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The heat flux sustainability in solar external receiver tubes is limited by the non-uniformity of the temperature
distribution and the maximum achievable temperature of the molten salt flow. In this paper, the external receiver
tubes were equipped with novel guide vanes to enhance the heat transfer inside the tube and improve the
uniformity of the temperature distribution on the tube surface. The geometric structures of guide vanes were
optimized under non-uniform heat flux distributions. Firstly, the numerical models of tubes with different guide
vanes (different wrap angles at trailing angle and different number of blades) were developed. Secondly, the

numerical calculation of each case was carried out by using the fine meshing method, and was carried out by
means of the commercial software ANSYS Fluent 19.2 on the High-Performance Computing. The SST k-o tur-
bulence model was used to predict the flow field inner the tube. The temperature, pressure loss, velocity and
Nusselt number of these models predicted by CFD were analyzed and compared. Finally, the effect of different
geometric parameters on the heat transfer enhancement and for improving the uniformity of temperature dis-
tribution were studied. It was observed that the guide vane is very effective to enhance the heat transfer inside
the tube and improve the uniformity of temperature distribution on the tube surface. By optimizing the design of
two parameters (wrap angles and number of blades), better heat transfer performance and improved uniformity
can be obtained. For enhancing the heat transfer, and for improving the temperature uniformity and the flow

resistance in the tube, a value of O7g

82° is should be chosen. With the increase of the blade number, the flow

separation will be better controlled, and the swirling strength will increase gradually. To increase the number of
blades helps to enhance the heat transfer and improve the temperature uniformity. A higher blade number will
increase the system resistance and affect the thermal hydraulic performance, and increase the design head and
power of the pump. The most convenient blade number is N 6. In addition, it was observed, that by adding the
guide vanes, the flow resistance increases and this affects the thermo-hydraulic performance of the receiver tube.
This study will provide theoretical basis and technical support for the efficient and reliable operation of solar

collector heat exchanger tubes.

1. Introduction

Concentrated solar power (CSP) plants with thermal energy storage
(TES) systems are regarded as very promising power sources in the
future renewable energy system, since they can supply dispatchable and
low-cost electricity with abundant yet intermittent solar energy [1]. Due
to the large scale and electricity outputs, the solar power tower (SPT)
system has received considerable attention [2]. A schematic view of a
SPT power plant and some pictures of the demonstration facility Solar
Two can be found in Fig. 1 [3].

The receiver is the key unit for the conversion of solar energy to
thermal energy. In several SPT projects, the external receiver has been
adopted, such as in the case of Solar Two [3] and SUPCON Delingha 50
MW [5]. Usually, the sunlight hits the receiver directly and cannot be
concentrated on the full surface of the tube. As a consequence, the
receiver tube is characterized by non-uniform solar flux distributions
[6-7], which lead to thermal gradient on the receiver tube. This causes
high thermal stress with consequent fractures [8], and thermal decom-
position induced by local over-temperature of the heat transfer fluid [9].
The maximum value and uniform distributions of temperature on the
tube wall and is also very important to keep the receiver work safely,
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Nomenclature X,Y,Z Global Cartesian coordinates
D Diameter of the tube [mm)] Greek symbols .
f Friction factor PLE Blade angle at leading edge [°]
h Heat transfer coefficient [W/(m?K)] Pre Blade angle at trailing edge [*]
I Length [mm] OLE Wrap angle at leading edge [°]
N Blade number O1g Warp angle at trailing edge [°]
Nu Nusselt number P Density [kg/m3]
p Pressure [Pa] A Thermal conductivity [W/(m-K)]
Pin Pressure at the inlet [Pa] # Viscosity [kg/(m-s)]
Ploss Pressure drop between inlet and outlet [Pa] Abbreviations
Pout Pressure at the ot;tlet [Pa] CSP Concentrated Solar Power
q Heat flux [kW/m?] SPT Solar Power Tower
Re Reynolds number HTF Heat Transfer Fluid
S Thickness [mm] PEC Performance Evaluation Criterion
T Temperature [K]
u Velocity [m/s]
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Fig. 1. (a) Schematic view of the SPT demonstration facility Solar Two [3] and (b) a solar external receiver tube [4].

which are commonly used in SPT external receivers [10]. The maximum
operating temperature represents the relevant parameter of for solar
power plants. The main limiting factors of their performances are the
non-uniform distribution of temperature and the local high temperature
in the receiver [11-13].

Many studies focused on the optimization of the solar flux distribu-
tion on the tube surface. These are based on the real-time optical model,
on coupled models based on Monte Carlo Ray Tracing and on Finite
Element Method, and different heliostat configuration strategies are also
considered [14-17]. Sanchez-Gonzalez et al. [18] established a method
to optimize the concentrated points of the heliostats in SPT systems and
was able to achieve a peak heat flux reduction of 23% with slightly lower
receiver interception. Gee et al. [19] and Wang et al. [20] added sec-
ondary reflectors near the receiver tube to reflect sun light to the back
side of the receiver and worked out a more uniform solar flux distribu-
tion. However, in the case of SPT external receivers, it is very chal-
lenging to flatten the solar flux distribution on the entire surface of the
tube, due to its particular geometric structure and light tracing methods.

