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Abstract: A dynamic simulation model of a heliostat field and molten salt receiver system are
developed on the STAR-90 simulation platform. In addition, a real-time simulation model coupling
the above two models is built to study the photothermal conversion process of Delingha’s 50 MW
solar power tower plant. The nonuniform and time-varying characteristics of the energy flux density
on the receiver surface and the dynamic characteristics under different operating conditions are
studied. The operational process of the receiver of a typical day is simulated. It was found that there
was a strong positive correlation between the energy flux and DNI, and the maximum energy flux
density on the surface of the heat absorbing tube panel moved from the first tube panel to the fourth
in sequence from 12:00 to 18:00. At the same time, the energy flux density of the last four panels
decreased gradually along the arrangement order of the panels. DNI, molten salt mass flow rate and
inlet temperature step disturbance simulations are carried out, and the response curves of the molten
salt outlet temperature and tube wall temperature are obtained. The conclusion of this paper has
important guiding significance for the establishment of an operational strategy for photothermal
coupling in a molten salt solar power tower plant.

Keywords: solar power tower plant; receiver; heliostat; model; dynamic characteristics

1. Introduction

With the rapid development of the world economy in recent years, the problems of
energy consumption and shortage are becoming increasingly serious. According to world
energy statistics, China, for 18 consecutive years, ranked first in global energy consumption
growth, while industrial consumption accounted for more than 70% [1]. How to reduce the
consumption of fossil fuels has once again been put on the agenda, and the power and heat
industries have been greatly impacted. Since then, China has focused on making renewable
energy the mainstay of its new power system, controlling fossil energy consumption and
reducing greenhouse gases.

However, there are many problems in the development of renewable energy power
generation. Energy absorption is a key problem to be solved, but the concept of the
“integration of wind, solar and thermal storage” may solve the power grid coordination
problem [2]. Renewable energy generation is usually characterized by low energy density,
intermittency and geographical constraints, which greatly restrict its efficient and large-
scale development [3,4]. The development of an energy storage system can mitigate the
impact of intermittency and help to realize uninterrupted power generation. The volatility
of renewable energy makes it necessary to cooperate with energy storage technology to
achieve peak-filling purposes. Energy storage technologies will serve as the cornerstone of
renewable energy integration [5].
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In the field of energy and electricity, solar energy is favored for its cleanness, long
duration and great radiant energy. Molten salt solar power tower (SPT) technology with
good dispatchability is equipped with thermal storage systems to help it achieve continuous
power generation. This renewable energy generation technology will be widely used in
the future in new power systems. At present, there are still many technical problems in
the operation of an SPT plant, which need to be constantly explored. The energy flux
density on the receiver surface is very uneven, which will seriously affect the safe operation
of the receiver to a certain extent [6]. In order to reduce the influence of nonuniform
energy fluxes on the operation of the receiver, most researchers focus on simulating the
distribution of a solar flux. Qiu [7] developed a model to simulate the operation of the
receiver in the Dahan power station and obtained the solar flux distribution on the heat
absorbing tube in the receiver. Cruz et al. [8] developed an optimization algorithm to
equalize the energy flux density on the endothermic surface of a receiver. Xu et al. [9]
established a three-dimensional transient model and calculated the temperature field of
the receiver under the time-varying flux to simulate the transient characteristics of the
receiver. Sanchez et al. [10] studied the nonuniform energy flux distribution on an external
receiver. Ho [11] used the photographic flux (PHLUX) mapping method to determine the
distribution of a solar flux from a concentrating system. Besarati et al. [12] proposed a
new optimization algorithm and combined it with the HFLCAL model for verification,
finding that the new algorithm can effectively reduce the maximum energy flux density.
In previous studies, more attention has been paid to the energy flux distribution of the
cavity receiver, but the research on the external receiver cannot be neglected. The energy
flux on the surface of the receiver is usually measured by infrared thermography, but the
direct normal irradiance (DNI) is a real-time variable, which will make the measurement
result inaccurate. Therefore, it is necessary to develop a real-time simulation model for an
SPT plant to predict the change in the energy flux, which can also effectively improve the
system security.

