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ABSTRACT

In this paper, heat transfer enhancement in a parabolic trough receiver using wall-detached
twisted tape inserts was numerically investigated. The resulting heat transfer, fluid friction and
thermodynamic performance were determined and presented. The flow was considered fully
developed turbulent, with Reynolds numbers in range 10 260 < Re, < 1 353 000 depending on
the fluid temperature. The twisted tape’s twist ratio and width ratio vary in the range 0.50-2.00
and 0.53-0.91, respectively. The numerical investigations are based on a finite volume method,
with the realisable k-¢ model for turbulence closure. The study shows considerable increase in
heat transfer performance of about 169%, reduction in absorber tube’s circumferential
temperature difference up to 68% and increase in thermal efficiency up to 10% over a receiver
with a plain absorber tube. An entropy generation analysis shows the existence of a Reynolds
number for which there is minimum entropy generation for each twist ratio and width ratio. The
optimal Reynolds number increases with increasing twist ratio and reducing width ratios. The
maximum reduction in the entropy generation rate was about 58%. Correlations for heat transfer
and fluid friction performance for the range of parameters considered were also derived and

presented.
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A Area, m?

Ac Collector’s projected aperture area, m?
A Absorber tube’s projected area, m?
Be Bejan number
C1, Cy, C, Turbulent model constants
Ct Skin friction coefficient
Co Specific heat capacity, J kg™ K™
Cr Concentration ratio
DNI Direct normal irradiance, W/m?
dgi Glass cover inner diameter, m
dgo Glass cover outer diameter, m
dri Absorber tube inner diameter, m
dro Absorber tube outer diameter, m
f Darcy friction factor
G Mass flux, kg/m?s
Gk Generation of turbulence kinetic energy due to mean velocity gradients, kg m™s™
h Heat transfer coefficient, W m?K™
hw Wind convection heat transfer coefficient, Wm™ K™
H Twisted tape half pitch, m
Iy Direct solar radiation. W m™
Turbulent kinetic energy, m? s

L Length, m

m Mass flow rate, kg/s
Nu Nusselt number
Ns en Enhancement entropy generation ratio = (Sgen)en/(Sgen)p
P Pressure, Pa
Pr Prandtl number

' Heat transfer rate per meter length, W/m
q Heat flux, W m™
Re Reynolds number
S Modulus of the mean rate-of-strain tensor, s™
Sj Rate of linear deformation tensor, s
Sgen Entropy generation rate due to heat transfer and fluid friction, W/K
S'gen Entropy generation due to heat transfer and fluid friction per unit length, W/m K



(Sgen)H Entropy generation due to heat transfer, W/ K

(Sgen)F Entropy generation due to fluid friction, W/ K

(S genH Entropy generation due to heat transfer per unit length, W/ m K

(S gen)F Entropy generation due to fluid friction per unit length, W/ m K

S"" gen Volumetric entropy generation, W m=K™

(S™en)e  Volumetric entropy generation due to fluid friction, W m®K™

(S™gen)n  Volumetric entropy generation due to heat transfer, W m3K?

S proovp  Entropy production by direct dissipation, W m>K™*

S erobo  Entropy production by turbulent dissipation, W m=K™

S eroor  Entropy production by heat transfer with mean temperatures, W m>K™
S prop7c  Entropy production by heat transfer with fluctuating temperatures, W m>K™

T Temperature, K
Un Mean velocity, m s™
Y Volume, m*
Vi Wind speed, m/s
Ui, Uj Averaged velocity components, m s™
u',v,w Fluctuations from mean velocity, m s
u, Friction velocity, m s™
\Y; Volumetric flow rate, m%/s
W Twisted tape width, m
W, Collector aperture width, m
W, Pumping power, W
W Twisted tape width ratio
Xiy Xj Spatial coordinates, m
X,Y,Z Cartesian coordinates
y* Dimensionless wall coordinate
Y Twisted tape width ratio
-puu’  Reynolds stresses, N m™
AP Pressure drop, Pa

Greek letters

a Thermal diffusivity, m? s™
oy Turbulent thermal diffusivity, m*s™
Jij Kronecker delta



Turbulent dissipation rate, m®s™
Fluid thermal conductivity, Wm™ K*

n Turbulence model parameter = Sk/¢
Nth Thermal efficiency, %
Nel Power block electrical efficiency, %
Or Rim angle
) Absorber tube’s circumferential temperature difference, K
Density, kg m™
ot Turbulent thermal diffusivity, m*s™
O Turbulent Prandtl number for ¢
Oht Turbulent Prandtl number for energy
Ok Turbulent Prandtl number for k
Ty Glass cover transmissivity
Tw Wall shear stress
Receiver circumferential angle
7 Viscosity, Pa s
Lt Turbulent viscosity, Pa s
M, Friction velocity, m/s
et Effective viscosity, Pa s
v Kinematic viscosity, m?s™
X Thermal enhancement factor
Subscripts
amb Ambient state
bulk Bulk fluid state
en Enhanced absorber tube
inlet Absorber tube inlet

outlet Absorber tube outlet

i, K General spatial indices

p Plain absorber tube

r,max  Absorber tube maximum temperature
r,min Absorber tube minimum temperature

ri Absorber tube inner wall
ro Absorber tube outer wall
sky Sky



Superscripts
- Mean value

Dimensionless value

1. Introduction

Parabolic trough systems represent the most commercially and technically developed technology
for concentrated solar power [1-3]. Several research initiatives are still under way to further
improve their performance and reduce the cost of energy from these systems [1,3,4]. With the
availability of lightweight materials, increasing concentrator sizes and concentration ratios is one

way of improving performance and reducing costs [5,6].

With higher concentration ratios, the increased heat fluxes and possible increase of the absorber
tube’s circumferential temperature difference will necessitate improved heat transfer. Heat
transfer enhancement is one way of achieving improved heat transfer performance in heat
exchangers and is widely used for several industrial applications. As such, several heat transfer
enhancement techniques have been developed and investigated, detailed reviews of such
techniques are detailed by Bergles [7], Manglik [8] and Webb [9]. Heat transfer enhancement in
heat exchangers and other thermal applications has several benefits such as heat exchanger
weight and size reduction, reduction in device temperatures and reduction in the temperature

difference between process fluids.