Another solution for optimizing the uniformity of the temperature
distribution is to increase the transverse mixing to enhance the heat
convection on the inner tube wall. The enhancement in heat transfer

convection inside a tube has been investigated and tested in the design of
tubular heat exchangers [21-22]. Munoz et al. [23] studied the effects of
the number of fins and the helix angle on the heat convection
enhancement of the internally helically finned tubes and could improve
the collector efficiency by a factor of about 3% compared to that of a
smooth tube. Cheng et al. [24] adopted a method to improve heat
convection enhancement by placing the vortex generators inside the
wall of parabolic trough tubes. Borunda et al. [25] analyzed and opti-
mized the performance of a parabolic trough collector with a twisted-
tape insert, and demonstrated that the twisted-tape insert could
reduce the peak temperature of the tube and also achieves good collector
efficiencies.

In order to improve the uniformity of temperature and the heat
transfer performance, our team also do some research. Zecan Tu et al.
[26] built models of the smooth tube and the tube with guide vanes to
investigate the heat transfer enhancement and the mixing effect due to
guide vanes. The distributions of the temperature, velocity, turbulence
intensity, and Nu predicted by these two models were compared. The
results showed that the guide vanes form swirling flows, reduce the
maximum tube and molten salt temperatures, and improve the heat
transfer. The effects of different guide vane blade shapes on heat transfer
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and pipe resistance were not investigated. Mahfuja Khuda et al. [27]
carried out a numerical analysis of developing flow and conjugate heat
transfer in a solar receiver tube with a three-blade guide vane at the tube
inlet, and investigate the effect of guide vane and working fluid on the
flow and temperature distribution in a solar receiver tube subjected to
the boundary condition of the non-uniform wall heat flux. Wang Dez-
hong et al. [28-30] improved the swirl strength in the tube by adding a
guide vane separator, promoted the aggregation of bubbles in the tube,
and realized the removal of gas by forming a spiral gas column.

In this analysis, the external receiver tube was equipped with novel
guide vanes to enhance the heat transfer inside the tube and improve the
uniformity of the temperature distribution on the tube surface. This was
numerically studied by considering non-uniform heat flux distributions.
Firstly, the numerical models of tube with different guide vanes
(different wrap angles at trailing angle and blade numbers) were
created. Then, the temperatures, pressure losses, velocities and Nusselt
numbers predicted by these models were analyzed and compared, to
study the heat transfer enhancement and the mixing effect of guide
vanes. Finally, the effect of different geometric parameters on the heat
transfer enhancement and the flow mixing were studied. This study will
provide theoretical basis and technical support for the efficient and
reliable operation of solar collector heat exchanger tubes.

2. Technical approach
2.1. Numerical models

The numerical models in this simulation are based on the typical tube

of the external receiver of Solar Two [3], where the height of the whole
receiver is 6200 mm. A single tube with an additional guide vane in the
receiver was considered for building the numerical model (Fig. 2). The
computational domain consists of three parts: the preset tube, the guide
vane and the target tube. The preset tube is used to achieve a fully
developed flow before the vanes. The length of the preset tube L is 200
mm. The length of the downstream target tube is 6000 mm. The length
of guide vane is 9 mm. Concerning the cross section of the tube, the
outside diameter Dy of the tube is 21 mm, and the thickness S; of the tube
wall is 1.2 mm. The geometry of the guide vanes is shown in Fig. 2. The
number of vanes is 8. The length in the axial direction L, and the
thickness of the blade Sy, are 9 mm and 0.5 mm, respectively. The guide
vanes are connected by a cylinder with a 2 mm diameter.

The blade is defined as shown in Fig. 3 and is divided into five layers
of profiles (Span = 0, 0.25, 0.5, 0.75, 1.0) from the hub to the shroud.
The profile of each layer is controlled by the warp angle at leading edge
6, wrap angle at trailing edge 6rg, blade angle at leading edge fiE,
blade angle at trailing edge f1E.

2.2. Governing equations

The steady state simulations were carried out by means of the
commercial software ANSYS Fluent 19.2 [31] on the High-Performance
Computing (HPC) systems of Baden-Wiirttemberg in Germany [32]. The
continuity, momentum and energy governing equations are [33]:

0){,‘ =0 M



Table 1
Boundary conditions [26].

Table 2
Thermal properties of the molten salt and stainless steel [26].