In addition, improving the control strategy of a heliostat field to make the energy flux
distribution uniform is also a focus of research. Yu [13] developed a multi focus aiming
model and proposed a grouping method for the focus distribution of a heliostat field of
a cavity receiver. Sun [14] proposed a method for calculating the reference deviation of
the two rotating axes of a heliostat, which is used to reduce the tracking error of heliostat.
Hu [15] studied a three-reflection heliostat and found that the flux density of it was more
uniform than that of a single-reflection heliostat. Victor [16] designed a heliostat field with
an equilibrium mirror density according to the mirror density. During the operation of an
SPT plant, the light side changes quickly, while the heat side responds slowly. The two sides
are difficult to synchronize, which is one of the reasons for the receiver’s overtemperature.
For each study on photothermal coupling models, the influence of the variation in the
energy flux with time on the molten salt temperature was not considered. Furthermore, an
effective control strategy of the heliostat field should also be coordinated to ensure the safe
operation of the power plant to a greater extent.

The variable working environment (cloud cover, windy weather, etc.) is a great chal-
lenge to the safety of a receiver’s operation. It is helpful to study the dynamic characteristics
of the receiver through simulation to avoid problems that may occur in an actual operation.
In this paper, heliostat field model was built using the Monte Carlo ray tracing method.
A model of the molten salt receiver was established using the modular modeling method.
A dynamic simulation model of a 50 MW photothermal coupling system was established by
coupling the two models. The thermal transport characteristics and dynamic characteristics
of the molten salt receiver under a nonuniform and time-varying energy flux were studied
by simulating the operational process of a real power station. The results are helpful for
ensuring the safe operation and formulation of a control strategy for a molten salt SPT plant.



Energies 2023, 16, 1946 3 of 16

2. Model Description
2.1. Model of the Heliostat

The mathematical model of a two-axis heliostat with azimuth-elevation tracking was
established using the Monte Carlo ray tracing method. Ray tracing is a statistical method
by which a certain amount of incident rays are reflected to the surface of a receiver by a
heliostat. In addition, the amount of reflected rays reaching the receiver determines the
efficiency. A schematic diagram of the heliostat modeling is shown in Figure 1. A ground
coordinate system (Xg, Yg, Zg) was established to calibrate the position of the heliostats and
receiver. The heliostat coordinate system (Xh, Yh, Zh) was used to calculate the positional
relationship between the incident ray and the reflected ray. The receiver coordinate system
(Xr, Yr, Zr) was applied to calculate the intersection of the reflected ray and the surface
of the receiver. The reflecting mirror was divided into several regions, and the reflecting
point was the vertex of the boundary of each region. The incident ray was reflected to the
surface of the receiver after a parallel incident, and the reflecting path of the reflected ray
was traced. The heliostat model made the following assumptions, taking into account the
engineering practice and computational speed:

(1) Ignoring the influence of the small spacing of the mirror on the whole focusing process,
the heliostat was regarded as a complete sphere.

(2) All rays of the sun in the solar cone carry the same amount of energy.
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Figure 1. A schematic diagram of the heliostat modeling. 
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Figure 1. A schematic diagram of the heliostat modeling.

The azimuth of an arbitrary number of heliostats in the field can be expressed as

γ =


arccos

XNg

XNg
2+YNg

2 , YNg ≥ 0

arctan
YNg
XNg

+ 2π, XNg ≥ 0, YNg < 0

arctan
YNg
XNg

+ π, XNg < 0, YNg < 0

(1)

where N
(
XNg, YNg, ZNg

)
is the coordinate of the heliostat position in the ground coordinate

system.
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The vectorized representation of the incident ray (
→
β ing), reflected ray (

→
β re f g), and the

central normal of the heliostat (
→
β norg) in the ground coordinate system

→
β ing = [cos(αs) cos(βs) cos(αs) sin(βs) sin(αs)]
→
β re f g = [− cos(γ) sin(φ) − sin(γ) sin(φ) cos(φ)]

→
β norg = [sin(θalt) cos(θazi) sin(θalt) sin(θazi) cos(θalt)]

(2)

where αs is the solar altitude angle, βs is the solar azimuth angle, θazi represents the
rotational angle of the axis, which is perpendicular to the ground, and θalt represents the
pitch angle formed by pitching on the another axis.

