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Abstract: The receiver is an important element in solar energy plants. The
principal receiver’s tubes in power plants are devised to work under extremely
severe conditions, including excessive heat fluxes. Half of the tube’s circum-
ference is heated whilst the other half is insulated. This study aims to improve
the heat transfer process and reinforce the tubes’ structure by designing a
new receiver; by including longitudinal fins of triangular, circular and square
shapes. The research is conducted experimentally using Reynolds numbers
ranging from 28,000 to 78,000. Triangular fins have demonstrated the best
improvement for heat transfer. For Reynolds number value near 43,000 Nus-
selt number (Nu) is higher by 3.5% and 7.5%, sequentially, compared to
circular and square tube fins, but varies up to 6.5% near Re = 61000. The
lowest friction factor is seen in a triangular fin receiver; where it deviates from
circular fins by 4.6%, and square fin tubes by 3.2%. Adding fins makes the
temperature decrease gradually, and in the case of no fins, the temperature
gradient between the hot tube and water drops sharply in the planed tube
by 7%.

Keywords: Solar tower power; external receiver; longitudinal internal fins;
thermocouples; temperature gradient

1 Introduction

Solar thermal power plants are a set of technologies that acquire heat from sunlight by
mirroring concentrated emission of sun rays to medium fluid in order to produce heat which in
turn is used to generate electricity.

Solar power towers are the most suitable systems for handling processes having high temper-
ature. Such systems are able to reach excessive solar flux, usually higher than 600 sun (1 sun =
1000 W/m?2). The solar tower has a greater maximum operational temperature which ranges from
500 to 1000 °C. Solar receiver is situated at the tower’s focal point to receive concentrated sun
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rays by heliostats for heating the HTF (Heat Transfer Fluid). Solar tower power systems mainly
consist of a heliostat, a receiver, a receiver tower, thermal unit for storing, as well as a generator
unit as shown in Fig. 1. In direct-steam power systems, sunlight is reflected into a steam receiver
situated at the tower’s top. In this kind of power tower, the receiver functions similar to a boiler
in a conventional Rankine-cycle coal-fired power plant. The feed water which is pumped from the
power block is superheated and evaporated in the receiver to generate steam which is further fed
into a generator/turbine to produce electricity.

Figure 1: Solar power tower plant

The receiver utilised in industrial solar power plants is called external tube receiver. This
external receiver is regarded as a major element of the solar power tower plant. While half of the
tube’s circumference is heated by sun rays that are reflected from heliostats, the remaining half is
considered adiabatic. The receiver’s efficiency is essential for the overall efficiency of the energy
captured, and thus this represents a crucial area of research [1].

One of the major problems of these solar power tower plants with various HTFs (heat
transfer fluids) is the life span and reliability estimation of principal receivers. These receivers must
endure high operating temperatures, decomposition and high solar flux causes fatigue and thermal
pressures. Hence, it is crucial to optimise these receivers’ design to improve their efficiency.

Maximisation of the thermal efficiency of the receiver can be done by decreasing the region
exposed to sun rays by reducing size of the receiver as much as possible to reduce thermal losses
through convection, radiation, conduction and reflection and by optimising wall thickness and size
diameter of the tubes to reduce thermal stresses produced by the thermal gradients along the tube
circumference and thickness [2].

Recently, several efforts have been expended on the optimisation of the receiver design so as to
reduce thermal losses and early breakdown of the tubes, and also to increase the receiver’s energy
conversion efficiency. Nevertheless, no studies have investigated the effect of adding fins along the
receiver on its thermal performance. The research objective is to examine the thermal properties of
the central receiver’s new design. Also, the research aims to examine the heat transfer properties
of water as an HTF (heat transfer fluid) in the tube with fins. As a result, a new receiver can be
designed that performs better than the traditional receiver, reduce heat losses by using tubes with
small diameter supplemented with fins to reduce the external region exposed to sunlight.

The HTF (heat transfer fluid) that goes through the receiver is different for different plant
designs. As a pure energy conductor, liquefied molten salt with benefits of excellent chemical
stability and huge thermal capacity has become an essential working fluid for focusing solar
power compared to other HTFs, while the water is plenty and cheap and has several particularly
desired attributes. Selection of the HTF depends on several factors such as high boiling point, low
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melting point, high heat conductivity, high specific heat capacity, low viscosity, non-polluting, non-
flammable, and low cost, and also compatible with other materials [3]. Comparison of different
heat transfer fluids is shown in Tab. 1.

