Journal Pre-proofs

APPLIED

THERMAL
Investigation of the Thermo-hydraulic Performance of a Roughened Parabolic ENGINEERING

Trough Collector

Usman Allauddin, Muhammad U. Rafique, Osama Malik, Osama Rashid,
Ashir Waseem, Peter King, Mounia Karim, Heather Almond

PII: S1359-4311(22)01453-3

DOI: https://doi.org/10.1016/j.applthermaleng.2022.119523 |
Reference: ATE 119523

To appear in: Applied Thermal Engineering

Received Date: 1 December 2021

Revised Date: 22 September 2022

Accepted Date: 17 October 2022

Please cite this article as: U. Allauddin, M.U. Rafique, O. Malik, O. Rashid, A. Waseem, P. King, M. Karim, H.
Almond, Investigation of the Thermo-hydraulic Performance of a Roughened Parabolic Trough Collector,
Applied Thermal Engineering (2022), doi: https://doi.org/10.1016/j.applthermaleng.2022.119523

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition of a cover
page and metadata, and formatting for readability, but it is not yet the definitive version of record. This version
will undergo additional copyediting, typesetting and review before it is published in its final form, but we are
providing this version to give early visibility of the article. Please note that, during the production process, errors
may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

© 2022 Elsevier Ltd. All rights reserved.


https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.applthermaleng.2022.119523
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.applthermaleng.2022.119523

Applied Thermal Engineering, Volume 219, Part B, January 2023, Article number 119523
DOI:10.1016/j.applthermaleng.2022.119523

Investigation of the Thermo-hydraulic Performance of a Roughened Parabolic
Trough Collector

Usman Allauddin' Muhammad U. Rafique' Osama Malik!, Osama Rashid!, Ashir Waseem!,
Peter King?, Mounia Karim?, Heather Almond?

I Department of Mechanical Engineering, NED University of Engineering & Technology,

Karachi 75270, Pakistan

2 Centre for Renewable Energy Systems, Cranfield University, Bedford, UK %

* Corresponding author O

E-mail: usman.allauddin@neduet.edu.pk

Mailing Address: Department of Mechanical Engineering, N y of Engineering &

Technology, Karachi 75270, Pakistan.

ABSTRACT

shed technology set to prove its
competitiveness. Recently, a lot of research is onghi her enhance the thermal performance
of PTC systems. Computational Fluid D, iCRCFD) can help in the design and development
of PTCs with optimized thermal effici the &rrent work, a combined enhancement in the

Parabolic trough collectors (PTC) are an alreadff ¢

performance of a PTC is evaluated, involg modifications to the geometry of the absorber tube
and the use of a heat transfer (HTF) Wyltherm800). Absorber tube geometries involving
dimpled protrusions (D-PTC ircumferential inclined ribs (IR-PTC) are used. The
performance of PTC with and@vi rbulators is compared with that of a smooth absorber tube
by calculating the Nusse u), friction factor (f) and performance evaluation criterion

(PEC). PEC values o
respectively at an a

.18 are observed by using inclined ribs and dimpled protrusions,

be inlet temperature (T';;,) of 500 K and mass flow rate (711) of 0.5 kg
s'l. Thus, a signi hancement in thermo-hydraulic performance of PTC is observed with