→
β norg =

→
β ing +

→
β re f g

2 cos θ
(3)

a2
norg(x) + a2

norg(y) + a2
norg(z) = 1 (4)

The sun incidence angle (θ) and the tracking rotation angle of the two axes of the
heliostat can be obtained by

θ = arccos(

√
2

2
[sin(αs) cos(φ)− cos(γ− βs) cos(αs) sin(φ) + 1]

1
2 ) (5)

θazi = arctan(
cos(αs) sin(βs)− sin(γ) sin(φ)
cos(αs) cos(βs)− cos(γ) sin(φ)

) (6)

θalt = arccos(
cos(φ) + sin(αs)

2 cos θ
) (7)

The vector of the solar incident ray in the heliostat coordinate system can be ex-
pressed as

→
β inh =

1 0 0
0 cos(θalt) sin(θalt)
0 − sin(θalt) cos(θalt)

×
 cos(θazi +

π
2 ) sin(θazi +

π
2 ) 0

− sin(θazi +
π
2 ) cos(θazi +

π
2 ) 0

0 0 1

×

→
β ing(x)
→
β ing(y)
→
β ing(z)

 (8)

The vector of the reflected ray in the heliostat coordinate system
→
β re f h(x)
→
β re f h(y)
→
β re f h(z)

 =

→e (3)− 2×


→
n Mh(x)
→
n Mh(y)→
n Mh(z)

× [→n Mh(x)
→
n Mh(y)

→
n Mh(z)

]×

→
β inh(x)
→
β inh(y)→
β inh(z)

 (9)

where
[→

n Mh(x)
→
n Mh(y)

→
n Mh(z)

]
is the normal vector of any point M(XMh, YMh, ZMh)

in the heliostat coordinate system.
The vector of the reflected ray and point M in the receiver coordinate system can be

obtained by

→
β re f r =


1 0 0

0 cos
(
− π

2

)
− sin

(
− π

2

)
0 sin

(
− π

2

)
cos
(
− π

2

)
×


cos(−π) − sin(−π) 0

sin(−π) cos(−π) 0

0 0 1

×


cos
(
θazi +

π
2

)
− sin

(
θazi +

π
2

)
0

sin
(
θazi +

π
2

)
cos
(
θazi +

π
2

)
0

0 0 1

×


1 0 0

0 cos(θalt) − sin(θalt)

0 sin(θalt) cos(θalt)

×

→
β re f h(x)
→
β re f h(y)
→
β re f h(z)

 (10)
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
Mr (x)

Mr (y)

Mr (z)

 =


1 0 0

0 cos
(
− π

2

)
− sin

(
− π

2

)
0 sin

(
− π

2

)
cos
(
− π

2

)

×


cos(−π) − sin(−π) 0

sin(−π) cos(−π) 0

0 0 1

×



XNg

YNg

ZNg − Hor

+


cos
(

θazi +
π
2

)
− sin

(
θazi +

π
2

)
0

sin
(

θazi +
π
2

)
cos
(

θazi +
π
2

)
0

0 0 1

×


1 0 0

0 cos
(
θalt

)
− sin

(
θalt

)
0 sin

(
θalt

)
cos
(
θalt

)

 ∗


Mh (x)

Mh (y)

Mh (z)




(11)

Equation (12) is constructed from the reflection point and the direction vector of the
reflected ray. Combined with Equation (13), which is the surface equation of the receiver,
the coordinates of the intersection point can be solved.

x = Mr(x) +
→
β re f r(x) · t

y = Mr(y) +
→
β re f r(y) · t

z = Mr(z) +
→
β re f r(z) · t

(12)

x2 + y2 = R2,−Hr

2
< z <

Hr

2
(13)

The energy flux density can be obtained by counting the number of intersections in a
certain region

ϕ =
DNI(t) · ηh · Njd · Sh

Nin · Sq
(14)

where Njd is the number of intersections in an area, Nin is the number of incident rays,
ηh is the efficiency of the heliostat, Sh is the area of the heliostat, and Sq is the area of
the reflection.