Table 1: Assessment of heat transfer medium [4]

Heat transfer medium Attributes Limitations
Air Extensive working temperature range Relatively low factor of heat transfer
Compatible with direct power cycles Big pumping power
Economic Difficult storage properties
Eco friendly Possibly pressure is high in receiver
Water Well-suited with direct power cycles Temperature range restricted by available
steam turbines
Economic High pressure important for efficient direct
power cycle
Environmentally friendly Indirect storage essential at large scale
Cooling system required
Molten salt High heat capacity and low cost Working temperature restricted by chemical
stability
Compatible with direct storage Freezing risks due to high melting point
Nontoxic, non-flammable Creates pitting and corrosion at high
temperature

Low vapour pressure at working
temperature

Tubes with internal fins have the benefit, in comparison to smooth tubes, of providing more
heat transfer region per unit tube length [5]. Maytorena et al. [6] examined steam generation
numerically in a vertical tube which receives concentrated solar rays, after the increase in the con-
centrated heat flux by 40% and the steam output mass flow increased four times. An experimental
research was conducted with a finned receiver inside a solar tower system by researchers Pifna-
Ortiz et al. [7]. The system was equipped with 1232 small cylindrical-shaped fins with diameter
0.0095 m and length 0.09 m. The vertical wall received a constant water flow which eliminated the
absorbed radiation energy. It was discovered that the receiver’s maximum heat transfer efficiency
was 94.4%, and it decreased with the increase in the radiative flux.

Chang et al. [8] experimentally examined the performance of heat transfer of water for solar
absorber of stainless steel within Reynolds number ranging from 10000.0 to 35000.0 with non-
consistent heat flux. This outcome suggests that the Dittus—Boelter association is still available to
compute the transfer of heat in an absorber tube having uneven heat flux. Lopez-Martin et al. [9]
proposed an outdoor test-bed created to determine the optical efficiency of solar receiver tubes
under actual sunlight conditions with de-mineralised water as an HTF (heat transfer fluid) and a
receiver made of stainless steel. The optical efficiency was found to be 92%.
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Yu et al. [10] built a dynamic replica of Beijing’s 1 MWe Solar Tower Power Plant, which
included the heliostat field, the principal receiver system (steam/water). The outcomes confirmed
that the experimental conditions and the simulation results were remarkably aligned. The sim-
ulation model can present an entire virtual platform to conduct the research scheme with a
comparatively good precision instead of the actual plant so as to lower the hazard.

Amina et al. [11] numerically examined the transfer of heat in a parabolic trough collector
receiver having longitudinal fins by using different types of nanofluid, with an effective tempera-
ture of 573 K. A substantial heat transfer improvement is obtained when the Reynolds number
falls in the range 25700 < Re < 257000, and there is an increase in the tube-side Nusselt number
of 39%. Moreover, the metal-based nanoparticles improve the heat transfer highly compared to
the other nanoparticles. Furthermore, as per Gong et al. [12] the average Nusselt number can also
be increased up to 9.0% and the overall performance factor of heat transfer can be increased up
to 12.0% when the receiver tube having pin fin arrays inserting was utilised.

Liu et al. [13] numerically investigated a single-phase heat transfer improvement in tubes with
internal fins having height 0.5 mm. The outcomes of the research suggest that the fins’ shape has
a small influence on the heat transfer and flow, and the triangular fins have the best effect on
the heat transfer. Shatnawi et al. [14] studied the effect of fins shape numerically with the same
area of the inner surface and the same flow rate, the performance of triangular fins registered the
highest Nusselt number.

Baba et al. [15] experimentally evaluated improvement in heat transfer and dropped in pres-
sure in double piped tube receiver with internal fins by using nanofluids and evaluated the results
of this research with basic tube heat exchanger. The outcomes suggest that the rate of heat
transfer is 80%-90% more compared to that of the basic tube heat exchanger. Often, geometrically
altered fins are included, which, apart from increasing heat exchanger’s surface area density,
enhance the coefficient for convection heat transfer.