inclined rib tullato

Key O

ParaboliC@rough collectors, heat transfer enhancement, turbulators, solar energy.
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Nomenclature
Symbols
A aperture area [m?]
specific heat capacity at constant Subscripts
pressure [J kg! K1)] (Damp ambient
d diameter [m] (gi glass cover inner wall
f Darcy-Weisbach friction factor [-] (Dgo  glass cover outer wall
h heat transfer coefficient [W m2 K] Oin inlet
Lf length of absorber tube [m] o smooth absorber tu
m mass flow rate [kg s!] : Loutlet t "
Nu  Nusselt number [-] (Doute e?cperlmenta outlet te a
p pitch [m] (Douts simulated outlet tg u
P pressure [Pa] Ori absorber tube in
Pr Prandtl number [-] (ro absorber t @
Re  Reynolds number [-] (Jen  thermal
T temperature [K] (Ow inner
u velocity [m s!]
Vw  wind velocity [m s!] Abbreviat
w width [m] CFD mpgtational Fluid Dynamics
y* dimensionless wall distance [-] C oncentrating Solar Power
y wall normal distance [m] irect Normal Irradiance
D- Dimpled Absorber Tube
Greek symbols F Heat Transfer Fluid
I ribs angle [Radian] IR-PTC Inclined Ribbed Absorber Tube
S height [m] PEC Performance Evaluation Criterion
n efficiency [-] PTC Parabolic Trough Collector
A thermal conductivity Y RANS Reynolds-averaged Navier Stokes
i dynamic viscosity [Pfs UDF  User Defined Function
v kinematic viscos
Ut turbulent visc
p density [k
1. DUCTION
Parabdigg’Trough Collectors (PTC) are the most common technology in the market to generate

electricity from concentrating solar energy. They are used for water desalination, air heating,
refrigeration and air conditioning, electricity generation and different industrial purposes [1]. The
recent industrial advancements and rising global energy demands have generated a need for PTC
systems with higher performance, smaller sizes and at cheaper costs than conventional ones, in

order to increase their competitiveness with other green energy generator technologies
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(cost/performance ratio). According to the literature, PTCs’ performance can be enhanced through
different techniques [2-4], the most common being to increase the thermal performance of the
absorber tube [5-8]. Thermal performance can be increased by using surface enlargement elements
in the tube [9-12]. A comprehensive review of more than 200 studies has been reported in the

literature and work that has been done in enhancing thermal performance enhancement of PTC

systems by using absorber tubes with surface enlargement elements and na ﬂ!@ﬂ The
tie co

authors highlighted the fact that the thermo-hydraulic performance of PTCs ined

0 g¥ enhancement

@ rther explore PTC

performance using surface enlargement elements- for better resul®8gThe Current work intends to

usage of different available techniques hasn’t been fully investigated yet. Na" presented

an extensive review of more than 150 studies focusing on the thermal

of PTC systems. The authors encouraged the research commugi

cover the aforementioned research gap.

The use of surface enlargement elements in the absorber tubgg ssive method of increasing the
thermal performance of PTCs. It’s used to generat@urbulence in the flow (hence the term
“turbulators” being used for elements used ingfiis t) which will eventually enhance the
thermal performance of the system. Hg @ he of such elements presents the disadvantage

of reducing the fluid pressure inside the

Be [5]. Thus, particular attention needs to be given to
this characteristic as it will affect W workin® conditions of the technology. In order to make the
optimal choice of the tube cytics, a Performance Evaluation Criterion PEC can be

calculated to evaluate dif] urations of PTCs. A turbulator design with a PEC <1 would

indicate a larger pres an thermal performance enhancement and suggests that such a

design would be Igss Mgefera®le than the use of a smooth tube [5]. A change in thermal performance
has been reposggd in iterature by varying the inner profile of the tube. The inner profile of the
absorber ied by corrugation of the absorber tube walls or by adding inserts of different
shap along the center line of the tube. A variety of experimental, analytical and
numericajgstudies have been carried out to investigate the performance of PTCs with different
corrugation elements and inserts [2-13]. Different shapes have been investigated from square,
triangular, trapezoidal to circular corrugations [14], porous disc receiver [15], internally helically
finned tubes [16], unilateral longitudinal vortex generators [17], dimpled tubes [18], dimpled
protrusions and helical fins [19], converging-diverging absorber tubes [20], asymmetric outward

convex corrugated tube [21], symmetric outward convex transverse corrugated tube [22], internal