In parabolic trough receivers, the non-uniformity of the absorber tube’s circumferential
temperature leads to thermal stresses and can cause breakage of the receiver’s glass cover in
cases of high absorber tube circumferential temperature differences [1,10]. Further still, several
studies on thermal performance of receivers have shown that the higher the absorber tube
temperature, the higher the receiver thermal losses [11-13]. Moreover, as parabolic trough
systems with high optical efficiencies and high concentration ratios become feasible [5], high
heat fluxes and high absorber tube’s circumferential temperature difference will result. As such,
improved heat transfer performance will be essential to minimise absorber tube temperature

gradients as well as improve the performance and reliability of the receiver.



For these reasons, heat transfer enhancement in parabolic trough receivers is receiving
considerable attention. Passive heat transfer enhancement techniques are an attractive method of
heat transfer enhancement since no direct power input is required [9]. Several researchers have
applied some of the passive heat transfer enhancement techniques to improve the performance of
parabolic trough receivers [10,14-16]. Mufioz and Abanades [10] analysed an internally helically
finned absorber tube to improving the thermal performance and minimise the circumferential
temperature differences in the absorber tube. For the considered flow rates and finned tube
designs, the absorber tube temperature difference was reduced by between 15.3 — 40.9 %.

Twisted tape inserts have been widely used in many applications given the ease with which they
can be made and installed in heat exchangers as well as significant heat transfer enhancement
that can be achieved with moderate friction factors [17,18]. The wide application and interest in
using twisted tape for both laminar and turbulent flows can be seen in the number of studies
dedicated to heat transfer enhancement using twisted tape inserts provided in reviews by
Manglik [18], Bergles [7], Webb [9] and many others. Several modifications of the twisted tape
inserts have also been widely investigated. These include regularly spaced twisted tape inserts,
short length twisted tape inserts, center wing and alternate axes twisted tapes, twisted tapes with
cuts, twisted tapes with wire nails, twisted tapes placed separately from the wall and many other
modifications. A review on the use of twisted tape inserts for the turbulent flow regime and the
different modifications investigated by several researchers was presented by Hasanpour [19]. In
this review, favorable enhancement ratios based on constant pressure comparison are reported
with the use of twisted tapes in the turbulent flow regime. In another review, Liu and Sakr [20]
present a comprehensive review of heat transfer enhancement in passive heat exchangers. In their
review, studies on twisted tape inserts with twist ratios in the range 2 — 12 for both laminar and
turbulent flow applications are presented. Nithiyesh and Murugesan [21] also present a review on
the use of twisted tape inserts for heat transfer enhancement, twisted tape inserts with twist ratios

as low as 1.5 are presented.

The use of twisted tape inserts for solar thermal applications has been investigated by some
authors. Jaisankar et al. [22-24] present the results of studies on heat transfer enhancement in
solar water-heating systems, using twisted tape inserts. They report an increased heat transfer
performance due to the use of twisted tape inserts. Jaisankar et al. [25] experimentally

investigated the use of twisted tape inserts with a rod or spacer at the trailing edge in a
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thermosyphon solar water-heating system. They showed that using rods and spacers at the
trailing edge reduced the heat transfer performance by 17% — 29% respectively, and reduced the
pressure drop by 39% — 47%. In some studies, the combined use of twisted tape inserts with
nanofluids has been investigated [26,27]. Enhanced convective heat transfer coefficients and
thermal performance were obtained with combined use of twisted tape insert and nanofluid in the

laminar and turbulent flow regime, respectively.

To avoid any hot spots and possible degradation of the heat transfer fluid [28], tube inserts are an
attractive heat transfer enhancement option for parabolic trough receivers. Therefore, wall
detached twisted tape inserts offer a promising alternative compared to other modifications of
twisted tape inserts. The use of twisted tape inserts placed separately from tube walls has been
investigated in previous studies. Ayub and Al-Fahed [29] first reported an experimental
investigation on fluid friction for twisted tape inserts placed separately from the wall. Al-Fahed
and Chakroun [30] later investigated the use of wall-separated twisted tape inserts on heat
transfer for fully developed turbulent flow. Eiamsa-ard et al. [31] also considered the use of
loose-fit twisted tape inserts on heat transfer enhancement in a tube. They report high heat
transfer enhancement at the lowest twist ratio and the smallest clearance ratio. Friction factors
were shown to reduce as clearance ratios increased. Zhang et al.[32] presented results of a
numerical simulation for multi-longitudinal vortices in a tube induced by triple and quadruple
twisted tapes inserts. In both cases, the twisted tape inserts are placed separately from the tube
wall. The Nusselt numbers increased by 171% and 182% for triple and quadruple twisted tapes
while the corresponding increase in friction factors was 4.06 — 7.02 times, respectively. Bas and
Ozceyhan [33] presented an experimental investigation on the use of twisted tape inserts placed
separately from the wall. Twist ratios of 2.0, 2.5, 3.0, 3.5 and 4.0, clearance ratios of 0.0178 and
0.0357 and Reynolds numbers in the range 5 132 and 24 989 were used. The highest heat

transfer enhancement was shown to exist at the lowest twist ratio and largest clearance ratio.

Most studies reported in literature use the first law of thermodynamics to characterize the
performance of various heat transfer enhancement techniques. For thermal systems, efficient use
of energy is crucial to their performance. Therefore, an assessment of the quantity as well as the
quality the available energy becomes crucial. The determination of the quality of energy is only
possible with the use of the second law of thermodynamics. In the second law of

thermodynamics, determination of the entropy generation rates as well the irreversibilities
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present in the systems and system components is possible. Using the Gouy-Stodola theorem, the

entropy generation rates are related to the destruction of available energy [34].

The entropy generation analysis and its minimization have been widely used for thermodynamic
optimization of thermal systems and components since its introduction by Bejan [35]. However,
its application in assessment of heat transfer enhancement techniques is not widespread, but is
recommended [34]. Possible reduction of entropy generation rates by minimising heat transfer
irreversibilities at high concentration ratios is another benefit of heat transfer enhancement in
parabolic trough receivers that is worth investigating.

