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a b s t r a c t

The aim of this work is to explore the capabilities, from heat transfer and structural point of view, of a
novel header and coil steam generator for a 100 MWe solar tower plant using molten-salt as heat transfer
fluid. A methodology for the design and economic optimization of the header and coil steam generator is
presented, paying special attention to the structural assessment which considers complex phenomena
such creep-fatigue and stress relaxation due to the high working temperatures of solar tower plants. The
results showed that header and coil steam generators provide economically effective overall heat transfer
coefficients with lower pressure drops on the shell side compared to conventional shell-and-tube steam
generators, leading to a reduction in the annual pumping costs of around 3.6 times. The structural
assessment reveals that the critical points are located in the headers of superheater, reheater and
evaporator. Different redesign actions have been performed to increase the lifetime in the critical points
without affecting to the optimum thermo-economic solutions. Finally, the results showed that the
header and coil steam generator is able to operate with fast daily startups at 6.1 K/min, a ramp-up 2.4
times higher than conventional shell-and-tube steam generators.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Concentrating solar power (CSP) plants have two main distinc-
tive features compared to variable renewable energy sources like
wind or photovoltaics: i) Higher operational value (due to the
avoided costs of conventional generation at their respective dis-
patching times, related with ancillary services costs) and ii) Higher
capacity value (which refers to the costs avoided due to building
new conventional generation as a response to the growth on the
energy demand) [1]. Despite CSP plants with thermal energy stor-
age have higher cost per unit of energy produced, they present
additional economic value due to their higher capacity factors and
their possibility to participate in grid balancing services (grid
balancing, spinning reserve, ancillary services, etc).

Throughout the last decade, the generation costs of photovol-
taics have diminished dramatically. As a result, it is expected that
CSP plants will work as load following plants, generating electricity
early in the morning and late in the afternoon, while photovoltaics
will provide electricity during the day [2]. Among the CSP
lez-G�omez).
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technologies, the solar tower one excels the rest with its lowest
generation costs. However, solar tower plants (STPs) are not fully
developed technologically, and therefore it is not clear whether this
operation mode fully increases its competitiveness due to the
resulting growth of costs related to cyclic operation. Effectively, the
equipment responsible for the electricity generation, such as the
steam generator (SG) or the steam turbine systems, will be exposed
to strong cycling conditions, thus facing an increase of the failure
rates.

Different works related to the design of the steam generators for
CSP plants can be found in the literature. Gonz�alez-G�omez et al.
[3,4] performed the design and optimization of the steam genera-
tors for parabolic and tower solar plants based on conventional
shell-and-tube heat exchangers. The Stream Analysis method [5],
which considers the different flow streams through the complex
geometry on the shell side, was used to estimate the heat transfer
coefficient and the pressure drop. Due to the large number of
design variables, an optimization method was developed based on
genetic algorithms and using several constraints according to good
design practices recommendations of conventional shell-and-tube
exchangers. Focusing on steam generators for STPs, a complete
study can be found in Ref. [6]. In this work, four SG designs for a
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Nomenclature

Abbreviations
ASME American Society of Mechanical Engineers
CT Cold Tank
CSP Concentrated solar power
EPC Engineering, procurement and construction
EV Evaporator
FW Feed water
HP High pressure
HT Hot tank
HTF Heat transfer fluid
HX Heat exchanger
LP Low pressure
NREL National Renewable Energy Laboratory
PH Preheater
R Receiver
RH Reheater
SG Steam Generator
SH Superheater
STP Solar tower plant
TAC Total annualized cost (V)

Symbols
A area (m2)
a convective coefficient constants for a tube bank in

cross flow
b heat exchanger base cost (V/m2), pressure drop

constants for a tube bank in cross flow
C cost (V), additional tube thickness (mm)
CEindex Chemical Engineering Plant Cost Index
Ck notch factor
Cp specific heat capacity (J/Kg K), plasticity correction

factor
CT* temperature correction factor
c cost correction factor, creep strain rate model

constants
D outer diameter (m)
Dc creep damage
Df fatigue damage
DL damage limit
d inner diameter (m)
E Young modulus (MPa), joint efficiency
F temperature correction factor
f friction factor, front head correction factor
frc capital return factor
G mass flux (kg/s m2)
H Hours of operation (hours), dwell time period (hours)
h heat transfer coefficient (W/m2K)
j cross flow coefficient
K strain hardening parameter (MPa), loss coefficient
Khor heat flux correction factor
Ksafe creep damage safety factor
k thermal conductivity (W/mK)
L length (m)
M total number of cycles
_m mass flow rate (kg/s)
NA number of allowable cycles
Nx number of tube rows
Ny number of tube columns

n strain hardening exponent
nyear lifetime (years)
P pressure (Pa)
Pr Prandtl number
Rm ultimate tensile strength (MPa)
T Temperature (�C)
t thickness (m), time (s)
pt tube pitch (m)
p outer tube diameter cost multiplier
Q heat (W)
q” heat flux (W/m2)
S ASME allowable stress (MPa)
SH hot relaxation strength (MPa)
Sy yield strength (MPa)
Sy,c yield strength at the cold cycle (MPa)
Re Reynolds Number
R outer radius (m)
r inner radius(m), radial direction (m), rear header

correction factor
tR time to rupture (hours)
U overall heat transfer coefficient (W/m2K)
u velocity (m/s)
X normalized pressure stress
Y normalized thermal stress
y temperature coefficient
Z normalized lower bound stress

Greek Symbols
DTlm log mean temperature difference (�C)
a stress concentration factor, thermal diffusivity (m2/s)
b thermal expansion coefficient (K�1)
q angle (rad)
r density (kg/m3)
h efficiency
m absolute viscosity (mPa$s)
n Poisson's ratio
s stress (MPa)
sfa corrected stress range (MPa)
ε strain
_εc creep strain rate (1/hours)
εoffset strain offset
4 viscosity correction factor

Subscripts
b bend
bank tube bank
cap capital
cont contraction
crit critical
e electricity
eff effective
exp expansion
head header
hor horizontal
i inner
LB lower bound
M mechanical
m mean
max maximum
o outer
nozzle nozzle
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pump pumping
ref reference
s shell
T thermal
t tube
ver vertical