longitudinal fins [23], pin fin arrays [24], sinusoidal absorber tube [25], internal toroidal rings [26],
wavy absorber tube [27], unilateral spiral ribbed absorber [28], helically V-grooved absorber tube
[29], ribbed absorber tube [30], etc. In all of the aforementioned studies, PEC values were well
above 1 confirming that a significant enhancement in thermal performance of PTCs can be
obtained by corrugating the inner absorber tube walls. In addition to the shape, researchers have
been testing a variety of combinations of inserts in PTCs such as twisted tapes, gerf d plates,
helical screw-tape inserts, wire-coils inserts, porous inserts, wavy-tape inserts, s I@

cylindrical inserts, inserting rods, conical strip inserts, rings twisted tapes an etal foams
[13]. Liu et al. [30] investigated the thermo-hydraulic performance of a

serts,

with internal

overall PEC values of smooth and ribbed-absorber tube tion. The maximum Nusselt
number ratio and friction factor enhancement ratio of 6.3

while the overall maximum PEC value of 2.8 was@ed. Huang et al. [19] investigated the

effect of helical fins, protrusions, and dimples iﬁ 1 tube of PTC having a fully developed

turbulent flow. The maximum values () weryobserved with dimpled tubes varying in the

range of 1.23-1.37. It should be noted tha

numbers in the circumferential N enhance the heat transfer of the dimpled tube. Too and
a

7’8 was achieved, respectively,

ore protuberant dimples at a closer pitch and in greater

Benito [18] have reported a si g in a study investigating the effect of helical coil inserts,

twisted tape inserts, por: 0 d dimples on the absorber tube of PTC. Among different
configurations of the ate®absorber tube, the authors observed the maximum values of PEC
with the dimpled er tudbe [18]. Huang ef al. [31] studied the fully-developed mixed turbulent

characteristics of a PTC with dimpled tubes using Therminol VP1 as HTF.
and non-uniform heat flux on the absorber tube was investigated. The results
selt numbers in dimpled receiver tubes under non-uniform heat flux were larger
than thosl under uniform heat flux. Benabderrahmane [32] investigated the convective heat
transfer enhancement in fully developed turbulent flow under a non-uniform heat flux using a
dimpled absorber. It was found that the Nusselt number for an absorber corrugated with dimpled-
shaped corrugations increased by around 104 to 120% compared to the smooth tube [32]. Xie et
al. [33] carried out a study about the enhancement of the heat transfer performance using cross-

ellipsoidal dimples with longitudinal and transverse arrangements. Reported results have shown



that dimples disturb the boundary layer, increase the flow mixing and generate periodic
impingement flows which eventually significantly enhance the thermal performance [33]. The
maximum value in this work of PEC = 1.58 has been observed at a Reynolds number = 5000. The
aforementioned literature review shows the preference for internal ribs and dimples as an effective
passive way of modifying the absorber tube and achieving significant heat transfer enhancement.
The literature review shows that a variety of heat transfer enhancement techniqygs i Cs were
adopted by different researchers. The use of turbulators in PTCs is still a major (%:ch in
recent times not only to increase thermal performance but also to reduce t missions.
The longitudinal ribs and dimples are reported as efficient types of t @ enhance the
thermal performance. To the best of the authors’ knowledge, signj @dies comparing the

i
nge Ol operating parameters

performance of these two specific types of turbulators under a wi

@

®ucted work to investigate the

are not reported. Most of the studies reported to open litera e performed for very limited

operating conditions. In the present paper, the authors ha

effect of the absorber tube geometry involving di @5 protrusions and circumferential inclined

ribs. The tube’s thermal performance has been - dg¥ith and without these turbulators using
i th

Syltherm800 as the base fluid to gnpact that turbulators could have on the

performance of the tube. These have investigated over a wide range of Re and inlet

\

temperatures to find the best type Sturbulatof and optimum operating conditions for the effective

thermo-hydraulic performancg” O The other significance of the current study is the

development of a numer @0 which would be used to further investigate the effect of
different nanoparticl Jum®&Fic concentration, combination of turbulators and inserts etc., on

the thermo-hydraglicCerforMance of PTCs.

