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ABSTRACT

The non-uniformity of temperature distribution and thermal stress distribution in the on-site high-temperature molten salt receiver is
frequently reflected in the receiver’s unstable operating circumstances. As a result, the focus of this research is on the transient thermal per-
formance of the receiver in non-steady-state situations. An in-house software was used to estimate the transient temperature distribution of a
lab-scale receiver using a three-dimensional transient model built for the receiver’s thermal performance calculation. The transient thermal
performance of a lab-scale receiver was studied under some variable operating conditions, such as the startup process, varying mass flow
rate, varying radiation flux, and varying ambient wind speed, using a combination of numerical prediction and variable-condition experi-
ment on a lab-scale receiver. When the working environment changed, the temperature distribution of the receiver took around 12 s to
return to a stable condition. In addition, when the working environment changed, the transient temperature fluctuations of the receiver were
given and evaluated in depth in this study.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0085499

I. INTRODUCTION

The high-temperature molten salt receiver is a critical component
of the tower concentrated solar power (CSP) plant since it absorbs the
heliostat field’s converged sunlight by the molten salt flowing within
the receiver.1,2 The surface of the receiver is frequently covered by very
unequal radiant heat flux, resulting in an uneven distribution of the
receiver’s surface temperature, posing a challenge to the receiver’s safe
functioning. As a result, the thermal performance of the receiver must
be investigated, and the temperature change of the molten salt must
also be studied because it is directly connected to the CSP station’s
power output.3,4

Much research had been conducted on the thermal performance
of the solar center solar receiver.5–11 Zhang et al.12 built a test system
for an indoor cavity molten salt receiver and studied the effects of input
power and mass flow rate of the molten salt on the receiver’s tempera-
ture distribution, respectively. When the input power changes sharply,
the maximum deviation between the experiment and the numerical
value of the molten salt outlet temperature calculated was 66.32 �C, and
the maximum relative error was 14.69%. A lab-scale receiver system
was built by Zhou et al.,13,14 and its thermal performance was studied
by using experimental measurement and mathematical models.

The results showed that the results obtained by simulation were consis-
tent with the experimental results. Li et al.15 exploited the global
steady-state models suitable for evaluating the thermal performance of
cavity-type molten salt receivers and focused on the changes in the effi-
ciency of the receiver under different factors, including the surface area
of the receiver, the emissivity and reflectivity of the tube, the angle coef-
ficient, and the number and size of tubes in the panel of the receiver.

The above literature mainly focuses on the steady-state or quasi-
steady-state of the receiver, but they are also useful for unsteady
research on the receiver. The receiver’s preheating process is a typical
transient process, which is the pre-processing of the normal operation
of the CSP plants. Li et al.16 combined the methods of experiment and
simulation to introduce the preheating process of the lab-scale receiver
in detail. The preheating test of the lab-scale receiver under the con-
stant heat flux density and the dynamic change heat flux density was
carried out. In addition, they also conducted a preheating test of the
receiver in a low-temperature environment and evaluated the effect of
the ambient temperature on the receiver’s preheating process.
Fern�andez-Torrijos et al.17,18 used a molten salt loop heated by the
induction heater to simulate the solar tower receiver’s tubes and devel-
oped a transient numerical model to predict the temperature
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distribution and the thermal stress distribution of the loop, and finally,
a good coincidence between the experimental and calculated results
was observed.

During the operation of the CSP station, the working environ-
ment of the receiver is prone to change, especially when the working
conditions, such as salt charging, start and stop, and direct normal
irradiance (DNI) change, and cloud cover occurs. When the working
environment of the receiver changes, the transient thermal perfor-
mance of the receiver needs to be simulated and calculated.19–22 Shen
et al.23 experimentally investigated a molten salt tubular receiver’s
transient heat transfer performance when its operating condition var-
ied, and they found that the convective heat transfer of the molten salt
varied and the dimensionless temperature evolution drastically
changed when the flow velocity was changed. In addition, the Nusselt
number of the molten salt flow is fitted with the Sieder–Tate equation
at the beginning and end of the transient process. Xu et al.3,4 devel-
oped a set of 2D/three-dimensional (3D) transient models to calculate
the receiver’s transient thermal performance and found that the
receiver could reach stabilizing after 35 s being filled with the salt. In
addition, they also separately studied the transient thermal perfor-
mance of the receiver under various unsteady conditions, such as
startup phase, molten salt flow change, and thick cloud shelter, and all
obtained satisfactory results. Augsburger and Favrat24 modeled the
effect of the cloud cover on the receiver’s instantaneous incident flux
distribution and presented a technique for determining the receiver’s
flux distribution. Garc�ıa et al.25 investigated the dynamic performance
of the central receiver under a novel targeting method for short-term
cloud cover, which was combined with the DNI interference model.
Because of the quickness of the DNI transient process, the results dem-
onstrated that the basic closed-loop control may be applied to the
steady-state operation, but it would result in unwanted overshoot and
a greater heating rate. They discovered that instead of closed-loop con-
trol, a PI controller could successfully overcome the dynamic DNI
changes produced by the cloud movement and assure the solar central
receiver’s safe functioning.

According to the above literature review, factors that frequently
affect receivers in the process of an unsteady state include the start and

stop of the receiver, cloud cover, and wind speed changes. Therefore,
methods for rapidly obtaining state performance changes of the
receiver in the unsteady state are urgently needed. The transient
temperature change of a lab-scale receiver in an unstable condition
was investigated in this paper. This study proposes a novel calcula-
tion method for the receiver’s unsteady thermal performance that
completely incorporates the radiation heat transfer between the
receiver’s tubes as well as the boundary conditions of heat radia-
tion and heat convection at the boundary. Furthermore, the math-
ematical findings and experimental data have been validated,
which has important implications for the research of the receiver’s
unstable thermal performance. Finally, when the mass flow rate,
direct normal irradiance (DNI), and wind speed varied, the tran-
sient temperature variations of the lab-scale receiver were
described and discussed. The necessary data and calculation pro-
gram were nonetheless of major importance to the safe operation
of the on-site receiver, despite the fact that the study in this paper
was done on a lab-scale receiver.