Domain Parameter Value Parameter Value
Fluid Temperature at inlet 563 K Molten salt Density (kg/m®) 2090-0.636-(T-273.15)
Mass flow rate at inlet 1.4 kg/s (fluid Heat capacity (J/ 1443 + 0.172-(T-273.15)
Turbulence intensity at inlet 5% medium) (kg-K))
Pressure at outlet 1 atm Heat conductivity 0.443 + 1.9-10.(T-273.15)
Solid Peak heat flux qmax On the tube outer surface 800 kW/m? (W/(m-K))
Viscosity (kg/ 0.022714-1.2:10*(T-273.15) +
(m-s)) 2.281-107-(7-273.15) 2-1.474-107'°.(T-
- 273.15) 3
q( 0 )= Quax = cos( 3] ) Stainless steel Density (kg/m>) 8000
(solid tube Heat capacity (J/ 500
material) (kg-K))
< Heat conductivity 21.5
(W/(m-K))
P
< For the solution method, the simple coupling method between
. . < pressure and velocity was adopted. The second order for pressure, the
Adiabatic ~ second order upwind for the momentum and energy, and the first order
surface ‘ - upwind for the turbulent kinetic energy were considered in this simu-
= lation [26].
<
< 2.3. Boundary conditions
= The computation domains here considered include the fluid and the
Heating solid domain. The boundary conditions are summarized in Table 1. In
surface order to simulate the non-uniformity of the solar flux on the tube wall, a
cosine radial distribution of the heat flux is considered on the half sur-
Fig. 4. Distribution of the heat flux on the tube surface [26]. face of the tube wall (X > 0), q(0) = qmax-cos(0), which is referred to as
heating surface. The distribution of the heat flux on the tube surface is
om w0 m  om _ shown in Fig. 4. On the other half surface (X < 0), the adiabatic wall
pu,-a = pF; e + . {,u <§ + E) pu;u; } 2) condition is applied and this is indicated as adiabatic surface [26]. In the
! L ! ' axial direction, the distribution of heat flux is kept constant. The
T 0 /1T —— boundary conditions applied are summarized in Table 1 [26].
pu/-o—xj = a—x] (a a—xj pu; T ) 3 The tube is made of stainless steel and is filled with molten salt (Solar

where p, y, 4 and ¢, are the density, viscosity, thermal conductivity,
and specific heat capacity of the molten salt, respectively. F; is the body

force, where the over-line denotes the average value. The term pu,.'uj'

represents the Reynolds stress tensor and pu)f T expresses the turbulent
heat flux.

According to A. Fritsch’s previous studies [34], the k-w turbulence
model proved to be suitable for the simulation of the heat and mass
transfer in the tube flow. The transport equations for the turbulent ki-
netic energy (k) and its specific dissipation rate (w) are expressed as
[31]:

d d ok
— (pku;)) = — |Tx=—| +Gx Y +Si+G 4
axi(/’“) 6xj{k6xj+ k Y+ 5+ Gy @
d d 0w
3 i) =5 Tz Gy Yo+Su+Ga 5
axi (ﬂwu) a)Cj |: a)Cj:| + + + > ( )

where Gi and G,, are the generation of turbulence kinetic energy and
w. I'y and I, represent the effective diffusivity of k and », while Y and
Y, represent the dissipation of k and w due to the turbulence. Sk and S,
are user-defined source terms, while G, and G, represent the buoyancy
terms.

For the tube and the guide vanes, which are the solid region of
computational domain, the energy transport equation under steady
conditions is [31]:

V-(Vph) = V-(AVT) + S, (6)

where h is the sensible enthalpy, 4 is the thermal conductivity, and S,
is the volumetric heat source.

Salt, 60% by weight NaNO3 and 40% by weight KNOs3) [26]. The ther-
mal properties of molten salt and stainless steel [10] are given in
Table 2, where the temperature T is given in Kelvin.

2.4. Parameter definitions

In order to demonstrate the results, a specific outside surface of the
target tube S1 (0 m < Z < 1 m) and a cross section S2 (Z = 0.25 m) were
defined. In addition, the following specific lines are introduced: Line 1
(yellow color) on the outside tube surface where heat flux reaches the
peak value X =0.021 m, Y =0m, 0 m < Z < 6 m), and Line 2 (blue
color) on the inside tube wall, with closest position to peak heat flux (X
=0.0186m,Y=0m, 0m < Z < 6 m). The geometry of surfaces S1 and
S2 and Lines 1 and 2 is shown in Fig. 5.

According to previous studies [24], the Reynolds number Re is used
to represent the flow state, and the Nusselt number Nu is used to
represent the heat convection performance on the inside wall of the
tube. Re and Nu are defined by Eqns. (7) and (8):

Re =P %)
p

Nu = 19 ®)
f

where u, p and p are the velocity, density and viscosity of the molten
salt flow at the inlet, D represents the inside diameter of the tube, h is the
heat transfer coefficient on the inside wall of the tube and ¢ is the
thermal conductivity of the molten salt. The peripherally averaged Nu is
the average value of the Nu on the circle line with constant Z.

The temperature difference AT between the maximum and minimum
temperature on the tube cross section is given as [26]:
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Fig. 5. Schematic diagram of the specific faces and the lines on the target tube.

a® O

(a) Preset tube

(b) Section View

(c) Guide vane

(d) Section View

Fig. 6. Schematic diagram of the numerical grid.