From the above literature review, several configurations of twisted tape inserts for heat transfer
enhancement have been investigated. However, the potential heat transfer enhancement with low
twist ratio-wall detached twisted tape inserts has not been investigated. Furthermore, no study
has been reported on heat transfer enhancement in parabolic trough receivers with wall detached
twisted tape inserts. The use of low twist ratio twisted tapes in parabolic trough receivers has
potential to provide high fluid agitation and mixing and a longer helical path, which will lead to
high heat transfer rates and reduction in absorber tube’s circumferential temperature difference.
Moreover, it has been shown in most studies that low twist ratios give higher heat transfer rates,
but with high pressure drop penalties [19]. The careful matching of twist ratios and width ratios
can result in high heat transfer rates and moderate pressure drop. Therefore, the main objective
of this study is to investigate the thermal performance of a parabolic trough receiver with low
twist ratio-wall detached twisted tape inserts and to use the entropy generation analysis to
determine the resulting irreversibilities as well as optimal configurations and conditions for

minimum entropy generation.

2. Physical Model

Fig. 1 shows the physical model of a parabolic trough receiver with a twisted tape insert placed
separately from the wall. For conventional receivers, the annulus space between the absorber
tube and glass cover is evacuated to very low pressures such that only radiation heat transfer
takes place. The flow inside the absorber tube becomes periodically fully developed far from the
entrance. Therefore, only a periodic module of the receiver is considered. For the absorber tube
with a twisted tape insert, the periodic module considered in this study is shown in Fig. 2.
Receiver dimensions are taken the same as those of commercially available receivers [36]. The
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absorber tube has an inner diameter (d.) of 6.6 cm, outer diameter (dr,) of 7.0 cm while the
receiver’s glass cover has an inner diameter (dg) of 11.5 cm. The other simulation parameters

used in this study are shown in Table 1.

From the physical and computational model, the non-dimensional parameters of the twisted tape

used in this study are:

Twist ratio defined as the ratio of the pitch through the 180° turn (H) and the diameter of the
absorber tube given by:

j=HId, (1)

The dimensionless twisted tape’s width ratio, W defines the clearance between the twisted tape
and the absorber tube wall. For zero clearance between the tube and the twisted tape, W =1. The

width ratio is given by:
W=W/d, 0)

The twisted tape could be attached to the tube wall using Teflon attachments manufactured
according to twisted tape thickness and width to keep them separated from the tube wall as was
done in a study by Bas and Ozceyhan [33] or using some other appropriate mechanism. With low
twist ratios, the heat transfer performance is expected to increase, but the fluid friction will also
increase. Thus, a combination of lower twist ratios and smaller width ratios could give
reasonably high heat transfer rates and moderate pressure drops. Moreover, lower twist ratios
provide better fluid agitation and mixing needed in the receiver’s absorber tube given the non-
uniform heat flux incident on it. Thus, for this study, performance of a parabolic trough receiver
with twisted tape inserts having twist ratios in the range 0.5 to 2.0 and width ratios in the range
0.53 to 0.93 is investigated.

3. Numerical analysis

3.1 Governing equations

For high heat fluxes and concentration ratios, the expected circumferential temperature
differences in the receiver’s absorber tube require the use of high flow rates for better heat

transfer. Therefore, in this paper, we considered the flow inside the absorber tube to be steady-



state and fully developed turbulent. As such, the governing equations are the Reynolds Averaged

Navier-Stokes equations and the averaged energy equation [37] given as:

Continuity equation

d(pu,)
()8

-0 3)

Momentum equation

0 oP 0 ou, ou;| 2 ou —
—(pul; ) =——+—| | —+— |- = y—0; — pul’
Energy equation

o(c,T . 0u, : — | ou.
i(pUijT)Ii ﬁﬂ_pi (P ) +uj£+ y7i %4__1 _g,u% ij_pui’u} %
OX; OXi| OX; oy OX; OX; oX;  o% | 370X OX;
()

Where — puiu; are the Reynolds stresses, u;, u; are the time-averaged velocity components in

the i- and j-directions respectively, T is the time-averaged temperature, P is the time averaged
pressure and A is the fluid thermal conductivity. The Reynolds stresses are related to the mean
velocity gradients using the Boussinesq approach through [37].

; ou; ou; | 2 ou
—pu U = | —+—L |—=| pk+ g, —= |5, 6
PU;U; M[ax_ axJ 3[/? ﬂtaxk] i (6)

j i

Where k is the turbulent kinetic energy per unit mass given by
kzl(u_'2+\F+VF) (7
2

This approach reduces the computational cost compared to solving the transport equations for
each term in the Reynolds stress tensor. A number of turbulence models based on the Boussinesq
approach have been developed to solve the closure problem in Egs. (3) — (5). The k-¢ models are
the most widely used and validated models for most flows present in engineering applications
[37-39]. For this study the realisable k- model which is an improvement of the standard k-¢ was
adopted [37,39]. In the realisable k-¢ model, two additional equations are solved for the transport

of turbulent kinetic energy and turbulent dissipation rates. These are given as [37]
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Turbulent kinetic energy, k

0 0 H | ok
2 pku, |- B S L e
sj(p uj) 8xj [/Hak]axj +G, —pe (8)

Turbulent dissipation, ¢

o (o) :aixﬂ“ . ]aa—jwclse—pcz e ©)

Where

Gk represents production of turbulent kinetic energy and is modeled the same way for all the k- ¢

models as

6, = pu; 2 (10)
OX

Combining Eqg. (6) with Eq. (10) gives

Gy = S (11)
The eddy viscosity is given by
k2
e =pC,— (12)
&
In the realisable k-e, C, is not constant and is determined from empirical relations. The detailed
determination of C,is given in [37]. The model constants for the k-¢ realisable model are:

k

C = max{OAS,%}, n=S=, S=25,S, ,C,=1.9,0,=10,=12,
n g

Sij represents the rate of linear deformation of a fluid element. In total, there are nine components
in three dimensions, of which three are linear elongation deformation components and six are

shearing and deformation components [38]

o, o,

1
S, =§[a—xj+ a J (19
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3.2 Entropy generation

The entropy generation method is widely used for the design and optimisation of thermal
systems and system components. This method has proved an important design tool and has been
used by several researchers for thermodynamic optimisation [40-44]. It entails determining the
irreversibilities occurring in systems and system components and determining configurations for
which these irreversibilities are minimum. Minimum entropy generation corresponds to the
maximum power output, since destruction of available work or energy will be minimum when

entropy generation is minimum according to the Gouy-Stodola theorem [34].