II. MATHEMATIC MODEL
A. Introduction of the lab-scale receiver

To study the transient thermal performance of the receiver, a
laboratory-scale external molten salt receiver is built, as shown in
Fig. 1(a). The receiver contains 18 Inconel 625 tubes, whose size is
U21� 1.2mm, and every three tubes form a panel, a total of six pan-
els. The mass flow of 2.3 kg/s molten salt flows back and forth in these
tubes six times and leaves the receiver. The section in the red rectangu-
lar frame in Fig. 1(a) is irradiated, and the other area is wrapped in
thermal insulation cotton. The lab-scale receiver’s light source is com-
posed of 15 xenon lamps with adjustable power, and each xenon
lamp’s electric power could be adjusted in the range of 2–10 kW. Each
xenon lamp can rotate in the horizontal and vertical planes by control-
ling its two axes. After adjustment, an uneven heat flux density distri-
bution is obtained, and a hot spot is formed in the upper right corner,
as shown in Fig. 1(b). This heat flux setting enables us to have a better
understanding of the thermal performance of the receiver.

FIG. 1. The appearance of the lab-scale receiver and the flux map on the receiver.
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B. Transient model

When the heat-absorbing tube is in use, the surface coating col-
lects sunlight and distributes it by heat conduction to the pipe.
Because the xenon lamps irradiate the front side of the receiver’s tube,
exposing the surface to a high heat flux density, and the backside of
the tube is next to the thermal insulation layer, the backside of the
receiver’s tube can be considered adiabatic. Furthermore, molten salt
scours the inside wall of the heat absorption tube at the same time as
natural and forced convection to influence the surface of the outer
tube wall. Furthermore, the high-temperature outer tube wall emits
heat into the environment. The receiver’s transient temperature distri-
bution must first be discretized before it can be calculated. The tube is
split into NR¼ 8 pieces in the radial direction, which were numbered
as 1, 2, …,m, …, NR from the inside to the outside, as shown in Fig. 2.
Because the heat absorption tube’s temperature distribution is sym-
metrical along the input light direction, only half of the tube has to be
addressed for modeling. As a result, the halfpipe was evenly divided
intoNC¼ 60 grids around the circumference, with the grids beginning
at the back of the tube being numbered 1, 2, …, n, …, NC.

Similarly, each tube was divided into NZ¼ 61 grids along the
axial direction. Because the lab-scale receiver has six panels, the molten
salt needs to pass 6 � NZ grids from entering the receiver to leaving
the receiver. In order to facilitate analysis, the axial grid of the tube
was numbered as 1, 2, …, k, …6NZ along with the flow of molten salt.
Therefore, the [(j � 1) � NZþ 1]th grid was the inlet of each tube,
and the (j � NZ)th grid is the outlet of each tube, where j is the panel
serial number with a value of 1–6. After division, any grid on the heat
absorption tube can be represented by the coordinates (m,n,k), and the
temperature of any grid can be represented by T(m,n,k), as shown
in Fig. 2.

The grids that are not on the boundary will be impacted by the six
grids around them on the tube, and there will be two heat fluxes in each
direction, as illustrated in Fig. 2(b). The energy transported from the six
networks will be received by the central grid. The aggregate of these
energy transfers equals the rise or reduction of the volume’s thermal

energy in grid time Ds, according to the law of conservation of energy.
The following equation may be derived from this connection:

Ur;þ þ Ur;� þ Uh;þ þ Uh;� þ UZ;þ þ UZ;� ¼ qcpDV
DT
Ds

: (1)

According to the knowledge of heat transfer, heat flow U could be
regarded as the current, which could be calculated by the ratio of the
temperature difference and thermal resistance, so the calculation of heat
flow could be written as Eq. (2), where R is the thermal resistance,

U ¼ 1
R

DT: (2)

The circumferential and axial thermal resistance of the heat-
absorbing tube is easier to calculate and could be expressed directly as
d=k, where d is the distance between the grids, m, and k [W/(m K)] is
the thermal conductivity. For the convenience of expression, we use K
to represent the pre-coefficient of temperature difference, equal to 1/R,
which is also considered the heat conductance, so the circumferential
pre-coefficient and the axial pre-coefficient are obtained as shown in
Eqs. (3) and (4), respectively.

Kh� ¼ Khþ ¼
kDrDZ
rDh

; (3)

KZ� ¼ KZþ ¼
krDrDh

DZ
: (4)

Since the surface area of the two adjacent elements in the radial
direction is different, the radial thermal resistance calculation method
is different from the calculation method of the circumferential and
axial thermal resistance. The heat transfer between the radial adjacent
elements could be simply thought of as one-dimensional radial heat
conduction. According to the knowledge of heat transfer, the radial
heat conduction and thermal resistance R (m2 K/W) could be calcu-
lated by R ¼ DS � rin � ln ðrout=rinÞ=k.26 It could be seen that the radial
heat conduction and thermal resistance are related to the radius of the
grid. The radial pre-coefficients of the internal and external are shown

FIG. 2. Discretization of the tube and
the inflow heat flow of the control
volume.
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in Eqs. (5) and (6), and similar methods were also used in the work of
Fern�andez-Torrijos et al.,18

Kr� ¼
kDhDZ

ln
r

r � Dr

� � ; (5)

Krþ ¼
kDhDZ

ln
r þ Dr

r

� � : (6)