The objective of this research is to obtain a solar thermal power generation mechanism that
can be comparable with traditional power generation technologies. By constructing an innovative
solar tower receiver which can work efficiently with high temperatures by minimising the thermal
losses by using small finned tubes, we can provide greater performance than traditional receivers.
Experimental research is employed to study the designed receiver performance. In this experimen-
tal study, an innovative design of solar receiver which is based on internal fins pipes is suggested
so as to improve its mechanical and thermal behavior under operational conditions.

2 Experiments
2.1 Experimental System and Method

The experimental model used to examine the heat transfer characteristics of solar receiver
is constructed at JTI (Jubail Technical Institute). The experimental unit is displayed in Fig. 2.
Essentially, the system consists of one primary loop with two water tanks for hot and cold
water. Water was disseminated from a 1000 litre room temperature tank for storage (cold tank).
This tank was provided water through a normal flow from another tank of 1000 L (hot water)
after which the temperature reduced normally. A pump of variable speed (Grundfos SCALA2) is
employed, which quickly provides 4 to 5 different flow rate readings, with limitations such as a
non-uniform flow rate range and a specific reading range for each hydraulic diameter. The pump
was attached to a heavy metallic base to avoid vibrations and it was connected with threaded steel
pipes of l-inch diameter.
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Figure 2: Experimental system

After the pump in the loop, a water flow meter is included, which has a sensor that detects
the magnetic field generated by the movement of the blades produced by the passage of the water.
Then, there is a solenoid valve which closes as soon as the desired volumetric flow rate is reached.
The flow rate can be regulated simply by changing the pump speed.

To determine the pressure drop in the experimental tube, two digitally calibrated Fluk 700 G
pressure gauges were connected before and after the tube. Moreover, a type T single grounded
thermocouple (TC) of stainless steel with transition (as shown in Fig. 3a) was made chiefly for
this investigation and was connected before and after the test tube section to determine the
temperature in precisely the central line of the tube as shown in Fig. 3b.
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Figure 3: (a) Stainless steel thermocouple type T single grounded (b) TC position

Tubes should be made from heavy-duty material and have superior resistance to thermo-
mechanical fatigue and corrosion. Receiver tubes should be able to endure high pressure while

having superior absorption of solar radiation. Tab. 2 describes selected projects having external
cylindrical receivers.
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Table 2: Different receiver tube materials in external receiver projects

Plant name Material HTF

Solar one [16] 316 L stainless steel with nitrogen content  Water/Steam
Solar two [17] 316 stainless steel Molten salt
Solar tres [18] Nickel alloy steel Molten salt
Gemasolar [19]  Nickel-chromium alloy Molten salt

A one-meter stainless steel (304 L Sch-40) test tube having a circularity within 4+ 0.0005 m
and straightness within +0.003 m was used for the test. Material density is approximately
8000 kg/m?, roughness is 0.06 mm, emissivity is 0.62, specific heat (Cp)s is 500 J/kg - K, and
thermal conductivity (ks) equal to 16.2 W/m-K. The outer (D,,,) and inner (D;,) diameters of the
tube were 21.3 mm and 15.76 mm, respectively. As demonstrated in Fig. 4, one half of the tube
is exposed to uniform heat flux, whereas the other half is assumed to be an adiabatic surface.
Concerning the heat transfer fluid, the physical properties of water are listed in Tab. 3 [20].

Figure 4: Heat flux: (a) Distribution around the tube. (b) Effect on full length

Table 3: Water physical properties

Material k, [w/m-K] o [kg/m3 Cp [KJ/kg-K] u [kg/m-s]
Water at (1.013 bar, 25 °C) 0.607 995 4.183 1.001036 x 103

The thermocouple was specially designed where type T (Fig. 5a) was placed along the heated
area of the tube, while type K was placed in the cold area, and the distance between the
thermocouples was set at 20 cm. Fig. 5b highlights a small (1 mm diameter, 2.5 mm depth) hole
that was bored in the tube, while Fig. 5¢c shows electrically conductive epoxy applied to occupy
the space around the thermocouple.