The heliostat field of a molten salt SPT plant is usually composed of thousands of
the heliostats arranged in a circular shape, but there are no public data concerning the
arrangement of a heliostat field in a power station at present. In order to achieve better
simulation results, a heliostat field was optimized using SAM software in this paper. The
arrangement of the heliostat field is shown in Figure 2. There were 5273 heliostats of 100 m2.
The weather parameters, the heliostat coordinates and the structural parameters of the
heliostat were taken as input parameters, and the actual working state of the heliostat
was simulated.
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2.2. Model of the Receiver

The external molten salt receiver was composed of 16 tube panels with two flow paths,
and solar salt (60% NaNO3 and 40% KNO3) was used as the heat-absorbing working fluid.
The molten salt enters the receiver from the north side of the tower, flows through the four
tube panels and crosses the two paths to exchange heat, making the temperature uniform,
and then flows into the remaining tube panels. The flow path of the molten salt and the
heat transfer process of the tube panel are shown in Figure 3.
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The structural parameters of the external molten salt receiver were taken from the
50 MW SPT plant in Delingha, China, as shown in Table 1. A dynamic mathematical model
for the flow and heat transfer of a single tube panel of the receiver was established using
the modular modeling method. The assumptions and simplifications of the model were
as follows:

(1) The flow in the tube was one-dimensional and unidirectional.
(2) The variation in the potential energy and kinetic energy of the molten salt flow in the

tube was ignored.

Table 1. Parameters of the molten salt receiver and collector field.

Parameter Value Unit

Heat load 251 MW
Diameter of the receiver 13 m
Height of the receiver 15 m
Effective heat absorbing area 615 m2

Number of tube panels 16
Number of heat absorbing tubes 1216
Material of the receiver 316H
Length of the heat absorbing tube 15 m
Outer diameter of the heat absorbing tube 31.75 mm
Inner diameter of the heat absorbing tube 29.55 mm
Surface absorptivity ≥95%
Installation height 190 m
The average heat flux density 460 kW/m2

The maximum heat flux density 510 kW/m2

Designed DNI 900 W/m2
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The radiant energy of the sun received by the surface of the receiver

Qsun = ϕ · A (15)

Energy conservation of the tube panel

Qsun −Qsm −Qlc −Qlr = Mm · Cm ·
dtm

dτ
(16)

Energy conservation of the molten salt

Ms · Cs ·
dtous

dτ
= GinCstins − GouCstous + Qsm (17)

Mass conservation of the molten salt

Vs ·
dρous

dτ
= Gin − Gou (18)

The heat absorption of the molten salt

Qsm = hsm A(tm − ts) (19)

hsm =
Nus · λ

d
(20)

The Nusselt number is based on an empirical formula [17]

Nus =
fD
8
· Prs ·

Res − 1000

1 + 12.7 ·
√

fD
8 · (Prs

2
3 − 1)

·
[

1 + (
d

Hr
)

2
3
]
·
(

Prs

Prm

)0.11
(21)

where fD is the Darcy friction coefficient, which can be calculated with the Filonenko
formula [18]

fD = (1.82 · log10(Res)− 1.64)−2 (22)

The Reynolds and Prandtl numbers of the molten salt can be expressed as
Res =

u×d
ν

ν = µ
ρous

Prs =
ν
a

(23)

The convection heat loss

Qlc = hcom A(tm − tamb) (24)

Comprehensive convective heat transfer coefficient [19]

hcom = 3.2
√

h3.2
nc + h3.2

f c (25)

The natural convection heat transfer coefficient between the heat-absorbing tube panel
and the surrounding air [20]

hnc =
λa · Nuanc

Hr
(26)

Nuanc = 0.088 · Gr
1
3
a · (

tm + 273.15
tamb + 273.15

)
0.18

(27)

Gra =
g · αν · ∆t · H3

r
ν2 (28)
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Considering the installation height of external molten salt receiver is large, there is no
shelter in the high altitude, the wind level is higher, air and tube panel forced convection
occurs. The forced convection heat transfer coefficient is calculated according to the forced
convection heat transfer of the air flow across the cylinder [21],

h f c =
λa · Nua f c

d
(29)

Nua f c = 0.0266 · Re0.8
a · Pr

1
3
a (30)

The radiation heat loss.
According to the Stefan–Boltzmann law, the radiant heat transfer between the tube

panel and the environment is calculated as

Qlr = εσb A
[
(tm + 273.15)4 − (tamb + 273.15)4

]
(31)

where ε is the emissivity of the metal surface. The surface coating was Pyromark, and 0.95
was chosen here [22]. σb is the Boltzmann constant, 5.67 × 10−8 W/(m2·K).

The mathematical model was solved using the Euler algorithm. The molten salt outlet
temperature and tube wall temperature can be calculated with Equation (32).

yn+1 = yn +
dyn

dxn
∆τ (32)

where n is the calculation step, and ∆τ is the integral time step size.

