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Impact of Weather Conditions
Variability on External Receivers
in Real-World Direct Steam
Generation Solar Power Tower
Plants
Solar power tower plants are promising to decarbonize electricity production, where solar
power is concentrated to heat the working heat transfer fluids effectively. However, due to
atmospheric effects and cloud cover, such power varies spatially and temporally during the
diurnal cycle. Therefore, estimating the net solar thermal power gained by receiver tubes in
terms of time and location is highly significant. This research set the foundation for devel-
oping the heat irradiance equation as a function of time on external receiver absorbing
tubes in the Ivanpah I plant using the SOLARPILOT tool. Furthermore, a modified Gaussian
distribution is derived for the incident heat flux over the tube circumference. Compared
to the proposed distribution, it is found that both the uniform and basic Gaussian distribu-
tions employed in former computational fluid dynamics simulations would result in about
57.1% overestimation of the total solar power received. Multisegment correlations are
also established for the temporal profile of axisymmetric heat flux on each side of the
receiver. A thorough thermodynamic analysis procedure is also developed and applied
under real-world weather conditions to exhibit the potential of the proposed scheme to
handle such complicated computations comprehensively and cost-effectively. Based on
the proposed procedure, an in-house MATLAB code is built to numerically predict the instan-
taneous heat losses from the north-facing evaporator panel tubes and their corresponding
steam productivity. The results reveal that the onset of nucleate boiling takes up to 2 h from
sunrise to reach, with 70% of the tube length required to start evaporation, which lasts to
the rest of the tube. However, superheating can be established once solar intensity is strong
enough around midday, occupying up to 12.9% of the tube length. The current research has
paved the way for future detailed computational fluid dynamics (CFD) investigations of
external solar power receivers and has significance in ensuring such systems’ reliability
and longevity. [DOI: 10.1115/1.4068836]

Keywords: solar power tower, external receiver, solar irradiance variability, SOLARPILOT,
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1 Introduction
Solar energy occupies the leading position among the current sus-

tainable energy resources because of its potential to attain environmen-
tal, economic, and safety targets [1]. Annual solar irradiance reaching
the earth’s surface is estimated at 4 quadrillion kWh [2], which goes
beyond the limit that power is needed by the population around the
world by more than a hundred times [3]. Even with the abundance
and availability of solar irradiance, there is a significant shortcoming
in utilizing such irradiance. The low and intermittent density of solar

energy due to scattering and attenuation through the atmosphere
and cloud events makes it less efficient. Thus, solar irradiance concen-
trators have emerged to exploit high solar thermal energy [4–6]. Con-
centrating solar thermal collectors are characterized by a high
concentration ratio, meaning that the collector has a much larger
surface area than the receiver integrated and can track the sun during
the daytime. Plants based on concentrating collectors are called con-
centrating solar power (CSP) plants. They represent a sophisticated
solution to obtain effective solar thermal energy systems, especially
in locations characterized by high solar irradiance [7].
Of all current CSPs available nowadays, solar power tower (SPT)

plants occupy the leading position in providing high thermody-
namic temperatures and efficiency [7,8]. Furthermore, they can be
installed in any location worldwide if the direct normal irradiance
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magnitude is enough to generate the thermal energy required to run
such plants [9]. Such plants consist of hundreds/thousands of
mirrors called “heliostats” arranged in circular arrays centered
around a solar receiver. The function of heliostats is to receive,
reflect, and concentrate the incident solar beam onto the receiver,
as shown in Fig. 1. They can supply high levels of concentrated
solar power ranging from 200 to 1000 kW/m2, which would lead
to delivering heat transfer fluid (HTF) with a high thermodynamic
temperature, hence, maximizing the plant efficiency.
On the other hand, the solar receiver is placed on the top of a

tower installed in the center of the SPT plant [10–12]. It is a heat
exchanger where the incoming solar thermal power from heliostats
is intercepted. Then, this thermal power is absorbed by an HTF that
flows inside the tubes through the absorbing tube walls. The thermal
power gained by the HTF is then used to run a Rankine cycle
turbine and generate electricity. From a geometry point of view,
solar receivers are classified into two categories: cavity and external
receivers. The two types of solar receivers have been employed in
solar power tower plants worldwide. Nevertheless, the external
receiver has several characteristics that outperform the cavity one,
including simplicity in configuration, transportation, and mainte-
nance [13], and about 25% less absorbing area required to harvest
the same thermal irradiance [13]. However, the literature shows
that external receivers have not been investigated as much as
cavity ones despite their above-mentioned merits [14]. In direct
steam generation (DSG) technology, water can vaporize directly
while flowing inside the receiver tubes. Thus, it has drawn high
attention due to the following advantages: less complex plant
design, higher thermodynamic temperature, higher thermal effi-
ciency, and reduction in initial cost [15–17].
Weather conditions have a direct impact on SPT receivers’ per-

formance. As the solar irradiance varies during the day, the heat
flux reflected by heliostats is variable accordingly. Such variation
directly impacts the operation and performance of SPT plants. For
instance, a significant part of the solar thermal power could be
blocked when cloud cover occurs. Consequently, the electric
power delivered to the grid decreases. This problem adversely
affects grid reliability, stability, and even operators, who are respon-
sible for balancing the demand and supply of electric power. Other
key weather conditions that simultaneously affect the SPT receiv-
er’s performance are the ambient temperature and wind speed var-
iations, which characterize thermal losses. Therefore, increasing
attention has been paid to investigating the thermal performance
of external receivers, considering the effect of wind speed and direc-
tion on radiative and convective heat losses. Rodríguez-Sánchez
et al. [18] investigated the hydrodynamical, thermal, and mechani-
cal impact of using molten salt in external tubular receivers of SPT
plants, taking into consideration the variation in tube wall tempera-
ture both in circumferential and axial directions. Thermal losses
from radiation were higher than those reported in the literature,
with lower receiver thermal efficiency. This finding has been attrib-
uted to the higher effective tube temperature than the mean wall
temperature of the tube rear on thermal radiation. However, the
results were based on an averaged value for the maximum heat
flux applied rather than considering a transient heat flux. In a
related context, various flow patterns of molten salt-cooled external
receivers used in solar power towers have been analyzed and simu-
lated by Rodríguez-Sánchez et al. [19], where both single and mul-
tiple flow patterns have been investigated under the assumption of
clear sky conditions. It was found that optimal performance can be
achieved with a receiver without a crossover only under high solar
flux, unlike one with a crossover, which can perform well even
under a lower rate of incident solar irradiance. It was also stated
that the orientation of HTF flow paths in the external receiver
plays a crucial role in improving its availability and reliability. Fur-
thermore, it was found that among the operating conditions affect-
ing the performance of SPT plants, the direct normal irradiance
(DNI) and the solar elevation directly impact the start-up and shut-
down operations. However, the authors have not considered the
transient state of DNI during the daytime, where a single DNI