For heat transfer enhancement, the ratio of entropy generation due to heat transfer enhancement
to the entropy generation for a non-enhanced device (Nsen) iS used to characterise the

thermodynamic performance.

Where Nsen IS the ratio of entropy generation in an enhanced tube to the entropy generation in a

plain tube given by

N,,, = Do) (14)

(S,

Nsen Should be less than 1 for better thermodynamic performance [34,45-48]

For convection heat transfer problems the entropy generation per unit length (S'gen) Was given by Bejan
[23] as
2 32m’c,

, q
S en = —+ (15)
? ”ﬂTbulkz Nu ”2P2Tbu|kD5

Where q' is the heat transfer rate per unit length, Nu=AD/A with h=q"/(Tw-Toui), Cs
= (-dp/dx)pD/ZGz, with G =4m/ zD?, Tuuk is the bulk fluid temperature (Tiniet +Toutlet)/2 and D is
the diameter of the tube. The first term represents the irreversibility due to heat transfer and the
second term the irreversibility due to fluid friction. Eq. (15) provides a means of determining the

entropy generation rates in heat transfer and fluid flow problems globally.

According to Kock and Herwig [40], for heat transfer and fluid flow problems involving
complex geometries and complex boundary conditions, the analytical method in Eq. (15) gives

large deviations compared with a method that determines the local entropy generation in the
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domain. Therefore, for complex geometries, a method that accounts for the local entropy
generation rates is preferred and is more robust [40]. The local entropy generation is determined
by combining the heat transfer irreversibility and fluid friction irreversibility according to the
following relations [40]:

sr, =(sgen)F +(sg;n)H (16)

The entropy generation per unit volume due to fluid friction irreversibility (sy, ) is given by

(Sgén )F = Seropyp T Serop. 10 (17)

Sroowo 1S the term representing entropy production by direct dissipation and is given by

g :ﬂ(aui N ou; J@ui (18)
PRODVD T | x; 0% |ox,

And s’ represents entropy production by indirect or turbulent dissipation and is given by
_pE (19)

SF,;'ROD,TD T
The entropy generation per unit volume due to heat transfer irreversibility is given by

(Sé'én )H = SpropT T SpropTe (20)
where sz _is the term representing entropy production by heat transfer with mean temperatures
and is given by

Stronr =25 (VT (21)

And sy is the entropy production by heat transfer with fluctuating temperatures given by

(22)

In Eq. (22), a and ¢ are the viscous and turbulent thermal diffusivities respectively.
For a fluid element of volume V, the entropy generation rate is obtained as the volume integral of

the entropy generation rate per unit volume according to:
Sen = | [[ Stm AV (23)
\Y

The local entropy generation rates given by Egs. (16) - (22), were obtained in the post processing
stage of our CFD simulation. The validation of the entropy generation model was done in our

earlier study [44] and will not be presented again.
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3.3 Boundary conditions

The boundary conditions used include: (1) The outer wall of the absorber tube receives a non-
uniform heat flux. The heat flux distribution used in this study is shown in Fig. 3 as determined
using ray tracing in SolTrace [49]. For this study, the rim angle (¢,) used was 80° and the
aperture width was 6. The receiver angle 6, is the receiver’s circumferential angle shown in Fig.
2(a), it is 90° along the positive y-axis and -90° (or 270°) along the negative y-axis. A Direct
normal irradiance (DNI) of 1 000 W/m? was assumed. (2) Periodic boundary conditions are used
for the absorber tube’s inlet and outlet. (3) The inner absorber tube walls are considered no-slip
and no-penetration. (4) The average glass cover temperature used with the radiation boundary
condition was determined separately at each fluid temperature and Reynolds number. A full
receiver model without inserts was used for this purpose. The outer wall of the glass cover in this
receiver model has a mixed boundary condition to account for both radiation and convection heat
transfer. For radiation from the receiver, the receiver exchanges heat with a larger enclosure, the
sky. The sky temperature is determined as a function of the ambient temperature from Swinbank
[50]

T, =0.0552 T (24)

The ambient temperature used for the full receiver model was 300 K. The convention heat
transfer coefficient used for the convection boundary condition was assumed uniform and is

given by [51]
hW — VWO.SSd gOQ.AZ (25)

Where V,, is the wind speed, taken as 2 m/s in this study and dq, is the glass cover outer diameter.
For this study, the geometric concentration ratio, Cg is defined as Cr = AJ/Ar = Wa/do , Where A,
is the projected area of the collector’s aperture, A, is the projected area of the absorber tube. W,

is the collector aperture width and d,, is the outer diameter of the receiver’s absorber tube.

3.4 Solution procedure

The numerical solution was implemented using a commercial software package ANSYS®
release 14.5. The governing equations together with the boundary conditions were solved using a
finite-volume approach implemented in a computational fluid dynamics code ANSYS FLUENT

[37]. The computational domain was discretised using hexahedral elements with structured
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elements in the wall normal directions. The coupling of pressure and velocity and was done with
the SIMPLE algorithm [52]. Second-order upwind schemes were employed for integrating the
governing equations together with the boundary conditions over the computational domain. To
capture the high resolution of gradients in the near wall regions, the y* value of about 1 was
ensured for all simulations. The enhanced wall treatment [37] was used for modeling the near-

wall regions. Where y* = yu/v, v is the fluid’s kinematic viscosity, y is the distance from the
wall, and u, is the friction velocity given by u = a/rwl,o . The solution was considered

converged when the scaled residuals of continuity, momentum, turbulence kinetic energy,
turbulent dissipation rate and energy ceased changing after about 100 successive iterations. At
convergence, the values of the scaled residuals were in the order of less than 10™ for the
continuity equation, less than 10°® for velocity, turbulent kinetic energy and turbulent dissipation

rate and less than 107 for energy.

The heat transfer fluid used was SYLTHERMS800 [53]. Its thermo-physical properties were
evaluated at 400 K, 500 K and 600 K as shown in Table 2, as derived from the product’s
technical data [53]. Stainless steel was used as the absorber tube material. The emissivity of the

absorber tube depends on temperature according to [54]

¢=0.000327(T+273.15)-0.065971. (26)
Where T is the absorber tube temperature in degrees Celsius

Grid dependence tests were carried out for representative cases at every Reynolds numbers
considered in the study. The solution was considered grid independent when the maximum
changes in Nusselt number, friction factor and entropy generation were less than 1% as the mesh
element size was changed. The sample grid dependence studies are shown in Table 3. The
indices i and i+1 indicate the mesh before and after refinement respectively. The sample mesh is
shown in Fig. 4. Generally the number of elements will depend on the length of the periodic
module (2H). The number of mesh elements used in this study was between 122 300 — 356 000.