AT = Tmax Tmin (9)

The pressure drop Pjoss between the pressure P, at the inlet of the
guide vane component and the pressure P, at the outlet of the tube is
used to represent the pressure loss [26].

Pioss = Pin Pour 10
The friction factor f is defined as [35]

Pluxs D
L (1/2)pu? (1)
Where Pj; is the differential pressure between the inlet and outlet of
enhanced receiver tube, fis used to evaluate the pressure drop when the
enhancement techniques are adopted to increase heat transfer.
The performance evaluation criterion (PEC) of heat transfer
enhancement Nu/Nu. under constant pressure drop f/f, is given by [4]

f

_ Nu/Nu,
ok

where the subscript “c” represents clear or smooth receiver tube,
which like the target tube in Fig. 2, without guide vane or no other parts

PEC 12)

just the tube. It is often required that based on such data heat transfer
performance comparisons can be examined. When PEC is more than 1, it
represents better thermal hydraulics, and when PEC is<1, flow resis-
tance will increase, representing poor thermal hydraulics.

2.5. Mesh

The meshing here considered, consists of a combination of structured
and unstructured meshes. The preset tube and the target tube use
structured hexahedral grids. For the guide vanes, the unstructured
tetrahedral grid is adopted, due to the more complex structure, which is
required to analyze this part of the device. The effect of the number of
grid points on the temperature distribution on the tube surface were
studied [26]. The results showed that when the number of grid points
equals 5806037, the average relative variation of the temperature is
smaller than 1%, if the number of grid points continues to increase, and
the temperature keeps constant. Therefore, the discretization grid with
more than 5,806,037 elements was adopted in the simulation. This is
shown in Fig. 6. The number of grids for the target tube, for the solid
component with guide vane, for the fluid component with guide vane
and for the preset tube are 4648597, 1680794, 1,161,695 and 188917,



——0TE=82° -—e—0TE=102° -e—0TE=122° -*-0TE=142°
160

140

120

100

80

60

Blade wrap angle(®)

40

20 §

0 0.2 0.4 0.6 0.8 1
LE to TE

Fig. 7. Wrap angle distribution of different blade trailing angle cases.
respectively.

2.6. Optimization cases

There are many parameters of the guide vane blades that affect the
heat transfer enhancement. This study focuses on two cases:

Case 1: Optimization of 6rg (Wrap angle at trailing edge) at Shroud
and.
Case 2: Optimization of N (Number of blades).

For Case 1, 61 is 82°, 102°, 122°, 142°. For the guide vane design,
the wrapping angle and outlet angle are the main control parameters for
generating the swirl component and increasing the swirl strength. In
order to obtain the effect of different wrap angles on the heat transfer
effect and the uniformity improving, set a wrap angle every 20°. The
purpose of this paper is to obtain the influence of multi-parameter
variables on swirl by changing multiple parameters (wrap angle and
blade number) of guide vane geometry, and then obtain the influence of
multi-parameter variables on heat transfer by changing the swirl in-
tensity. Among them, select the wrap angle to cover a certain range. The
start and end values of the blade wrap angle are mainly determined
according to the distribution of the blade flow channel. It not only
considers that the flow channel is too narrow due to increasing the wrap
angle, resulting in too fast flow velocity in the flow channel, and avoids

& L

(a) 0, =82° (b) 0y =102°

(¢) O =122°

the small swirl velocity caused by too small the wrap angle..

For different 6rp, the wrap angle distributions along the shroud
section from leading edge to trailing edge are shown in Fig. 7. Based on
the 6. and Org, the spline curve is used for smooth fitting to determine
the distribution law of each case. All 6,y are designed to 20°, and the
wrap angle changes slowly near the leading edge to ensure that the blade
angle at leading edge approach 0°. Geometry of different wrap angles at
trailing angle are shown in Fig. 8. The blade to blade profile is at the
shroud of the blade. Although the blade is controlled by five layers of
profiles, as shown in Fig. 3, the control of all profiles is associated in the
design, so that only the shroud profile can be controlled to design the
entire blade shape.

For Casel, N are respectively designed to 3, 4, 5, 6, 7, 8. Fig. 9 shows
the geometry of different blade number cases. Optimization cases are
based on Ot = 142°.

This research mainly focuses on the heat transfer in the tube with
non-uniform heat-flux. Nmerical analysis of heat transfer in the tube
with different guide vane (different wrap angle at trailing edge and
blade number) for molten salt was carried out.