Therefore, the governing numerical difference equation of the
tube wall temperature could be obtained by Eqs. (1)–(6), as shown in
Eq. (7), where i represents the time series. To facilitate programming,
Eq. (7) was converted to an explicit difference format, as shown in Eq.
(8), where a is the thermal diffusivity of the tube,

kDhDZ

ln
r

r � Dr

� � Ti
m�1;n;k � Ti

m;n;k

� �

þ kDhDZ

ln
r þ Dr

r

� � Ti
mþ1;n;k � Ti

m;n;k

� �

þ kDrDZ
rDh

Ti
m;nþ1;k þ Ti

m;n�1;k � 2Ti
m;n;k

� �
þ krDrDh

DZ
Ti
m;n;kþ1 þ Ti

m;n;k�1 � 2Ti
m;n;k

� �
¼ cpqrDrDhDZ

Ds
Tiþ1
m;n;k � Ti

m;n;k

� �
; (7)

Tiþ1
m;n;k ¼

aDs

rDr ln
r

r � Dr

� � Ti
m�1;n;k � Ti

m;n;k

� �

þ aDs

rDr ln
r þ Dr

r

� � Ti
mþ1;n;k � Ti

m;n;k

� �

þ aDs

rDhð Þ2
Ti
m;nþ1;k þ Ti

m;n�1;k � 2Ti
m;n;k

� �

þ aDs

DZð Þ2
Ti
m;n;kþ1 þ Ti

m;n;k�1 � 2Ti
m;n;k

� �
þ Ti

m;n;k: (8)

However, Eq. (8) was only applicable to calculate the grid located
not at the boundary, and it is not the same for the grid at the boundary
of the tubes. Moreover, the grid’s environment at the boundary is not
the same, and it needs to be discussed one by one.

1. Import and export of heat absorption tube

The grid located at the entrance and exit of the tube had only one
adjacent grid in the axial direction. In order to apply Eq. (8), it just
needs to image a grid with the same temperature, that is, to set the
incoming heat flow in the axial direction to 0.

2. The start and end of the circumferential direction

The tube was assumed to be symmetrical along the incident light
direction to speed up the calculation, and only half of it was estimated
throughout the calculation, leaving the circumferential direction open.

Imagine a single grid with the same temperature at the beginning and
end of the circumferential direction, much as the grids at the tube’s
intake and exit.

3. The outer wall surface of the tube

When the pipes’ outer wall receives the heat flow projected by
the heliostat field, it also loses heat to the enclosures by thermal con-
vection and radiation. Therefore, the grid located on the tubes’ outer
wall needs to be treated separately.

The lab-scale receiver’s heat flux cast from the xenon lamps has
been measured using the infrared camera and heat flow meter, as shown
in Fig. 1(b). First, thermal analysis is performed on the outermost unit of
the heat tubes, as shown in Fig. 3, where the environment is set as an
imaginary surface. For ith unit, while absorbing the incoming radiation
energy J, including the projected energy of the xenon lamp and the radi-
ation energy of the surrounding units, it will also lose the energy qloss,
mainly including radiation loss and convective heat loss, as shown in
Fig. 3(b). In the Zth short cylinder (Z is the number of the short cylin-
ders divided by the tube along the axial direction), since the entire red
line area in Fig. 3(b) can be regarded as a closed enclosure with input
radiant heat flux from the xenon lamps, the net heat flux method, Eq.
(9), was suitable to calculate the net inflow radiative heat flux qiNR;n;k of
each unit according to its temperature.9,13,27 The left side of Eq. (9) is the
unknown quantity, and the right side is the known quantity. It is neces-
sary to assume the temperature of each element of the tubes, and then
the net inflow radiative heat flow of each element, namely, the heat
absorbed by the molten salt, can be calculated by the following equation:

m¼0; 1;…;Nþ1;

dm;0
e0
� 1

e0
�1

� �
Fm;0

� �
q0
r
þ
XN
j¼1

dm:j
ej
� 1

ej
�1

� �
Fm;j

" #
qj
r

� dm;Nþ1�Fm;Nþ1½ �T4
Nþ1¼ dm;0�Fm;0½ �T4

0

þ
XN
j¼1

dm;j�Fm;j
� 	

T4
j �

dm;Nþ1
eNþ1

� 1
eNþ1
�1

� �
Fm;Nþ1

� �
qNþ1

r

�Fm;0
q00h
r

1�eð Þ:

(9)

In Eq. (9), the subscript numbers Nþ 1 and 0 correspond to the
insulating wall and the environmental surface, respectively, T represents
the wall temperature of the unit, and F is the angle coefficient of the two
units. d stands for Kronecker delta, which is 1 when its subscripts are
equal, and 0 when they are not equal. r represents the Stefan–Boltzmann
constant and takes the value of 5:67� 10�8 Wm�2 K�4. The thermal
insulation wall behind the heat sink is considered to be thermally insu-
lated, qNþ1 ¼ 0. q00h is the projected radiant heat flow of the xenon lamp
outside the red closed area in Fig. 3(b). T0 is the ambient temperature,
about 20 �C.

The convection loss of the heat absorption tube could be divided
into two parts, one is natural convection loss, and the other is forced
convection loss. According to the knowledge of heat transfer, and the
natural convection heat transfer coefficient hn,air of each grid could be
calculated using Eq. (10), and the film temperature was selected as the
reference temperature of the air,

Nun;air ¼ 0:11 Gr � Prð Þ1=3m : (10)
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When there is wind in the natural environment, forced convection
loss will also appear on the surface of the receiver. This process could be
assumed to be the airflow around the tubes. The forced heat transfer
coefficient hf,air around the tubes could be obtained by Eq. (11), and the
film temperature was selected as the reference temperature of the air,

Nuf ;air ¼ 0:193Re0:618Pr1=3: (11)

The outer wall grid’s overall convective heat transfer coefficient
could be calculated using htotal ¼ ðH3:2

f ;air þ H3:2
n;airÞ

1=3:2.28

For the outermost grid, the heat flow for the grid to the environ-
ment will experience a section of thermal conductivity and a section of
convective heat transfer thermal resistance, so the pre-coefficient of
the temperature difference between the grid and the environment
could be expressed by Eq. (12), which was the reciprocal of the sum of
two series heat resistance, where ro was the outer radius of the tube, m,
and rNR was the center radius of the outermost grid (m¼ NR), m,

Kr;o ¼
DZ

1
kDh

ln
ro
rNR

� �
þ 1

Dhrohtotal

: (12)

Thus, the driving equation of the outermost grid was shown in
Eq. (13).

