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Application of Superposition
Principle for Solving a Nonlinear
Energy Equation
A new procedure to solve a nonlinear energy equation using the superposition principle
is proposed. As an example of the utilization of this procedure, forced convection in a
tube with temperature-dependent fluid properties was considered. The tube wall was
maintained at uniform wall heat flux axially that varies with time, and the average fluid
temperature at the outlet was calculated. This problem simulates convection heat transfer
inside a solar collector tube. In the proposed procedure, the average fluid temperature at
the outlet for a single heat pulse was determined for fluid properties evaluated at 15 dif-
ferent temperatures by solving the energy equation numerically assuming constant fluid
properties and subsequently applying the superposition principle. The choice of the tem-
perature at which fluid properties were evaluated as an important parameter in the simu-
lation. This temperature was determined by using the inlet and outlet average fluid
temperatures at the previous time-step multiplied by a weighting function. The average
fluid temperature at the outlet obtained by this procedure was compared with the temper-
ature obtained by solving the nonlinear energy equation using variable properties to
determine the predictive accuracy of this procedure. The results for one-day operation of
a sunny day with fluid velocity of 0.6 m/s, showed the highest root-mean-square (RMS)
error of 0.25 K, and the highest mean absolute deviation (MAD) error of 0.16 K which
agreed well with the result obtained by the numerical simulation of the nonlinear prob-
lem using variable properties. [DOI: 10.1115/1.4053804]

Keywords: superposition principle, nonlinear problem, temperature response, solar col-
lector tube

Introduction

The fluid temperature at the outlet of a solar collector tube fluc-
tuates with time when the solar radiation fluctuates due to the
obstruction by clouds. The prediction of the fluid temperature at
the outlet of a solar collector tube based on the measured solar
radiation data for a period of one year is required for the assess-
ment of a solar thermal system in the early stage of planning in
the areas with fluctuating solar radiation [1]. Therefore, reduction
of computing time is required. It is well known that superposition
principle is only applicable to linear heat transfer problems [2]. A
forced convection heat transfer in a tube is the linear problem
when fluid properties can be assumed constant. However, it

becomes a nonlinear when the fluid properties greatly vary with
temperature such as in the case of oil or oil-based nanofluid [3].

One way to reduce the computational time is to perform a one-
dimensional analysis. Liang et al. [4] developed a one-
dimensional fluid flow and heat transfer model to simulate heat
transfer in a parabolic solar collector tube and concluded that the
result of the one-dimensional model was in good agreement with
exact results by the three-dimensional model. Also, the simulated
average temperature was in agreement with the experimental data.
Padilla et al. [5] proved that the one-dimensional numerical heat
transfer analysis of solar parabolic trough collector tube was in
good agreement with the experimental data. Zaversky et al. [6]
developed a one-dimensional fluid flow and transient model of
parabolic trough solar collectors, in which the presented model
was validated with experimental data. Using one-dimensional
commercial software (e.g., MODELICA [7]), the fluid tempera-
ture at the outlet of the tube can be obtained. However, such a
one-dimensional analysis requires an appropriate estimation for
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the thermal conductance from the tube wall to the fluid. The accu-
racy of the simulation results depends on the estimated thermal
conductance. However, the thermal conductance between the tube
walls to the fluid is not required if the superposition principle can
be able to this kind of nonlinear problem since a solution obtained
by solving two- or three- dimensional governing equations is
superimposed.

Heng et al. [1,8] proposed a combined procedure using artificial
neural network (ANN) and superposition principle to solve a non-
linear problem for reduction of the computational time. The pro-
posed procedure was applied for the prediction of the average
fluid temperature at the outlet of a parabolic trough solar collector
tube whose fluid properties vary with temperature. However, the
maximum MAD during one-day operation of the typical sunny
days was 2.43 K. The predicted fluid temperature was not very
accurate. This motivated the present study to solve the nonlinear
energy equation by applying only the superposition principle. In
this paper, a new procedure to solve nonlinear energy equations
using the superposition principle is proposed. As an example of
the utilization of this procedure, the average fluid temperature at
the outlet of a tube maintained at constant wall heat flux axially
but variable with time was obtained. The numerical results by the
proposed procedure were compared with the results obtained con-
sidering variable fluid properties and solving the nonlinear heat
transfer problem numerically.