value at the solar noon of the spring equinox has only been
adopted in their analysis. In addition, Liu et al. [20] proposed
novel tubes for molten salt solar receivers to alleviate the nonuni-
form heat distribution. They found that the temperature variations
in the circumference are lower compared to traditional solar receiver
tubes. In the numerical analysis presented by Crespi et al. [21], the
performance of a molten salt-cooled SPT plant utilizing thermal
energy storage systems has been investigated under solar irradiance
fluctuation due to cloud cover. The influence of different types of
clouds has been considered to identify the most efficient aiming
strategy to be more uniform in the distribution of heat flux on the
receiver surface. It was found that a total shadow results in the
worst operation conditions compared to a partial one due to
smaller clouds passing over the solar field. However, only three
hours (9:00, 12:00, and 15:00) have been considered for the analy-
sis in the spring equinox, summer, and winter solstice. A transient
model was developed by Cagnoli et al. [22] for computational
fluid dynamics (CFD) analysis of the impact of wind speed and
direction on the performance of the sodium-cooled external receiver
in the Jemalong Solar Thermal Station plant as a reference plant [23].
Such a transient CFD model is considered pioneering to simulate
the short-term heat fluctuation due to cloud cover and its influence
on receiver performance. Even though a detailed simulation has
been presented, the instantaneous effects due to temporal variation
in DNI magnitude have not been considered, where only specific
time intervals for clouds to pass over the solar field have been con-
sidered for the simulation. Qaisrani et al. [24] numerically analyzed
the thermal performance and efficiency of the water-cooled external
tubular receiver under different wind speeds and directions.
However, the analysis was carried out for only a maximum heat
flux of 425 kW/m2 applied at the center of the receiver tube
facing the north side. Four wind velocities (3, 6, 9, and 12 m/s)
and six wind directions have been tested. Results showed that exter-
nal receiver efficiency lies in the range of 71–77%, depending on
the wind velocity. A similar numerical analysis was also conducted
by Qaisrani et al. [13] to investigate the effect of wind speed and
direction on the thermal performance of external but rectangular
receivers. It was found that increasing wind velocity increases con-
vective heat losses regardless of its direction. They also found that
adding a blocking-wind wall on the receiver can reduce the convec-
tive heat losses, where for a wind velocity of 9 m/s that is normal to
the receiver’s face, the heat losses are reduced by 33% when a
1m-width block is used compared to 29% reduction when its
width is reduced to 0.75 m.
Another issue found in the literature based on CFD simulation is

how the incident radiation heat flux is distributed over the outer
surface of the HTF tube. Some researchers have considered a
uniform distribution over the tube perimeter [25]. In practice,
such approximation is, however, unfeasible due to the imbalance
between the thermal energy carried by solar radiation and that avail-
able to harvest as a solar beam normal to the tube wall. Another
approach has been adopted that follows a Gaussian distribution
for the incident solar heat flux [24–27], but with a peak value that
satisfies the overall solar power offered in the precedent approach
for uniform heat flux. Therefore, it also causes an overestimation
of the solar thermal power available to be gained from the HTF
tube. For instance, Maytorena and Hinojosa [25] numerically inves-
tigated the DSG in vertical tubes exposed to concentrated solar
power. The investigation based on the Gaussian distribution of inci-
dent heat flux indicates that either a decrease in mass flux by 44% or
an increase in heat flux applied by 40% increases steam production
by more than four times. In a related context, another CFD analysis
has been conducted by Maytorena et al. [28] to numerically
examine the effects of tube wall thickness and longitudinal rectan-
gular internal fins on the thermal performance of water-cooled
tubular receivers. It was found that placing longitudinal fins signif-
icantly reduces the tube surface temperature on the irradiated side
and enhances heat transfer to the water. The same authors have
further extended the last two pieces of research to investigate the
thermal and mechanical performance of solar receivers employing
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DSG technology in SPT plants [29]. The best performance was
found for a tube configuration with 3 mm thickness in the receiving
surface region and 5 mm thickness in the adiabatic surface region.
Hence, in such a configuration, the maximum temperature gradi-
ents, temperature, and maximum stresses could be decreased by
31%, 14%, and 38%, respectively.
As previously mentioned, SPT plants consist of numerous sun-

tracking mirrors called heliostats to concentrate and reflect the inci-
dent sun rays onto the receiver. Such optically complex technology
makes it too hard to optimize during the design stage or simulate
while operating for further development in the future. Therefore,
several tools have been developed to simulate the distribution of
concentrated sunrays incident on SPT receivers. For instance, a
recent software called the FLUXSPT tool has been developed by
Sánchez-González et al. [30] to characterize the heliostat field and
flux mapping on receiver absorbing tubes. It employs the
convolution-projection method, in which the solar flux distribution
is projected from the image plane onto the tubes of solar receiver
panels. However, the FLUXSPT tool cannot accommodate more
than one specific DNI measurement. Also, its application is
restricted to only cylindrical-shaped external receivers and for a
limited number of solar power tower plants: Shouhang Dunhuang
Phase I, Gemasolar Thermosolar, and Crescent Dunes [23].
Another similar tool is the open-source SOLARPILOT software [31]
developed by the National Renewable Energy Laboratory (NREL).
Unlike the FLUXSPT tool, SOLARPILOT can cover all characteristics
present in any SPT plant and return the required data. It can also
accommodate more than one specific DNI value at a time,
making it capable of predicting the transient heat flux distribution
over an SPT receiver during the daytime. This is why the SOLARPILOT

software has received increasing attention during the design and
operation of SPT plants. For example, the numerical analysis con-
ducted by Qaisrani et al. [24] determines the thermal efficiency
and performance of a water-cooled external tubular receiver under
different wind speeds and directions. It was found that the
maximum value of incident heat flux is located at the center of
the receiver side facing north. However, this research still needs
extension to consider the influence of the temporal variation of
heat flux during the diurnal cycle. The SOLARPILOT was also
employed to examine further the impact of the wind environment
on the thermal performance of an external rectangular receiver by
Qaisrani et al. [13]. However, only the receiver’s north side has
been considered, ignoring the influence of the remaining sides
(east, west, and south) on the receiver’s thermal performance. In
addition, considering that only a single DNI value for the analysis
is not enough to estimate the receiver’s performance, the analysis
should be extended to include several values of DNI during the
daytime. More recent studies have also employed the SOLARPILOT

software in a variety of relevant applications, such as the design
of a modular combined power SPT plant integrated into a gas
turbine cycle with a direct thermal storage system [32], structural

Fig. 1 A schematic representation of the solar tower and heliostats in the SPT plant

Fig. 2 Hourly averaged DNI measurements on June 21, 2015, at
the University of Nevada, Las Vegas, USA [36]

Fig. 3 The external rectangular receiver configuration in ISEGS
[38]
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evaluation of a molten salt-cooled SPT receiver operating at a high
temperature exceeding 700 °C [33], determination of suitable
regions for particle heating receiver SPT plants in the Middle
East and North Africa [34], optimization of using SPT in low-to-
medium-temperature heat processes for use in industrial applica-
tions [35].
Despite the performance and economic advantages of integrating

external receivers with DSG compared to cavity receivers and/or
molten salt-based plants, the literature reveals a lack of research
focusing on this promising combination. Moreover, the impact of
solar irradiance fluctuations and real atmospheric conditions on
steam generation in SPT plant receivers has not been investigated
yet. Above all, considering the large scale and complexity of SPT
plants, the available simulation methods for analyzing the perfor-
mance of SPT are either too complicated and expensive or
limited. Therefore, the current research is dedicated to bridging
such knowledge gaps by introducing a simplified yet sufficiently
comprehensive procedure to predict the net heat flux and daytime-
varying steam productivity of DSG external solar receivers under
real-world weather conditions. By doing so, electric power pro-
duced by the turbine-generator system can be easily computed
considering off-design factors (solar irradiance and weather fluctu-
ations), which, to the best of the authors’ knowledge, have not been
addressed before.