Tiþ1
NR;n;k¼

aDs

rNRDr ln
r

r�Dr

� � Ti
NR�1;n;k�Ti

NR;n;k

� �

þ Kr;oDs
cpqrNRDrDhDZ

Tamb�Ti
NR;n;k

� �

þ
qiNR;m;k
� �

net
roDs

qcprNRDr
þ aDs

rNRDhð Þ2

� Ti
NR;nþ1;kþTi

NR;n�1;k�2Ti
NR;n;k

� �
þ aDs

DZð Þ2
Ti
NR;n;kþ1þTi

NR;n;k�1�2Ti
NR;n;k

� �
þTi

NR;n;k: (13)

4. The inner wall surface of the tube

The tube’s inner wall is in contact with the flowing molten salt,
and the molten salt will take away a part of the heat flow from the

inner wall, which will increase the molten salt’s temperature. For the
convenience of calculation, it is assumed that the temperature of the
molten salt is evenly distributed, and the forced convection equation
of forced convection in a tube could be used to calculate the molten
salt’s convective heat transfer coefficient. Here, the more accurate
Gnielinski formula was used, and its applicable range is
Ref ¼ 2300 � 106;Prf ¼ 0:6 � 105, which is suitable for the heat
transfer of molten salt.29 The heat transfer coefficient formulas are
shown in the following equations, where ct is the correction coefficient
and f is the Darcy resistance coefficient:

Nuf ¼
f =8ð Þ Re� 1000ð ÞPrf

1þ 12:7
ffiffiffiffiffiffiffi
f =8

p
Prf � 1ð Þ

1þ d
l

� �2=3
" #

ct ; (14)

ct ¼
Prf
Prw

� �0:01

; (15)

f ¼ 1:82lgRef � 1:64ð Þ�2: (16)

After calculating the molten salt heat transfer coefficient, the pre-
coefficient K1,n,k of the temperature difference between the inner wall
surface’s grid and the molten salt could be obtained using the follow-
ing equations, where ri was the radius of the inner wall and r1 was the
center radius of the innermost grid (m¼ 1):

K1;n;k ¼
DZ

1
Dhrihi

þ 1
kDh

ln
r1
ri

� � : (17)

Thus, the control difference equation for the temperature of the
inner wall surface grid could be written, as shown in the following
equation:

Tiþ1
m;n;k ¼

K1;n;kDs
qcprDrDhDZ

Ti
salt;k;b � Ti

m;n;k

� �

þ aDs

rDr ln
r þ Dr

r

� � Ti
mþ1;n;k � Ti

m;n;k

� �

þ aDs

rDhð Þ2
Ti
m;nþ1;k þ Ti

m;n�1;k � 2Ti
m;n;k

� �

þ aDs

DZð Þ2
Ti
m;n;kþ1 þ Ti

m;n;k�1 � 2Ti
m;n;k

� �
þ Ti

m;n;k: (18)

FIG. 3. Thermal analysis of elements on the outer wall of the tubes: (a) front view and (b) cross section of tubes.
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It should be noted that some grids will have two kinds of bound-
aries, and in this scenario, the two types of boundary conditions need
to be used in combination.

C. Flowchart of the transient program

MATLAB 2017b was used to write a set of calculation routines for
the unsteady thermal performance of the receiver based on the governing
equations for the temperature of each grid developed in Sec. II B. Figure 4
depicts the program’s flow chart. After meshing and indexing the tubes,
the software estimated the angle coefficient between each grid, which was
then imported to calculate the net inflow radiant heat flux for each grid.
The outermost grid’s natural and forced convection coefficients were
then computed, and the pre-coefficient K of each temperature difference
could be determined. Then, using the governing equations, the tempera-
ture field distribution at each time was computed.

Because the governing equation was written in an explicit differ-
ence style, the value of the unit time (Ds) required particular attention.

The computation software might diverge if the grid time was too long.
The unit time taken in this computation procedure was 0.004 s after
testing. The software was declared stable when the temperature field of
the receiver stopped changing.

III. RESULTS AND DISCUSS
A. Xenon lamps turned on

Before functioning in the on-site CSP station, the receiver should
be warmed and then loaded with salt. This is due to the fact that the
molten salt temperature at the receiver’s input is usually around
290 �C, and the molten salt at this temperature may freeze and clog
the pipeline when it meets the cold wall. To prevent the receiver from
clogging, the entrance temperature of the molten salt at the inlet was
adjusted to 400 �C on the lab-scale receiver. At this temperature, the
molten salt could be charged straight into the lab-scale receiver with-
out the need for a plug. As a result, no preheating was done in the lab-
scale receiver experiment. The surface temperature of the receiver was
steady after the molten salt had been cycled for a period, and then turn
on the xenon lamp group for heating. Therefore, before the xenon
lamp was turned on, the wall temperature and salt temperature of the
receiver could be considered uniform, assuming 400 �C. Thus, the wall
temperature and salt temperature were both set to 400 �C when simu-
lating the lab-scale receiver at the initial moment.

The benchmark working conditions were molten salt flow 2.3 kg/s,
inlet temperature 400 �C, xenon lamp electric power 150 kW, and ambi-
ent wind speed 0 m/s. When the xenon lamp was turned on, the molten
salt temperature and the receiver’s outer wall temperature would
change. This stage is a transient heat exchange process.