Procedure Using Superposition Principle

Description of Example Problem and Governing Equations.
Schematic diagram of the problem under consideration is depicted
in Fig. 1. It is the model of a solar collector tube. It is assumed
that the outer surface of the solar collector tube is heated with the
concentrated heat flux of _qðtÞ. The concentrated heat flux, _qðtÞ, is
assumed to be uniform in both circumferential and axial directions
but fluctuates with time. If the flow is assumed to be fully devel-
oped turbulent, the velocity component in r-direction is v ¼ 0 and
the u component in the flow direction can be expressed by the uni-
versal velocity profile. A large number of universal velocity pro-
files have been proposed by many researchers. The simplest one is
the universal velocity profile by Prandtl-Taylor (e.g., Ref. [9]) that
is expressed by

uþ ¼ yþ ðyþ < 11:6Þ
uþ ¼ 2:5 lnðyþÞ þ 5:5 ðyþ � 11:6Þ

(1)

where uþ and yþ are the dimensionless velocity and the dimen-
sionless coordinate, respectively, and they are expressed as

uþ ¼ uffiffiffiffiffiffiffiffiffiffi
sw=q

p yþ ¼ y
ffiffiffiffiffiffiffiffiffiffi
sw=q

p
�

(2)

sw is the wall shear stress on the wall and y is a distance from
the wall, y ¼ ðDi=2Þ � r. Since Re ¼ uþave ð2rþ0 Þ and

uþave ¼
Ð rþ

0

0 uþ rþ drþ=
Ð rþ

0

0 rþ drþ, there is the following correla-
tion among the Reynolds number, yþ and uþ as [10]

Re ¼ 4

ðrþ
0

0

uþ dyþ � 4

rþ0

ðrþ
0

0

yþuþ dyþ (3)

where r0
þ ¼ ðDi=2Þ

ffiffiffiffiffiffiffi
sw=q
p
� .

Substituting Eq. (1) into Eq. (3), then we obtain

Re ¼ �154:4� 711:6

rþ0
þ 5 rþ0 ln rþ0

� �
þ 3:5 rþ0 (4)

The velocity component, u can be expressed by the universal
velocity profile as

u

uave

¼ 4
rþ0
� �2

Re
0:5� r

Di=2

� �
yþ < 11:6
� �

u

uave

¼ rþ0
Re

5 ln 2 rþ0 0:5� r

Di=2

� �� �
þ 11

	 

yþ � 11:6
� �

(5)

where uave is the averaged velocity of the cross-sectional area in
the solar collector tube and is obtained from

uave ¼
qin

qave

uin (6)

The velocity profile in the cross-sectional area can be calculated
from Eqs. (5) and (6).

The energy equation for fully developed turbulent flow is
expressed by

q Cp
@T

@t
þ q Cp u

@T

@x
¼ @

@x
k þ lt

Prt

� �
@T

@x

( )

þ 1

r

@

@r
k þ lt

Prt

� �
r
@T

@r

( )
(7)

where lt and Prt are the turbulent viscosity and turbulent Prandtl
number (Prt ¼ 0:9). Since constant thermo-physical properties are
assumed for the tube wall, the energy equation for the tube wall is
expressed as

qw Cw
@T

@t
¼ kw

@2T

@x2
þ 1

r

@

@r
r
@T

@r

� �	 

(8)

where qw, Cw, and kw are the density, specific heat, and thermal
conductivity of the tube wall. Considering a force balance on the
fluid element, the shear stress in the fully developed region is
expressed by

s ¼ sw
r

Di=2
and s ¼ lþ ltð Þ

du

dy
(9)

From Eqs. (2), (3), and (9), ðlþ ltÞ=l can be expressed as

lþ lt

l
¼ r

Di=2

dyþ

duþ
(10)

The derivative of Eq. (1) in the range of yþ � 11:6 is

duþ=dyþ ¼ 2:5=yþ (11)

Substituting Eq. (11) into Eq. (10), we obtain

lt ¼
r0
þ

2:5

r

Di=2
1� r

Di=2

� �
� 1

( )
l (12)

Fig. 1 Schematic diagram of a solar collector tube
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We assume lt ¼ 0 in the range of yþ < 11:6, since the region is
the viscous sublayer. The average fluid temperature at the outlet
of the tube is obtained from the following equation.