2. G EQUATIONS
The (Mige sional, turbulent, steady-state and incompressible simulations are performed using

Reynoldsgpveraged Navier Stokes (RANS) equations in the current work. Equations 1-3 represent

the governing equations consisting of continuity, momentum, and energy equations:

d(pwy)
axi =0 (1)




d(puju,) oP 0 [ (0w Ou; — )
an __axl-+6xj K 6x1+6xl —puy ( )
o(pwT) @ T —
axi N axi 6xl- B pCpuiT (3)

where u; and u; are defined as the time-averaged velocity components in their sp%and j

component directions, u is dynamic viscosity, and T is the time-averaged tem ur CFD-

based studies, the accurate modelling of turbulence is very critical in predictiy ;@ prrect velocity
and temperature fields of the flow configuration. For turbulence s Cee® in PTCs, the
researchers have mainly used one or the other version of k —¢ tu bdel [6, 13]. In most

of the studies, the realizable k —¢ turbulence model, being an s d version of the standard k

@ the corrugated absorber tube
configurations [19, 26, 30, 31, 34]. Therefore, the tu ul%e cNy

—e turbulence model, have shown better performance espe
lations were made using the
realizable k — ¢ turbulence model in the current default values of adjustable constants

in turbulent kinetic energy and dissipatiog

constants for this model.
In the current work, SylthermSO:\Eied as the base fluid. Syltherm800 was selected as the base

am@ns are used during the simulations. Readers are

referred to [35] for a detailed expla bmplefe set of equations and values of adjustable

fluid due to its stability over high perature ranges. Its thermophysical properties as a function

of temperature T are giv ing equations [36]:

u =847 %10 & *107™*T +139%10°T2—1.57*10 T3 + 6.67 » 10 ~13T* (4)
1=190%10"1—-187%10"*T —5.75* 10 10 T2 (5)

O C=1.1078 103+ 1.7080 T (6)
p=1.1057 103 —4.1535 %10 ' T —6.0616 = 10 ~* T2 7

where u, A, C and p represent absolute viscosity, thermal conductivity, specific heat at constant

pressure and density, respectively.



3. NUMERICAL SETUP
In this study, the numerical results of smooth absorber tube are compared with the experimental
results of PTC investigated by Dudley et al. [37]. The smooth absorber tube case is developed for
simulations with same geometrical parameters and operating conditions. The idea is to develop a
computational model for the smooth absorber tube predicting results close to the experimental
data. The similar computational model will then be used to study the performancgof TC with
roughened absorber tube. The schematic diagram of the smooth absorber tube 1 O%ig. 1.
The important geometrical parameters of the absorber tube are tabulated in @ absorber

tube consists of the steel tube and borosilicate glass cover. The space bg absorber tube

and glass cover is a vacuum at low pressure and ambient temperatu t convective losses

[38]. Figure 2 shows the schematic illustration of the absorber tubgcorri@ated with dimples and

inclined ribs. The ribs are embedded on the inner wall ¢ bs@rber tube. The important

parameters of the dimples and inclined ribs are tabulated in

The velocity inlet boundary condition with a fixed Velocity,

viscosity ratio of 10 were used at the absorber % st he pressure outlet boundary condition
b

turbulent intensity of 1%, and

was applied at the absorber tube outlet R oMgglary conditions were applied at all the walls.
On the sides, adiabatic boundary condit’S were applied. The radiation was determined by the
S2S model. Only the exterior sc&f theYabsorber and the interior section of the glass were
accounted in the radiation ca RN§he absorber material was stainless steel 321H with A =

14.775 + 0.0153T W m gl [3 the glass was pyrex-glass, with A = 1.2 W m"! K-!. Non-

uniform heat flux w

function (UDF)

n the exterior wall of the absorber tube through a user-defined

work of Mwesigye et al. [40]. The distribution of the heat flux is

presented in value of emissivity was set at 0.14 (cermet selective surface, Table A-1)

[41]. A Q 204l irradiance (DNI) of 1000 W m™ was applied. For the glass, an emissivity
valu s used and at the glass exterior surface, a mixed boundary condition was applied
[42]. Thu@ both convection between the surface and the ambient, and radiation between the surface
and the sky were considered. The heat transfer coefficient (h,, ) between the glass exterior surface
and the ambient was calculated by Eq. (8) and the sky temperature was viewed as 8 K lower than
the ambient temperature [39]. Hence the sky and the ambient temperatures were 290 K and 298 K,

respectively. The vacuum region was represented by air at low pressure (0.013 Pa).



h-w — 4V(V)|./58dg—00.42 (8)

where Vyy is the wind velocity and d g, is the outer diameter of the glass cover.