3. Results and analysis

3.1. Effects on heat transfer characteristics for different wrap angles at
trailing edge

The guide vane enhances the heat transfer convection in the receiver

NYD

(a) N=3 (b) N=4 (c) N=5
(d)N=6 (e)N=7 Or-8

Fig. 9. Geometry of different blade numbers.
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Fig. 8. Geometry of different wrap angles at trailing angle.
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tube mainly by rebuilding the velocity field in it. Fig. 10 shows the ve-
locity streamline behind the guide vane for different O1g. As Org in-
creases, the flow velocity in the tube behind the guide vane is faster and
it can be concluded that the convective heat transfer can be enhanced by
guide vanes. It can be seen from the Fig. 8 that with the increase of the
blade wrap angle Org, the flow channel between the blades becomes
narrower and narrower, which will increase the fluid velocity at the
outlet of guide vane. At the same time, flow velocity in the target tube
also increases significantly for increasing 61g. Usually, this velocity grow
includes two directions, one is the circumferential direction and the
other is the axial direction, wherein the circumferential direction speed
will increase the swirl intensity to better improve the heat transfer of the
tube inner wall. Higher circumferential velocity means that the fluid will
acquire higher vortex strength after flowing out of the guide vane,
resulting in larger heat transfer capacity.

In order to further explain the influence of different guide vane 6rg
on the inner flow in the target tube, we select the velocity swirling
strength inside the guide vane and target tube to compare the differences
of the different schemes, as show in Fig. 11. Here, the length of the lower
boundary of the velocity swirling strength scale 100-200 s ! is used to
evaluate the swirling strength and the ability to enhance heat transfer of
different guide vane schemes. The length of the target tube is 6000 mm,
but only the length range near 0-1000 mm for comparison in Fig. 11 is
considered, since after more than 1000 mm, the difference in swirling
strength is small. It can be observed that, the lower boundary 100 s !
does not vary linearly with the wrap angle 61g, as shown by the black
dotted line in Fig. 11. The length of 61z = 142° is much higher than 1000
mm, the length of 6 = 82° is near 1000 mm, and the length of 67 =
102° and Org = 122° are much lower than the others.

In order to further reveal the influence mechanism of the guide vane
on the swirling, we select the swirling strength distribution within
0-200 mm, as shown in Fig. 12. In the case Otg = 82°, the larger swirling
strength at the tail of the guide vane is mainly concentrated in the
middle part. In the case 67 = 102°, the distribution of swirling strength
starts to change. The influence of guide vane parameters on the swirling
strength in the long tube begins to show regularity, that is, the swirl
intensity spreads from the middle of the tube to gradually increase and
spread to the tube wall. The other three basic distributions are consis-
tent. It is obvious that the strength of the case 6rg = 142°is greater than
the casebrg = 82°, 07 = 102° and O = 122°. The length of the lower
boundary 100 s ! of the case 615 = 142° is much larger than the other
three cases.

Fig. 13 shows temperature contours on the outer surface of receiver
tube S1 for different wrap angles at trailing edge 6rg. In order to evaluate
the effects of different Org angles on the temperature uniformity, the
preset tube, guide vane, and target tube with 0 m < Z < 1 m were
selected. In comparison to the temperature distribution on the smooth

tube [26], it is evident that the temperature field on the receiver tube
can be significantly rebuilt by guide vane. In Fig. 13, it can be observed
that on the preset tube, the wall with high heat flux density corresponds
to a higher temperature, and there is an expected temperature gradient.
The temperature on tube surface drops significantly, especially for g =
82° and Org = 142°. The temperature on tube surface for 6 = 102° and
Org = 122° has little differences. After the guide vane, the temperature of
the high heat flux wall surface decreases significantly. This indicates
that the guide vane is very effective in enhancing the heat transfer inside
the tube and can improve the temperature uniformity distribution on the
tube surface. With the weakening of the swirling flow in the tube, the
heat transfer gradually decreases, and the temperature of the high heat
flux surface increases accordingly along the axial direction. Despite this,
on the target tube, the temperature efficiently decreases in the range 0
m < Z < 1 m, leading to a reduction of the thermal stress caused by high
temperature gradients.

Fig. 14 shows the temperature distributions on Line 1 for different
O7g values. As mentioned before, Line 1 is on the outside tube surface
where the heat flux reaches its peak value (at X =0.021 m,Y=0m, 0 m
< Z < 6 m). Fig. 14 (a) shows the temperature distributions on Line 1
from O m < Z < 6 m. Compared with the smooth tube [26], it is observed
that after adding the guide vane, the temperature on Line 1 is signifi-
cantly reduced. For a smooth tube, the temperature of Line 1 increases
gradually along the axial direction, almost linearly. For the tube with
guide vanes, the temperature on Line 1, for different 61y angles, de-
creases rapidly at the beginning along the axial direction, mainly
because the guide vane swirl has a considerable effect on enhancing the
heat transfer. With the weakening of the swirling flow in the tube, the
heat transfer gradually decreases. After Z = 3 m, the temperature on Line
1 for different Org angle varies slightly. The overall temperature distri-
bution on Line 1 for each 01 is about 50 K lower than that of the smooth
tube, which effectively reduces the thermal stress caused by the high
temperature gradient on the tube wall. In order to better evaluate the
effects of different wrap angles on the temperature, two different tube
areas were considered: 0m < Z <1 mand 2 m < Z < 3 m), as shown in
Fig. 14 (b) and Fig. 14 (c).