2.3. Model Validation

The model’s parameters were set in accordance with the parameters of the Solar Two
power plant, and the test data on 5 March 1999 were compared [23]. The data comparisons
are shown in Table 2. The simulation results of the molten salt outlet temperature were for
558.1 °C and the operational data for 565.0 ◦C when the flow rate was 79 kg/s; thus, the
relative error was 1.22%. The relative error of the molten salt outlet temperature was 0.53%
when the flow rate was reduced to 36 kg/s. The error of the thermal efficiency was lower
than 1.6%; therefore, the reliability of the model was validated.

Table 2. The comparison of the simulation results and test data.

Parameter Operation Simulation Operation Simulation

Flow rate, kg·s−1 79 36
Inlet temperature, ◦C 308.0 308.5

Ambient temperature, ◦C 16 16
Wind speed, m·s−1 3.0 3.0

Outlet temperature, ◦C 565.0 558.1 564.0 561.0
The error of the outlet temperature, % 1.22 0.53

Thermal efficiency, % 86.6 85.8 78.3 77.1
The error of the thermal efficiency, % 0.92 1.53

3. Results with Analysis
3.1. The Dynamic Characteristics of the Energy Flux Density

The dynamic simulation model of the integrated heat-collecting and heat-absorbing
by the 50 MW molten salt SPT plant was run on the STAR-90 simulation platform. The 2021
equinox day (i.e., March 20) was selected as a typical day and the operational conditions on
this date were simulated. The observed meteorological data for the station location were
taken as the input parameters. The meteorological data were from Delingha, China. The
change in the DNI data on the vernal equinox is displayed in Figure 4. A three-dimensional
diagram of the energy flux distribution on the surface of the receiver at each typical moment
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is shown in Figure 5. The plane of the x-axis and y-axis in the diagram represents the eight
tube panels on the west side of the molten salt receiver.
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The figures indicate that the energy flux distribution on the surface of the tube panel
was very uneven. The energy flux of a single tube panel was high in the middle and low on
both sides; that is, the position of the entrance and exit of the tube panel was low and the
position of the middle was high. The energy flux density on a single tube panel was in a
Gaussian distribution. This distribution mode was influenced by the central point focusing
mode adopted in the heliostat field. The variation of the DNI had a direct effect on the total
energy absorbed by the receiver, and the energy flux on the surface of the receiver had a
positive correlation with the DNI. Moreover, the maximum energy flux at each specific
time appeared in sequence on the W1 to W4 panels. Over time, the highest point moved
toward the tube panel behind the flow path. The energy flux on the surface of the last four
tube panels (from W5 to W8) decreased in turn.

According to the distribution of the energy flux density, the wall temperature of the
tube panel and molten salt temperature were calculated, and the temperature distribution
at a specific time is shown in Figure 6. It can be seen that the distribution curve of the wall
temperature on a single tube panel was similar to that of the energy flux along the axial
direction, both rising at first and then decreasing. This shows that the wall temperature at
the inlet and outlet of the tube panel was lower, but the wall temperature at the middle was
higher. It also demonstrates the consistency of the temperature and energy flux changes.
The nonuniform distribution of the energy flux made the highest wall temperature appear in
the middle of the panel, which was also the reason for the tube wall temperature fluctuation.
The temperature of the molten salt increased gradually with the flow process in the receiver.
The temperature of the molten salt at the outlet of the receiver was the highest because of
the cascade arrangement of each panel and the superposition effect of the temperature. The
difference between the molten salt temperature and the tube wall temperature decreased
gradually along the flow direction. The maximum temperature difference was at the first
panel, and the minimum temperature difference was at the eighth panel. At 16:00, the DNI
was the largest of the four time points; thus, the wall temperature and molten salt outlet
temperature were also the highest. At this time, the maximum temperature difference
at the first panel was 66.8 °C in the middle of the panel, and the minimum temperature
difference at the eighth panel was 25.3 ◦C. It is shown that the first tube panel was easily
affected by a large temperature difference, while the eighth panel was easily affected by a
high temperature. More attention should be paid in both of these locations in the operation
of the receiver. At 14:00 and 18:00, the DNI decreased seriously, and the molten salt outlet
temperature was 383.1 and 388.2 ◦C, respectively, which was much lower than the rated
outlet temperature of 565 ◦C. At this time, the thermal storage system will play a role to
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ensure the operation of the power plant system. Overall, the energy flux density varied
with the change in the DNI and had a certain rule with the change in the time.
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3.2. The Dynamic Characteristics of the Receiver under Variable Operating Conditions