2 Mathematical Modeling
2.1 Problem Description. In this research, the Ivanpah Solar

Electric Generating System (ISEGS) CSP Project at Primm,
Nevada/California border, USA [23], was taken as a reference
plant for two reasons. First, this plant employs an external rectangu-
lar receiver module, which is the point of interest during the current
research. Second, it represents one of the most recent operational
SPT plants worldwide, operating since 2014. On the other hand,
the hourly averaged DNI surface measurements required for
research on a particular day of the year can be obtained from the
Measurement and Instrumentation Data Center (MIDC) [36] by
NREL. The NREL website [37] provides an extensive database of
meteorological information spanning various locations in the
United States, with remarkable precision. The summer solstice
day, June 21, 2015, is selected for the ongoing research, where
DNI measurements are obtained from an NREL station close to
the Ivanpah solar thermal power plant (48.6 miles), University of
Nevada, Las Vegas [36], as shown in Fig. 2. The geographical
data of the Ivanpah plant are latitude: 36.107 north, longitude:
115.1425 west, elevation: 615 m AMSL, and Universal Time Coor-
dinated (UTC-7).
The ISEGS plant consists of three units with a total capacity of

392-MW gross (377-MW net), where Ivanpah I produces
126 MW while Ivanpah II and III produce 133 MW each. The
heliostats field includes 173,500 mirrors, with 53,500 heliostats in
Ivanpah I and 60,000 heliostats in each of Ivanpah II and III, and
each heliostat has an aperture area of 15 m2. The tower height is
140 m for each unit. The current research only considers Ivanpah
I since all units share the same operational concepts and conditions,
except that Ivanpah II and III produce slightly higher power. The
solar receiver is a rectangular-shaped external receiver comprising

three sections: evaporator, superheater, and reheater, as shown in
Fig. 3 [38]. The receiver is characterized by a 23.8-m total height
and 256-m2 square base, and each side consists of eight panels,
with a 2-m width per panel. Further details regarding the tubes’
length and diameter of the three receiver sections are illustrated in
Table 1. It is worth mentioning that the current research is dedicated
to investigating the evaporator section only. The subcooled water
enters the evaporator section from the bottom through the main
headers and is then distributed evenly among the evaporator
tubes. Then, it leaves the evaporator section either as subcooled
water, saturated steam, or superheated steam, depending on how
intense the solar irradiance is during the daytime.

2.2 Assumptions. Several considerations have been adopted
to reduce the complexity of the current problem as follows:

(1) Instantaneous DNI incident is the same for the whole helio-
stat field.

(2) The water flowrate is distributed evenly among each receiver
section.

(3) For the evaporator section, only one absorbing tube from
each side is considered for computational analysis due to
the similarity in flow configuration between the tubes of
each section.

(4) One remedy to reduce the problem size is to follow an axi-
symmetric approximation for the transport phenomena
involved. This demands a uniform heat flux applied all
over the perimeter of the HTF tube under consideration.
However, the rear half of the HTF tube is thermally insulated,
while the front one is not evenly heated, as shown in Fig. 4.

Table 1 The length, diameter, and number of panels for the three receiver sections

Receiver section

Tube

No. panels Tubes/panelLength (m) Diameter (mm)

Evaporator 10.4 25.4 32 70
Superheater 8.5 19.05 32 90
Reheater 4.9 38.1 32 46

Fig. 4 Converting the three-dimensional problem to a simplified
two-dimensional axisymmetric one
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So, further treatment is introduced in the next sections to
apply such approximation to a greater extent of realism and
ensure that only the effective solar thermal power is
applied uniformly over the tube circumference.

(5) The thermal resistance of the tube wall is very small and can
be neglected.

(6) The transport phenomena involved are considered one-
dimensional, ignoring any changes in the radial direction,
i.e., only bulk changes have been considered along the
axial direction of the tube.

(7) The heat gain processes involved have been assumed to be
quasi-transient. In other words, only transient influence has
been considered due to temporal variation in solar heat gain.

(8) Depending on the working fluid phase (subcooled liquid, wet
steam, superheated vapor), its thermal properties, except the
specific heat, are considered constant with values referenced
to the threshold temperature of each state. Accordingly, ther-
mophysical properties of water that directly influence the
determination of single-phase heat transfer coefficient for
each heating process involved are considered constant over
that stage. This assumption is based on precalculations con-
ducted to examine the sensitivity of the computed heat trans-
fer coefficient to the temperature change over each heating
stage. It has been found that changes in thermophysical prop-
erties due to temperature variation do not significantly influ-
ence the value of the single-phase heat transfer coefficient
computed for any heating stages. On the other hand, the spe-
cific heat is dealt with as a temperature-dependent property
because the computed values of the instantaneous and local
bulk temperature are too sensitive to its change with
temperature.

2.3 Governing Equations and Boundary Conditions. The
governing equations adopted in the current thermodynamic analysis
are based on the mass and energy conservation principles, consider-
ing transient behavior and one-dimensional geometry. Accordingly,
thermal energy conservation is implemented based on a control
volume of the HTF tube as follows:

dHHTF

dt
=
∑
w

Q � ΔHj

Δt
= Qw,netj (1)

For sensible heating, the above equation can be written as

ṁ cp ΔTbj = qnetjAs,out (2a)

While for latent heating, it becomes

ṁL fg Δxj = qnetjAs, out (2b)

The tube’s outer surface is subject to a transient wall heat flux qw
reflected by the heliostats field. However, a fraction of this concen-
trated heat flux is lost due to convective and radiative heat exchange
with the colder surrounding ambient. Therefore, the net wall heat
flux gained by the tube can be expressed as

qnet = qw − qconv − qrad (3)

where qconv and qrad stand for thermal losses due to convection and
radiation heat exchange with the ambient.
Depending on the water phase at each discrete section, up to three

distinct heating mechanisms can occur inside the tube. First, sensi-
ble heating dominates in the subcooled section. Next, if the solar
irradiance is high enough to let the water vaporize, the evaporation
latent heating dominates. As the heat flux continues to increase, sen-
sible heating may re-prevail, establishing a superheating region at
the end of the tube. Accordingly, for sensible heating processes
within the evaporator section, the following equations are to be

used in order:

Rei =
4ṁ
πdμi

(4)

hi = 0.023
ki
d
Re0.8i Pr1/3i (5)

where (i) indicates the water condition at the beginning of the sub-
cooled or superheated section:

ṁcp(Tex − Tin) = qnetAs,out (6)

Tb =
Tin + Tex

2
(7)

hiAs,in(Tw − Tb) = qnetAs,out (8)

For the latent heating process, the increase in the vapor fraction
generated per unit length within the boiling region of the evaporator
section can be computed from the heat balance as follows:

ṁ L fgΔx = qnet(πDΔy) (9)

By integration over a particular section:

x =
πDqnet
ṁL fg

y (10)

As the objective of the current analysis is to present a simplified
but accurate enough one-dimensional thermodynamic analysis, the
model developed by Kandlikar [39] for predicting saturated flow
boiling heat transfer coefficient inside stainless steel or copper
heated tubes, has been employed due to its predictive ability for dif-
ferent working fluids, including water. This model can effectively
represent the dependence of the two-phase flow heat transfer

Fig. 5 Concentrated solar power (qr) components on a receiver
tube
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coefficient (hTP) on the vapor quality (x), mass flux (G), and net wall
heat flux (qnet) as follows [39]:

hTP =max(hnbd, hcbd) (11)