Superscripts
creep creep
E Elastic
relax relaxation
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100MWe commercial plant proposed by different vendors were
analyzed. Foster Wheeler proposed a straight tube/straight shell
heat exchanger with the molten-salt placed on the shell side,
forcing the need of using floating head. Struthers Wells and ABB
Lummus presented a very similar designwhich consists of a U-tube
kettle boiler and U-tube/straight shell heat exchangers. Lastly, the
Babcock and Wilcox design consisted of U-tube/U-shell heat ex-
changers with the molten-salt placed on the shell side. The main
advantage of the U-shell design was the elimination of the thermal
stresses originated in the tubesheet diametral lane. In a recent
study [7], developed by the German Aerospace Center (DLR) in
collaboration with other private companies, a series of design
guidelines for a new generation of STP of 200 MWewere proposed.
Different designs for a natural circulation SG such as U-tube,
straight-tube and header-type are briefly analyzed. Additionally, a
once-through SG design concept is presented, studying its main
advantages such as: higher ramp rates during startup (up to 10 K/
min), and lower number of vessels, pipes and valves than natural
circulation SG. However, the once-through SG was not selected as
the most suitable alternative due to the higher complexity of
reparation and/or replacement tasks compared to the natural cir-
culation SG. Finally, the design selected for the SG consisted of U-
tube shell-and-tube heat exchangers mainly due to the low cost.

In a near future it is expected that the operation of CSP plants
will be rather cyclic and thus the evaluation against cyclic operation
of the SG is mandatory to guarantee reliable designs. The high
working temperatures of molten-salt SG (~565 �C) induce creep
damage and therefore complex phenomena such as creep-fatigue
combination may occur, having a significant impact on its life-
time. This issue is addressed in several standards such as ASME
code, European Standard (EN-13445) or British Standard R5. In the
literature a few works related to this topic can be found. For
example, Gonzalez-Gomez et al. [8] analyzed the lifetime of a SG
based on conventional shell-and-tube heat exchangers, considering
both baseload and cycling operation conditions for a STP, following
the ASME Section III Subsection NH code [9]. Finite element sim-
ulations were carried out for different exchangers points for accu-
rate stress estimations. The maximum allowable temperature ramp
rate for a daily startup was estimated to be 2.5 K/min. Agnetti [2]
performed a lifetime analysis of a SG of a 100 MWe STP using an
innovative concept of heat exchangers specifically designed for
cycling operation. Finite element simulations were performed
based on inelastic approach and following ASME Section III Sub-
section NH code [9]. The results showed that the proposed SG
design was able to operate more than 200 000 h and 25 000 cycles
without creep-fatigue failure. However, details of the heat ex-
changers geometry and material models for the finite element
modeling were not shown. In Ref. [10] analyzed the reliability of a
STP operated at strong cyclic conditions where the cycling cost and
the forced outages were estimated considering the failures on the
SG.

The analysis of the dynamic operations such as startups or load
changes is a recommended practice for the complete evaluation of a
steam generator design at issue. For example, Zhang et al. [11]
studied the dynamic operation of the molten-salt steam generator
of Solar Two power plant. Different load change operations that can
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occur in solar tower plants were analyzed where the transient re-
sponses and time constants of the steam generator fluids were
obtained. Li et al. [12] carried out a dynamic model of an oil/water
steam generator based on the lumped parameter method. A control
scheme was developed and checked against different disturbance
cases in steam generation systems. Soares et al. [13] performed a
quasi-dynamic model for a once-through direct steam generation
system in parabolic trough solar collectors. The model results were
compared against experimental data for different operation pro-
cesses such as start-up, cool-down, steady and transient solar
radiation.

A recent study presented by the National Renewable Energy
Laboratory (NREL) [14] gathers data from a high number of par-
ticipants involved in the CSP industry such us plant owners, oper-
ators, engineering, procurement, and construction (EPC)
contractors. Such document highlights that the reliability of the SG
has been the most noted issue regarding the availability of both
trough and molten-salt tower plants. Additionally, the final results
of the survey reveal that the main concern evaluated for the par-
ticipants was the SG reliability, which is first in the list, above issues
that occurred in other systems such as the storage system or the
central receiver. It should be noted that the design of the SG of
many operating CSP plants is based on conventional shell-and-tube
heat exchangers where the main causes of forced outages are fail-
ures of the tube-to-tubesheet connections, which produce steam/
water leakage into the heat transfer fluid circuit. In Ref. [14] it is
mentioned the possibility of using the header and coil heat ex-
changers instead of the common shell-and-tube design because
they are experiencing lower failure rates. Nevertheless, it is also
remarked that there are not enough header and coil heat ex-
changers in service to develop a reliable database.

In contrast to conventional shell-and-tubes, works related to
header and coil heat exchangers are scarce in the literature. For
example, Ferruzza et al. [15] proposed a methodology for the
design of header and coil SG according to ASME Section I [16] and
the EN 12952-3 [17]. They suggested that the integration of the
low-cycle fatigue constraints during the thermo-economic opti-
mization phase is a highly recommended practice. The heat
exchanger geometry was optimized for a parabolic trough solar
power plant by minimizing the total heat transfer fluid pressure
drop and investment costs while considering required heating rates
at the same time. A later work presented by the authors [18]
completed the methodology previously described by considering
the dynamic response and the impact on the power plant techno-
economic performance. Pelagotti et al. [19] analyzed a header and
coil type evaporator for parabolic trough solar plants from the fa-
tigue point of view. A quasi-static stress analysis was used to
investigate its response under different ramp rates and varying the
value of the header thicknesses to optimize its lifetime. Their re-
sults showed that not only the thermal stresses are significant but
also the pressure stresses should be carefully considered. A
continuation of that work was performed by the authors [20]
paying special attention to the two phase flow heat transfer where
several correlations were evaluated under different load regimes.

Based on the review presented above, there are no works in the
open literature exploring, from a quantitative point of view, the



Table 1
Power block and SG design specifications [22].

Parameter Value

High-pressure turbine inlet temperature (�C) 550
High-pressure turbine inlet pressure (bar) 126
Low-pressure turbine inlet temperature (�C) 550
Low-pressure turbine inlet pressure (bar) 34
Feedwater temperature (�C) 245
Salt inlet pressure (bar) 15
Salt inlet mass flow (kg/s) 586
Preheater approach point temperature difference (�C) 10
Evaporator pinch point temperature difference (�C) 2.5

Fig. 2. CAD model of the header and coil heat exchanger.
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capabilities of a SG based on the header and coil type design for a
STP. In light of the potential benefits such design, as claimed by
different references, and the high number issues occurred
regarding the reliability of SGs of commercial STPs, it is of interest
to explore in a deepmanner the capabilities of the novel header and
coil design, a concept scarcely studied in the literature. Moreover, it
is worth highlighting the added complexity from the structural
point of viewwhen the SG is designed for a SPT instead of parabolic
trough plants. Such complexity is motivated by the increase of the
working temperatures, leading to creep damage besides the fatigue
one. Hence, non-trivial phenomena such as creep-fatigue damage
combination and stress relaxation are present during operation and
should be carefully considered in order to correctly exploit all po-
tential benefits of the header and coil design.