The operation of the external molten salt receiver was affected by many factors,
including the DNI, flow rate and molten salt inlet temperature. Based on the operation
of the 50 MW photothermal coupled dynamic model under a 100% load condition, the
three factors mentioned above were taken as step disturbance variables, the dynamic
characteristics of the molten salt receiver under disturbance were studied and the outlet
temperature changes of the molten salt and tube wall were observed. The main parameters
of the receiver under full load conditions are shown in Table 3.

Table 3. The main parameters of the receiver under full load conditions.

Parameter Value

Molten salt inlet temperature, ◦C 290
Molten salt outlet temperature, ◦C 565

Outlet temperature of tube panel wall, ◦C 596.5
Flow rate, t/h 680

Ambient temperature, ◦C 20
DNI, W/m2 900

Wind speed, m/s 5

3.2.1. DNI Disturbance

In the actual operation of the SPT plant, the solar radiation reaching the heliostat field
will change sharply due to the weather, thus causing a large fluctuation in the molten salt
outlet temperature of the receiver. The rapid change in temperature seriously affects its safe
operation. In order to improve the operational safety, the dynamic response characteristics
of the receiver under variable operating conditions were investigated, and a DNI step
disturbance simulation was carried out.

The receiver operated under the rated operating condition, and the first disturbance
was applied after 15 s, which makes the DNI step decreased by 30%, from 900 to 630 W/m2.
The other quantities remained constant, and the second disturbance was applied after
60 s and the DNI increased by 10% to 720 W/m2; the changes in the molten salt outlet
temperature and tube wall temperature are shown in Figure 7. When the temperature was
stable, the temperature of the tube wall decreased by 28.1 ◦C, and the molten salt outlet
temperature decreased by 25.3 ◦C; this shows that the tube wall temperature was more
susceptible to disturbance. The temperature response time was less than 10 s when the
disturbance occurs.
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3.2.2. The Flow Rate Disturbance

For the sake of keeping the molten salt outlet temperature constant, the flow rate of
the molten salt entering the receiver was adjusted in real time, according to the variation of
the solar radiation. Therefore, as the main regulation of the receiver, it is very important to
master the rule of the molten salt flow rate, which affects the temperature of the receiver.
Therefore, a step disturbance simulation of the molten salt flow rate was carried out.

The receiver operated under 100% operating conditions, and the molten salt flow rate
was reduced by 15% from 680 to 578 t/h at 15 s. After the disturbance, which lasted for
60 s, the flow rate increased by 5% to 612 t/h and kept constant until the temperature
was stable. The results of the flow rate disturbance are shown in Figure 8. It can be seen
that there was a negative correlation between the temperature and flow rate, because at a
constant input energy, the flow rate decreased, while the unit volume of the molten salt
absorbed more heat. Before the second disturbance was applied, the molten salt outlet
temperature reached 598.1 ◦C, which seriously overheated and affected the safe operation
of the receiver. The temperature was also less than 10 s to complete the response to the flow
rate disturbance.
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3.2.3. Inlet Temperature Disturbance

Salt tanks are equipped in large-scale SPT plants to ensure continuous operation.
However, a large volume salt tank results in the uneven distribution of the molten salt
temperature. The molten salt inlet temperature is difficult to maintain at a constant value.
Therefore, it is necessary to study the dynamic characteristics of the receiver by a step
disturbance simulation of the molten salt inlet temperature.