2.2 Fins Configurations

Three separate tubes had their walls augmented with three types (circular, square, and trian-
gular) fins, as highlighted in Fig. 6a. The schematic diagram of the location of the fins and their
dimensions are highlighted in Fig. 6b, where e denotes fin thickness (e = 6 mm), / indicates the
fin length(/=1 m), while n represents the number of fins (n=1).
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Figure 5: Thermocouples around the tube: (a) Stainless steel type T single grounded (b) TC
position (¢) Epoxy filling around TC
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Figure 6: Fins dimensions: (a) 3D shape. (b) Schematic diagram of the dimensions of the fins

Fins were formed and were attached to the inner tube surfaces using a bonding substance
fused during the bonding process. Welding may be used to produce such bonding [21]. A high-
precision laser was used to split the tube longitudinally into two halves. Subsequently, the fins
were placed inside the tubes and welded using tungsten arc welding (TIG). The weld produced is
called staggered intermittent groove weld having an AWS: ER308L filler, as depicted in Fig. 7.

As depicted in Fig. 8, a 10 kW rated semi-circular (r) electrical heater was placed parallel to
the tube, and it provided the necessary heat flux for the experiment, The radiation heat transfer
between two grey surfaces (¢g), of radiuses r; and ry, emissivities £; and &, maintained at absolute
temperatures T| and Ty, is generally estimated by the following Equation [22]

o(T}—T3)

I (1)
w i (R)

q=
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(a) (b) ()

Figure 8: Electrical heater setup

3 Physics Law
The rate of convection heat transfer in the test tube Q in W is stated as:
Q =hA (TW —Tp) (2)

where, T, is average wall surface temperatures along the tube [K], T} is the bulk temperature [K],
h is heat transfer coefficient [W/m?- K], and A is a cross section area [m?]. T} can be observed
from Eq. (3)

Ty =(Tin+ Tou)/2 3)
where Tj, is the water inlet temperature [K] and 7,,, is the water outlet temperature [k].
Heat transfer rate can be computed from Eq. (4)

O =mygcy(Tour — Tin) “)
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The average heat flux of the testing tube can be computed from

mgcp (Tows — Tin)
A

q= )

Here, ¢ and my are the heat flux of the pipe in W/m? and mass flow rate of the water in
kg/sec, respectively. C, is the specific heat capacity of water in J/kg K.

Average inner-wall temperature can be computed from Eq. (6), where N is the number of the
TC along the test tube.

N
— 1
T, = N ; Tw,i(x) (6)

The mean temperature of a fluid flowing through a circular pipe at length x is expressed as

qrn Dy, « )
mycp

Ty (x) =T, +

Average Nusselt number and the hydraulic diameter are defined as

k (Tw_Tb)

44
Dy =— 9
=7 )

where Dy hydraulic diameter [m]; 4: cross section area [m?2]; P: perimeter [m]; k: water thermal
conducvitiy [W/m-K] ; §: average heat flux [W/m2]; T,,: average wall temperature of inner wall;
Tp: average bulk temperature.

Reynolds number can be defined as
o puinDjy
%

Re (10)

where p: water density [Kg/m3], u: water dynamic viscosity [kg/m s], u;,: inlet velocity [m/s].

3.1 Pressure Drop

To determine the pressure drop AP in [Pa], it is required to determine the moody or Darcy
friction factor f using the moody diagram from the Colebrook correlation [23]. For new stainless
steel, weldless pipe roughness E=0.06 mm, and thus

1 E/D, 251
—=-2. 11
\//7 Olog|: 37 +Re\/j{| (1)
A
= p (12)
($pe2) 2/D1)

where L: tube equivalent length [m], Dy: hydraulic diameter [m], u is average velocity [m/s].
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Heat Transfer Classical Correlations in a Tube:

The Dittus—Boelter equation is applicable for a Reynolds number higher than 10,000, while
the Prandtl number (Pr) should be between 0.7 and 120, and the length to diameter ratio should
be greater than 60 [24]

Nu=0.023Re"8 P03 (13)

3.2 Governing Equations

CFD COMSOL multiphysics 5.5 software was used to conduct the simulations. A mathemat-
ical evaluation was conducted for turbulent forced convection. The equations for incompressible
flow assuming unchanging fluid properties are:

Continuity Equation

V- V=0 (14)
Momentum Equation

DV  _ —

p7=pg—vp+uv 14 (15)
t
Energy Equation
DT )

pcpE:pqg—{—szT—{—(D (16)

Viscous dissipation
O =u[VV+ VNI VvV (17)
where: p dynamic viscosity, p density, @ viscous dissipation rate, C, specific heat at constant

pressure, ¥ velocity vector, p pressure, g gravitational acceleration, k thermal conductivity, gg Tate
of heat generation per unit volume, t time, T temperature, V gradient operator.