The transient thermal performance calculation program was
employed to compute the transient temperature distribution of the
lab-scale receiver after turning on the xenon lamps, and the transient
thermal performance of the lab-scale receiver within 2min was
obtained. Figure 5 presents the maximum outer wall temperature
change and the temperature change of molten salt, where the abscissa
is time, and the ordinate is the molten salt’s flow length. The heated
length of each tube was 0.4 m, and the total flow length of molten salt
was 2.4 m. Figure 5(a) depicts the change of the pipes’ maximum outer
wall temperature within 2min. The maximum outer wall temperature
was the largest at a flow length of about 2.1 m, about 450 �C. This
place was related to the receiver’s heat flux distribution. There was a
large heat flux area in the upper half of the last panel of the receiver,
which directly led to the higher temperature of the tube at this posi-
tion. Figure 5(b) describes the temperature change of the molten salt
in the lab-scale receiver with its flow within 2min. The molten salt
temperature in the last panel was the highest, and the molten salt tem-
perature gradually increased along with its flow, and the molten salt’s
outlet temperature was 403 �C. It could also be found that the maxi-
mum outer wall temperature and salt temperature were both stable at
about 12 s from Fig. 5; that is to say, the temperature distribution of
the lab-scale receiver did not change after 12 s. This phenomenon can
also be found in Fig. 6. Figure 6 shows the curve of the maximum
outer wall temperature at some positions of the receiver over time,
where Z represented the flow length of the molten salt. From this
curve, it could be clearly seen that when the time reaches about 12 s,
the maximum outer wall temperature was no longer changing after
12 s. In addition, the average heating rate of the maximum outer wall
temperature at the fluid flow length of 1 m was 3.2 �C/s.

FIG. 4. The flow chart of the calculation program of the unsteady thermal perfor-
mance of the receiver.
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In addition, Fig. 7 draws the change curves of the molten salt
temperature and the maximum outer wall temperature with the flow
of molten salt after turning on the xenon lamps. The temperature of
the molten salt and outer wall changed rapidly between s ¼ 1–3 s, and
the molten salt temperature and maximum outer wall temperature no
longer varied after s ¼ 10 s. Figure 7 also compares the maximum
outer wall temperature when it was stable using the transient models
and the results obtained by the steady-state calculation program by
Zhou et al.14 It was clear that the maximum outer wall temperature
obtained by the two programs was basically the same, with a small
error. However, in comparing the salt temperature, the molten salt’s
temperature rise of the receiver obtained was 5.2 �C by the experimen-
tal measurement, while the temperature rise obtained by the unsteady
state calculation program was 3 �C, with a difference of 2.2 �C.

However, the molten salt’s temperature rise was not large enough due
to the low power of the xenon lamps, and the error of the K-type ther-
mocouple itself was significant, about 1.5K, which might cause such a
significant error. Therefore, the accuracy of the calculation program
for the receiver’s unsteady thermal performance was acceptable.

To explore the temperature difference between the inner and
outer walls of the tube, Fig. 7(c) shows the change of the temperature
difference between the inner and outer walls at grids perpendicular to
the projected light, whose azimuth angle was h¼ 0� and [see Fig. 2(b)].
Similarly, it could be seen that the temperature difference changed
rapidly between s ¼ 1–3 s, and the temperature difference b basically
no longer changed after 10 s. When it was stable, the maximum
temperature difference between the inner and outer walls was close
to 8 �C. The temperature difference was small and would not cause
sizeable thermal stress, and the main reason was the heat flux density
on the receiver’s surface was small.

B. Effect of the molten salt flow

1. The molten salt flow changed from 2.3 to 2.0 kg/s

To explore the effect of the molten salt flow rate on the wall’s
temperature and molten salt temperature, this section instantly
adjusted the flow rate from 2.3 to 2.0 kg/s based on the benchmark
conditions. After changing the salt flow rate, the transient thermal per-
formance of the receiver was calculated by modifying the molten salt
flow rate in the transient code.

Figures 8(a) and 8(b) shows the curves of the molten salt temper-
ature and the maximum outer wall temperature of the receiver along
with the molten salt flow at different times after the molten salt flow
was adjusted from 2.3 to 2.0 kg/s. It could be found that the maximum
outer wall temperature changed between s ¼ 60–65 s, and then the
temperature distribution became basically stable after s ¼ 65 s.
Compared with Sec. IIIA, the maximum outer wall temperature
changed smaller and stabilized faster. After the receiver was stabilized,
the molten salt temperature and the maximum outer wall temperature
were increased compared to the molten salt flow rate of 2.3 kg/s.

FIG. 5. The maximum outer wall temperature and molten salt temperature change of the receiver after turning the lamps. (a) The variation of maximum outer wall temperature
and (b) the temperature variation of the molten salt.

FIG. 6. The maximum outer wall temperature change curve at different positions of
the tube.
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This was due to the fact that the light load remained unchanged, mak-
ing the temperature rise of less molten salt became higher, causing the
pipe wall temperature to rise. Therefore, when the fluid flow rate
decreased, the wall temperature increased, and vice versa.

Figure 8(c) shows the curve of the temperature difference
between the inner and outer walls of the grids (h ¼ 0�) at different
times after the molten salt flow was adjusted from 2.3 to 2.0 kg/s. The
change of the temperature difference was extremely small and rela-
tively slow, so it would not produce sizeable thermal stress.