Where the nucleate boiling dominant (hnbd), and convection
boiling dominant (hcbd) can be estimated as [39]

hnbd = (1 − x)0.8 hl[0.6683 CO−0.2 + 1058 BOLG0.7F] (12a)

hcbd = (1 − x)0.8hl[1.136 CO−0.9 + 667.2 BOLG0.7F] (12b)

where F represents a fluid-surface combination factor equal to 1 for
water as a working fluid [39], while

CO =
1 − x

x

( )0.8 ρv
ρl

( )0.5

(12c)

BOLG =
qnet
L fgG

(12d)

hTPAs,in(Tw − Tsat) = qnetAs,out (13)

To close the mathematical model, two boundary conditions are
required. The first is the hydraulic and thermal conditions at the
evaporator section inlet, where subcooled water at 160 bar and
460K flows into the evaporator with a (0.046875 kg/s) mass flow-
rate per tube. The second one is the thermal boundary condition at
the tube wall, which is subject to a transient heat flux qw. However,
only a fraction of that flux participates in the heating phenomena
due to the convective and radiative heat losses, which are computed
as follows:

qconv = hout(Tw − Tamb) (14)

qrad = σε(T4
w − T4

sky) (15)

It is worth noting that those heat loss modes are locally and tem-
porally changing for two reasons. The first is due to the local
increase in wall temperature (Tw) along the tube, while the other
is due to the transient nature of both the wall and the ambient tem-
perature (Tamb). The temporal change of the latter can be computed

using relevant weather data [36] correlated as follows:

Tamb(K)=305.65− 1.448× 10−5t + 9.09× 10−8t2 − 5.564× 10−12t3

+ 1.82× 10−16t4 − 2.86× 10−21t5 + 1.693× 10−27t6

(16)

The transient change in sky temperature (Tsky) can, on the other
hand, be approximated as [40]

Tsky(K) = 0.0522(Tamb(K))
3/2 (17)

While the tube’s outer surface emissivity (ε) is 0.86 [41].
Eventually, the convective heat losses from the tube’s outer

surface are attributed to two components, forced and natural con-
vection, and could be estimated as [42]

hout = (h3nat + h3for)
1/3 (18)

Therefore, it is necessary to quantify the role played by each com-
ponent relative to the other using a simplified scale analysis based
on the order of magnitude of the Richardson number (Ri):

Ri =
natural convection

forced convection
=

Gr
Re2

=
gβΔTL3/v2

(UD/v)2
=
gβΔTL3

U2D2
(19a)

Then, the order of magnitude for the ratio of natural to forced
convection role can be expressed as

O(Ri) =
O(g)O(β)O(ΔT)O(L3)

O(U2)O(D2)
(19b)

Knowing that the order of magnitude (O) of the above parameters
can be estimated as

O(g) ∼ 101, O(β) ∼ 10−3, O(ΔT) ∼ 102, O(L) ∼ 101, O(U)

∼ 101, O(D) ∼ 10−2

Thus,

O(Ri) ∼
101 × 10−3 × 102 × (101)

3

(101)
2
× (10−2)

2 ∼ 105 ≫ 1 (19c)

Hence, natural convection dominates and overwhelms the role
played by the other component. Accordingly, the analysis simplifies

Fig. 6 Modified Gaussian distribution compared to the uniform and basic Gaussian distributions
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significantly by ignoring the forced convection compared to the
natural one without risking the accuracy of the procedure
planned. Consequently, the heat transfer coefficient over the
tube’s outer surface can be approximated following the correlation
established by Al-Arabi and Khamis [43] for natural convection
over vertically oriented slender cylinders, as follows:

hout = 0.47
kair
L

(GrLPr)1/3

(GrD)1/12
(20)

2.4 Approximations Used to Estimate Heat Flux in Thermal
Analysis of Solar Power Tower Receivers. As previously men-
tioned, each side of the SPT receiver sections consists of 8 panels

with several tubes, not to mention the transient phenomena involved
due to the temporal variation in the solar heat flux received during
daytime. Hence, considering all the HTF tubes in CFD simulation
or thermodynamic analysis of SPT receivers is quite complex and
costly. Therefore, due to the periodicity and similarity of the
tubes, only a single tube can be considered for simulating each
side and section of the receiver, as mentioned in the assumptions.
This would significantly reduce the size of the solution grid
required, leading to significant savings in the computational cost
and time anticipated for performing the subsequent simulation pro-
cesses. To this end, each receiver side’s total solar power incident is
divided by its total area to compute the average heat flux (qr)
imposed on receiver panels at specific times. However, only the
front half of the absorbing tube receives a solar beam reflected
from heliostats. Furthermore, such incident solar power has an inef-
fective irradiance beam form over the whole tube wall [44]. This is
due to the curvature of the tube wall in the circumferential direction,
resulting in the dissipation of solar rays tangent to its outer surface,
as shown in Fig. 5. Therefore, special attention should be paid to
this issue to ensure that the distribution of incident solar flux
makes sense and meets the principle of energy conservation.

2.4.1 Approximation for Three-Dimensional Analysis. As
Fig. 5 depicts the solar beam component (qw) that is normal on
the tube wall can be computed following a modified Gaussian dis-
tribution as follows [45]:

qw = qn = qr sinθ, (0 ≤ θ ≤ π) (21)

The total solar power incident on the tube wall (QT ) can be com-
puted as [44]

QT =
∫
As

qwdA =
∫π
0
qwr0dθ

∣∣∣∣
∣∣∣∣ = qrr0

∫π
0
sinθdθ

∣∣∣∣
∣∣∣∣ = 2qrr0 (22)

As preceded, two other approximations have been employed in
the CFD simulation of SPT receivers. The first assumes a uniform

Fig. 7 Aerial image of Ivanpah I, CA, USA

Fig. 8 Heliostats layout based on the Radial Stagger method
[48]
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distribution of heat flux over the heated surface of the HTF tube,
considering the average value of incident solar flux on the receiver
panels, i.e., qw = qr , resulting in an overall solar power received of
QT = πqrro. The other approach adopts a basic Gaussian distribu-
tion, qw = qmaxsinθ, with a peak value (qmax) that satisfies the
overall solar power offered in the approach of uniform heat flux
as follows:

QT = qmax ro

∫π
0
sinθdθ

∣∣∣∣
∣∣∣∣ = 2qmaxro = πqrro ⇒ qmax =

π

2
qr (23)

Thus,

qw =
π

2
qr sinθ (24)

Accordingly, when a uniform distribution is assumed around the
tube wall, as it is in some CFD analysis [25], an (1/ sin θ) − 1 error
would exist while estimating the local solar radiation flux imposed
on the tube wall. This, in turn, results in an 57.1% overestimation
of the HTF tube’s total solar power received per meter length.
Similar heat flux overestimation also exists even in other CFD
investigations that follow the basic Gaussian distribution
[25,27,44,45] for the reasons mentioned earlier. The difference
between the above-mentioned three approaches can be better sum-
marized in Fig. 6.