------ A Average outlet temperature
301 -
ol A Y o A A A
g A
5
o
= 299
A
297 T T T T T T T T 1
L & & @ D& & .2.L
L FEEEE S
» 2 &
&K F
& © ¢

Mesh density

Figure 9: Mesh independency
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COMSOL multiphysics 5.5 offers various mesh densities, such as Extremely Coarser up to
Extremely Fine, to calculate the lowest number of grid cells to ensure that the current numerical
simulation is independent of the grid cells. The Normal mesh was chosen where the number of
the elements equals 687070, and the relative error was 0.03%. The average outlet temperature on
exit with Reynolds 28773 for smooth tube illustrated with mesh density in Fig. 9.

3.3 Uncertainty

Experimental results should be verified for accuracy using uncertainty analysis. Standard error
analysis was conducted to determine the uncertainties of the obtained results. Tab. 4 specifies the
measured and calculated error values.

Table 4: Experimental uncertainty

Item Range Uncertainty (%)
Water flow rate 1.0-3.0 m3/h  +1.5
Water pressure 1-45 KPa + 1.5
Inlet temperature 18-25 °C +2.0
Outlet temperature 26-30 °C +2.5
Test tube outer temperature 30-55 °C +3.0
Heater temperature 410-610 °C  +£4.0

4 Result and Discussion

4.1 Validation Test of Plain Tube

The constancy of this work was assessed using the validation of the pressure drop and the
coefficient for heat transfer for a smooth tube. Fig. 10 depicts a comparison of the experimental
values, and the Nusselt values computed using Comsol 5.5. It is observed that in the case of
a plain tube, the average Nusselt number (Nu) is in direct proportion to Re. It can be stated
that increasing fluid velocity leads to increased turbulence in the flow. This caused increased
convection, and the average value of the Nusselt number rose too. Considering Reynold’s number
range of 28,000 to 50,000, the difference between the Nusselt number determined from the
experiment and the theoretical value is +3.7%, while the difference in Dittus—Boelter correlation
stands at £7%, both of which are acceptable values. The deviation is attributed to the charac-

teristics of the receiver tube and water, both of which vary slightly from what was used in the
COMSOL software.

240 1

220 “
200 1 *® @ Experimental
180 - L @ Dittus-Boelter
= 4 A COMSOL
160 T t
140 -
120 A
100 : : : .
2 3 4 5 6
Re x 10000

Figure 10: Validation test for Nusselt number vs. Re for a plain tube
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Fig. 11 presents a comparison of the friction coefficient in the case of a smooth tube using
experimental data and the Colebrook equation. It can be observed that an increase in Reynold’s
number leads to a corresponding decrease in the friction coefficient. This observation could be
attributed to the fact that any increase in Reynold’s number raises fluid momentum, which is
enough to surpass the viscous force, thereby decreasing the shear between the tube wall and
the fluid. There is a slight difference between the experimentally obtain friction factor and the
one calculated using the Colebrook equation. The experimental value is slightly higher, and the
deviation stands within 3%.

0.04 A Colebrook
[23]
® Present work
“ :
0.02 T T T T T T T 1
2 3 4 5 6

Re x 10000

Figure 11: Validation test for friction factor in a plain tube

Fig. 12 indicates the water temperature inlet and outlet for the plain tested tube as against
time; the outlet temperature rose slowly from 23°C to the peak of around 27°C, where the
Reynolds number is 28773.

28 4
+Tout X Tin
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2
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Figure 12: Experimental water inlet/outlet temperature vs. time, at Re =28773

4.2 Friction Factor & Pressure Drop

Fig. 13 highlights that the coefficient of friction has an inverse relationship with the Reynolds
number and flow velocity. The coefficient of friction rose after including the longitudinal fins when
compared to plain receiver tube. The highest coefficient of friction is observed on the circular fin
tube, which deviates from the 5% theoretical value. At a Reynolds number of 43,661, the peak
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value of friction is observed, which converges until the Reynolds number reaches 79,000. The
friction factor is at its lowest in the case of a triangular fin receiver. In this case, the deviation is
4.6%, when compared to circular fins.