Figures 9(a) and 9(b), respectively, depicts the change curves of
the molten salt temperature and the maximum outer wall temperature
with time (60–120 s) at some locations on the lab-scale receiver when
the flow rate of the molten salt varied from 2.3 to 2.0 kg/s, for example,
the central section at the first tube (0.2 m), the central section of the
third tube (1 m), the central section of the fifth tube (1.8 m), and the
sixth tube central section (2.2 m). It could be seen that among the four
locations, the maximum outer wall temperature at Z¼ 1 m was the
largest, which was begotten by the uneven heat flux distribution. This
phenomenon was absent in the molten salt temperature curve, and the
molten salt temperature rose gradually with its flow. In addition, when
the flow rate of the molten salt changed from 2.3 to 2.0 kg/s, the time
for the receiver to stabilize was about 8 s, and the temperature distribu-
tion of the receiver became stable again after 8 s. Compared with the
time when the xenon lamp was just turned on, this reaction was more
rapid, mainly because the temperature change at this stage was

smaller. After calculation, the heating rate of the maximum outer wall
temperature at a flow length of 1 m of the molten salt was 0.47 �C/s
from the molten salt flow rate changing to the temperature of the
receiver reaching stable again, and the heating rate of corresponding
molten salt was 0.02 �C/s. In addition, the average heating rate of the
maximum outer wall temperature at the salt flow length of 2.2 m was
0.45 �C/s, and the average heating rate of the molten salt here was
0.05 �C/s. It could be found that the change of the wall temperature of
the receiver had a more significant relationship with the heat flow dis-
tribution, and the molten salt temperature evolution had a closer rela-
tionship with the flow length of the molten salt.

2. Continuous change of the molten salt flow rate

The flow rate of the molten salt was adjusted to 1.8, 1.6, and
1.4 kg/s, in turn, after the molten salt flow rate was adjusted to 2.0 kg/s,
and this setting corresponded to the variable working condition exper-
iment by Zhou et al.14 The changing curves of the molten salt temper-
ature and maximum outer wall temperature at some specific positions
of the receiver when the flow rate of the receiver changed from 2.3 to
1.4 kg/s continuously are presented in Fig. 10. The selected positions
were the same as those in Sec. IIIA, and it was also true for the subse-
quent results. From Figs. 10(a) and 10(b), it can be found that the
maximum outer wall temperature of the tube and the molten salt tem-
perature gradually increased with the molten salt flow rate varying,

FIG. 7. The change curves of the maximum outer wall temperature and molten salt temperature of the lab-scale receiver after the xenon lamps were turned on (a) the maxi-
mum outer wall temperature and (b) the molten salt temperature. (c) The temperature difference between inner and outer wall at h ¼ 0�.

FIG. 8. The maximum outer wall temperature, salt temperature, and temperature difference change of the lab-scale heat receiver when the molten salt flow was changed from
2.3 to 2.0 kg/s (a) the maximum outer wall temperature (b) the molten salt temperature. (c) Temperature difference between inner and outer wall at h ¼ 0�.
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and the receiver reached a new stable level after about 8 s once the
molten salt flow rate changed. After calculation, the change values of
the molten salt outlet temperature when the molten salt flow changes
sequentially were, respectively, 403.41, 403.78, 404.23, and 404.81 �C,
and the maximum outer wall temperature at the molten salt flow
length of 1 m were 441.79, 444.93, 448.78, and 453.69 �C, respectively.
Figure 11 shows the comparison of the experimental and simulation
results based on a variable molten salt flow rate, wherein the experi-
mental data are the temperature difference of the molten salt tempera-
ture between the inlet and outlet of the receiver. It can be found that
the molten salt outlet temperature and the molten salt flow rate had a
linear relationship and the experimental and simulated data have simi-
lar trends and good consistency, and the specific deviation is and the
specific deviation is caused by the deviation of the measurement. The
temperature difference Dt between the inlet and outlet of molten salt
in the receiver, also called the temperature rise of molten salt, can be
calculated by Eq. (19), where Qsalt is the mass flow of molten salt, c is
the specific heat capacity, g is the average heat absorption rate of the

receiver, U is the energy projected by the xenon lamp onto the
receiver, Qc,loss is the total convective heat transfer loss, and Qr,loss is
the energy loss through radiation. When the flow rate changes, the
right-hand side of Eq. (18) decreases slightly and can be considered to
be constant, so the temperature rise of the molten salt and the flow
rate of the molten salt are approximately inversely proportional,
namely, Dt / 1

qmass
. Both experimental and simulated values were

curve-fitted using this relationship, and the results are shown in
Fig. 11. It can be found that the temperature rise of the molten salt and
the flow of the molten salt in the experimental and simulated results
are inversely proportional functions, and the goodness of fit of the
experimental results was 0.932, while the goodness of fit of the simula-
tion results was 0.998. It can be seen that the difference between the
experimental and simulation results was basically between 2 and 3 �C.
The coefficients of the fitting curve equation are different, which
means that the heat absorbed by the molten salt calculated by the sim-
ulation was lower than the actual absorbed energy, which is mainly
caused by the overestimation of the convection heat loss. This is

FIG. 9. When the molten salt flow rate is changed from 2.3 to 2.0 kg/s, the temperature of the molten salt in the receiver changes (a) the maximum outer wall temperature and
(b) the molten salt temperature.

FIG. 10. The maximum outer wall temperature and the molten salt change in some positions when the molten salt flow rate changes from 2.3, 2.0, 1.8, 1.6, 1.4 kg/s in
sequence: (a) the maximum outer wall temperature and (b) the molten salt temperature.
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because the projection energy provided by the xenon lamp was small,
and when calculating the energy loss, the little error caused by the
selected calculation formula would have an excessive impact on the
result, but it would not occur in the calculation of the on-site receiver,

Qsalt � c � Dt ¼ g � Uinput � Qc;loss � Qr;loss: (19)

C. Effect of the xenon lamp power

1. The xenon lamp power changes from 100% to 80%

To explore the heat flux distribution’s effect on the receiver’s
temperature distribution of the tube wall and the molten salt, the
xenon lamp’s electric power was adjusted during the experiment to
modify the receiver surface’s heat flux distribution. This section stud-
ied changes in the receiver’s temperature distribution when the xenon
lamps group’s electric power varied from 100% to 80%. Through mea-
surement, when the electric power rate of the xenon lamp group
dropped from 100% to 80%, the heat flux it produced became 85.18%
of the original. The new heat flux distribution obtained was imported
into the receiver’s transient thermal performance calculation program

to predict the change in the receiver’s thermal performance at this
stage.