In this work, a design optimization of a header and coil SG for a
STP is performed, aiming to minimize the total annual cost, which
accounts for the pumping costs and the purchase costs. In addition,
several technical constraints have been set in order to obtain
suitable designs. Heat transfer and hydraulic models are proposed
for the SG design including the critical heat flux calculation in the
evaporator. The models have been verified against data reported in
the literature for reliable results. Finally, a complete structural
assessment of the SG is carried out considering creep-fatigue and
stress relaxation phenomena in order to verify the reliability of the
promising header and coil SG.

2. Case of study

The CSP plant layout studied, which is shown in Fig. 1, is similar
to Crescent Dunes STP [21]. The heat transfer fluid (HTF) is solar salt
(i.e., 60% NaNO3 and 40% KNO3) which is heated in the receiver (R),
where solar radiation is concentrated by the heliostat field. The HTF
exchanges energy with the water that flows through the ex-
changers in the SG. Finally, the steam enters the power block to
produce electricity. The hot and cold tanks (HT, CT) allow to store
the molten-salt in order to keep the heat so it can be used when it is
necessary.

The SG consists of four heat exchangers: preheater (PH), evap-
orator (EV), superheater (SH) and reheater (RH). After expanding in
the high-pressure turbine (HP), the steam is reheated in the RH to
expand again in the low-pressure turbine (LP). Nominal values of
the cycle, restricted by the power block subcritical Rankine cycle,
are summarized in Table 1 according to the data from a 110 MWe
power block [22]. Additional SG performance parameters are also
shown in Table 1. Water and steam properties are calculated using
Fig. 1. Solar tower
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the correlations shown in Ref. [23]. Molten-salt properties are
calculated according to Ref. [24] and are described in detail in
Appendix A.
2.1. Geometry

The water and salt flow paths, as well as the heat exchanger
geometry are shown in Figs. 2 and 3. The water or steam enters the
heat exchanger through the inlet header, flows through the
different coils and leaves across the outlet header. On the other
hand, the salt flows on the shell side among the tube bundle. If the
coils are removed, an approximation of the geometry can be
studied as shown in Fig. 3, where Nx and Ny are the number of tube
columns and rows, respectively.

The outer diameter of the header can be calculated by distrib-
uting every tube of each layer equidistantly around it [15]. Tube and
header thicknesses are obtained according to the ASME Section I
[16] using Eq. (1). P is the design pressure, D is the outer diameter, S
is the maximum allowable stress according to the ASME Code [25],
E is the joint efficiency factor, y is the temperature coefficient
plant layout.



Fig. 3. Header and coil heat exchanger outline and flow path detail.
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depending on the material used, and C is the minimum thickness
allowance for threading and structural stability.

t¼ P$D
2$S$E þ 2$y$P

þ C (1)
3. Methodology

3.1. Heat transfer

The heat exchange area, A, is calculated according to Eq. (2). The
net heat exchanged, Q , is obtained from the mass and energy bal-
ances in all heat exchangers of the SG. DTlm is the mean logarithmic
temperature difference. F is the temperature correction factor,
whose value is fixed to 1 as the heat exchanger is assumed as
counter-current. Such hypothesis can be considered as a valid
approximationwhen the number of tube coils is higher than 6 [26].

A¼ Q
U$DTlm$F

(2)

The overall heat transfer coefficient, U, is determined according
to Eq. (3), where Rt and rt are the outer and inner tube radius,
respectively, k is the thermal conductivity of the material tube, and
ht and hs are the tube and shell heat transfer coefficients, respec-
tively. It is worth noting that fouling resistances have been not
considered, following the recommended practice for header and
coil SG design [15].
Table 2
Constants for convective coefficient and pressure drop of a tube bank in cross flow [28].

Layout angle Reynolds number a1 a2 a3

90� 105 � 104 0.370 �0.395 1.18

104 � 103 0.107 �0.266

103 � 102 0.408 �0.460

102 � 10 0.900 �0.631
<10 0.970 �0.667
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1
U
¼ Rt
rt$ht

þ 1
hs

þ
Rt$ln

�
Rt=rt

�
k

(3)

The heat transfer coefficient on the tube side is determined
using the Gnielinski correlation [5]. It is worth mentioning that the
tube entrance effects produced by bends have been neglected since
the straight tube lengths are typically much larger than 10 times
the internal diameter (Lt,straight/dt [10) [27]. In the EV, the heat
transfer coefficient in the tube side has been corrected to consider
two-phase flow effects according to Lockhart and Martinelli cor-
relation [5]. The heat transfer coefficient in the shell side is calcu-
lated using Eq. (4), regarded as tube bank in cross flow [28], where j
can be obtained using Eqs. (5) and (6), applying the constants ai
that appear in Table 2 as a function of the Reynolds number.

hs ¼ j$CP$Gs$4

Pr2=3s

(4)

j¼ a1

�
1:33
pt

�a

$
�
ReDt

�a2 (5)

a¼ a3
1þ 0:14$

�
ReDt

�a4 (6)

The heat flux in the EV should be lower than the critical heat flux
to ensure a safe operation. Since the configuration of the EV is
horizontal, such critical heat flux is determined according to Wong
et al. [29] as shown in Eq. (7). The critical heat flux for vertical
orientation is calculated according to Katto and Ohno correlation
a4 b1 b2 b3 b4

7 0.370 0.3910 �0.148 6.30 0.378
0.0815 �0.220
6.0900 �0.602
32.1000 �0.963
35.0000 �1.000



Table 3
Optimization design variables.

Parameter (Units) Lower bound Upper bound

Tube outer diameter index (�) 1 4
Circular shell diameter, ds (m) 0.8 2.5
Number of tube coils (�) 10 50
Evaporator circulation ratio (�) 2 15
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[5]. Khor is the heat flux correction factor, which depends on the
water mass flow rate.

q}crit;hor ¼Khor$q}crit;ver (7)

3.2. Pressure drop

The tube side pressure drop is obtained according to Eq. (8),
where the first term refers to the friction loss and the second term
is due to the direction changes of the flow. ft is the Darcy friction
factor. qb and Rb are the bend angle and radius, respectively. Kb is
the loss coefficient, which can be determined from Idelchik [30]. rt
and ut are the density and velocity of the water or steam, respec-
tively. The first term must be corrected according to Ref. [5] to take
into account the two-phase state appearing in the EV. Contraction
and expansion effects at the outlet and inlet of the heat exchangers
are also considered as shown in Idelchik [30].