Tout ¼
ðDi=2

0

ðq u r TÞout dr
.ðDi=2

0

ðq u rÞout dr (13)

Initial and Boundary Conditions. It is assumed that the duct
wall and fluid temperatures are maintained at Tin for t< 0. The
tube wall is started to heat with uniform heat flux _qðtÞ at t¼ 0.
Under this assumption, the initial and boundary condition is
expressed by Eq. (14). The Sommerfeld boundary condition for
uniform heat flux is assumed at the outflow boundary.

initial conditions t < 0ð Þ: u ¼ uin; T ¼ Tin

boundary conditions t � 0ð Þ
at the inlet x ¼ 0ð Þ: u ¼ uin; T ¼ Tin

at the outlet x ¼ Lð Þ: @T=@tþ �u @T=@xð Þ

¼ 4

q cp Di
_q tð Þ Do

Di

on the inner wall r ¼ Di=2ð Þ: u ¼ 0

on the outer wall r ¼ Do=2ð Þ: kw @T=@rð Þ ¼ _q tð Þ
on the symmetric line r ¼ 0ð Þ: @T=@r ¼ 0

(14)

Numerical Simulation. The energy equations, Eqs. (7) and (8),
were discretized using the control volume-based power-law
scheme of Patankar [11] coupled with the velocity profile given
by Eqs. (5) and (6), and the turbulent viscosity given by Eq. (12),
to obtain the responses of the average fluid temperature at the out-
let, Tout, for a single heating pulse. The discretized equations are
solved by using the line-by-line method. Alternating sweep of
TDMA in the x- and r-directions is applied.

Therminol VP-1 [12] is selected for the working fluid since the
available temperature range of Therminol VP-1 is large and its
properties can be expressed as follows:

q ¼ 1083:25� 0:90797 T þ 0:00078116 T2 � 2:367� 10�6T3

Cp ¼ 1498þ 2:414T þ 5:9591� 10�3T2 � 2:9879� 10�5T3

þ 4:4172� 108T4

k ¼ 0:137747� 8:194777� 10�5T � 1:92257� 10�7T2

þ 2:5034� 10�11T3 � 7:2974� 10�15T4

l ¼ 0:00398833� 5:98717� 10�5T þ 4:49762� 10�7T2

� 1:93583� 10�9T3 þ 4:81923� 10�12T4 � 6:44657

� 10�15T5 þ 3:58355� 10�18T6

(15)

where T is in Celsius. The density and the specific heat of Thermi-
nol VP-1 are plotted in Fig. 2 as a function of temperature. Both
density and specific heat vary widely with temperature; therefore,
this problem is classified as nonlinear. A commercially available
collector tube is Schotte PTR70 [13] The geometric parameters
and material of the collector tube were determined from the values
of Schotte PTR70. The tube length depends on the plant. The
most of the length ranges from 96 to 215 m [14]. The geometric
parameters and thermo-physical properties of the collector tube
are listed in Table 1. Constant thermo-physical properties are
assumed for the tube wall.