The commercial software package ANSYS Fluent 16.0 was employed to conduct the numerical

simulations. ANSYS Fluent is based on the Finite Volume Method (FVM). All the governing

equations were discretized by the second-order upwind scheme. The SIMPLE algori s used

to establish the coupling between velocity and pressure. To capture the high %f the

gradients in the near-wall region the enhanced wall treatment method was » In all the
@10 —* for the

simulations a y *value of approximately 1 is used. The residuals yasg
nt dissipation rate,

continuity equation and to 10 ~°® for the turbulent kinetic ene<

velocity, and energy for the converged results.

The Reynolds number (Re) is calculated as: ,

<
% 9

where v is defined as the kinema%sit f the fluid, d,; represents the inner diameter of the

absorber tube, and u;,.; is th elocity at the inlet obtained through the formula for the

mass flow rate (1h = /4 in

The average heat tra{ eftitient (h) is given by:

h=q/(Tw— Ty) (10)

where Qts the average heat flux, while the average inner wall temperature is denoted by T,

. The ge fluid temperature (T) is given as follows:
T, = Tin + Tout 11
f= 2 (11)

The average Nusselt number (Nu) is expressed using the following equation:



Nu = hdry) (12)

where A is defined as the thermal conductivity for the heat transfer fluid (HTF) under consideration.

The Darcy—Weisbach friction factor (f) is defined by the following relation:

f 2APd,; %( :
= 13
puiznletL O

where AP is defined as the pressure drop along the length of the t @ e inner diameter of

e tube.

)

the absorber tube, p is the density of the fluid and L is the length

0
The performance of a PTC with a modified absorber tube ca Juated by relative comparison

with a conventional absorber tube. The performance eygia™gn criteria (PEC) was used to
determine the thermal-hydraulic performance of @ P gbased on its convective heat transfer

potential evaluated over the same pumpingn

r. performance evaluation criterion (PEC)
. (1%
\EC - (14)
13
@» /£

The average NusselQE nd friction factor for the smooth absorber tube is represented by Nu,

and f,, respective C value of more than 1 shows that the thermal-hydraulic performance
of the mogg s superior to that of a conventional PTC.

Int ation section, the current numerical model is validated by comparing the thermal
efficiend(1.) values with the experimental data. The thermal efficiency of the parabolic trough

collectOT with smooth absorber tube is calculated as:

C(Toue — T
Mh="DNI A

(15)



where DNI and A are Direct Normal Irradiance and aperture area, respectively.

4. MESH INDEPENDENCY STUDY AND MODEL VALIDATION
To ensure the numerical results are independent of the grid refinement, the grid independence
study was carried out for the smooth absorber tube case using systematically refined meshes as

listed in Table 2. The averaged Nusselt number and friction factor have been calculatedaat a mass

esh

flow rate of 0.5 kg s*! and absorber tube inlet temperature of 652.65 K to dete
for the available computation power. The y * value was set less than 1 for all oul om Mesh B
to Mesh C, the percentage change in the output parameters is very small; he C s selected
for the numerical simulations. The grid independence study for the ab bes corrugated with
dimples and inclined ribs was also conducted in the same manner & Ple mesh was selected
to carry out the simulations. Figure 4 shows the fine meshes e simulations of smooth,
dimpled and inclined ribbed absorber tube.