As shown in Fig. 14 (b), for different 6rg angles, different tempera-
ture distributions are observed. Moreover, in the axial direction, the
temperature does not quite decrease for increasing Org value. In
particular, for 0 < Z < 0.3, the temperature decreases in the axial di-
rection when the wrap angle Org increases. In Fig. 14(b), it can be
observed that for Z greater than 0.4, the temperature does not decrease
for increasing wrap angle 6rg. For Org = 142° a first impact on the
temperature of Line 1 is observed. For Org = 82°, a second effect on the
temperature of Line 1 for Z greater than 0.4 is observed. The tempera-
ture curves for Oy = 102° and 6ty = 122° become closer for Z greater
than 0.4. This situation is maintained along the axial direction, as shown
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in Fig. 14(c). The case of O7g = 142° have a larger impact on temperature
of Line 1 from 2 m to 3 m. From the results of enhanced heat transfer, the
heat transfer effect of each case is consistent with the swirling strength
distributions (the length of the lower boundary of the velocity swirling
strength scale 100-200's 1) in Fig. 11. The swirling plays a major role in
enhancing the heat transfer.

Fig. 15 shows the temperature difference between Line 1 and Hp,
Line for different 61 angles. The temperature curves for 61 = 102° and
Org = 122° get closer along the full tube. For 6z = 82° and 61g = 142°,
both have larger impact on Hp, Line. From the perspective of improving
temperature uniformity, the case of Org = 82° and 67 = 142° are better.
Temperature difference of the case O = 142° is lower than other cases
from O m to 1.5 m. Temperature difference of the case Oz = 82° is lower
than other cases from 2 m to 6 m.

Table 3 shows key performances with different angle 6rg angles. The
key performances include the Nusselt number Nu, the pressure drop
Pyoss, the friction factor f, the performance evaluation criterion (PEC),
which are defined in Equation (7)-(12).

According to the data in the Table 3, the variation laws of four key
performances (Nusselt number Nu, Pressure loss Py, f and PEC) with
Org are analyzed respectively, as shown in Fig. 16. From Fig. 16(a), it can
be observed that Nu first decreases and then increases along the axial
direction. This means case Ot = 82°and case 6tg = 142° can enhance the
convection heat transfer better, same with the analysis of Figs. 11-15.
From Fig. 16(b), it can be noticed that Pj,ss increases with increasing 0.
It can be seen from Fig. 16 (d) that the PEC value gradually decreases
with the increase of Org. Therefore, a growth of the 6rg angle can
enhance the convection heat transfer, with a consequent pressure loss
and pump power grow. Therefore, it is necessary to discuss heat transfer
enhancement and hydraulic performance integrally. Fig. 16(d) shows
that the values of PEC are lower than 1.0, which means that the thermo-
hydraulic performance is poor. Although adopting guide vanes can
enhance heat exchange, this also will increase the system resistance and
affect the thermal hydraulic performance. It is necessary to increase the
design head and power of the pump, which will increase the cost of
equipment and project costs. Considering the above factors, case 6t =
82° is better.

Fig. 17 shows Nu distributions on Line 2 for different 6. As mention
before, Line 2 is on the inside tube wall, with closest position to peak
heat flux (X =0.0186m, Y =0m, 0 m < Z < 6 m). Fig. 17 (a) shows the
Nu distributions on Line 2 from 0 m < Z < 6 m. Compared with the
smooth tube [26], it is clear that after adding the guide vane, the Nu
distributions on Line 2 is larger at the beginning (0 < Z < 1 m), mainly
because the guide vane swirling has a great effect on enhancing heat
transfer. However, Nu distributions on Line 2 become lower than smooth



Table 3
Key performances with different Oyg,

Orp Nu Pioss f Nue Piosse fe PEC
82° 28.381 61783.9 0.02112 29.308 46373.1 0.01579 0.40474
102° 28.128 72064.0 0.02464 29.308 46373.1 0.01579 0.25279
122° 28.131 106815.0 0.03652 29.308 46373.1 0.01579 0.07764
142° 28.344 131964.0 0.04512 29.308 46373.1 0.01579 0.04148
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Fig. 16. Key performances with different 61 angles.

tube from 1 m < Z < 6 m. In order to more easily distinguish the effects
of different wrap angles Ot on the Nusselt number Nu, two ranges (0 m
<Z<1mand2m < Z < 3 m) were selected. From Fig. 17 (b) and Fig. 17
(c), it can be observed that the Nu distribution curve on Line 2 of the case
Org = 142° is higher than in the other three cases, since the increase of
Org causes a grow of the swirl intensity in the tube. The swirl plays a
major role in enhancing the heat transfer. The Nu curves of the case 61g
=102° and the case 6t = 122° get closer from 0.4 m < Z < 6 m. The Nu
distribution curve on Line 2 for case 6tg = 82° is slightly lower than that
for case Org = 142°.