0.0375 1 X Smooth-Exp.
M Square-Exp.

. A Triangle-Exp.
i ﬁ m O Circular-Exp.
“ 0.0325 ~+ giﬁ X Smooth[23]
% g gﬁ M Square[23]

* A Triangle[23]
@ Circular[23]

0.0275 . )
2 6 10
Re x 10000

Figure 13: Friction factor in experimental and theoretical correlation with inserting fins

In a receiver design, the pressure is among the crucial factors since higher pressure loss affects
how a thermal system uses and transforms energy [25]. The pressure drop depends on the mass
flow rate and the flow velocity inside the tube and rises with increasing Reynolds number [26]. At
a Re value of 43,700, the increase in pressure drop corresponding to the addition of triangular,
circular, and square fins to the smooth tube is 93%, 333%, and 305%, respectively. Its association
with hydraulic diameter is demonstrated in Fig. 14. It was determined that the circular and
triangular fins had the highest and lowest pressure drop, respectively.

120 A
100 A
80 A
= | ) Smooth
o
ff 60 - —#— Square
< —a— Triangle
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—@— Circel
° /
0 — . . . .
0 2 4 6 8 10
Re x 10000

Figure 14: Pressure drop vs. Reynolds number for different fins inserts

4.3 Heat Transfer Analysis

Fig. 15 highlights the temperature boundary for a tube without fins. It was noted that an
increase in water velocity through the tube leads to lesser water temperature at the exit, where
the water residence time is in direct proportion to flow velocity. The temperature measurement for
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the outer surface indicated 340 K, as measured by an infrared thermometer and a thermocouple,
for an inlet temperature of 295.15 K. At the heated side, the water had a temperature of 304 K,
which is a 3% increment over the inlet temperature.

40 : 2
304
338 .
b 303
330 h
302
s
|{3m
{30
300
ns
299
310 .
308 298
300 : 297

295

(2)

Figure 15: Temperature contours of plain tube at Re =29000: (a) Full tube, (b) fluid area

Observations were made regarding the effects of Nusselt number having varying Reynolds
number values with a square fin tube having e=6 mm and n=1. It is evident that the addition
of fins leads to an increase in the wetted area, and thereby the heat transfer area. As shown
in Fig. 16, the inclusion of tubes leads to better Nu, when compared to plain tubes. Moreover,
there was enhanced turbulence intensity and a better flow rate contributing to higher heat transfer
performance, which raises Nu due to an increase in convection. COMSOL and Dittus—Boelter
correlation were used to obtain the Nusselt number, which was compared against experimental
values. At Re =42,566, the Nu begins with an almost identical deviation between the experimental
value and that provided by Dittus—Boelter at 3%. In comparison, the divergent technique led to
a deviation of 6% at a Re of 73,700.

350 -
300 4 II
250 4 I
S M Dittus-Boelter
=z
200 - l M Experimental
B Numerical
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100 T T T T T T T T T 1
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Re x 10000

Figure 16: Average Nusselt number with Reynolds number for a square fin receiver tube
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Fig. 17 depicts the Nusselt number for water corresponding to the circular fin-based tube.
Because the entirety of the fin lies inside the tube, it implies that an increase in the tube
internal perimeter and decrease in hydraulic diameter causes growth of flow velocity and turbulent
intensity, thereby increasing thermal transfer performance. Comparing the numerical and experi-
mental results, the peak difference between the Nusselt number is +4% near Re = 43,670, while
the maximum difference in Nusselt number measured experimentally and benchmarked against
Dittus—Boelter correlation reaches 8% at Re = 78,880, which is considered appropriate and reliable.