Procedure for Utilization of Superposition Principle. If we
assume the constant fluid properties, the energy equation becomes

linear and we could apply the superposition principle. Then, the
energy equation was solved numerically with the assumption of
constant fluid properties to obtain the average fluid temperature at
the outlet for a single heating pulse with reference heat flux of
_qref ¼ 104 W/m2, with a duration time of dt¼ 60 s, and inlet tem-
perature of 413 K. The single heating pulse is plotted in Fig. 3.
Any value can be chosen for the reference heat flux, however, a
value which is the same order of magnitude as the concentrated
heat flux should be chosen to avoid the numerical error. The dura-
tion time of the single heating pulse should be equal to that of the
heat flux which is calculated from the direct normal irradiance,
GDNI, measured every 60 s by Heng [8]. The computations were
performed for cases of the fluid properties at 15 different tempera-
tures which range from 413 K to 553 K with an interval of 10 K.
The temperature at which fluid property is obtained is called the
property temperature in this report. 8 of 15 cases of the tempera-
ture increment, DT ¼ Tout � Tin, for the single heating pulse and
uin ¼ 0:35 m/s are plotted in Fig. 4. These computations were per-
formed with (200� 20) grids and the time interval of Dt ¼ 2 s.
The grids were uniformly distributed in the x- and r-directions of
the solution domain because the temperature changes in the entire

Fig. 2 Density and specific heat of Therminor VP-1

Table 1 Geometric parameters and the thermo-physical prop-
erties of the collector tube

Tube length, L 200 m

Outer tube diameter, Do 0.07 m

Inner tube diameter, Di 0.065 m

Density, qw 8000 kg/m3

Specific heat, Cw 500 J/(kg K)

Thermal conductivity, kw 16.1 W/(m K)

Fig. 3 Single heating pulse
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region of the tube. As the time-step and grid size may affect the
results, their effects on the average fluid temperature at the outlet
were obtained and will be discussed later.

Subsequently, the superposition principle is applied to obtain
the average fluid temperature at the outlet when the tube is heated
with heating pulses, _qi, as shown in Fig. 5. The temperature incre-
ments for the single heating pulse were superimposed. The aver-
age fluid temperature at the outlet was calculated from the
following equation.

Tout tð Þ ¼
Xn

i¼0

DT t� d t� ið Þ _qi

_qref

þ Tin (16)

where d t is the duration time of the single heating pulse. n is the
upper limit of summation and it is calculated from n ¼ ht=dti
where h i is a function to cut off below the decimal point. The
average fluid temperature at the outlet of the tube was obtained
for all cases of the fluid properties at 15 different property temper-
atures, Tprop. 8 of 15 results are also plotted in Fig. 5.

As shown in Fig. 5, the average fluid temperature at the outlet
is a function of time and the property temperature, Tprop. There-
fore, the property temperature is an important parameter in this
simulation. In this study, the property temperature Tprop was deter-
mined from the following equation:

TpropðtÞ ¼ Tin � ð1� wÞ þ Toutðt� DtÞ � w (17)

where w is a weighting factor that is a function of the inlet veloc-
ity and Toutðt� DtÞ is the average fluid temperature at the outlet
of the previous time-step. Dt is the time-step for solving Eq. (7)

and it is not identical to the heating pulse duration time, dt. There-
fore, Tprop represents some kind of mean temperature of the fluid
in the tube. The weighting factor was determined so that the
steady-state average temperatures at the outlet of the tube with
constant heat input obtained by the superposition principle coin-
cides with the steady-state average temperature obtained by solv-
ing Eq. (7) with variable properties. The weighting factor was
obtained for both the heat input range from 6000 to 14000 W/m2

and the inlet velocity range from 0.35 to 0.6 m/s. The weighting
factor is tabulated in Table 2. The weighting factor ranges from
0.499 to 0.513 in this tested range, however, the weighting factor
is almost 0.5. Therefore, we used 0.5 for the weighting factor.

As shown in Fig. 5, the average fluid temperature at the outlet,
ToutðtÞ, were obtained for 15 cases where the fluid properties were
evaluated at 15 different property temperatures, Tprop, with an
interval of 10 K. Therefore, the average fluid temperatures at the
outlet, ToutðtÞ, is obtained by the linear interpolation as

Tout tð Þ ¼ Tout;L tð Þ þ Tout;U tð Þ � Tout;L tð Þ
� � Tprop � Tprop;L

Tprop;U � Tprop;L
(18)

where Tprop;U and Tprop;L are nearest upper and lower property
temperatures. For example, when the property temperature Tprop

calculated from Eq. (17) is Tprop ¼ 475 K, Tprop;U and Tprop;L are
Tprop;U ¼ 483 K and Tprop;L ¼ 473 K. Tout;UðtÞ and Tout;LðtÞ are
nearest upper and lower outlet temperatures. When the property
temperature is Tprop ¼ 475 K, Tout;U and Tout;L are the average
fluid temperatures at the outlet of the tube when the property tem-
peratures are Tprop;U ¼ 483 K and Tprop;L ¼ 473 K, respectively.