2.4.2 Approximation for Axisymmetric Thermodynamic or
Computational Fluid Dynamics Analysis. One remedy to reduce
the size of the problem to deal with in thermodynamic analysis or
CFD simulation of SPT receivers is to follow an axisymmetric
approximation for the transport phenomena involved. This
demands a uniform heat flux applied all over the perimeter of the
HTF tube. However, the rear half of the HTF tube is thermally insu-
lated, while the front one is not evenly heated due to the above-
mentioned reasons. So, to apply such approximation to a higher
extent of realism, the total solar power incident on the tube wall,
i.e., QT = 2qrro as Eq. (23) suggests, should be divided by the
tube perimeter, as shown in Fig. 4, to ensure that only the effective
solar thermal power is applied uniformly over the tube circumfer-
ence as follows:

qAxisymmetric =
QT

2π ro
=
qr
π

(25)

3 Simulation Procedure
3.1 SOLARPILOT Simulation. The NREL open-source “SOLARPI-

LOT” software [31] based on the Monte-Carlo ray tracing method
[46] considering the following assumptions, has been employed
to accurately detect heat flux profiles on the solar receiver absorbing
tubes. SOLARPILOT depends upon weather files and atmospheric con-
ditions for every location. The meteorological data were collected
from the National Solar Radiation Database (NSRDB) [47]
because SOLARPILOT does not have a weather file corresponding to
the Ivanpah plant location. The weather file collected serves as
the foundation of optimization if the weather file is selected as the
insolation model. The sun’s position is determined based on the
location specified in the weather file.
Details of the models adopted for sun shape, insolation, and

atmospheric attenuation were specified in the climate part of SOLAR-

PILOT. Design point definition, design values, field boundaries, and
field configuration are then set using the layout setup panel of the
SOLARPILOT. The Solar Field Design Power, which, on the other
hand, represents the total power supplied to an HTF circulating
inside the receiver absorbing tubes, can be thought of as the
power provided by heliostats minus the convective, emissive, and
reflective losses. However, the losses due to convection and radia-
tion are functions of the tube wall temperature, which is locally var-
iable depending on several factors. Therefore, those two
components have been zeroed to only predict the concentrated

solar power incident on the receiver minus the reflective component
as follows:

Q̇w = (1 − α)Q̇inc (26)

The excluded losses, however, will be accounted for later when
performing a detailed hydro-thermodynamic analysis, as the tube
wall temperature will be available then.
To set up the actual land boundaries of Ivanpah I in CA, USA, the

Google Earth tool is used to create a land boundary array as shown
in Fig. 7. Hence, the gray area represents the whole land of the plant.
The four diagonal green lines and the circular path are the main
roads in the plant. The red area in the middle signals the power
block, and the yellow pin identifies the location of the solar
tower. By doing so, placing any potential heliostat in the exclusion
areas can be avoided.
Then, the design characteristics of the Ivanpah I plant have been

specified. Those include the actual optical height (140 m), while the
Radial Stagger is used as a layout method in which heliostats are
mounted alternatively on iso-azimuthal paths at constant radii, as
shown in Fig. 8. In addition, adopting the Radial Stagger spacing
method eliminates blocking to ensure the irradiance reflected is
not blocked by neighboring heliostats from reaching the solar
receiver.
The heliostats’ optical characteristics have also been set, including

their geometry, focus parameters, optical error parameters, and
mirror performance parameters. Two rows of mirrors form each
heliostat, and each row includes six identical facets, where the
dimensions of every heliostat are 4.2 m wide and 3.2 m high [49].
The Heliostat canting method is on-axis at slant option to aim the
concentrated irradiance at the solar receiver. Furthermore, for the
heliostat focusing strategy, the focal distance has been set equal to
the distance between the solar receiver center and the heliostat
pivot spot to focus on the incident irradiance on the receiver center.

Fig. 9 Representation of solution element with its typical
boundary conditions
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Next, the receiver geometry, receiver position, optical properties,
and the design thermal losses are set. Hence, the receiver comprises
four flat plates, each 23.8 m high and 16 m wide. Since this receiver
has four sides, the optical performance simulation and heat flux dis-
tribution calculations are repeated for each side (north, east, south,
and west). The receiver orientation azimuth is 0 deg based on the
following convention (north=0 deg, east=90 deg, south=±180 deg,
west=−90 deg). As the tower does not tilt, the receiver orientation
elevation is 0 deg, while its thermal absorptance percentage is 94%.
Note that thermal losses due to convection and radiation are
introduced as virtual zero values to carry out this simulation. How-
ever, these losses are separately and accurately calculated later in
the developed MATLAB code. CFD packages can also evaluate con-
vective and radiative heat losses on the absorbing tubes.

3.2 Numerical Solution. An in-house MATLAB code has been
built to solve the current transient and one-dimensional problem
numerically. First, the physical domain has been discretized into
several cylindrically shaped longitudinal elements, as shown in
Fig. 9. So, as demonstrated by the calculation flowchart in
Fig. 10, the temporal variation in weather data is first computed
using relevant data correlated with this purpose. After that, and
for each time-step under consideration, an iterative solution is con-
ducted to predict the bulk and wall temperatures and, hence, the cor-
rected net heat gain based on the physical state of the HTF at each
control volume of the tube. Convergence is measured in terms of the
maximum change allowed in wall temperature during any iteration,
where the quantitative maximum change allowed for the conver-
gence check is 10−6.

Fig. 10 Flowchart of the in-house code built for calculations

Table 2 Sensitivity of numerical solution to the size of the element adopted

Δy (m) 0.1 0.05 0.01 0.005 0.001 0.0005
Tb,outmax (K) 643.51799 645.66424 648.35770 648.74097 649.01822 649.05682
Error % – 0.334 0.417 0.059 0.043 0.006

Journal of Thermal Science and Engineering Applications SEPTEMBER 2025, Vol. 17 / 091007-9

D
ow

nloaded from
 http://asm

edigitalcollection.asm
e.org/therm

alscienceapplication/article-pdf/17/9/091007/7511461/tsea-25-1042.pdf by guest on 24 August 2025



The independence of the numerical solution from the element
size adopted was checked by comparing the transient development
of outlet bulk temperature during the daytime for six element sizes
of Δy = 0.1, 0.05, 0.01, 0.005, 0.001, and 0.0005m as Table 2
demonstrates. It has been found that the change in the data com-
puted becomes quite marginal between the fifth and sixth mesh.
Hence, an element size of 0.001m has been used in the current
analysis. As the heat gain processes have been assumed to be quasi-
transient, only the transient influence due to temporal variation in
solar heat gain has been considered. Hence, no time-step size influ-
ence is expected on the numerical solution accuracy. Therefore, a
time-step size of Δt = 5min has been adopted to enhance the tem-
poral resolution of the results computed.