3.2. Effects on heat transfer characteristics for different blade numbers

Fig. 18 shows the velocity streamline behind the guide vane for
different blade number N. As N increases, the flow velocity in the tube is
faster, and this suggests that the convective heat transfer can be
enhanced by guide vanes. The main reason for the increase in flow ve-
locity is the increase of blade number, the flow area of the blade to blade
decreases. When N = 3 and N = 4, it is observed that the streamlines
between the blade to blade are tangled. It means that the 3 blades or 4
blades are not enough to effectively control the secondary flow, which
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will consume more energy, reduce swirl. When N = 5, the flow sepa-
ration within the vanes slightly improves. When N > 6, the flow sepa-
ration in the guide vanes is well controlled.

In order to further explain the influence of different different blade
number N on the inner flow in the target tube, we select the velocity

swirling strength inside the guide vane and target tube to compare the
differences of the different schemes, as show in Fig. 19. Analogously to
Fig. 11, we only select the length range near 0-1000 mm for comparison,
and the length of the lower boundary of the velocity swirling strength
scale 100-200 s ! to evaluate the swirling strength and the ability to
enhance heat transfer. It can be observed that, the lower boundary 100
s ! almost increases with the blade number N, as shown by the black
dotted line. The length of N = 6, 7, 8 are much higher than 1000 mm, the
length of N = 3, 4, 5 is lower than 1000 mm. The length of N = 8 is the
highest.

In order to further investigate the influence mechanism of the blade
number on the swirling, we select the swirling strength distribution
within 0-200 mm, as shown in Fig. 20. We mark the peaks of some
contours, as shown by the two black dot lines. It can be observed that the
distribution of swirling strength increases gradually when the number of
blades increases.

Fig. 21 shows the temperature contours on the outer surface S1 of the
receiver tube for different blade numbers. In order to distinguish the
effects of different blade numbers on the temperature uniformity, the
preset tube, guide vane, and target tube with 0 m < Z < 1 m were
selected. As the number of blades increases, the temperature on S1
gradually decreases, and the temperature peak on S1 gradually extends
to the outlet direction. This indicates that by increasing the number of
blades, the heat transfer is enhanced and temperature uniformity
improves.

Fig. 22 shows temperature distributions on Line 1 for different blade
number N. Fig. 22 (a) shows temperature distributions on Line 1 from 0
m < Z < 6 m. For the tube with guide vanes, the temperature on Line 1
for different blade numbers decrease rapidly at the beginning along the
axial direction, mainly because the guide vane swirling has a great effect
on enhancing heat transfer. With the weakening of the swirling flow in
the tube, the heat transfer effect gradually decreases, and the tempera-
ture on Line 1 of different blade numbers increase. After Z = 3 m, the
temperature on Line 1 of different blade numbers varies slightly. The
overall temperature distribution on Line 1 of each case is about 50 K
lower than that for the smooth tube, which effectively improves the
thermal stress caused by the high temperature gradient on the tube wall.
In order to better evaluate the effects of different blade number on the
temperature, two Z ranges are considered (0m<Z <1mand2m<Z<
3 m), as shown in Fig. 22 (b) and Fig. 22(c).

In Fig. 22 (b), for different blade numbers, the temperature distri-
butions are similar. Moreover, the temperature distribution curve de-
creases when the blade number increases. Along the axial direction, the
temperature distribution curves can be divided into two groups: one
with number of blades N = 3, 4, 5, and the other with N = 6, 7, 8. The
temperature for N = 6, 7, 8 are lower than N = 3, 4, 5, as shown in
Fig. 22 (b) and Fig. 22 (c). For reducing the temperature peak on Line 1,
it is better to choose N = 6,7,8. This temperature peak reduction will
lower the thermal stress on the wall.

Fig. 23. shows the temperature difference between Line 1 and Hp,;,
Line for different blade numbers. The temperature curves of all cases
increase rapidly along axial direction 0 m < Z < 3.5 m. From The
temperature curves in Fig. 23(a) are divided into two groups along axial
direction 0 m < Z < 3.5 m. These were mentioned above and have N = 3,
4,5and N =6, 7, 8. The temperature for N = 3, 4, 5 are higher than N =
6, 7, 8, as shown in Fig. 23(b). The group N = 6,7,8 represents the best
choice for improving the temperature uniformity of the tube wall.

Table 4 shows key performances with different blade numbers. The
key performances include the Nusselt number Nu, the pressure drop
Ploss, the friction factor f, the performance evaluation criterion (PEC),
which are defined in Equation (7)-(12). According to the data in the
Table 4, the variation laws of four key performances (Nusselt number
Nu, Pressure loss P, friction factor f and PEC) with blade number are
analyzed respectively, as shown in Fig. 24. From Fig. 24(a), it can be
observed that Nu increases when the blade number increases. But Nu
with N = 6,7,8 does not change significantly. For enhancing the heat
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transfer, group N = 6, 7, 8 should be selected. From Fig. 24(b), it can be
observed that Pjo increases when the blade number N increases. It can
be concluded that, by increasing the blade number, the convection heat
transfer can be enhanced, but the pressure loss will increase. Fig. 24(d)
shows that the values of PEC decrease gradually with the grow of the
blade number. It is also observed, that the values of PEC of all cases are
lower than 1.0, which means that the thermo-hydraulic performance is
poor [4]. When considering the enhancing the heat transfer, the
improving the temperature non-uniformity and the flow resistance in
the tube, the most convenient blade number is N = 6.