Grid Size and Time Step Effects. As the grid size and the
time-step may affect the responses to the average fluid tempera-
ture at the outlet, DT, supplementary runs were performed to
investigate their effects on the DT for the single heating pulse. All
the computational parameters are identical to those of Fig. 3 with
the exception of Tprop. Tprop was fixed at 493 K. The temperature
increment, DT, are plotted in Fig. 6 to show the grid size effect. A
large discrepancy is observed around t ¼ 600 s. The grid size
effect on the DT at t ¼ 600 s is tabulated in Table 3. The differ-
ence between (400� 40) grids and (200� 20) grids is minimal.
Therefore, (200� 20) grids were selected. To show the effect of
time-step on DT, DT are plotted as a function of t in Fig. 7. A
large discrepancy is observed around t ¼ 600 s, too. The time-step
effect on the DT at t ¼ 600 s is tabulated in Table 4. The

Fig. 4 Response of average fluid temperature at outlet for a
single heating pulse ( _q ref 5 104 W/m2)

Fig. 5 Example of heating pulses and average fluid tempera-
ture at outlet

Table 2 Weighting factor, w

Inlet velocity uin m/s

Concentrated heat flux _qðtÞW/m2 0.35 0.45 0.60

6,000 0.499 0.5 0.5
8,000 0.5 0.5 0.5
10,000 0.502 0.499 0.499
12,000 0.506 0.501 0.499
14,000 0.513 0.503 0.499

Table 3 Grid size effect on DT at t 5 600 s (uin 5 0:35 m/s and
Tprop 5 493 K)

Grids Dt s DT at t ¼ 600 s

DTt¼600 � DTt¼600;400�40

DTt¼600;400�40

� 100 %

50� 5 2 14.09 �9.3%
100� 10 2 14.95 �3.8%
200� 20 2 15.37 �1.1%
400� 40 2 15.54 —
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difference between Dt ¼ 1 s and Dt ¼ 2 s is slight. Therefore,
Dt ¼ 2 s was selected.

Results and Discussion

The average fluid temperature at the outlet for the case of Fig. 4
obtained by Eq. (18), Tout;sup is plotted in Fig. 8 as a function of
time. The average fluid temperature at the outlet, Tout;variable, was
also obtained by solving Eq. (7) with variable properties. This
result is also plotted in the figure. The MAD, and the root-mean-
square error, RMS, between Tout;sup and Tout;variable were obtained
by the following equations.

MAD ¼ 1

N

XN

i¼1

Tout;sup � Tout;variable


RMS ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N

XN

i¼1

Tout;sup � Tout;variablef g2

vuut (19)

where N is number of dataset. The MAD and RMS of the sample
case are 0.20 and 0.24 K, respectively.

A day in equatorial zone countries is classified into a sunny
day, a partially cloudy day and a cloudy day by Khatib et al. [15].
The solar radiation in these countries fluctuates and the radiation
varies every 1-minute even though it is a sunny day. This section
discusses the predictive results of a one-day operation for 11 h
from 7 am to 6 pm with a duration time of 60 s (dt ¼ 60). Figure 9
shows the concentrated heat flux for 30th June, 2018 calculated
from the direct normal irradiance, GDNI, measured by Heng [8],
which was measured every 60 s. The concentrated heat flux was
calculated from [8] as