3.5 Data reduction

The results from our numerical analysis are presented using the following parameters: The

average heat transfer coefficient is given by

15



q”
h=— o (27)
Tri _Tbulk

Ty is average inner wall temperature of the absorber tube and Tpuk represents the bulk
temperature of the fluid at the periodic boundaries

The average Nusselt number is given by

d.
Nu = h—m 28
u=h= (28)

Where, 1 is the thermal conductivity of the heat transfer fluid.

The Reynolds number of flow for both the enhanced absorber tube and non-enhanced absorber

tube is defined as

Re — um : dri (29)

|4

In which, v is the kinematic coefficient of viscosity of the heat transfer fluid and un, is the mean
velocity of the fluid in the tube. Two Reynolds numbers are defined: Re, is the Reynolds
number based on plain absorber tube mean velocity and Ree, is the Reynolds number based on
the mean velocity of the tube with twisted tape inserts. For the same mass flow rate, the mean
velocity and thus the Reynolds number in an absorber tube with twisted tape is higher due to
fluid acceleration.

The friction factor is defined as

f_

=TT (30)
3P Up o

For a smooth tubes the value of the friction factor (f) can be obtained for different Reynolds

numbers according to the Petukhov’s correlation given in [55] as

f=(0.790 InRe-164) " (31)

Whereas the average Nusselt number is given according to Gnielinki’s correlation [55] for both

low and high Reynolds numbers as

(%j(Re ~1000)Pr

Nu = (32)

1+12.7( %jO'S(Pr% —1)
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For 0.5 < Pr <2 000 and 3x10°< Re < 5x10°

The absorber tube’s circumferential temperature difference is given as the difference between the

maximum and minimum temperatures of the absorber tube according to
¢ :Tr,max _Tr,min (33)

The thermal enhancement factor y for evaluating thermal performance at constant pumping is

defined as [8]

. (1/3)
2=(Nu/Nu )/(f/f) 34)

4. Results and discussions

4.1 Validation of numerical results

Our numerical results were validated in several steps. First, we validated the parabolic trough
receiver model using experimental data from Dudley et al. [36]. As shown in Fig. 5, good
agreement was obtained for temperature gain and collector efficiency. From a comparison of
different turbulence models, the realizable k-¢ model was shown to give results of the local
Nusselt number on the absorber tube circumference close to the Reynolds stress model as shown
in Fig. 6. Though more accurate than the realizable k-g, the Reynolds stress model is
computationally expensive and was therefore not used in this study. For heat transfer
enhancement using twisted tape inserts, our twisted tape numerical model was compared with
correlations put forward by Manglik and Bergles [56]. As shown in Figs. 7 (a) & 7(b), good
agreement was obtained for both Nusselt numbers and friction factor respectively. Nusselt

numbers are within £6.5% and friction factors are with in + 8%.
4.2 Temperature difference in a receiver with a plain absorber tube

With no heat transfer enhancement, Fig. 8 shows that as the concentration ratios increases, the
absorber tube’s circumferential temperature difference also increases. In this figure the inlet
temperature used is 350 K. At a Reynolds number of 1.94 x 10 the absorber tube
circumferential temperature differences are 92 °C, 115 °C , 138 °C, 159 °C and 183 °C , 204 °C
and 227 °C at concentration ratios 57, 75, 86, 100, 114, 128 and 143 respectively. The increase in

the concentration ratio results in higher peak heat fluxes on the absorber tube. The figure further
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shows a reduction of absorber tube’s circumferential temperature difference with increasing
Reynolds numbers. Therefore, as the concentration ratios increase, higher flow rates become
necessary to reduce the temperature difference in the absorber tube. Heat transfer enhancement is
the other option to improve the receiver’s performance and reduce absorber tube’s
circumferential temperature difference. With heat transfer enhancement, lower flow rates can be
used ensuring higher collector field outlet temperatures while reducing the absorber tube

circumferential temperature differences.
4.3 Flow structure
4.3.1 Velocity field

The velocity contours of the flow field in the absorber tube with twisted tape inserts are shown in
Fig. 9 (a-€) at different stream wise locations for a twisted tape with ¥ =1.0 (2H = 0. 132) and
w=0.75with Re, = 150, 300 and Tine = 500 K. As shown in the figures, the use of twisted tape

inserts generates vortices around the tape in the core flow area. The presence of these vortices
helps in disrupting the boundary layer as well as in enabling mixing of the fluid from the heated
lower half of the absorber tube with the fluid from the upper half of the absorber tube receiving
only direct solar radiation. This boundary layer disruption and fluid mixing leads to improved
heat transfer performance as well as reduction of absorber tube circumferential temperature
gradients. Fig. 10(a) shows the velocity vectors in a tube with twisted tape inserts. It is also clear
that the fluid around the twisted tape insert is accelerated. Fig. 10 (b) shows the streamlines
through the absorber tube with twisted tape inserts. As shown in this figure, twisted tape inserts
induce swirl flow in the absorber tube. The resulting helical path means that the fluid takes
longer in the tube compared to when there are no twisted tape inserts, this results in increased
fluid agitation, thus improved heat transfer performance. In Figs. 9(a) and 9(e), it can be seen
that the velocity profile at the inlet is the same as that at the outlet as expected since the flow is

periodically fully developed.
4.3.2 Temperature field

From the flow field discussed in section 4.3.1, the use of twisted tape inserts promotes fluid
mixing and thus influences the temperature distribution in the absorber tube. As shown in Figs.