Figures 12(a) and 12(b) show the curves of the molten salt tem-
perature and the maximum outer wall temperature at different times
after the xenon lamps’ electric power rate dropped from 100% to 80%.
It could be seen that the maximum outer wall temperature of the
receiver varied between s¼ 60–65 s, and the temperature was basically
stable after 65 s. After it was stabilized, the molten salt temperature
and maximum outer wall temperature were lower than when the
xenon lamps had 100% electric power because the smaller heat flux
density could make the molten salt’s outlet temperature rise lower
when the molten salt flow rate was constant, which caused the pipes’
wall temperature to drop.

Figure 12(c) shows the curve of the temperature difference
between the inner and outer walls at different times when the xenon
lamps’ electric power rate was adjusted from 100% to 80%. When the
electric power of the xenon lamp dropped, the temperature difference
became smaller, and the temperature difference changed rapidly
between 60 and 61 s, and the temperature changed slowly between 61
and 65 s. It could be found that after the receiver was stabilized, the
temperature difference became smaller than before. Therefore, when
the heat flux density became smaller, the temperature difference
between the inner and outer walls of the receiver became smaller,
thereby reducing the thermal stress.

Figures 13(a) and 13(b), respectively, depict the molten salt tem-
perature and maximum outer wall temperature at some positions after
the xenon lamp electric power rate was adjusted from 100% to 80%
over time (60–120 s). It could be seen that when the xenon lamps’ elec-
tric power was modified from 100% to 80%, the time for the receiver to
stabilize was about 7 s, which was slightly faster than that when the flow
rate of molten salt was changed. After calculation, the maximum tem-
perature drop rate of the outer wall at the section of the molten salt flow
length of 1 m was 0.88 �C/s, whereas the temperature drop rate of the
molten salt was 0.03 �C/s. Besides, the average cooling rate of the maxi-
mum outer wall temperature at a flow length of 2.2 m was 0.85 �C/s,
whereas the average cooling rate of molten salt was 0.07 �C/s.

2. The electric power of the xenon lamp group
changes continuously

After the electric power rate of the xenon lamps was adjusted to
80%, the electric power was adjusted to 60%, 40%, and 20% in turn.

FIG. 11. The relationship between molten salt flow rate and molten salt temperature
rise.

FIG. 12. The maximum outer wall temperature, molten salt temperature, and temperature difference change after the electric power of the xenon lamps were adjusted from
100% to 80%: (a) the maximum outer wall temperature and (b) the molten salt temperature. (c) Temperature difference between inner and outer wall at h ¼ 0�.
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The heat flux density corresponding to 20%, 40%, and 60% electric
power were 64.64%, 43.30%, and 23.37% of the heat flux density corre-
sponding to 100% electric power. Figures 14(a) and 14(b), respectively,
show the change curves of the molten salt temperature and maximum
outer wall temperature at some specific locations of the receiver when
the electric power of the xenon lamp changed from 100% to 20%.
From Figs. 14(a) and 14(b), it can be found that the molten salt tem-
perature and the maximum outer wall temperature were gradually
decreased when the electric power of the xenon lamps varied, and the
time for the receiver to stabilize again was about 7 s. After calculation,
when the electric power of the xenon lamp changed sequentially, the
molten salt outlet temperature was 402.47, 401.38, 400.25, and
399.58 �C, respectively, and the maximum outer wall temperature at a
flow length of 1 m was 431.79, 418.79, 405.35, and 397.32 �C, respec-
tively. When the xenon lamps’ electric power was set to 20%, the mol-
ten salt outlet temperature, and the tubes’ maximum outer wall
temperature were both lower than the molten salt inlet temperature
(400 �C), which meant that the heat loss was greater than the absorbed

energy of the receiver. In addition, the relationship between the molten
salt temperature rise and the heat flux density ratio is shown in Fig. 15.
It could be seen that the relationship between the two was approxi-
mately linear, which was also similar to the relationship diagram
obtained by Zhou et al.14 When the electric power of the xenon lamp
changed linearly, the energy projected on the surface of the receiver
changed approximately linearly. However, when the electric power of
the xenon lamp decreased, the surface temperature of the receiver did
not change much (not exceeding 30 �C), but the absorption rate and
heat loss were reduced, so finally the relationship between the temper-
ature rise of the molten salt and the xenon lamps electric power was
linear.

D. Effect of the wind velocity

1. Wind velocity changing from 0 to 2 m/s

To explore the impact of ambient wind speed on the tube wall
temperature and molten salt, this section instantly adjusted the wind

FIG. 13. The change of the molten salt temperature of the heat receiver after the electric power of the xenon lamp is adjusted from 100% to 80%: (a) the maximum outer wall
temperature and (b) the molten salt temperature.

FIG. 14. The change curve of the molten salt temperature of the heat receiver when the electric power of the xenon lamp group changes continuously: (a) the maximum outer
wall temperature (b) the molten salt temperature.
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speed from 0 to 2 m/s. Then, the calculation program was applied to
compute the lab-scale receiver’s transient thermal performance after
the wind speed was changed.

Figures 16(a) and 16(b) show the curve of the molten salt tem-
perature and maximum outer wall temperature at different times
when the wind velocity varies from 0 to 2 m/s. The maximum outer
wall temperature varied between s ¼ 60–65 s, and the temperature
reached basically stable after 65 s. After the receiver was stabilized, the
molten salt temperature and maximum outer wall temperature were
reduced compared to the benchmark condition results. The energy
lost by the receiver would increase when there was wind speed, which
led to a decrease in the heat absorbed by the molten salt.