The numerical results obtained through the com . ﬁ mo®®l of the current work were
validated through a two-step process. In the firs experimental data of Dudley et al. [37]
was used to validate the predicted tempe aMgand collector efficiency of the smooth absorber
tube. This data is referred to as Case 1, , Case 3, Case 4 and Case 5 in this paper while the
operating parameters used to obt%um ycal results are tabulated in Table 3. The comparison

of the experimental data with ated results is also tabulated in Table 3. The numerical

results match well with the exg Rl data. The maximum error in predicting the absorber outlet

temperature and thermglefft cy was only 0.4% and 8.32%, respectively. Figure 5a shows a
comparison of exp nd numerical temperature rise between the absorber outlet and inlet
while a compariso ermal efficiency calculated using experimental and numerical data is
shown in jsm he comparison shows a good agreement of the numerical results with the

exp
Inthe s d step of the validation of the computational model, Nusselt number and friction factor
are ¢ ated using the numerical data. The numerical results were then compared with the
analytical results obtained with the empirical correlations. The Nusselt numbers were calculated
using the Gnielinski correlation [42] given by Eq. (16) while the friction factor was calculated

using the Petukhov correlation [42] given by Eq. (17).
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(f/8)(Re — 1000)Pr
1+ 12.7(7/8)*° (PR — 1)
f = (0.790In Re 1.64) 2 (17)

Nu (16)

Figure 6 shows the comparison of numerical and analytical results of Nusselt number and friction

factor. The maximum relative error of 11.48% for the Nusselt number and 8.96, f@ction
0,

factor was observed. The computational model for the smooth absorber tub to be

r
predicting numerical results close to the experimental and analytica @ S QA similar
computational model was used to investigate the performance of the ) Pc roughened -
with dimples and inclined ribs. K

5. RESULTS AND DISCUSSION
In this section, the performance of the absorber involviv led protrusions (D-PTC) and
circumferential inclined ribs (IR-PTC) is investigat erformance of PTC with and without

turbulators is compared with that of smoggh a

friction factor (f) and performance e @

Nu versus m for the absorber tube corrug?

rbe by calculating Nusselt number (Nu),

crit@pion (PEC). Figure 7 shows the variation of

d with dimples and inclined ribs at absorber tube inlet

temperature of T, =400 K, 450 K 500 K. The Nusselt number values are also compared with

that of the smooth absorber p% e increasing trend of Nu with increasing values of m is
t c

observed. As the mass ncreased the velocity of the fluid also increases leading to a

mixing, thus bett

higher Reynolds nup@®e higher Reynolds number implies more turbulent flow with greater
ctive heat transfer. In comparison to Nu values of the smooth absorber

0
tube, both typcRgf cfPugation models enhance the Nusselt number. The absorber tube corrugated

witlaincl s shows much better performance than the dimpled tube at all absorber tube inlet
tempe

for b D-PTC and IR-PTC increased by factors of between 1.28 and 1.58, and between 1.66

K's the mass flow rate was increased from 0.5 kg s™! to 2.5 kg s°!, the Nusselt number

and 2.52, respectively, relative to the smooth absorber. The relative comparison shows that the
Nusselt number increment for the IR-PTC ranges from 1.29 to 1.60 times that of the D-PTC. Figure
8 shows a comparison of the smooth absorber tube wall temperature with that of the corrugated

absorber tubes at T, = 400 K and 1 = 1 kg s'!. The smooth absorber tube is characterized by the

highest wall temperatures showing ineffective cooling of the absorber tube. This shows that the

11



working fluid is leaving the absorber without a significant rise in temperature. This gives larger
values of AT = (T,, — Ty) and thus lower values of Nusselt number. The trends of Nu observed
in Fig. 7 confirm this explanation. The inclined ribbed absorber tube is characterized by the lowest
wall temperatures showing the corrugation actually enhances the cooling of the absorber tube. The
better heat extraction from the absorber tube results in the higher temperature of the working fluid

at the absorber tube outlet. This gives lower values of AT = (T, — Tr) and thu lar%es of
ibs

