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a b s t r a c t

Design of compact, lightweight, and robust heat recovery steam generators (HRSGs) is important for the
implementation of offshore bottoming cycles. In this work, a novel methodology integrating flow-
induced vibration analysis is proposed for the design optimization of HRSG. The vibration analysis
considers four main flow-induced vibration mechanisms, namely turbulent buffeting, vortex shedding,
fluidelastic instability, and acoustic resonance. The corresponding sub-models are selected from litera-
ture for estimating vibrations of finned tube bundles. The design criteria for vibration are included in the
optimization problem as constraints, which affect the decision of the solver simultaneously. The
methodology is demonstrated by three cases, in which not only geometric parameters but also operating
parameters are set as design variables. With activating vibration constraints, the solver finds appropriate
geometric and operating parameters to meet the design requirements. The comparison between the
optimizations with and without the vibration constraints shows a trade-off between compactness,
lightweight, efficient heat transfer, and the possibility of flow-induced vibration problems. This indicates
the importance of consideration of vibration problems when designing such HRSGs.
© 2021 The Author(s). 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

Offshore oil and gas production is an energy-intensive process,
and the Norwegian oil and gas offshore section has contributed
about 20e30% to the total Norwegian CO2-emissions in the last
decade [1]. The emissions per produced oil equivalent were
reduced by approximately 19% from 1990 to 2005 [2], which is the
result of a combination of improved energy efficiency mainly
caused by reduced natural-gas flaring and installation of waste heat
recovery units [3]. A bottoming cycle, added to the gas turbines
powering offshore oil and gas installations, can recover waste heat
from the exhaust gas and thus increase the energy efficiency of
plants. However, the bottoming cycles have not been widely
implemented on offshore platforms, due to the restrictions on
weight, footprint, and volume [4].

Heat recovery steam generator (HRSG) is one of the key com-
ponents in a steam bottoming cycle and contributes the majority of
the weight of bottoming cycles. A simple HRSG is composed of an
economizer, an evaporator, and a superheater. These heat
r Ltd. This is an open access article
exchanger units are bare and finned tubes integrated with collector
headers and interconnecting piping systems [5]. The optimization
of HRSG concerning compactness, lightweight, and robustness is of
significance to increase the utilization of bottoming cycles on
offshore platforms. For this purpose, the optimization model usu-
ally requires a detailed description of heat exchanger units and
HRSG structures, and enables the geometric parameters as
variables.

Franco and Giannini [6] proposed a methodology with a two-
level optimization of HRSG. The first level enables to obtain oper-
ating parameters with the objective of minimizing thermal exergy
losses, and the second level involves a detailed design of heat
transfer sections with geometric variables and the objective of
HRSG compactness defined as effective heat transfer surface to
volume. They applied the optimization process for an existing
combined cycle plant with a double-pressure HRSG, and achieved a
reduction of 25% in exergy losses with an increase of 8% in total core
volume and 16.7% increase in compactness.

Manassaldi et al. [7] investigated the optimal design of HRSG
applying different objective functions: net power, ratio of net po-
wer and material weight, and net heat transfer. Operating param-
eters and geometric parameters are set as continuous and integer
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/
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Nomenclature

c Speed of sound, [m s�1]
d Diameter, [m]
dh Hydraulic diameter, [m]
E Young’s modulus, [Pa]
F Force, [N]
fa Acoustic resonance frequency, [Hz]
fn Natural frequency, [Hz]
fvs Vortex shedding frequency, [Hz]
g Fin tip clearance, [m]
h Fin height, [m]
I Second moment of inertia, [m4 ]
j Mode number, [�]
L Length of tube span, [m]

m Mass per unit length, [kg m�1 ]
p Pitch, [m]
S Power spectral density
s Fin space, [m]
Sr Strouhal number, [�]
t Fin thickness, [m]
U Flow velocity, [m s�1]

y Tube deflection, [m]

Greek Symbols
d Logarithmic decrement, [�]

r Density, [kg m�3 ]
s Volume fraction of the bundle occupied by tubes and

fins, [�]

Subscripts
eff Effective
f Fin/Finned tubes
fl Fluid
i Inside tube
o Outside tube
t Tube
vs Vortex shedding

Abbreviation
HRSG Heat recovery steam generator
cstr constraints
opt optimization
vib vibration
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variables, respectively. They concluded that the optimal configu-
ration and operating conditions highly depend on the objective
function used, and global optimal solutions cannot be guaranteed.