4 Results
4.1 Local and Temporal Distribution of Concentrated Solar

Power. After executing the performance simulation by SOLARPILOT,
the heliostat layout for each of the receiver’s sides facing north, east,
south, and west is generated, as shown in Fig. 11. Taking into con-
sideration the heliostat dimensions mentioned before, the simulated
total heliostat area of the northern, eastern, southern, and western

fields is, respectively, 170,065.1, 159,831.2, 133,783.6, and
157,614.9 m2, resulting in a total number of heliostats of 13,045,
12,260, 10,262, and 12,090 for each field, respectively. Also, the
SOLARPILOT tool returns an estimation for the total price of the
entire plant, which is approximately 100 million USD. The litera-
ture mentioned that the cost of heliostats is around 50% of the
total price. That means heliostats cost around 50 million USD.
The total amount of electric power generated annually by Ivanpah
I is around 1000 GWh.
Table 3 summarizes the system’s parametric results and tabulates

the necessary parameters for the subsequent numerical investiga-
tion. The simulation is undertaken for the whole day of the 21st
of June, from sunrise (5:00) until sunset (19:00). It also summarizes
the solar power incident on the field facing each side of the receiver
and the concentrated power incident on each side. The latest repre-
sents the amount of heat concentrated by heliostats and incident on
the receiver minus the reflective heat. The convective and radiative
heat losses are not considered as such losses as they cannot be pre-
cisely computed, as mentioned earlier. The data tabulated reveals
that during the early times of the day, the western field played a sig-
nificant role in amplifying the solar power incident on that field
compared to other sides. This is attributed to the acute angle
between the irradiance beam falling on the heliostat surface and

Fig. 11 Heliostats field layout of the Ivanpah I plant
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the reflected beam during that period, compared to the eastern side,
where the corresponding angle is too obtuse. Then, due to the sun’s
orbital motion up to solar noon, the concentrated solar power on the
eastern side becomes more comparable to that on the western side.
At the same time, it is maximum on the northern side and minimum
on the southern one. During the afternoon, the role of the eastern
side becomes, on the contrary, more dominant in concentrating
solar rays compared to all other sides. This is again attributed to
the effect of the irradiance incident angle, which is very acute on
the eastern side and too obtuse on the western one.
To further demonstrate how the concentrated solar power on the

receiver panels varies during the daytime, contours of the incident
solar flux on each side have been tracked along the day hours, as
Fig. 12 depicts. In general, the distributions illustrated are all in
support of the parametric data summarized in Table 3. The heat
flux distribution indicated that the heat intensity changes over the
receiver panels are nonuniform because of several factors. First,
the sun’s position varies during the diurnal cycle, leading to
changes in the angle of incident rays. Consequently, the pattern
of the heat flux map is nonuniform. Second, the heliostat design
controls the sunlight concentration process, leading to central hot
spots or a pattern of multiple concentric rings with the peak incident
flux found on the center of the receiver sides, as shown in all cases
below. Furthermore, the sun image on the northern side of the
receiver is tilted in the early morning. Then, it shifts counterclock-
wise as the sun’s position changes over time due to the solar zenith
angle effect. For the same reasons, similar observations can be
spotted on the other sides of the receiver, but to a lesser extent. It
is also observed that the intensity of concentrated irradiance
reflected by the heliostat field onto the receiver panels varies signif-
icantly with time, as the temporal variation in DNI magnitudes and
cosine efficiency determines it.
From an operational point of view, several potential operational

problems can arise due to the uneven heat flux distribution on the
receiver panels, such as thermal stresses, lower receiver efficiency,
and heat transfer fluid issues. Hence, areas with high heat flux (hot
spots) could initiate uneven thermal stresses and expansion for the
receiver absorbing tubes. As a result, fatigue, warping, and cracks
potentially occur. In turn, the areas on the solar panels receiving
low heat flux may not be sufficiently heated, diminishing solar
receiver efficiency. In addition, the nonuniform heat flux distribu-
tion can lead to nonuniform heat transfer fluid flow characteristics
(uneven thermophysical properties within the HTF itself), which
may negatively impact the hydrothermal performance of the tar-
geted heating process.
As preceded, only the front half of the absorbing tube receives a

solar beam reflected from heliostats. Furthermore, such incident
solar power has an irradiance beam form that is not entirely effective
over the whole tube wall [44] due to the curvature of the tube wall in
the circumferential direction. Accordingly, the temporal profile of axi-
symmetric heat flux “equivalent to the real-world heat flux applied”
for each side of the receiver can be computed using the corresponding
average solar heat flux incident on that side as Fig. 13 demonstrates. It
is worth mentioning that such profiles are helpful in two-dimensional
CFD simulations and quasi-one-dimensional thermodynamic analy-
sis. Furthermore, the comparison introduced in Fig. 13 shows that
the temporal profile of the axisymmetric heat flux incident on each
side of the receiver agrees well with relevant data found in the liter-
ature. The maximum solar power received over the entire day was
reported on the northern side of the receiver, while it was minimal
on the southern side. Such results agree well with the steady-state
conditions analysis [21], which states that the maximum thermal
load was detected on the northern side of the receiver for solar
power tower plants installed in the northern hemisphere. Moreover,
the heat flux on the eastern and western sides of the receiver shows
that the simulation adequately captures the fact that the higher
angle between the solar beam incident and the flux reflected generates
less concentrated solar thermal energy on the receiver. In other words,
at sunrise, the angle is quite large for the heliostats in the eastern field,
whereas it is considerably smaller for the heliostats on the western
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side. However, this scenario is overturned at sunset as the western
heliostats deliver less concentrated solar power than the eastern
ones due to the larger angle of incident irradiance.
Finally, to accurately capture the qAxisymmetric as a time-dependent

variable that can be used in future analyses, a segment-based regres-
sion is set up for each profile on the four sides of the SPT receiver,
as Eq. (27) states. Note that the sunrise represents the initial
time, i.e., t = 0 s, for any future analysis that adopts the established
correlations:

qw = qAxisymmetric = C0 + C1t + C2t
2 + C3t

3 + C4t
4 + C5t

5 + C6t
6

(27)

Consequently, a set of three-segment regression has been corre-
lated to the temporal profiles estimated for the axisymmetric heat
flux on each side of the receiver, as demonstrated in Fig. 14. It is
worth mentioning that such correlations perfectly fit the data,
where the minimal value of the coefficient of determination (R2)
0.9989, 0.9994, 0.9985, and 0.9988 for the multisegment correla-
tion generated for the receiver’s northern, eastern, southern, and
western sides, respectively. Note that the coefficients of the sug-
gested regressions are all listed in Table 4.

4.2 Thermal Response to Temporal Variation in Atmo-
spheric Conditions. The north-facing evaporator section of the
Ivanpah I plant has been considered a case study to demonstrate
the feasibility of the proposed solution procedure for predicting
SPT receivers’ performance. The temporal and local change of con-
vective and radiative losses has been illustrated along with the net
heat flux gained, as shown in Fig. 15. The overall losses due to con-
vection and radiation are generally modest compared to the solar
heat flux incident, slightly impacting the net heat gain. However,

such losses are quite sensitive to the daytime and location along
the tube due to their explicit reliance upon the tube wall tempera-
ture. This linkage is exhibited in Fig. 16 regarding the temporal
and local distribution of wall and bulk temperatures. As the solar
heat received changes over time, the wall temperature responds
accordingly, resulting in variation in both the heat losses and bulk
temperature. However, when HTF reaches the saturation condition,
the phase-change phenomenon plays a key role in alleviating the
wall temperature level to maintain a certain degree of temperature
excess, i.e., ΔTexcess = Tw − Tsat, resulting in a reduction in
thermal losses. The evaporation region can be more distinguished
by having a look at the temporal and local distribution of the
inner heat transfer coefficient and the corresponding vapor fraction
produced, as illustrated in Fig. 17. As the HTF flows through the
subcooled region, i.e., no vapor has been generated yet, it receives
heat in the sensible mechanism. Once the evaporation process starts,
the heat transfer coefficient climbs rapidly with a gradual increase in
the amount of HTF vapor generated. After the completion of the
evaporation process, i.e., x = 1, the HTF is again heated sensibly
as a superheated steam.
To have a better insight into the above-summarized phenomena,

the local profiles of heat loss and gain, wall and bulk temperatures,
and heat transfer coefficient with their corresponding vapor fraction
have been plotted at certain times, as shown in Figs. 18–20, respec-
tively. Figure 18 indicates that heat losses at sunrise decrease along
the tube length due to the marginal amount of solar heat received,
resulting in a negative amount of the corresponding net wall heat
gain. This is apparent from the decreasing wall and bulk tempera-
tures along the tube length, as shown in Fig. 19. As time elapses,
the solar heat flux incident on the receiver starts rising to reach its
peak by noon as Fig. 13 indicates. This increases heat loss and
gain, leading to a substantial rise in wall and bulk temperatures.
As wall temperature continues to increase over the tube length,