_qðtÞ ¼ Cr � GDNI (20)

where Cr is the concentration ratio which was calculated from the
mirror concentration ratio of the parabolic trough (Cm ¼ 82), the
absorptivity of the coated outer surface of the tube (a ¼ 0:96) and
the effective optical efficiency between the mirror and the outer
surface of the tube (g ¼ 0:743) as

Cr ¼ Cm � g� a=p ¼ 18:6 (21)

The solar radiation of 30th June 2018 showed a clear sky sunny
day in the morning to noon time. Then, large amount of solar

Fig. 6 Grid size effect on DT (uin 5 0:35 m/s and Tprop 5 493 K)

Fig. 7 Effect of time-step on DT (uin 5 0:35 m/s and Tprop 5 493 K)

Table 4 Effect of time-step on DT at t5600 s (uin 5 0:35 m/s
and Tprop 5 493 K)

Grids Dt s DT at t ¼ 600 s

DTt¼600 � DTt¼600;Dt¼1

DTt¼600;Dt¼1

� 100 %

200� 20 1 15.51 —
2 15.37 �0.78 %
5 14.99 �3.4 %
10 14.37 �7.4 %

Fig. 8 Average fluid temperatures at outlet for case of Fig. 5

Fig. 9 Concentrated heat flux _q and Tout of partially cloudy
day with inlet velocity of 0.35 m/s
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fluctuation occurred for the rest of the day by movement of clouds
in the sky. The upper value of the fluctuation was reduced. There-
fore, 30th June, 2018 was the typical partially cloudy day. The
corresponding average fluid temperature at the outlet for a case of
uin ¼ 0:35 m/s is also plotted in Fig. 9. The prediction using
superposition procedure with the heat input of 30th June, 2018
agreed well with the result computed considering variable proper-
ties except for 10:30 to 11:30 where the average fluid temperature
at the outlet takes the highest. Figure 10 shows the result of 28th
June, 2018 of the typical sunny day for a case of uin ¼ 0:6 m/s. In
this case, the solar radiation fluctuates after 10 am by the clouds.
However, the upper value of the concentrated heat flux in each
fluctuation is over 104 W/m2. Therefore, 28th June, 2018 was a
typical sunny day. In this case the inlet velocity was high, so the
average fluid temperature at the outlet was below 600 K. The pre-
diction using superposition procedure with the heat input of 28th
June, 2018 agreed well with the result computed considering vari-
able properties.

The average fluid temperature at the outlet during one-day
operation of the typical sunny and partially cloudy days are calcu-
lated by the proposed procedure and the MAD, and the root-
mean-square error, RMS are obtained. The results are tabulated in
Table 5. Values in brackets are the results obtained by the combi-
nation procedure of the ANN and the superposition principle [1].
The MADs obtained by the proposed procedures were smaller
than MADs obtained by the combination procedure of the ANN
and the superposition principle.

It is observed that both RMS and MAD values under higher
inlet velocity were low compared to values under lower inlet
velocity. The fluid temperature increment between the inlet and

outlet was low when the inlet velocity was high. This is the reason
why both RMS and MAD values under higher inlet velocity were
low compared to values under lower inlet velocity. Solar radiation
fluctuation pattern also affects the RMS and MAD errors. In con-
dition of solar radiation of 14th June 2018, it predicted very well
with the lowest error compared to other solar radiation condition.
On the other hand, the average fluid temperatures at the outlet on
28th June 2018 and 30th June 2018 were not so well predicted
with the higher error among the six chosen days of solar radiation.

The computations were conducted by a personal computer with
Intel core i7-4770K 3.50 GHz processor. The proposed method
consists of 2 steps. At the first step, the energy equation was
solved with the assumption of constant fluid properties to obtain
the temperature response (average fluid temperature at the tube
exit) for a single heating pulse until t ¼ 1200 sec. The computa-
tion time (cpu time) for the case of (200� 20) grids was 0.969 s.
The temperature responses were obtained for 15 cases of the fluid
properties at different temperatures. Therefore, the computation
time for the first step is 0.969� 15 cases¼ 14.5 s. If the tempera-
ture range is wider, more temperature responses are needed. In
that case, the computation time for the first step takes more. At
the second step, the average fluid temperature at the tube outlet is
calculated from Eq. (16). This is the superposition process. The
computation time (cpu time) for one-day prediction (11 h) was
1.08 s. The total computation time for one-day prediction was
14.5þ 1.08¼ 15.6 s and the total computation time for one year
prediction is 409 s. In contrast, the computation time for the case
where the energy equation was solved with the variable properties
and (200� 20) grids for one day prediction (11 h) was 88.9 s.
The computation time for the one-year prediction is
88.9� 365 days¼ 32400 s. The computation time is reduced by
applying the proposed method.