Fig. 25(a) shows the Nu distributions on Line 2 for different blade
numbers. Fig. 21(a) shows the Nu distributions on Line 2 from 0 m < Z <
6 m. Compared with the smooth tube [26], it is evident that after adding
the guide vane, the Nu distributions on Line 2 are larger than those of the
smooth tube at the beginning (0 < Z < 1), mainly because the guide vane
swirling has a great effect on enhancing the heat transfer. However, the

Nu distributions on Line 2 become lower than those of the smooth tube
from 1 < Z < 6. In order to better understand the effects of different
blade numbers on the Nusselt number Nu, two Z ranges (O m <Z < 1 m
and 2 m < Z < 3 m) were selected. Fig. 25(b) and Fig. 21 (c) show that
the Nu distributions on Line 2 for N = 8 are higher than those in the other
cases, because when the blade number increases the swirl intensity in
the tube increases. The swirl plays a major role in enhancing the heat
transfer. The Nu distributions curves on Line 2 for group N = 6,7,8 are
very closer. It is evident, that the Nu distribution curves are divided into
two groups along axial direction 0 m < Z < 3 m. These correspond to N
=3,4,5andN=6, 7, 8.

The curves for N = 3, 4, 5 are lower than those corresponding to N =
6, 7, 8, as shown in Fig. 25(b) and (c). For enhancing the heat transfer,
the best group is N = 6,7,8.
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4. Conclusion

In this paper, the heat transfer performances of external receiver
tubes with novel guide vane components were numerically studied. The
optimization of novel guide vanes could enhance the heat transfer inside
the tube and improve the non-uniformity of temperature distribution on
the tube surface. These numerical studies were carried out under a non-
uniform heat flux distribution. Firstly, the numerical models of tube
with different guide vanes (different wrap angle at trailing angle and
blade number) were created. The numerical calculation of each case was
carried out by using the fine meshing method and high-precision algo-
rithm. The temperatures, pressure loss, velocity, swirling and Nusselt
numbers predicted by these models were analyzed and compared.
Finally, the effects of different geometric parameters on the heat transfer
enhancement and on the improvement of the temperature distribution
uniformity were studied.

Higher circumferential velocity means that the fluid will obtain
greater swirling strength after flowing out of the guide vane, resulting in
greater heat transfer capacity. When 0rg = 142°, the velocity swirling
strength is higher. The case 6rg = 142° have a first impact on the tem-
perature on Line 1. The case 07z = 82° have a second impact on the
temperature of Line 1. Through analysis the Nusselt number Nu, it is
found the case 0t = 82°and the case 07 = 142° can better enhance the



Table 4

Key performances with different blade number.

N

Nu

Pioss f Nu Piossc fe PEC
3 28.215 82552.6 0.02822 29.308 46373.1 0.01579 0.16868
4 28.216 92784.4 0.03172 29.308 46373.1 0.01579 0.11881
5 28.232 101,685 0.03476 29.308 46373.1 0.01579 0.09031
6 28.319 111,513 0.03812 29.308 46373.1 0.01579 0.06869
7 28.321 120,985 0.04136 29.308 46373.1 0.01579 0.05379
8 28.344 131,964 0.04512 29.308 46373.1 0.01579 0.04148
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convection heat transfer. However, Pjoss increases when 6rg increases,
and PEC decreases when Org grows. The Nu distribution curve on Line 2
for 61 = 142° is higher than that for the other three cases, and for 6t =
82° is slightly lower than that for 61z = 142°. For enhancing the heat
transfer, and for improving the temperature uniformity and the flow
resistance in the tube, a value of 6t = 82° is should be chosen.

With the increase of the blade number, the flow separation will be
better controlled, and the swirling strength will increase gradually. To
increase the number of blades helps to enhance the heat transfer and
improve the temperature uniformity. For reducing the temperature peak
on Line 1 and to improve the temperature uniformity on tube surface, a
blade number N in (6,7,8) should be considered since it reduces the
thermal stress on the wall when high heat flux densities are involved.
The PEC decreases gradually when the blade number increases. A higher
blade number will increase the system resistance and affect the thermal

hydraulic performance, and also increase the design head and power of
the pump. The most convenient blade number is N = 6.

The guide vane is very effective in enhancing the heat transfer inside
the tube and improving the temperature uniformity on the tube surface.
By optimizing the design of the two parameters, wrap angle and number
of blades, better heat transfer performance and improved uniformity can
be obtained.

The research in this paper will help improve the heat transfer effi-
ciency of solar heat exchanger tubes, the energy-saving design of the
new structure of heat exchanger tubes, and solve the problem of struc-
tural fatigue caused by ununiform heating of heat exchanger tubes. This
study will provide theoretical basis and technical support for the effi-
cient and reliable operation of solar collector heat exchanger tubes.
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