Nusselt number. Furthermore, the lower tube wall temperatures with the incli est a

reduction in the values of thermal strain experienced by the receiver mb@(e ently, this

results in improving the overall life of the absorber tube. Figure 9 sho AT versus m

for all the cases. Figure 9 shows the comparison of AT values for mpled and inclined
ribbed absorber tubes at T;;, =400 K, 450 K and 500 K. The s

gotigbsorber tube has the highest

values of AT while the corrugation of the absorber tube ales AT. Figure 10 shows the

comparison of thermal boundary layer for smooth, dimple lined ribbed absorber tubes at

s

T;, =400 K and m = 1 kg s’'. The thermal bounda is much thinner in the case of dimpled
and inclined ribbed absorber tubes. The ) orber tubes produce larger turbulence,
disturb the thermal boundary layer de ence enhance the heat transfer from the tube

walls.

The pumping work demand is an infgrtant parameter with regards to practical applications of the
parabolic trough solar collect

friction factor f values. 1 ows the plot of f versus m for T, =400 K, 450 K and 500 K.
The friction factor ZQ ed with an increase in the mass flow rate hence showcasing the fact

ping work penalty can be estimated by calculating the

that the effect of MgreMgnt of AP is less than that of the increase of velocity as per the relation
given in Eg

PT@an

Th¥%comparison of f values shows that the values of friction factor for the D-

PTC are considerably larger than that of the smooth absorber tube. Increase of
about amd five times in friction factor is observed when the absorber tube is corrugated by
dimpl d inclined ribs, respectively. For example, when the value of the mass flow rate is 2.5
kg s! at an inlet temperature of 500 K, the value of the friction factor for the D-PTC was 0.0369,
which was 2.25 times larger than that of the smooth absorber tube. Similarly, for the same case,
the value of the friction factor for the IR-PTC was 0.0882, which was 5.38 times larger than the

value of 0.0164 for the smooth absorber tube. The relative comparison shows that the friction

factor for the IR-PTC ranges from 1.97 to 2.39 times higher than that of the D-PTC. The addition

12



of the corrugations increases the effectiveness roughness of the absorber wall, leading to an
increase in drag resistance against the fluid flow. This is highest for the IR-PTC where the
protrusion angles are right angles as shown in Fig. 11c. The D-PTC presents a smoother surface
than IR-PTC and so the increase in drag is lower.

The addition of turbulators results in enhanced thermal performance. On the other hand, their
addition increases the friction factor (f), pressure drop and pumping pow

regfed. The
performance evaluation criterion (PEC) values can help in determining the opti .@ s for
a practical application. A heat exchanger design with a PEC > 1 would indg

drop than thermal performance enhancement and suggests that such ould be more

preferable than the simple design without turbulators. The overa | stability are other
important parameters, which play an important role in selecting th&gpti

shows the plot of PEC versus m for T;, = 400 K, 450 K ¢ @ . With the increase in the

al conditions. Figure 12

absorber tube inlet temperature, the PEC < 1 is observe ew cases. The absorber tube

corrugated with the dimples and inclined ribs sho 1 for all values of the absorber tube
inlet temperature and mass flow rates valugs. ab tube corrugated with the inclined ribs
shows relatively better values of PEC uesQYf the absorber tube inlet temperature and the

mass flow rate. This shows the absorDR tube corrugated with inclined ribs to be the best

configuration giving the maximu hancement in the performance of PTC.
The scientific novelty of the cyffre is the development of numerical model which first gave
the numerical results in g g nt with the experimental data, later the same model was used

to investigate the congpiNgd the®nal performance of PTC with two different turbulators. In future,
this numerical &ill e used to further investigate the effect of different nanoparticles,
volumetric c%n, turbulators other than dimples and ribs, geometric parameters of the
turbulato@r types of inserts, etc., on the thermo-hydraulic performance of PTCs.

CONCLBSIONS

In the current work, a combined enhancement in the performance of a PTC is evaluated, involving
modifications to the inner-wall geometry of the absorber tube. An absorber tube geometry
involving dimpled protrusions or circumferential inclined ribs was used. The performance of the

PTC with and without turbulators is compared with that of a smooth absorber tube by calculating

13



the Nusselt number, friction factor and performance evaluation criterion. The following
conclusions can be made:

e The corrugation of the absorber tube results in better heat extraction from the tube, lower

absorber wall temperature and higher temperature of the working fluid at the tube outlet.