11(a-e), there is improved temperature distribution in the absorber tube due to the use of twisted
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tape inserts. Compared to an absorber tube with no inserts as shown in Fig. 11(f), a more uniform
temperature distribution is obtainable with the use of twisted tape inserts. Also as the figure
shows, the temperature profiles at the inlet and outlet are similar implying thermally fully
developed flow. It is this tendency of twisted tape inserts to give a uniform temperature
distribution in the receiver’s absorber tube thus reducing the thermal boundary layer thickness
that that leads to improved heat transfer performance and subsequently reduced circumferential

temperature differences in the receiver tube.
4.4 Heat transfer

Fig. 12(a) and 12(b) show the variation of the local Nusselt number on the absorber tube wall in
the longitudinal direction and along the tube’s circumference at different stream wise locations

respectively, for Tiner= 500 K, §=0.5, W=0.71 and Re, = 112 000. As shown, the local Nusselt

number varies significantly around the tube’s circumference owing to the non-uniform heat flux
received by the receiver tube as well as the flow structure in the tube. For a given longitudinal
line on the absorber tube’s wall, the local Nusselt number does not vary significantly when
compared to the variation around the tube’s circumference as shown in Fig. 12(a). However, a
closer look at each line reveals variation in the local Nusselt number along the tubes longitudinal
direction due to the swirling nature of flow induced by the twisted tape. The presence of peaks
with high Nusselt number indicates areas of high heat transfer due to fluid bouncing from the
tape and impinging on tube walls. The different heat flux and thus the resulting wall
temperatures on the absorber tube give different local Nusselt numbers around the tube’s
circumference. The low local Nusselt number at the top of the absorber tube’s circumference,
0 =90° is due to the low heat flux received by the receiver and the high Nusselt numbers on the
lower half of the tube are due to the concentrated heat flux received there as was shown in Fig. 3.
The local Nusselt number at 6 = 180° is higher than the local Nusselt number at 6 = 0° despite the
two having the same heat flux given the symmetrical nature of the heat flux received on the
receiver. This might be due to high flow impingement on the left half of the absorber tube (90°
<0 <180° and 180° <@ <90°) compared to that the right half (-90°<6 <0° and 180°<6 <90°).

The heat transfer performance can be given using the average Nusselt numbers. Figs. 13 (a-c)
show the heat transfer performance of the receiver tube with twisted tape inserts at different twist

ratios and width ratio for 400 K, 500 K and 600 K respectively. As expected, the average Nusselt
19



numbers increase as the twist ratio reduces due to the increase in the helical tube length the fluid
must cover, increased fluid mixing and increased turbulent intensity. The same variation of the
average Nusselt number with Reynolds number is shown to exist at the different fluid
temperatures considered. At higher fluid temperatures, the Reynolds numbers are higher due to
lower fluid density and lower viscosity at the corresponding flow rates. Thus, the heat transfer
performance at higher temperatures is shown to be higher for the corresponding flow rates. The
variation of the average Nusselt number with width ratio can be clearly shown at a specific
Reynolds number. In Fig. 14, the variation of the average Nusselt number with width ratio is
shown for a Reynolds number (Re;) of 8.13x10% and an inlet temperature of 600 K. The average
Nusselt number is shown to increase as the width ratio increases, with significant increments
shown at low values of the twist ratio. At lower twist ratios the fluid’s path is longer and thus

sufficient mixing results in improved heat transfer performance.

The heat transfer enhancement achieved due to the use of twisted tape inserts in the receiver’s
absorber tube depends on the twist ratio, width ratio and Reynolds number. For the range of
parameters considered the average Nusselt number increases by 1.05-2.69 times compared with a
receiver with a plain absorber tube.

The improved heat transfer performance is expected to reduce the absorber tube’s
circumferential temperature difference. Therefore, the variation of the absorber tube’s
circumferential temperature difference with twist ratio, width ratio and Reynolds number is an
inverse of the average Nusselt number variation. As shown in Figs. 15 (a-c), the circumferential
temperature differences in the absorber tube reduce with increasing Reynolds numbers,
increasing twisted tape width ratio and reducing twisted tape twist ratio. The absorber tube’s
circumferential temperature differences are shown to reduce by between 4-68% when compared
with a receiver with a plain absorber tube for the range of parameters considered. As shown in
Figs. 15 (a-c), heat transfer enhancement is crucial at low Reynolds numbers and low fluid
temperatures since absorber tube circumferential temperature differences are large at these

conditions.
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4.5 Friction factor

Most heat transfer enhancement techniques will provide improved heat transfer performance but
with additional fluid friction penalty. For this study, the variation of fluid friction with Reynolds
numbers, twist ratio and width ratio is shown in Figs. 16(a-c) for width ratios of 0.76 and fluid
temperature 400 K, 0.83 and fluid temperature 400 K and width ratio 0.91 and fluid temperature
600 K respectively. As expected the friction factors increase with reducing Reynolds number,
reducing twist ratios and increasing width ratios. The increase in fluid friction is due to an
increase in flow resistance as a result of swirl flow, impingement on the absorber tube as well as
obstruction to flow by the twisted tape insert. The friction factors increase between 1.60 — 14.5
times compared with a receiver with a plain absorber tube for the range of parameters

considered.
4.6 Thermal performance evaluation

As a preliminary tool for comparison of heat transfer enhancement techniques at constant
pumping power, the thermal enhancement factor, y given by Eq. (34) was used. Enhancement
techniques with y >1 are considered effective heat transfer enhancement techniques when
pumping power is a concern. Figs. 17 (a) and 17 (b) show the variation of the thermal
enhancement factor with Reynolds number at different twist ratios. Generally, the thermal
enhancement factor increased with Reynolds numbers at a given twist ratio. This trend was also
presented in a study by Cheng et al. [16]. The increasing trend of the thermal enhancement factor
could be due to the higher heat transfer performance as a result of intense fluid mixing as
Reynolds numbers increase. The high temperature fluid in the lower half of the receiver’s
absorber tube is displaced and replaced with low temperature fluid from the upper half of the
tube leading to more heat transfer to the now low temperature fluid. For the range of parameters

considered, the thermal enhancement factor was in the range 0.74 <y < 1.27.

