circumferential inner-wall-to-fluid bulk temperature
difference, also varied along the circumferential inner-
wall surface of the tube. At the unirradiated portion of
the tube where the inner-wall-to-fluid bulk temperature
difference is negative, it also resulted in the negative heat
transfer coefficient, which indicates that the tube is
losing heat from the unirradiated portion and therefore
required to be insulated.

The axial local internal heat transfer coefficient was
found to decrease with an increase along the length of the
tube. The axial local internal heat transfer coefficient for
the absorber tube modelled with a 360° span of uniform
heat flux for the case where Cr = 10 was 0.64%, 0.61%
and 0.53% higher than that of the absorber tubes
modelled with the 160°, 200° and 240° span of
circumferentially averaged non-uniform heat flux
distributions respectively.
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4.5 Heat transfer coefficient for absorber tubes with
different inner diameters and wall thicknesses

The average internal heat transfer coefficient for four
absorber tubes with different inner diameters and wall
thicknesses, with thermal conductivity of 16.27 W/mK
and modelled with a 200° span of the sinusoidal function
of the flux in table 2 with Cr = 10 were investigated. It
was found that the average internal heat transfer
coefficient of the tubes increased with the increase in
mass flow rate of the heat transfer fluid and also
increased with the decrease in the inner diameter and
wall thickness of the tube. The average internal heat
transfer coefficient for the absorber tube with a 35.1 mm
inner diameter and 3.56mm wall thickness was 24.74%
, higher than that of the absorber tube with a 40.9 mm
inner diameter and a 3.68 mm wall thickness, 52.79%
higher than that of the absorber tube with a 52.5 mm
inner diameter and a 3.91 mm wall thickness, and
65.97% higher than that of the absorber tube with a 62.7
mm inner diameter and a 5.16 mm wall thickness
between the mass flow rate of 0.15 kg/s and 10 kg/s. It
implied that the inner diameter and wall thickness of an
absorber tube and mass flow rate of the heat transfer fluid
have very important effects on the internal heat transfer
coefficient of the tube. However, decreasing the absorber
tube inner diameter to enhance the internal heat transfer
coefficient would result in an increase in pressure drop,
since pressure is inversely related to the tube diameter.
The pressure drops for the absorber tubes were obtained
from the numerical results. The pressure drop of the
absorber tube with a 35.1 mm inner diameter was 52%
higher than that of the absorber tube with a 40.9 mm
inner diameter, 85% higher than that of the absorber tube
with a 52.5 mm inner diameter and 93% higher than that
of the absorber tube with a 62.7 mm inner diameter. It
was found that the pumping power required to sustain the
fluid flow and heat transfer to the fluid for the absorber
tube with a 35.1 mm inner diameter was 58.67 % higher
than that of the absorber tube with 40.9 mm inner
diameter, 90.22 % higher than that of the absorber tube
with a 52.5 mm inner diameter and 96.49 % higher than
that of the absorber tube with a 62.7 mm inner diameter.
This implies that the increase in pumping power as a
result of higher pressure drop with decrease in tube inner
diameter would be a limiting factor to increasing the
internal heat transfer coefficient of a trapezoidal cavity
receiver of a linear Fresnel collector which uses multiple
absorber tubes of small diameter, since increase in
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pumping power required to overcome the pressure drop
of the tubes would lower net power output of the system.
5. Conclusion

This study has numerically investigated the heat transfer
performance of a linear Fresnel solar collector absorber
tubes with circumferential uniform heat flux and
sinusoidal non-uniform heat flux under steady-state and
turbulent flow conditions. In both cases of the heat flux
distributions, the average internal heat transfer
coefficient for the absorber tubes considered increased
with the increase in Reynolds number. It was found that
the average internal heat transfer performance for the
circumferential uniform heat flux with different
concentration ratios were approximately the same. It was
also found that the average internal heat transfer
performance for the circumferential uniform heat flux
compared with that of the sinusoidal circumferential non-
uniform heat flux distributions on the absorber tube of
the same inner diameter, wall thickness and thermal
conductivity, was approximately the same as that of the
non-uniform heat flux distribution cases of a lower
average heat flux than that of the circumferential uniform
heat flux. This shows that the average internal heat
transfer performance of the absorber tubes was not
affected by the exterior heat flux distribution. The
average internal heat transfer coefficient was found to
increase with the decrease in the inner diameter and the
wall thickness of the absorber tubes of the same thermal
conductivity.
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