This results in overall lower temperature differences AT = (T, — T) for the absorber tube.

This eventually leads to higher values of Nusselt number and lower valueggof l%strain

when the absorber tube is corrugated with dimples and inclined ribs.

e The lowest values of temperature differences AT = (T, —Ty) and@t mber are

observed with the absorber tube corrugated with inclined ribs.

e The addition of dimples or inclined ribs decreases the thicighe\ e thermal boundary
layer as compared to that of the smooth absorber tube. \

e The friction factor values for absorber tubes corrug dimples or inclined ribs are
considerably larger than that of the smooth absorbfwbe.

e The absorber tube corrugated with the di inclined ribs shows a PEC > 1 for all

values of the absorber tube inlet tegmura¥e antrmass flow rates values. The absorber tube

corrugated with the inclined ri¥ K relatvely better values of PEC at all values of the

absorber tube inlet tempegature an(ge mass flow rate.

e The absorber tube corrugat®with inclined ribs was found to be the best configuration

giving the maximum cfh ent in the performance of PTC.
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Table 1: Geometric parameters of the absorber tube, dimples and inclined ribs

Parameters Value

Parameters of smooth absorber tube
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Length of absorber tube (L)
Inner diameter of absorber tube (d,;)

Outer diameter of absorber tube (d;,)
Inner diameter of glass cover (dg;)
Outer diameter of glass cover (dg,)

Parameters of ribs
Length ()

Width (w)

Height (6)

Pitch (p)

Angle (f)
Number of ribs in circumference

Parameters of dimples
Diameter of dimple

Pitch (p)

Number of ribs in circumference

7.8 m
66 mm

70 mm
109 mm
115 mm

12 mm

4 mm

3 mm

15 mm

45°

' ©

L

\
O

Q\
>

Table 2: Mesh independence study of smooth absorber tube case

Mesh Number of f T put (K)
elements
Mesh A 57344 0.01282 674.49




Mesh B 175104 246.78 0.01276 674.34
Mesh C 393216 246.29 0.01274 674.21
Mesh D 742400 245.94 0.01272 674.01

QY
>
N

O

Tabl odel validation study for smooth absorber tube
Case DNI m Vamp Tin Toute Touts Efficiencye Efficiency,s
(Wm?) (kgs') (@msh) (K) &) X) (&) (%)
1 933.7  0.6872 2.6 375.  397.15  398.22 72.51 75.48
35
2 968.2  0.6537 3.7 424. 44645  448.33 70.90 76.69
15
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982.3  0.6350 2.5 470. 492.65 494.64 70.17 76.01

3
65

4 909.5  0.6580 33 523. 54255  543.53 70.25 73.11
85

5 937.9  0.6206 1.0 570.  590.05  590.71 67.98 69.84
95
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(a) Inclined Ribbed (b) Dimpled Absorbegl’ (c) Smooth Absorber
Absorber Tube Tub Tube

Fig. 4: A view of the fine mesh used @ &ribbed (b) dimpled and (c) smooth absorber
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Investigation of the Thermo-hydraulic Performance of a Nanofluid-based
Roughened Parabolic Trough Collector

Highlights:

e Thermal performance of a Parabolic Trough Collector is evaluated by using turbylators and
nanofluids.

e Syltherm800-CuO nanofluid, the inclined ribs and dimpled protrusi aguscd in the
absorber tube.

e Performance is compared with that of smooth absorber tube by ing Nusselt number,
friction factor and performance evaluation criterion. &

e The PEC values of 1.46 and 1.18 are observed b
protrusions, respectively at absorber tube inlet tempe

0.5 kg/s. ,

e The addition of nanoparticles for the co{ agorber tubes does not improve the PEC
m

values for most of the absorberth perature and mass flow rate values.

clined ribs and dimpled
500 K and mass flow rate of

O
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