Figure 16(c) shows the curve of the temperature difference
between the inner and outer walls of the tube at h ¼ 0� at different
times after the ambient wind velocity varies from 0 to 2 m/s. It could
be seen that the temperature difference became smaller after the wind

velocity became 2 m/s, and the change was faster between 60 and 61 s,
but the temperature changed slowly between 61 and 65 s. After the
receiver was stabilized, it could be seen that the temperature difference
became smaller than the benchmark’s result. Therefore, the tubes’
temperature difference would become smaller when the ambient wind
velocity increased.

Figures 17(a) and 17(b), respectively, show the molten salt tem-
perature and the maximum outer wall temperature at some locations
on the lab-scale receiver with time (60–120 s) after the ambient wind
velocity changed from 0 to 2 m/s. It could be seen that the time for the
receiver to stabilize was about 9 s once the ambient velocity varied.
The maximum outer wall temperature at Z¼ 1 m was 0.44 �C/s when
the wind velocity varied from 0 to 2 m/s, where the cooling rate of the
molten salt was 0.05 �C/s. In contrast, the average cooling rate of the
maximum outer wall temperature at Z¼ 2.2 m was 0.49 �C/s, whereas
the average cooling rate of molten salt was 0.11 �C/s.

2. Continuous changes in ambient wind speed

In order to study the effect of the wind velocity on the transient
performance of the solar receiver, the ambient wind speed was
adjusted to 4, 6, 8, and 10 m/s in turn. This setting corresponded to
the variable working condition experiment in Zhou et al.14 Figure 18,
respectively, show the changes in the molten salt temperature and
maximum outer wall temperature at some specific locations when the
ambient wind speed changed from 0 to 10 m/s. From Figs. 18(a) and
18(b), it can be found that as the ambient wind velocity changed, the
molten salt temperature and the tubes’ maximum outer wall tempera-
ture were gradually decreasing. The time for the receiver to stabilize
was about 9 s when the ambient wind speed varied. When the ambient
wind velocity changed sequentially, the molten salt outlet temperature
was 401.87, 401.10, 400.49, 400, 399.47 �C, respectively, and the maxi-
mum outer wall temperature at a flow length of 1 m was 434.08,
431.36, 429.16, 427.24, and 425.52 �C, respectively. It could be found
that the molten salt outlet temperature and the maximum outer wall
temperature when the wind velocity was set to 10 m/s were both lower
than the molten salt inlet temperature (400 �C), that is to say, the heat
dissipated from the receiver was greater than the energy absorbed.

FIG. 15. The relationship between the temperature rise of the molten salt and the
ratio of the heat flux density.

FIG. 16. The maximum outer wall temperature, molten salt temperature, and temperature difference change when the wind speed changed from 0 to 2 m/s: (a) the maximum
wall temperature and (b) the molten salt temperature. (c) Temperature difference between inner and outer wall at h ¼ 0�.
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In addition, the relationship between the molten salt’s outlet tempera-
ture and the ambient wind speed is shown in Fig. 19. When the ambi-
ent wind speed changes, the natural convection loss, radiation loss,
and absorbed heat change are small, it can be assumed to remain
unchanged, so the total convection loss is mainly related to the
Reynolds number, Qc;loss / Re0:618, it can be considered that the tem-
perature difference Dt between the inlet and outlet molten salt and
u0:6181 have approximate linear relationship according to Eq. (19),
where u1 is the ambient wind speed. When this relationship was used
to fit the simulated results, a formulation of Dt ¼ 3:08� 0:85u0:6181
can be obtained, and the goodness of fit is 0.997, so the above assump-
tions can be considered reasonable.

IV. SUMMARY AND CONCLUSIONS

In this article, a collection of transient calculation programs was
created and then utilized to determine the transient thermal perfor-
mance of a lab-scale receiver under various situations. When the mol-
ten salt flow rate changed, the heat flux changed, and the ambient
wind speed changed, the lab-scale receiver’s transient thermal perfor-
mance was reviewed. The following were the major findings reached:

FIG. 17. The change curve of the molten salt temperature in the heat receiver with time when the wind speed changes from 0 to 2 m/s: (a) the maximum outer wall tempera-
ture and (b) the molten salt temperature.

FIG. 18. The temperature of the molten salt in the heat receiver changes with time when the ambient wind speed changes: (a) the maximum outer wall temperature and (b)
the molten salt temperature.

FIG. 19. The relationship between the temperature rise of the molten salt and the
ambient wind speed.
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(1) Under the benchmark condition, the molten salt temperature
and maximum outer wall temperature of the lab-scale receiver
were steady at about 12 s after turning on the xenon light. After
stabilization, the molten salt outlet temperature of the lab-scale
receiver was around 403 �C, and the molten salt outlet tempera-
ture rise was 3 �C, which was 2.2 �C higher than the experimen-
tal results. The maximum outer wall temperature development
curve was very near to the result generated by the steady-state
calculation software, demonstrating the calculation program’s
correctness for the receiver’s transient thermal performance.

(2) When the molten salt flow rate was changed from 2.3 to 2.0 kg/s,
the temperature distribution in the lab-scale receiver became
steady after about 8 s. When the molten salt flow rate was
reduced, the temperature of the molten salt at the receiver’s outlet
progressively increased. Furthermore, the molten salt tempera-
ture rise was discovered to have an inversely proportional func-
tion with the molten salt flow rate.

(3) The tube’s temperature distribution became stable again after
modifying the xenon lights’ electric output to vary the surface’s
heat flux distribution of the receiver. The molten salt exit tem-
perature steadily drops as the heat flow density decreases. The
receiver’s molten salt temperature rise exhibited a linear con-
nection with the receiver’s surface heat flux rate, according to
the research.

(4) When the ambient wind velocity changed, the temperature dis-
tribution of the lab-scale receiver became steady at around 9 s.
The molten salt outlet temperature of the receiver gradually fell
as the ambient wind speed rose. The molten salt temperature
rise was shown to have a relationship of Dt ¼ 3:08� 0:85u0:6181
with the ambient wind velocity.
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