DPt ¼1
2
$ft$rt$ut

2$

�
qb$Rb þ Lt

dt

�
þ 1
2
$Kb$rt$ut

2 (8)

On the other hand, the shell side pressure drop is calculated
according to Eq. (9). The pressure drop for a tube bank in cross flow
is calculated according toTaborek [28], where fs is the friction factor
that is estimated according to Eq. (11) and using bi constants from
Table 2. Expansion and contraction effects are again considered
when the salt enters and leaves the shell. Moreover, as the header
can represent an obstacle in theway of the hot fluid, this can lead to
a pressure drop that has been evaluated according to Idelchik [30].

DPs ¼DPs;bank þ DPexp=con þ DPheader (9)

DPs;bank¼
2$fs$Nx$Gs

2

4$rs
(10)

fs ¼ b1

�
1:33
pt

�b

$
�
ReDt

�b2

b ¼ b3

1þ 0:14$
�
ReDt

�b4
(11)

3.3. Economic analysis

The capital cost of the heat exchangers is estimated using the
Purohit method [31] which considers a great number of design
parameters. Although this method was developed for conventional
shell-and-tube heat exchangers, it has been used to estimate the
purchase cost of header and coil heat exchangers in recent studies
[15,18]. However, one important differential factor from an eco-
nomic point of view between conventional and header and coil
heat exchangers is the way that the tube joints are welded. While
for the conventional exchangers the tube-to-flat tubesheet welds
can be made using automatized welding machines, the tube-to-
header welds must be made manually. To estimate this extra cost
with respect to the conventional shell and tube exchangers, the
tube-to-header weld costs have been estimated using data from
Ref. [32], which were used to evaluate the cost of a molten-salt
central receiver. This extra cost also considers the cost of the
nozzle pulled from the header. Thewelding of the tubes-to-headers
require 1.5 man-hours and the nozzles installation demand 2 man-
hours. The specific labor cost is estimated to be 85 V/man-hour.
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Finally, the capital cost, Ccap, is calculated as:

Ccap ¼ CEindex
CEindex;ref

0
@A $ b $

0
@1þ

XNinputs

j¼1

cj

1
AþCweld þCnozzle

1
A (12)

where, CEindex is the Chemical Engineering Plant Cost Index, cj is a
correction factor for input j (e.g., tube/shell material, pressurework,
etc.) and b is the base cost which is calculated as:

b¼
�

6:6

1� eðð7�dsÞ
27 Þ

�
p$f $r (13)

where, ds is the diameter of the shell, p is the cost multiplier of the
tube outer diameter, f and r are cost multipliers of the front and
rear head types, respectively.

The material selected for the heat exchangers is the 321H
stainless steel which is suitable for molten-salt steam generators
[24]. The pumping cost estimation is carried out as shown in Eq.
(14). Ce is the electricity cost, which is assumed to be equal to the
levelized cost of electricity of the SPT considered in this study. The
value of Ce is set to 9.9 cV/kWh which has been estimated using
SAM software [33]. H are the plant operation hours which are ob-
tained approximately by means of the capacity factor 62% [33]. It
results in 5500 h of operation per year. h is the pump efficiency,
considered as 70%.

CpumpðVÞ¼Ce $
H
h
$

�
_mt$DPt
rt

þ _ms$DPs
rs

�
(14)

Once both the capital and pumping costs are estimated, the
Total Annualized Cost (TAC) is calculated as shown in Eq. (15),
where frc is the capital return factor obtained considering an 8%
interest and 25 years of plant operation.

TACðVÞ¼ frc$CcapðVÞ þ CpumpðVÞ (15)
3.4. Optimization and design constraints

One of themain objectives of this work is to obtain an optimized
design of the SG based on header and coil exchangers for a STP. The
main design variables selected for such optimization are: i) the
number of coils, ii) the shell diameter, and iii) the outer tube
diameter. For the evaporator, an additional design variable is
considered which is the circulation ratio (or the outlet steam
quality). Four discrete values are selected for the outer tube di-
ameters: 25 mm, 30 mm, 38 mm and 50 mm, which are typically
used in the industry [34]. The upper and lower bound values of
these variables are shown in Table 3.

Additionally, different technical constraints based on good
practices have been regarded in order to obtain feasible designs and
to reduce computational effort as well:

� The minimum velocities on shell-and-tube sides are set to
0.2 m/s and 0.5 m/s to avoid excessive fouling rates [3].
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� Themaximum shell side velocity is set to 1.5 m/s to prevent tube
vibration problems.

� The maximum tube side velocity is limited to avoid excessive
erosion, vibrations and/or noisy problems. For water it is set to
4 m/s [35] and for steam is calculated as: ut;max ¼ 175ð1=rtÞ0:43
[36].

� The maximum circular shell diameter is set to 2.5 m [34].
� A tube pitch ratio equal to 1.25 has been selected since this value
yields the highest heat transfer coefficients [15].

� The maximum pressure drop on the steam side in the RH is
limited to 1 bar in order to meet LP turbine inlet constraints.

The objective of the optimization is to minimize the TAC, which
accounts for the annualized heat exchangers capital cost and
pumping costs on shell/tube sides. Due to the relatively low num-
ber of design variables compared to shell-and-tube exchangers, the
optimization algorithm can be simplified, being feasible to sweep
all the domain considering all the possible variable combinations.

3.5. Thermo-mechanical analysis

In thermal power plants, creep, fatigue, or creep-fatigue dam-
ages should be considered in the design phase of their thermal
equipment since these are potential failure mechanisms. Creep
damage appears whenworking under nominal conditions and high
temperatures, when the stress levels are almost constant. Due to
the high temperatures experienced by the SG, creep damage must
be considered. Fatigue damage appears when transient events such
as start-up, shutdown or load changes take place. Creep-fatigue
interaction must be regarded as well as it may lead to an acceler-
ated damage, reducing the expected lifetime.

In previous studies focused on header and coil heat exchangers,
the tube and header joint was identified as the most critical point of
failure [15,19]. Fig. 4 shows the tube and header joint (point P) that
will be analyzed in detail here.