Conclusions

A new procedure for solving the nonlinear energy equation
using the superposition principle is proposed. As an example of
the utilization of this procedure, the average fluid temperature at
the outlet of the solar collector tube maintained at uniform wall
heat flux axially but variable with time was obtained.

(1) The proposed procedure improved the accuracy of the pre-
diction of the average fluid temperature at the outlet of the
tube. The MAD for the typical sunny day obtained by the
combined procedure of the ANN and the superposition
principle was 2.43 K, however, the MAD obtained by the
proposed procedure was 0.22 K.

(2) The highest RMS and MAD of the results for the six typical
sunny and partially cloudy days obtained by the proposed
procedure were 0.84 K and 0.55 K, respectively.

(3) The computation time of the proposed method for one year
prediction including the preparation of the temperature
responses is 409 s. In contrast, the computation time for the
case where the energy equation was solved with the vari-
able properties and (200� 20) grids for the one year

Table 5 Error COMPARISON OF PREDICTION

uin ¼ 0:35 m/s uin ¼ 0:45 m/s uin ¼ 0:6 m/s

Date RMS MAD RMS MAD RMS MAD

Sunny 180622 0.39 0.23 0.20 0.09 0.12 0.07
180628 0.84 0.55 0.47 0.27 0.25 0.16 (1.63)
180719 0.63 0.36 0.38 0.22 (2.43) 0.21 0.12

Partial cloudy 180614 0.36 0.19 0.21 0.11 (1.61a) 0.11 0.06
180630 0.74 0.47 0.37 0.19 0.19 0.11
180704 0.38 0.19 (1.62b) 0.21 0.09 0.12 0.06

aValue obtained for uin ¼ 0:43 m/s.
bValue obtained for uin ¼ 0:39 m/s.

Fig. 10 Concentrated heat flux _q and Tout of sunny day with
inlet velocity of 0.6 m/s
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prediction is 32400 s. The computation time is reduced by
applying the proposed method.
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Nomenclature

Cp ¼ specific heat, W/(kg K)
Cr ¼ concentration ratio
Cm ¼ mirror concentration ratio
Di ¼ inner diameter of solar collector tube, m
Do ¼ outer diameter of solar collector tube, m

_GDNI ¼ direct normal irradiance, W/m2

k ¼ thermal conductivity, W/(m K)
L ¼ length of duct, m

Prt ¼ turbulent Prandtl number
_qðtÞ ¼ concentrated heat flux, W/m2

rþ0 ¼ dimensionless radius of duct
Re ¼ Reynolds number

t ¼ time, s
Dt ¼ time step, s
dt ¼ duration time of single heating pulse, s
T ¼ temperature, K

DT ¼ temperature increment, K
u, v ¼ velocity components, m/s
uþ ¼ dimensionless velocity
w ¼ weighting function

x, r ¼ coordinates, m
y ¼ distance from wall, m

yþ ¼ dimensionless distance from wall

Greek Symbols

a ¼ absorptivity
g ¼ effective optical efficiency
l ¼ viscosity, Pa s
q ¼ density, kg/m3

s ¼ shear stress, Pa

Subscripts

ave ¼ cross-sectional average value
in ¼ inlet

L ¼ lower nearest value
prop ¼ fluid property

out ¼ outlet
ref ¼ reference value

sup ¼ value obtained by superposition principle
t ¼ turbulent value

U ¼ upper nearest value
variable ¼ value obtained by considering variation of fluid

properties
w ¼ wall
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