Fig. 12 Heat flux maps on the receiver sides facing “from left to right” north, east, south, and west
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increased thermal losses occur, leading to a decreasing trend of net
heat flux along the tube length. When solar irradiation becomes high
enough, the HTF reaches the onset of nucleate boiling (ONB). In
this region, HTF starts receiving heat in the latent form at a fixed
value of bulk temperature, i.e., Tb = Tsat. This leads to a substantial
enhancement in the heat transfer coefficient due to the boiling phe-
nomenon involved, as Fig. 20 depicts, which justifies why the wall
temperature stops climbing up and drops rapidly to maintain a cons-
tant degree of temperature excess, i.e., Tw − Tsat. Accordingly, a
reduction in thermal losses leads to an increase in the net wall
heat flux. Meanwhile, the vapor fraction grows due to the continu-
ous steam generation along the tube length.

As solar irradiance varies from time to time, it is worth having a
close look at the impact of its temporal change on the profiles
obtained. When the solar heat increases, the tube wall temperature
levels also rise, resulting in two consequences. The first is the
increase in the amount of heat loss. The second is promoting the
net wall heat gained by HTF, leading to higher rates of increase
in the bulk temperature. That means a shorter length of the sub-
cooled sensible heating region. Once boiling starts, the bulk temper-
ature levels at different times are all unified at the saturation
temperature corresponding to the system operating pressure. On
the other hand, the wall temperature levels deviate from each
other to different extents at different times. That results in various

Fig. 12 Continued

Fig. 13 Temporal variation of averaged (a) and axisymmetric heat flux (b) incident on each receiver side
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degrees of temperature excess, such that the higher the solar heat is
received, the higher the extent of temperature excess is. This, in
turn, directly impacts the heat transfer coefficient levels and evapo-
ration rate. As indicated in Fig. 20, the heat transfer coefficient
levels up with time up to noontime in response to the corresponding
increase in the net heat gained by the steam. Meanwhile, the vapor
fraction grows at different rates depending on the net heat flux
during a specific daytime. It is also worth noting that the length
of the evaporation region differs from time to time depending on
the heat supplied to the system and the corresponding rate of heat
transfer, i.e., hTP(Tw − Tsat). So, the higher the rate of heat transport,
the shorter the evaporation region is. In other words, the higher the

heat transfer coefficient and temperature excess are, the faster the
evaporation process is. This is why the shortest tube length
needed to generate 100% steam was at noon when the heat transfer
coefficient and temperature excess were both at their peak. Conse-
quently, the larger superheated section of the tube can be detected
around midday when the solar heat received is at its peak.
To better explore the interlink between the key thermodynamic

properties discussed above, they have been plotted together as
thermal maps on various daytimes, as shown in Fig. 21. Four
times in the first half of the day have only been considered as the
rest are likely to give similar patterns but in a flipped-over trend
with the progress in time. The net wall heat flux over the subcooled

Fig. 14 qAxisymmetric versus time for the northern, eastern, southern, and western sides of the SPT receiver considered

Table 4 Segment-based qAxisymmetric correlation polynomials for the corresponding receiver sides

Coefficients C0 C1 C2 C3 C4 C5 C6

North side
Segment 1 436.18 10.36 −12.63 × 10−4 36.93 × 10−8 −48.72 × 10−12 19.88 × 10−16 0
Segment 2 −15,457.69 9.98 −31.48 × 10−5 29.85 × 10−10 0 0 0
Segment 3 −291,425.43 52.86 −32.15 × 10−4 10.46 × 10−8 −17.48 × 10−13 11.33 × 10−18 0

East side
Segment 1 353.9 5.01 47.26 × 10−5 −24.06 × 10−8 49.64 × 10−12 −50.1 × 10−16 18.49 × 10−20

Segment 2 1,121,424.43 −400.5 0.059 −45.6 × 10−7 19.3 × 10−11 −42.88 × 10−16 39.05 × 10−21

Segment 3 −39,927,997.1 6556.6 −0.443 15.77 × 10−6 −31.22 × 10−11 32.52 × 10−16 −13.94 × 10−21
South side
Segment 1 312.97 7.87 0.0019 −87.07 × 10−8 16.12 × 10−11 −14.61 × 10−15 50.04 × 10−20

Segment 2 1,699,216.86 −604.5 0.089 −69.35 × 10−7 29.54 × 10−11 −65.93 × 10−16 60.34 × 10−21

Segment 3 −11,624,266.85 1920.83 −0.129 45.81 × 10−7 −89.45 × 10−12 91.33 × 10−17 −38.1 × 10−22
West side
Segment 1 518.78 11.51 19.15 × 10−4 −89.35 × 10−8 16.53 × 10−11 −15.3 × 10−15 53.45 × 10−20

Segment 2 1,957,674.7 −685.9 0.1 −76.77 × 10−7 32.2 × 10−11 −70.71 × 10−16 63.67 × 10−21

Segment 3 −19,180,062.12 3202 −0.22 79.77 × 10−7 −16.14 × 10−11 17.25 × 10−16 −76.08 × 10−22
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region gradually decreases along the tube due to the continuous
increase in wall temperature. That causes an increase in heat
losses, as mentioned before. Next, the magnitude of net heat flux
rapidly jumps once the phase-change phenomenon initiates. Such
a jump results from the rapid rise in the heat transfer coefficient,
almost one order of magnitude at the beginning of the evaporation
region, with a noticeable reduction in wall temperature. During the
evaporation process, the bulk temperature maintains its constant
saturation condition. In contrast, the wall temperature first under-
goes a sudden drop to respond to the dramatic increase of the
heat transfer coefficient due to the boiling phenomenon and then
climbs up slightly along the evaporation region. Consequently,
the net wall heat flux first undergoes a sudden rise, then decreases
slightly along the evaporation region due to the monotonic increase

in thermal losses. Meanwhile, such a phase-change process
involves a steady increase in the steam generated, as indicated by
the linear climb of vapor fraction with the tube length. However,
due to the insufficient solar thermal energy received at 7:00 and
9:00, such latent heating continues to the end of the tube, where
no superheated steam is delivered. On the other hand, due to the
higher rates of solar energy exerted at 11:00 and 13:00, the evapo-
ration process completes, and superheated steam is generated. As
the phase-change process ends, the heat transfer coefficient drops
sharply, resulting in a sudden rise in the wall temperature. That
causes a rapid drop in the net heat flux gained because of the
sharp increase in thermal losses. In this superheating region,
steam receives heat in a sensible form, allowing for a continuous
rise of its bulk temperature.