3.5.1. Stress analysis
The total elastic stress, sE , in the tube and header joint is

calculated bymeans of Eq. (16), which considers the thermal elastic
stress, sET , and the mechanical elastic stress, sEM , which are deter-
mined according to the European standard EN 12952-3 [17].
Thermal and mechanical concentration factors, aT and aM ,
respectively, have to be applied to correctly estimate the stress. The
thermal stress, Eq. (17), depends on the thermal expansion coeffi-
cient b, the Young's modulus E, the Poisson's ratio y, the mean wall
temperature Tm and the inner wall temperature Tr¼rhead . For these
two last parameters, the header wall temperature profile can be
deducted according to the heat diffusion equation restricted only in
Fig. 4. Tube-to-header joint: critical point (P) and tube distribution.
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the radial direction, where the initial and boundary conditions are
shown in Eq. (18). a and k are the thermal diffusivity and thermal
conductivity, respectively. The internal heat transfer coefficient hi,
is calculated using the Gnielinski correlation [5]. The outer coeffi-
cient ho, is deducted according to the Hilpert correlation [37]. This
equation is solved using the Crank-Nicolson method [38].

sE ¼aM$sEM þ aT$s
E
T (16)

sET ¼
b$E
1� y

$
�
Tm � Tr¼rhead

�
(17)
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¼ ho$ðTðRhead; tÞ � ToÞ

(18)

The mechanical stress can be deducted from Eq. (19), where P is
the internal pressure. Dm;head and thead are the header average
diameter and thickness, respectively.

sEM ¼ P$
Dm;head

2$thead
(19)
3.5.2. Fatigue damage
The fatigue damage is estimated according to European stan-

dard EN 12952-3 [17]. The corrected stress range, 2sfa, is deter-
mined as:

2sfa ¼
DsECkCP

CT*
(20)

where the notch factor is set to Ck ¼ 1:3, selected according to
typical values for fatigue assessment of tube and header connec-
tions [39], CT* and CP are temperature and plasticity correction
factors calculated according to EN 12952-3 [17]. The number of
allowable cycles, NA, is determined through Eq. (21), where Rm is
the ultimate tensile strength of the material. Firstly, N*

A is deter-
mined using a correction factor on the stress range as 2sfa;s ¼
1:5$2sfa. Secondly, N**

A is determined using a correction factor of 10
on the allowable number of cycles. Then, the number of allowable
cycles for a given stress range is calculated asNA ¼min(N*

A;N
**
A ). It is

worth noting that these factors are not actually factors of safety;
rather, they are intended to adjust small, polished test specimen
data to make it applicable to actual components [40].

2sfa ¼0:8 $Rm þð173150�0:8 $RmÞ$N�0:547
A (21)

Finally, the fatigue damage Df is calculated according to Eq. (22)
assuming 300 startups per year, resulting in a total number of cy-
cles: M ¼ 300$nyear .

Df ¼
XM
j¼1

Nj

NA;j
(22)



Table 4
Stress-strain curve data for 321H stainless steel from Ref. [42].

Material Temperature (�C) Monotonic
stress/strain
curve

Cyclic stress/
strain curve

K (MPa) n (�) K 0 (MPa) n0 (�)

321H stainless steel 540 385.7 0.189 1928 0.361
20 460.6 0.138 2082 0.317

Fig. 5. Isochronous curve of 321H stainless steel at 550 �C.
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3.5.3. Creep damage
Due to the high stress levels experienced in the tube-to-header

joints, permanent plastic deformations are expected to appear.
Such conditions should be considered for a proper estimation of the
creep damage. The elastic-plastic stress, s, can be deducted ac-
cording to the Neuber's equation shown in Eq. (23):

sE $ εE ¼ s2

E
þ s$

�s
K

�1	
n � s$εoffset (23)

where εoffset is calculated according to Kalnins [41]. K and n are
experimental parameters whose values are summarized in Table 4,
which have been obtained by fitting from the experimental data
available in Ref. [42]. If the stress is greater than twice the elastic
limit, the cyclic stress-strain curve should be used. If not, mono-
tonic curves are better suited instead.

An important effect to avoid creep damage overestimation is the
stress relaxation, whose consideration is highly recommended for
accurate lifetime predictions [43]. The stress relaxation is a time
dependent phenomenon where loading equipment exposed to
high temperature experience a stress decrease. This effect is due to
the conversion of elastic strain into inelastic strain during the dwell
period under constant strain conditions [44]. A simplified method
with a reasonable accuracy to estimate the stress relaxation consist
of using isochronous stress/strain curves. In ASME Section III Sub-
section NH [9], it can be found a complete set of guidelines about its
use to calculate time dependent structural problems like cyclic
creep deformations and local creep relaxation at stress concentra-
tions for creep/fatigue evaluation [45].

The creep strain rate of 321H stainless steel has been modeled
using Monkman-Grant model as [46]:

_εc ¼ cMG

10
c1þc2 logðsÞþc3 logðsÞ2

T�273:2 � c0
(24)

where _εc is theminimum creep strain rate expressed in 1/hours, T is
the temperature expressed in Celsius and s is the stress expressed
in MPa. The rest of parameters are constants whose values are
summarized in Table 5.

Once the elastic-plastic and creep strain/stress models of the
material are defined, the isochronous curve can be built. Fig. 5
shows the isochronous curve of 321H stainless steel at 550 �C
and times of exposures between 0 and 2$105 h.

It should be noted that the stress relaxation experienced by high
temperature equipment is dependent on the loading conditions,
where the two extreme cases are: stress resetting where each cycle
begins the relaxation at the same stress value, or global stress
relaxation where the equipment experiences a single relaxation
Table 5
Constants values for creep strain rate model of stainless steel 321H [46].

Constant values c0 c1 c2 c3 cMG

12.70 1470 7885 �768 0.009
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curve non-restarted in between start-up/shutdown cycles [47]. The
last one is a desirable working condition because the creep damage
is significantly reduced due to the low stress levels. Therefore, it is
critical to determine the loading conditions for which a structure
follows global stress relaxation. According to Becht [48] stress
resetting will not occur if the elastically calculated stress range is
less than the cold yield strength (Sy;c) plus the hot relaxation
strength (SH), i.e. DsE < Sy;c þ SH , where SH is estimated as 1.25
times the ASME allowable stress S evaluated at dwell temperature
[48].

Finally, the creep damage, Dc, is obtained according to Eq. (25).
Considering 5500 h of operation per year, the dwell period is
calculated as: H ¼ 5500$nyear .