To show the actual influence of heat transfer enhancement on the thermal performance of the
parabolic trough receiver, the thermal efficiency that takes into account the increase in fluid
friction with the use of inserts is considered. With this, the reduction in radiation heat loss
resulting from reduced absorber tube temperatures is also accounted for. Accordingly, the

thermal efficiency is given as:
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T,

The electrical efficiency of the power block # used in Eqn. (35) was taken as 32.7% [57],
Gy =MC, (Touger — Tinter) and W, =V AP . It can be observed from Figs. 17 (c) and 17(d) that the

thermal efficiency of the collector increases with heat transfer enhancement for some range of
Reynolds numbers at every value of twist ratio. Improvements in thermal efficiency in the range

5% — 10% are achievable for twist ratios ¢ greater than 1.0 for almost all width ratios provided

that the flow rate is lower than 43 m*/h. This flow rate corresponds to 10.05 kg/s at 400 K, 8.94
kg/s at 500 K, 7.65 kg/s at 600 K and 6.91 kg/s at 650 K. At twist ratios lower than 1, the thermal
efficiency increases with the use of twisted tape inserts at low Reynolds numbers, but as the
Reynolds numbers increase, the pumping power required increases and become larger than the
gain in heat transfer rate, so the efficiency becomes lower than one in a collector with a non-
enhanced receiver. The highest increase in efficiency will be at the lowest Reynolds numbers,
since it is at these low Reynolds numbers that the heat transfer performance is low and the

absorber tube’s temperatures are higher.

The increase in the efficiency of the collector is due to improved heat transfer performance and
the associated reduction in absorber tube temperatures. Heat transfer enhancement will reduce
the absorber tube’s temperatures. As a result, the emissivity will also reduce since it varies with
temperature. This will lead to reduced radiation heat loss. The thermal efficiency of a collector
with a non-enhanced receiver tube is shown to increase with Reynolds numbers up to some
value, after which it becomes constant. This is because at higher flow rates, the reduction in

absorber tube temperatures is not significant as has been shown in the present study.
4.7 Heat transfer and fluid friction correlations

Based on the results from our numerical investigation, correlations for Nusselt number and

friction factor were derived using regression analysis.

The Nusselt numbers are correlated by:

Nu — 0,01709 RepO.SQSS Pr0.3890 y—O.ABOZV'vOSSSl (36)
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Valid for ~ 1.02x10*<Re, < 1.35 x10% and 10.7 < Pr<33.7
400 K < T <600 K
0.53<W<0.91
0.50<§<2.0

Correlations in Egn. (36) is valid within +15% as shown in the parity plot for the observed

Nusselt numbers and those predicted from the correlations for 360 design points in Fig. 18

The friction factors are correlated by
f :1.1289y—1.0917v~v1.1802 Ree—no.1923 (37)

Valid for 1.02 x 10*<Re < 1.35 x10° and 10.7 < Pr<33.7
400 K < T <600 K
0.53<W<0.91
0.50< §<2.0

Eq. (37) predicts the friction factors with in £ 14% for the entire range of Reynolds numbers and

parameter considered in this study. Fig. 19 shows the parity plot for the friction factors.

In Egs. (36) and (37), Re, and Ree, are Reynolds number based on the actual mean velocity in the
plain and enhanced absorber tube respectively. The mean velocity in the enhanced tube is higher
than that in the plain tube due to the vortices generated by the twisted tape. Reen is related to the
plain absorber tube Reynolds number (Rep) according to Eq. (38) for the range of parameters

considered.

Reen — 1.96819—0.4048WO.6364 Rez.QBlE (38)

4.8 Entropy generation

Another way of assessing the performance of enhancement techniques is the consideration of the
entropy generation rates as a result of applying the enhancement technique [34,46,48]. With this,
the aim is to minimise the irreversibilities and the technique with the lowest entropy generation
rates is desirable. Further, enhancement techniques with the entropy generation ratio, Nse, less
than 1 makes thermodynamic sense. In this section, results of entropy generation analysis for a

parabolic trough receiver with twisted tape inserts are presented.
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4.8.1 Heat transfer and fluid flow irreversibilities

Heat transfer and fluid flow irreversibilities are the two irreversibilities present in convection
heat transfer problems. For heat transfer enhancement, the objective is to minimize the heat
transfer irreversibility. But as the heat transfer irreversibility is reduced, the fluid flow
irreversibility will increase. Fig. 20 shows the variation of the heat transfer irreversibility, fluid
friction irreversibility and the total entropy generation rate at the smallest and largest twist ratios
for a width ratio of 0.91. Generally, the heat transfer irreversibility decreases with increasing
Reynolds numbers and decreasing twist ratios while the fluid friction irreversibility increases
with Reynolds number and decreasing twist ratio. The figure shows existence of an optimal
Reynolds number for which the total entropy generation (S'gen) iS @ minimum. The optimal

Reynolds number is shown to be low at tight twist ratios and high at less tight twist ratios.

Figs. 21 (a) and 21 (b) show clearly the variation of the fluid friction and heat transfer
irreversibility irreversibilities respectively, with Reynolds number at different width ratios for

¢ = 0.5. As shown, the fluid friction irreversibility increases significantly with increasing width

ratio in all cases as the Reynolds numbers increase. While the heat transfer irreversibility reduces
with increasing width ratio and increasing Reynolds number. The same variation is expected at

other values of twist ratio.

Figs. 22 (a) and 22 (b) depict the variation of the heat transfer irreversibilities and fluid friction
irreversibilities with Reynolds number at different twist ratios. It is also shown that the heat
transfer irreversibilities reduce with Reynolds number while the fluid flow irreversibilities
increase with Reynolds number. Significant increase of the fluid flow irreversibilities are shown
at high Reynolds numbers and low twist ratios. The decrease in the heat transfer irreversibility is
mainly due to improved heat transfer performance and thus reduced finite temperature
differences while the increase in fluid friction is mainly due to higher pressure drop. This kind of
variation of heat transfer irreversibilities and fluid flow irreversibilities results in minimum

entropy generation at some Reynolds number.
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4.8.2 Variation of the Bejan number

To show the contributions of each irreversibility to the total entropy generation rate, the Bejan
number is usually used. It relates the entropy generation due to heat transfer to the total entropy
generation according to:

o o), -

The Bejan number ranges from 0 < Be < 1, the heat transfer irreversibility dominates if Be is
close to one while the fluid friction irreversibility dominates if Be is close to zero. Accordingly,
the heat transfer enhancement at a given Reynolds number should be considered if Be is closer to
1thanto 0.