Fig. 15 Local and temporal distribution of the net wall heat loss (a) and gain (b)

Fig. 16 Local and temporal distribution of the tube wall (a) and bulk temperature (b)
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Fig. 17 Local and temporal distribution of the inner heat transfer coefficient (a) and vapor fraction (b)

Fig. 18 Local profile of the wall heat loss (a) and net wall heat gain (b) at various day hours

Fig. 19 Local profile of the wall (a) and bulk (b) temperatures at various day hours
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From an operational point of view, reaching the ONB at earlier
times of the day, 7:00 and 9:00, requires a longer tube section, as
the solar heat intensity applied is insufficient. Later, as solar intensity

increases at 11:00 and 13:00, boiling starts earlier, and the ONB is
realized with a shorter tube length. So, the higher the solar radiation
intensity, the shorter the tube section required to reach the ONB. This
fact can be better summarized in Fig. 22, which highlights the ONB
inception locus on the tube with its corresponding length of evapora-
tion region against daylight hours. Hence, in the early morning
(6:00 am), reaching the ONB requires the subcooled HTF to be
heated sensibly over the whole tube length, LSub. = 10.4m. This
means no evaporation is realized because of the deficiency in solar
irradiance. As time progresses up to noon, the ONB can be realized
with a shorter tube section once the solar irradiance is strong enough
to generate steam, where the earliest ONB locus on the tube can be
realized, LSub. = 4.4m, when the maximum solar intensity takes
place. In the meantime, the evaporation region starts prolonging to
occupy the remaining length of the tube up to 5.5m as long as the
solar intensity is not sufficient to realize the superheating condition,
either at 9:30 or 15:15. However, as the solar radiation gets stronger
around midday, the evaporation region gets shorter and becomes
LEvap. = 4.8m at 13:00. Once evaporation is completed, a superheat-
ing region emerges to occupy the rest of the tube whenever it exists.
However, it is observed that the maximum length of the superheating
region LSup. = 1.34m is synchronized with the minimum lengths of
the subcooled and evaporation regions at 13:05.

Fig. 20 Local profile of the inner heat transfer coefficient (a) and vapor fraction (b) at various day hours

Fig. 21 Thermal characteristics map at various day hours

Fig. 22 Instantaneous variation of different heating regions
evolved during the daytime
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5 Conclusions
SPTs have a promising horizon and high potential to produce

electricity based on solar thermal power, which fluctuates according
to the location and time of day. Therefore, this research sets the
foundation for analyzing weather conditions fluctuation as time-
dependent inputs for external solar receivers. By doing so, it
would be possible to carry out detailed CFD or simplified thermo-
dynamic analyses to predict such plants’ hydrothermal and mechan-
ical characteristics. Taking Ivanpah I as a reference plant, the
SOLARPILOT tool simulates the heliostat field layout and heat flux dis-
tribution on the receiver panels. A modified Gaussian distribution is
introduced to apply an effective (normal) component of the concen-
trated thermal power over the tube circumference. A comprehensive
thermodynamic analysis procedure is constructed and applied under
real-world weather conditions to demonstrate its capability to
handle such complicated computations thoroughly and cost-
effectively. Following the established scheme, an in-house
MATLAB code is developed to predict the instantaneous heat losses
from a north-facing evaporator panel tube, along with its other
thermal characteristics and the corresponding steam productivity.
Overall, the current research paves the way for future CFD investi-
gations with higher accuracy for external solar receivers. It also dis-
closes the strong interlink between solar irradiance fluctuation and
the resulting heat losses, steam productivity, and tube wall over-
heating, which helps ensure the reliability and longevity of such
systems. Additional remarks can be concluded as follows:

• Compared to the proposed modified Gaussian distribution of
solar heat flux, the uniform and basic Gaussian distributions
employed previously in the literature result in about 57.1%
overestimation of the total solar power received.

• Three-segment correlations are also established to perfectly fit
the temporal profile of axisymmetric heat flux on each receiver
side with up to 0.9985 minimal value of (R2) for the generated
multisegment correlations.

• Temporally, heat losses are directly proportional to solar irra-
diance intensity. They are also found to constantly increase
either over the subcooled or superheated region, unlike the
evaporation region, where they experience a noticeable drop
at the threshold of the boiling process.

• The onset of nucleate boiling takes up to 2 h from sunrise to
reach, with 70% of the tube length required to start evapora-
tion, which lasts to the rest of the tube.

• Superheating can be established once solar intensity is strong
enough around midday, occupying up to 12.9% of the evapo-
rator tube length.

6 Future Considerations
Based on the current research findings, several knowledge

aspects/gaps could be investigated/covered:

• Performing a sensitivity analysis could be beneficial to deter-
mine the key parameters affecting the thermal performance
of solar receivers, such as solar irradiance, wind speed, and
HTF mass flowrate.

• Detecting the hot spots on the receiver tube wall in advance
would enable the designers of such plants to apply specific
control/operation strategies to avoid thermal stresses and
mechanical failure.

• Extending the current work to address all receiver sides (north,
east, south, and west) of the evaporator and superheater sec-
tions would be useful in characterizing their individual contri-
bution to steam productivity.

• Identifying the quality and quantity of steam produced from
the receiver during the daytime would result in knowing the
electric power expected to be generated by SPT plants.
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Nomenclature
d = Inner diameter (m)
g = Gravity acceleration (m/s2)
h = Specific enthalpy (J/kg), convective heat transfer

coefficient (W/m2 K)
k = Thermal conductivity (W/mK)
q = Heat flux (W/m2)
t = Time (s)
x = Vapor fraction
y = Distance in the y direction (m)
A = Area (m2)
D = Outer diameter (m)
F = Fluid–solid combination factor
G = Mass flux (kg/m2 s)
L = Tube length (m)
T = Temperature (K)
U = Velocity (m/s)
ṁ = Mass flowrate (kg/s)

qAxisymmetric = Axisymmetric heat flux (W/m2)
L fg = Latent heat of vaporization (J/kg)
Q̇inc = Total incident thermal power on the receiver surface

(W)
QT = Concentrated solar power incident on the receiver

(W)
BOLG = Boiling number

CO = Convective number
cp = Specific heat (J/kgK)
Gr = Grashof number
Pr = Prandtl number
Re = Reynolds number
Ri = Richardson number

Greek Symbols

α = Receiver surface reflectivity
β = Volume expansion coefficient (1/K)
ε = Emissivity
μ = Dynamic viscosity (Pa s)
v = Kinematic viscosity (m2/s)
ρ = Density (kg/m3)
σ = Stefan–Boltzmann constant (W/m2 K4)

Subscripts

amb = Ambient
b = Bulk

cbd = Convection boiling dominant
conv = Convection

D = Along the tube diameter
ex = Section exit
for = Forced
i = Subcooled or superheated section
in = Section inlet, inner tube surface
j = Location index
l = Liquid
L = Along the tube length
n = Normal

nat = Natural
nbd = Nucleate boiling dominant
net = Net
out = Outer tube surface
r = Average

rad = Radiation
s = Surface

sky = Sky
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t = Tangential
TP = Two-phase
v = Vapor
w = Wall
sat = Saturation

Abbreviations

CFD = Computational fluid dynamics
CSP = Concentrating solar power
DNI = Direct normal irradiance
DSG = Direct steam generation
HTF = Heat transfer fluid

ISEGS = Ivanpah Solar Electric Generating System
SPT = Solar power tower

NREL = National Renewable Energy Laboratory
NSRDB = National Solar Radiation Database
MIDC = Measurement and Instrumentation Data Center
ONB = Onset nucleate boiling
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