Dc ¼
ðH

0

dt

tR
�
screepeff ; T

� (25)

The time to rupture of 321H stainless steel is obtained from the
datasheets provided by the European Creep Collaborative Com-
mittee [49]. The effective creep stress is calculated applying a se-
curity factor as: screepeff ¼ srelax=Ksafe. A value of Ksafe ¼ 0:9 is chosen

according to Refs. [50,51] instead of 0.6 used by nuclear plant code
ASME Section III Subsection NH [9]. Structural failures in CSP plant
have significant lower level of risk than nuclear plants. Besides,
higher security factors may lead to ineffective cost increase. On the
other hand, stress relaxation limit should be considered due to the
high working pressure of the steam generator exchangers. This
limit is determined in two steps: i) the normalized pressure stress
(X ¼ sEM=Sy) and the normalized thermal stress (Y ¼ sET=Sy) are
calculated; ii) these values are used to calculate the normalized
lower bound stress Z ¼ sLB=Sy;c according Figure HBB-T-1332-1 of
ASME Section III Subsection NH [9], where the creep effective stress
considering stress relaxation has to satisfy: screepeff � sLB.
3.5.4. Lifetime calculation. Creep-Fatigue interaction
According to the ASME Code, the total damage produced by the

interaction of fatigue and creep is calculated by summing up each
individual damage, as shown in Eq. (26). Following the approach
employed in Ref. [42], the damage limit, DL, of 321H stainless steel
is set as the 304 and 316 stainless steels creep-fatigue damage
interaction rule according to ASME Section III Subsection NH [9].



Fig. 6. Schematic of the lifetime calculation procedure considering creep-fatigue damage interaction.

Table 6
Verification results.

Parameter (Units) SH results model SH results [15] Deviation SH (%) Deviation PH (%)

Tube side velocity (m/s) 6.396 6.5 �1.5914 �3.277
Shell side velocity (m/s) 1.043 1.01 3.3609 0.058
Tube side pressure drop (bar) 0.403 0.472 �14.436 3.400
Shell side pressure drop (bar) 0.423 0.445 �4.8323 1.543
Tube side heat transfer coefficient (W/m2K) 1929.32 2024.3 �4.6919 �1.220
Shell side heat transfer coefficient (W/m2K) 2062.46 1866.1 10.522 7.749
Shell length (m) 15.67 15.0300 4.2910 2.150
Header diameter (m) 0.4696 0.4659 0.7943 1.698
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Df þDc � DL (26)

Lastly, the lifetime of the heat exchangers, nyear , is calculated by
an iterative process until the total damage, Df þ Dc, converges into
the damage limit DL. A schematic of the lifetime calculation pro-
cedure is depicted in Fig. 6.
4. Results and discussion

4.1. Model verification

Table 6 shows the comparison between the results obtained
following the presented methodology for mechanical design, heat
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transfer and pressure drop calculations, and the results of header
and coil heat exchangers available in the literature [15]. It should be
noted that the results presented in Ref. [15] are referred to a 55
MWe parabolic through power plant using Therminol-VP1 as HTF.
Hence, reasonable deviations are observed in the main design pa-
rameters such as velocities, header diameters, exchanger lengths,
pressure drops and heat transfer coefficients. In light of the results,
it can be concluded that the presented methodology yields pre-
dictions with a reasonable level of accuracy.

4.2. Optimization results

Fig. 7 shows every solution that satisfies the imposed con-
straints for each heat exchanger of the SG. Both water and HTF



Fig. 7. Optimization results. Pressure drop vs TAC.
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pressure drops are plotted against the TAC. As it can be seen,
different trade-offs are obtained for the SH, PH and EV, which are
generated by each tube size analyzed. In contrast, the RH does not
show a trade-off for TAC. This is mainly due to the fact that the
pumping cost on thewater side is not being considered in TAC since
the RH is downstream of the HP turbine inlet and therefore the
high-pressure pump of the power block does not provide extra
pressure due to the pressure drop in the RH. Then, the increase of
the pressure drop leads to a decrease of the heat transfer area and
lower capital cost for RH. Effectively so, the higher the velocity of
the steam, the higher the pressure drop and the heat transfer co-
efficient. The heat transfer coefficient on the steam side dominates
over the overall heat transfer coefficient in the SH and RH, while the
heat transfer coefficient on the shell side dominates in the EV and
PH. For this reason, the optimum values are obtained for high
pressure drops on the water side for SH and RH, and optimum
Table 7
Lowest TAC solution results.

Parameter (Units) Superheater

Shell diameter (m) 2
Tube diameter (mm) 25
Tube thickness (mm) 3.3
Shell length (m) 7.7
Number of tube coils (�) 23
Header diameter (m) 0.404
Cold header thickness (mm) 21.2
Hot header thickness (mm) 32.5
Water/Steam average velocity (m/s) 14.96
HTF average velocity (m/s) 0.48
Tube side pressure drop (bar) 2.232
Shell side pressure drop (bar) 0.292
Tube side heat transfer coefficient (W/m2K) 3312.5
Shell side heat transfer coefficient (W/m2K) 4407.9
Overall heat transfer coefficient (W/m2K) 1232.2
TAC (kV) 133.1
Purchase cost (kV) 1123
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values are obtained for low pressure drops onwater side for EV and
PH.

In order to analyze the solutions presented in Fig. 7, Table 7
shows the detailed outcome for the lowest TAC solution. The RH
obtains the lowest TAC value as a result of neglecting the pumping
cost on the water side. On the other hand, the EV shows the highest
TAC due to the large heat transfer area and pumping costs of both
fluids. Note that a forced circulation EV is employed in this work,
increasing significantly the pumping costs compared to a natural
circulation EV.

The optimum solution that minimizes TAC for the header and
coil SG yields a total pressure drop on the shell and tube sides of 1.4
and 2.2, respectively. Note that the SH has been omitted for the
shell side pressure drop calculation since it is in parallel with the
RH. The RH is omitted on the tube side pressure drop calculation
since it does not yield pumping cost. The total purchase cost is
Reheater Evaporator Preheater

2.1 2 2.1
30 25 25
2.0 2.6 2.5
6.9 9.0 5.6
13 13 39
0.522 0.588 0.180
8.4 28.9 8.7
12.7 31.2 8.8
23.75 1.77 1.70
0.28 0.77 0.67
0.697 0.693 0.823
0.163 0.695 0.419
1150.0 32948.0 13013.4
3049.0 5331.5 4269.0
697.8 2703.9 2078.5
107.2 192.1 93.0
1126 1555 792



Fig. 9. Temperature, pressure and mass flow inputs for the stress analysis.
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4.5 MV without considering piping, valves, sensors, etc.
The optimum designs are obtained for the outer tube diameter

of 25 mm in all exchangers, except for the RH, whose optimum
value for the outer tube diameter is 30 mm. The optimum designs
aim towards small tube diameters because they have the smallest
cost multiplier due to the tube diameter (p) according to Purohit
method, and also provide the lowest tube thickness compared to
the other size options. Additionally, small tube diameters present
the advantage of maximizing the heat transfer area for a fixed heat
exchanger volume.