Figs. 23(a) & 23(b) show the variation of Bejan number with Reynolds number at different twist
ratios for W = 0.91 and variation of Bejan number with Reynolds number at different width ratios

fory = 0.61 respectively. The figures show the Bejan number to reduce when compared with the

Bejan number of a plain absorber tube. At a given Reynolds number, the Bejan number reduces
as the twist ratio reduces and as the width ratio increases. This is due to improved heat transfer
performance as well as the corresponding increase in fluid friction. The Bejan number is also
shown to reduce with an increase in Reynolds number due to reduced heat transfer irreversibility
and increasing fluid flow irreversibility as Reynolds numbers increase. The change in the Bejan

number is more pronounced as the twist ratio changes.
4.8.3 Total entropy generation rate

The total entropy generation rate is the sum of the heat transfer irreversibility and fluid flow
irreversibility. Given, the variation of the fluid flow and heat transfer irreversibilities discussed
above, the total entropy generation rate is expected to reduce with Reynolds number up to some
minimum value due to reduction in heat transfer irreversibility and then increase with further

increase in Reynolds number due to the significant increase in fluid flow irreversibility.

Figs. 24(a) & 24 (b) show the variation of the total entropy generation rate per unit length of the
receiver with Reynolds number at different width ratios. Figs. 24 (c) and 24(d) show the

variation of the total entropy generation rate per unit length with Reynolds number at different
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twist ratios. The figures show that the optimal Reynolds number depends on both the width ratio
and the twist ratio. For low twist ratios, the optimal Reynolds number is low and for large twist
ratios the optimal Reynolds number increases. Below the optimal Reynolds number, use of large
width ratios or small twist ratios yields low values of entropy generation rate, since the heat
transfer irreversibility dominates. Beyond the optimal Reynolds number, large width ratios and
small twist ratios yield high entropy generation rates since fluid flow irreversibilities are the
dominant source of entropy generation. From the figure, it is clear that the use of high Reynolds
numbers and low twist ratios is detrimental to the thermodynamic performance of the receiver,

given the associated higher entropy generation rates.
4.8.4 Thermodynamic performance

For evaluation of the thermodynamic effectiveness of a given heat transfer technique, the entropy
generation ratio given in Eq. (14) is used. The value of this ratio should be less than 1 if the
enhancement technique is thermodynamically feasible. For ratios less than 1.0, the
irreversibilities are reduced when compared to a plain tube and for ratios greater than 1, the

enhancement techniques results in more irreversibilities compared to a plain tube.

Figs. 25(a) & 25 (b) shows the variation of the variation of Nse, with Reynolds number at
different twist ratios for 400 K and 500 K and a width ratio of 0.91. Generally, twisted tape
inserts are not thermodynamically desirable at high Reynolds numbers. At each twist ratio, a
Reynolds number can be obtained at which Ngg, is less than 1.0. The value of thus Reynolds
number increases as the twist ratio increases. For large values of Reynolds numbers, the value of
Nsen increases with the increase in the width ratio and reduction in the twist ratio due to the
increased contribution of the fluid flow irreversibility to entropy generation. Therefore, at high
Reynolds numbers less tight twisted tapes will be desirable since they will result in low values of
entropy generation rates but low heat transfer enhancement will be achieved. For Reynolds

numbers at which N; g, is less than 1.0, the entropy generation is reduced up to 58.8%.
5. Conclusion

In this study, the use of wall detached twisted tape inserts for heat transfer enhancement in

parabolic trough receivers was numerically investigated. The use of twisted tape inserts is shown
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to significantly improve the receiver’s heat transfer performance with moderate fluid friction

increase. From the study, the following observations have been made.

Due to improved mixing and a longer helical path followed by the heat transfer fluid, high
heat transfer enhancement was achieved with the use of wall detached twisted tape inserts.
Both the heat transfer performance and fluid friction performance increase as the twist ratio
reduces and as the width ratio increases. Heat transfer in enhanced in the range 1.05 — 2.69
times while fluid friction increases in the range 1.6 — 14.5 compared to a receiver with a
plain absorber tube. The thermal enhancement factors for constant pumping power
comparison are in the range 0.74 — 1.27.

The increase heat transfer performance due to use of twisted tape inserts reduces absorber
tube’s circumferential temperature difference in the range 4 - 68%.

Evaluation of the thermal efficiency using the equation that takes into account the increase
in pumping power with heat transfer enhancement shows that the thermal efficiency
increases by about 5-10% for flow rates lower than 43 m*/h and twist ratios greater than
1.0.

Considerable reduction in the entropy generation rates were obtained with the use of twisted
tape inserts at low Reynolds numbers. The entropy generation analysis also shows the
presence of the optimal Reynolds number at which there is minimum entropy generation for
each twist ratio and width ratio. Compared to a plain absorber tube, use of twisted tape
inserts reduces the optimal Reynolds number. The optimal Reynolds number was generally
observed to increase with an increase in twist ratio and reduction in twist ratio. The

maximum reduction in the entropy generation rate was about 58.8%.
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Table 1. Simulation parameters

Parameter Value

(a) General simulation parameters

Absorber tube inner diameter (cm) 6.6
Absorber tube thickness (cm) 0.2

Glass cover transmissivity, zq 0.95

lp, W/m® 1 000
Concentration ratio, Cr 86

Rim angle (degrees) 80

Tq 0.97

ar 0.96

p 0.96

Twist ratios 0.5-2.0

Width ratios 0.53-0.91
Twisted tape thickness (m) 0.001
Reynolds numbers 1.03 x 10 - 1.36x10°
Inlet temperatures (K) 400 K, 500 K and 600 K

Table 2. Heat transfer fluid properties [53]

Tr =400 K Tr =500 K T =600 K
Density (kg/m®) 840 746 638
Viscosity (Pa s) 0.002164 0.000816 0.000386
Thermal conductivity (W/m K) 0.1148 0.0958 0.0770
Specific heat capacity (J/kg K) 1791.64 1964.47 2135.30

Table 3. Sample grid dependence studies

Mesh fieL_ g Nu"™* — Nu' Sgenl ' Sgen
elements f Nu S'gen e Nu' o
gen
§=05andw=091, Rep = 1.02 x 10%, Tinier= 400 K
75761 0.3214 306.7 2.322 - -
122 302 0.3213 315.4 2.243 0.000 0.028 0.040
204 723 0.3213 318.2 2.245 0.000 0.009 0.002
§=0.5and W=0.91, Re, = 1.42 x 10°, Tine = 500 K
82 500 0.1660 6 852.5 2.350 - -
156 024 0.1644 6 882.4 2.397 0.001 0.004 0.02
268 916 0.1639 6 900.1 2.406 0.003 0.003 0.004
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