400 -

350 -
o
300 H ’

@ Numerical
2 250 -
. @ Dittus-Boelter
200 4
@ Experimental
150 A
100 +———F—F7—F——T—T7——+

Re x 10000

Figure 17: Average Nusselt number with Reynolds number for a circular fin receiver tube

The effects of triangular fins for n=1 and e = 6 mm, is highlighted in Fig. 18. It may be
observed that Nu increases with a corresponding increase in Reynold number. Clearly, increasing
fluid velocity causes higher turbulence in the flow. Turbulent flow raises the rate of convec-
tion and also enhances the average Nusselt number. The highest Nu is obtained in the case
of triangular fins at Re = 43740, where increased Nu is observed when compared to circular
and square fins, having increased by 3.5% and 7.5%, respectively, while the variation is about
6.5% at Re = 61100. The sharp edges of the triangular fins facilitates the separation of the
boundary layers. They are responsible for the highest interruption at the boundary layer, thereby
enhancing convection and Nu. The deviation for triangular fins having low Reynolds number is
3.5% between experimental and theoretical values, in which case, there is about a 6% increase in
Reynolds number.

The temperature boundary at the tube exit considering tubes with plain, square, circular, and
triangular fins is highlighted in Fig. 19a. It may be observed that the temperature distribution with
uniform flux is determined to be inconsistent, having a hot area around the heated side, and a cold
area around the unheated side. The peak temperature of the outer surface is observed to be 340 K.
As depicted in Fig. 19b, the temperature boundary for fluid areas shows that tube with triangular
fins has the least water temperature around the heated side as compared to the tubes with square
or circular fins. Clearly, heat transfer is enhanced more with the use of triangular fins having low
thermal resistance and boundary layer thickness. The maximum water temperature at the heated
side is 316 K considering a circular fin, which is 2% higher compared to the triangular fin.
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Figure 18: Average Nusselt number with Reynolds number for a triangular fin receiver tube

296 298 300 302 304 306 308 310

(b)

Figure 19: Temperature contours with plain, circular, square, and triangular fins, where e =6 mm
and Re =28000, 42600, 43600, and 33600 consecutively (a) full tube (b) fluid area

The temperature gradient at the outlet of the receiver gives a clear idea regarding the thermal
stress characteristics for each shape. With a decrease in Reynolds number, there is a decrease in the
difference between the maximum and minimum temperatures, which is because of the low-speed



CMC, 2021, vol.68, no.2 1709

flow that allows water to absorb more heat through an increase in residence time. Fig. 20 high-
lights the temperature gradients for smooth, square finned, circular finned, and triangular finned
tubes, respectively. In the planed tube, there is a 7% drop in the temperature gradient between the
hot tube and water, thereby causing increased thermal stress on the absorber tube. Nevertheless,
the addition of the fins provides for gradual temperature decrease, corresponding to decreased
thermal stress and better receiver lifetime.
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Figure 20: Variation of temperature gradient on tube’s exit for smooth tube, tube with square fins,
circular fin, and triangular fin vs. Reynolds number. (a) Smooth tube, (b) square fin, (c) circle fin,
(d) triangle fin

5 Conclusions

In the current work, a novel solar tower receiver design is proposed and evaluated experi-
mentally and numerically using distinct fins having a uniform effect of heat flux on the external
receiver and water being the heat transfer fluid. Changes in Nusselt number and different Reynolds
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number for every observation were recorded. The Reynolds number ranged between 28,000 and
78,000. Using the results, it may be concluded that.

The friction coefficient values concerning water flow show a slight decrease with a corre-
sponding increase in Reynolds number. Moreover, the friction coefficient also increases with the
addition of internal longitudinal fins. With a decrease in hydraulic diameter, the friction factor
increases; hence, the highest value is determined in the case of circular fins, while it is lowest for
triangular fins.

The pressure drop is in direct proportion to the Reynolds number while in inverse proportion
with the hydraulic diameter. higher by 3.5% and 7.5%, sequentially, compared to circular and
square tube fins.

Nusselt number increases with a corresponding increase in Reynolds number. Moreover, it
increases when internal fins are added. Triangular fins provide for maximum thermal transfer
enhancement since it corresponds to the maximum Nu. Nu is higher by 3.5% to 7.5%, compared
to circular and square tube fins.

Insertion of fins causes the temperature gradient to decrease gradually, thereby causing less
thermal stress and increasing receiver lifetime.

The Dittus—Boelter correlation may still be applied for the calculation of heat transfer in an
absorber tube having uniform heat flux.

The solar tower receiver may be enhanced with several changes being introduced. Moreover,
other studies may explore further on this topic.
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