From the heat transfer point of view, the main advantage of the
header and coil SG is that it provides a higher convective coefficient
on the shell side for the same velocity compared to a conventional
shell-and-tube SG. The effective cross flow provides economically-
effective heat transfer coefficients with low pressure drops on the
shell side, which lead to significant savings in the pumping costs.
For example, using the data provided in section 3.3, the shell side
pumping cost for the header and coil SG is around 37 kV/year, while
for the shell-and-tube SG is around 136 kV/year (the pressure drop
on the shell-and-tube SG for 100 MWe STP was obtained from
Ref. [4]).

The results of the critical heat flux analysis for the EV are shown
in Fig. 8. The optimum circulation ratio is 4 which means a
maximum allowed steam quality of 25% at the EV outlet. The design
proposed for the EV can be considered safe since the actual heat
flux is below of the critical heat flux along the EV length.
4.3. Thermo-mechanical results

Fig. 9 illustrates the hot (daily) startup of the steam generator
which has been modeled considering constraints of a typical 100
MWe steam turbine used in solar thermal power plants. This is an
adaption of what is shown in Ref. [2]. The main thermodynamic
variables are used as inputs for the heat transfer and stress analysis
in the tube-to-header joints. The startup is completed in 45 min.
The initial salt and steam temperatures are 290 �C. The inlet salt
temperature raises until it reaches 565 �C while the steam outlet
temperature stops at 550 �C. The initial SH steam outlet pressure is
74 bar and rises until 126 bar. The steam mass flow evolves from
around 20 kg/s to 86 kg/s. The salt mass flow goes from 100 kg/s to
over 586 kg/s. The start-up curve has an average temperature
change rate of 6.1 K/min. However, the relevant stresses should
appear during the first 10min, where there is a temperature change
rate of 20 K/min. It is worth mentioning that the SH efficiency
Fig. 8. Critical heat flux check results.
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varies during the startup, where at some instants, it is near to 0.99
and therefore the steam outlet temperature is very close to the salt
inlet temperature.

Fig. 10 shows the total stress evolution as well as its thermal and
pressure components in the SH. As it can be seen, the pressure
stresses evolve in the same way as the steam pressure shown in
Fig. 9, which present their maximum value when the nominal
conditions are achieved. Contrary to the pressure stresses, the
thermal stresses achieve their maximum values during the tran-
sient operation, where the temperature difference between outer
and inner header walls is maximum.

Table 8 summarizes the stress and creep-fatigue results of the
SG together with the lifetime predictions. The most critical point is
obtained in the EV hot header, with an extraordinary low lifetime
prediction of 2.4 years and being fatigue the main mechanism of
failure. The lifetime estimation for the SH and RH hot headers are
14.3 and 12.9, respectively, which are below the typical lifetime
design targets of 25 or 30 years. The main mechanism of damage is
creep in both cases due to the high working temperatures (~550 �C)
and the pressure stress concentrations around the tube-to-header
connection. Lastly, the SH cold header obtained a lifetime of 11.6
years, again below the minimum design targets. In this case, the
main damage mechanism is fatigue due to the large stress ranges
obtained from the combination of pressure and thermal stresses
(see Fig. 10). Similar to the EV hot header, the source of the high
thermal stress is obtained due to the high temperature difference
between the outer and the inner walls (DT ~120 �C).

In light of the poor results obtained in the creep-fatigue analysis
of the SG, different redesign actions are investigated in order to
improve the lifetime of aforementioned critical points. Fig. 11
shows the evolution of the SH lifetime when the thickness is
increased. In the hot header (Fig. 11 a), where the steam gets out
and the salt comes in, the lifetime increases to a maximum of 27
years (red line) as the thickness goes up. The sudden drop of the
lifetime is due to the stress reset limit being surpassed, and
therefore, after that, the stress relaxation effect is not considered
(blue line). However, the lifetime continues to increase as the
thickness does so due to the decrease of the pressure stress, which
reduces the creep damage. It is worth mentioning that the method
of ASME Section I [16] seems not to be suitable for a final thickness
sizing due to the low lifetime obtained for the SH hot header.
Although creep is the dominant damage mechanism at the SH hot
header, and the ASME S allowable stress limit considers more than
105 h of exposure to a creep damage at the corresponding working
temperature [52], the design that results from the simplified
methodology of ASME Section I [16] cannot be considered as a
definitive one because it does not take into account the stress



Fig. 10. Total (left), thermal (centre) and pressure (right) stress at the hot (first row) and cold (second row) headers of the SH.

Table 8
Stress and creep-fatigue results.

Point Parameter (Units) SH RH EV PH

hot header Max. elastic stress range, DsE (MPa) 209.1 156.1 649.8 262.7
Max elastic stress, sE (MPa) 237.5 239.7 645.2 433.1
Total creep damage, Dc 0.992 0.994 0 0
Total fatigue damage, Df 0.004 0.003 1 1
Lifetime, nyear (years) 14.3 12.9 2.4 >1000

cold header Max. elastic stress range, DsE (MPa) 476.7 235.5 203.9 340.1
Max elastic stress, sE (MPa) 531.2 363.9 331.1 494.6
Total creep damage, Dc 0 0 0 0
Total fatigue damage, Df 1 1 1 1
Lifetime, nyear (years) 11.6 >1000 >1000 390
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concentrations due thermal and pressure loads occurred in the
tube-to-header connection.

On the other hand, in the cold header of the SH (Fig. 11 b), where
there is no creep damage, once the thickness starts to increase the
pressure stresses are reduced until reaching a maximum lifetime of
12.7 years. Beyond this point, the lifetime decreases because the
drop of the pressure stresses does not balance the growth of the
thermal stresses. If the thickness continues to increase, the thermal
stress is more harmful and thus the SH lifetime is gradually
reduced. Again, the analytical design method proposed by ASME
Section I [16] for header sizing fails, now due to the ASME method
does not consider fatigue damage.

Fig. 12 illustrates the lifetime evolution of RH hot header when
the thickness is increased. Additionally, the lifetime evolution
without considering the stress relaxation is also plotted. As it can be
seen, suitable lifetimes are obtained above of 25 mm if the stress
relaxation is considered. If not, the valid thicknesses are obtained
above of 32 mm, approximately. Despite the damage in the hot
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header of RH is dominated by creep, the ASME Section I [16]
method is not suitable for a final design due to the reasons afore-
mentioned for the SH hot header case.