The molten salt inlet temperature increased from 290 to 320 ◦C at 15 s and then
decreases to 300 ◦C at 150 s. The results of the disturbance test are shown in Figure 9. It
can be seen from the diagram that the response of the molten salt outlet temperature to
the step disturbance of the molten salt inlet temperature was obviously delayed, and the
temperature changed approximately 35 s after the first disturbance was applied. At the
end of the disturbance, the molten salt inlet temperature increased by 10 ◦C, while the
molten salt outlet temperature increased by 5.5 ◦C. It was obvious that the change in the
outlet temperature was less than the inlet temperature. In addition, the change in the wall
temperature was only 4.2 ◦C. This shows that the effect of the molten salt inlet temperature
on the molten salt outlet temperature was mainly reflected in the longer response time.
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The results of the step disturbance simulations show that the changes in the DNI,
molten salt mass flow rate and molten salt inlet temperature had different effects on the
molten salt outlet temperature and tube wall temperature. The variation in the DNI and
flow rate directly affected the molten salt outlet temperature and caused it to fluctuate
in a large range, while the influence of the molten salt inlet temperature was weaker.
The response time of the molten salt outlet temperature to the inlet temperature was
significantly longer, and the variation degree of the outlet temperature was less than the
fluctuation range of the inlet temperature. Therefore, the wide range of the changes in the
DNI should be closely watched, as well as the accurate control of the flow rate changes in
the process of operation. The long response time of the molten salt outlet temperature to
the inlet temperature should also be considered in the formulation of the control strategy.

4. Conclusions

In this paper, a heliostat field model and an external molten salt receiver model were
established, and a 50 MW integrated photothermal dynamic model was developed using
the design parameters of a practical SPT plant. The nonuniform and time-varying charac-
teristics of the surface energy flux of the receiver were studied by simulating the operation
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of an actual power plant on the vernal equinox day. The dynamic characteristics of the
molten salt receiver under different operating conditions were investigated using the step
disturbance simulations of the DNI, molten salt flow rate and molten salt inlet temperature.
The obtained results are helpful for the safe operation, as well as the formulation of a
control strategy, of an SPT plant. The conclusions are as follows:

(1) There was a strong positive correlation between the overall change trend in the
nonuniform energy flux density on the surface of the external receiver and the change
in the DNI. From 12:00 to 18:00, the maximum energy flux density on the surface of
the tube panel moved from the first panel on the west side gradually to the fourth,
and the energy flux density of the last four panels decreased in sequence.

(2) The energy flux distribution on a single tube panel was high in the middle and low at
the inlet and outlet. In addition, the temperature distribution on the tube wall was
basically consistent with the energy flux distribution along the axial direction, which
increased first and then decreases. The temperature difference between the inner and
outer walls of the first tube panel was the largest, and the molten salt temperature of
the eighth panel was the highest.

(3) The step disturbances in the DNI and molten salt flow rate had a more direct influence
on the change in the molten salt outlet temperature and tube wall temperature than
that of the molten salt inlet temperature disturbance. However, the response time of
the molten salt inlet temperature disturbance was longer than that of the former two.
Therefore, DNI monitoring and accurate control of the molten salt flow rate should
be paid more attention during the operation of an SPT plant. At the same time, the
influence of the long response time characteristics of the molten salt inlet temperature
on the formulation of the control strategy should be considered.
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Nomenclature

a thermal diffusivity, m2/s
A solar collecting area, m2

C specific heat capacity, kJ/(kg·k)
d inner diameter of the receiver, m
fD friction coefficient
Gr Grashof number
h heat transfer coefficient, kW/m2·K
Hr height of the receiver, m
Hor installation height, m
M mass, kg
Nu Nusselt number
Pr Prandtl number calculated based on the fluid temperature
Q heat, kW
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R radius of the heat receiver, m
Re Reynolds number
t temperature, ◦C
∆t temperature difference between the air and tube wall, K
T_m tube wall temperature, K
T_ous molten salt outlet temperature, K
u velocity, m/s
V volume, m3

G mass flow rate, kg/s
αv expansion coefficient of air, K−1
→
β direction vector
γ azimuth of the heliostat, rad
ε emissivity
θ sun incidence angle, rad
θazi azimuth angle of the rotating shaft, rad
θalt pitching angle of the rotating shaft, rad
λ thermal conductivity, kW/m·K
µ dynamic viscosity, N·s/m2

υ kinematic viscosity, m2/s
ρ density, kg/m3

σb Stefan–Boltzmann constant
τ time, s
ϕ energy flux density, kW/m2

a air
abs energy absorbed
amb ambient
fc forced convection
g ground coordinate system
h heliostat coordinate system
in inlet/incident
lc convective heat loss
lr radiative heat loss
m metal tube wall
nc natural convection
nor normal
ou outlet
r receiver coordinate system
ref reflected ray
s molten salt
DNI direct normal irradiation
SPT solar power tower
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