As shown earlier, in those points where fatigue is the dominant
damage mechanism, the increase of the header thickness is not
effective to increase the lifetime (see Fig. 11 b). In order to meet the
minimum design lifetime target of 25 years, different redesign ac-
tions have been explored. For example, one possible redesign ac-
tion to increase the lifetime consists in reducing the heat transfer
coefficient on the outer wall of the header. This reduces the tem-
perature difference between the inner and the outer header wall
and, consequently, it reduces the thermal stress and the fatigue
damage. Figs. 13 and 14 depict the evolution of the lifetime for the
cold SH and hot EV headers when the salt velocity is varied. As it
can be seen, the results show that this redesign action results
effective for the lifetime increase, since the velocity levels for
suitable lifetimes seem reasonable. Specifically, for a 30-year life-
time, velocities of 0.27 m/s and 0.12 m/s must be obtained around



Fig. 11. Lifetime vs SH headers thickness: a) hot and b) cold.

Fig. 12. Lifetime vs thickness of the hot header of the RH.

Fig. 13. Lifetime vs salt velocity at the cold header of the SH.

Fig. 14. Lifetime vs salt velocity at the hot header of the EV.
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SH cold and EV hot headers, respectively. The external heat transfer
coefficients are reduced from 1205.6 W/m2K to 734.15 W/m2K for
the SH cold header, and from 1643.2W/m2K to 367.9W/m2K for the
EV hot header.

The salt velocity impacting on the external header surface can
be reduced if the hydraulic resistance is increased around the
header. When the shell side fluid leaves the internal square shell,
two flow paths are generated, one flowing through the tube bank
and header (path 1), and other flowing through the area between
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the circular shell and the tube bank, i.e. the tube-bundle to shell
clearance (path 2) (see Fig. 15). Bearing in mind that the hydraulic
resistance of the flow 1 is higher than the flow path 2, and that the
pressure drops at the salt outlet nozzle must be the same for both
flow paths, an important amount of mass flow rate is by-passed
through the second path, reducing in this way the actual salt ve-
locity around the header. In order to estimate themass flow rates of
each path, the Stream Analysis Method [5] is employed. The final
results are summarized in Table 9. The estimated velocities around
the SH cold and EV hot header are below the maximum allowed,
indicating that both designs can be considered now in the safety
side. It is worth noting that only four tube rows have been assumed
before the flow 1 impacts on the header. However, to increase the
margin of safety, the number of tube rows can be increased (and the
hydraulic resistance of the flow 1), decreasing even more the ve-
locity around the header as a result.

5. Conclusions

A complete methodology was presented for the design and



Fig. 15. Schematic of the flow paths around the header.

Table 9
Hydraulic results of the shell side flow paths around headers.

Point Parameter (Units) Value

SH cold header Maximum allowed velocity around header (m/s) 0.270
Actual velocity around header (m/s) 0.066
Salt mass flow through path 1 (%) 13.7
Salt mass flow through path 2 (%) 86.3
Number of tube rows before the flow 1 impacts on the header 4

EV hot header Maximum allowed velocity around header (m/s) 0.120
Actual velocity around header (m/s) 0.098
Salt mass flow through path 1 (%) 12.6
Salt mass flow through path 2 (%) 87.4
Number of tube rows before the flow 1 impacts on the header 4
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optimization of the header and coil steam generator for a solar
tower plant, aiming to minimize the total annual cost, considering
the pumping costs and the exchangers capital costs. Several tech-
nical constraints were set in order to obtain proper designs. Heat
transfer and hydraulic models were proposed for the steam
generator sizing including critical heat flux calculation in the
evaporator. These models have been verified against other header
and coil exchangers designs reported in the literature, obtaining
suitable accuracy levels. Finally, a methodology for the structural
assessment was addressed considering creep-fatigue and stress
relaxation phenomena in order to verify the structural capabilities
of the header and coil steam generator.

Based on the results showed above, the following conclusions
are obtained:

� The optimum solution that balances the total capital and
pumping cost for the header and coil steam generator obtains a
total pressure drop on the shell and the tube sides of 1.4 and 2.2,
respectively. The purchase cost is 4.5 MV considering only the
heat exchangers.

� One important advantage of the header and coil steam gener-
ators is that they provide more economically effective overall
heat transfer coefficients with lower pressure drops on the shell
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side than conventional shell-and-tube steam generators. From a
quantitative point view, the annual pumping costs in the shell
side are reduced by around 3.6 times.

� The critical spots from the creep damage point of view were the
superheater and reheater hot headers, whose thickness calcu-
lation using ASME Section I [16] yields lifetimes much lower
than typical design targets.

� The structural assessment of the steam generator reveals that
ASME Section I [16] method is not suitable for the final sizing of
the header thickness. This is mainly because it does not consider
the stress concentrations due to thermal and pressure loads that
occur in the tube-to-header connections.

� From the fatigue point of view, the critical areas are the super-
heater cold and evaporator hot headers, which exhibit high
stresses due to large temperature differences between the outer
and inner header walls. The heat transfer coefficients at the
outer wall of the headers have a strong influence in the lifetime
at the aforementioned spots, showing the importance of keep-
ing the salt velocities around headers in suitable levels.

� The increase of the hydraulic resistance around the header is an
effective practice to reduce the velocity and the heat transfer
coefficient on the external header surface. As the hydraulic
resistance around the header increases, the secondary flow
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through tube-bundle to shell clearance captures a greater
amount of the total mass flow rate of the shell side. In this way, a
reduction of the mass flow and the velocity of the primary flow
path impacting on the header surface is obtained.

� The results showed that the header and coil steam generator is
able to operate with fast daily startups at 6.1 K/min without
having its structural integrity compromised. Compared to a
steam generator based on conventional shell-and-tube ex-
changers, that implies a significant improvement on the tem-
perature rate change, specifically 2.4 times higher, leading to a
consequent startup time reduction for a daily startup.

� To conclude, if a solar tower plant was to be operated as a load-
following plant, the header and coil steam generator would be
one potential solution to provide high flexibility without
increasing the forced outages. Despite the higher purchase cost
compared to the conventional shell-and-tubes steam generator,
the potential revenue increase coming from the participation in
grid balancing services could balance the higher initial cost.
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Appendix A. Molten-salt properties
Table A1
Correlations for molten-salt (60% NaNO3 and 40% KNO3) properties calculation [2

Property Equation

Density rðkg =m3Þ
Specific heat CpðJ =ðkg�
Absolute viscosity mðmPa$sÞ
Thermal conductivity kðW =mK
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