Rezaie et al. [8] developed an optimization model to minimize
the cost of HRSG using a genetic algorithm, in which a compre-
hensive thermal design is provided. By appropriately selecting
finned tube specifications and arrangements, the overall heat
transfer rate was increased and the heat transfer surface area was
decreased when applying the method to an existing HRSG with the
same operating conditions. A reduction of 24.3% in capital cost and
23.1% in total weight was reported for the optimized HRSG
compared to the existing one.

Mehrgoo and Amidpour [9,10] proposed a model to simulta-
neously optimize the operating and geometric design parameters
of the HRSG by using the constructal theory. The optimization for a
dual pressure HRSG was conducted for minimizing the exergy
destruction rate with a size constraint for the volume of the heat
transfer sections [9]. They concluded that there exists an optimal
value for the HRSG volume and further increasing the heat transfer
area (bigger volume) has a marginal effect on the heat recovery and
exergy generation. With the same method, they performed studies
for single, dual and triple pressure HRSGs with several objective
functions subject to the volume constraint [10]. The triple pressure
HRSG was found to have the largest heat recovery in the three
configurations.

Skaugen et al. [11] proposed a heat exchanger model and per-
formed optimization for waste heat recovery unit with detailed
consideration on the weight of heat exchanger core and structural
elements, e.g. support and frame beams, inlet and outlet ducts. It
was found that the optimized geometries are similar when using
minimum core weight and total weight as objective functions.
Besides, they pointed out that to utilize a lighter heat exchanger,
vibration analysis and mechanical design rules need to be
considered.

The optimization works from literature focus mostly on thermal
and economic performances of HRSGs, while structural perfor-
mance such as vibration problems is less addressed. Industrial
operations of steam generators and heat exchangers have revealed
flow-induced vibration may seriously impact the structural fatigue
2

life and/or safety. Many real-life cases in which flow-induced vi-
brations result in serious damages were introduced by Païdoussis
[12]. The expensive consequences of these cases significantly
advance the necessity to achieve a structural design robust to flow-
induced vibration. To the authors’ knowledge, there is no optimi-
zation model for HRSG that includes design criteria for flow-
induced vibrations simultaneously with other performance re-
quirements. Vibration analysis is mostly performed after the ther-
mal design and will not influence the design directly, such as the
works [13,14]. In order to investigate how vibration criteria affect
the design, we consider the vibration analysis during the optimi-
zation procedure formulated as additional constraints.

The main contributions of this work include:

1. We present a novel methodology for the design optimization of
HRSG. The method integrates the heat exchanger model and the
flow-induced vibration models for finned tube bundles. Several
design criteria for vibrations are implemented as inequality
constraints to the optimization solver. In this way, the optimi-
zation with the aim of minimizing HRSG weight can ensure an
optimal design satisfying all the thermal, hydraulic, and struc-
tural design requirements. To our knowledge, this is the first
time that vibration analysis and design criteria is used to directly
affect decision variables for the optimization of HRSG geometry.

2. Optimizations with and without vibration constraints are per-
formed for three cases for demonstrating the methodology and
how vibration constraints alter the HRSG geometries and
operating conditions.

3. The optimization model uses both geometric and operating
parameters as free design variables.

4. The model deals with the optimization of HRSGs with a single
heat exchanger unit, as well as multiple units of independent
geometries in a bottoming cycle.

The rest of this article is organized as follows. Section 2 de-
scribes the methodology. The case definitions, optimization results,
and discussion are given in Section 3. The conclusions are made in
Section 4.
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2. Methodology

This section presents the optimization methodology. A brief
description of the problem is given in Section 2.1. Section 2.2 de-
scribes the definitions of the HRSG geometries and weight com-
ponents related to the variables and objective function of the
optimization model. Thermal-hydraulic models of HRSG are
described in Section 2.3. The flow-induced vibrationmodels related
to constraints of the optimization model are presented in Section
2.4. The optimization procedures are provided in Section 2.5.

2.1. Problem description

The present work considers a single or multi-core once-through
HRSG recovering the exhaust heat from gas turbines. The problem
is to optimize the design of HRSG for a minimum weight, which
satisfies operating requirements and design criteria to limit flow-
induced tube vibration.

2.2. Geometries and weight components of HRSG

The heat exchanger core is a finned tube bundle type, as illus-
trated in Fig. 1. The exhaust gas flows vertically outside the finned
tubes, while water/steam flows horizontally inside the tubes in
cross-counter flow to the exhaust gas. As an example, the tube
bundle has 10 tube passes and 2 tubes per pass, which gives a total
of 20 tube rows along the exhaust gas flow. The bundle width is
defined as the steam-flow length in a tube row excluding bends,
and the bundle depth is the exhaust-flow length along all the tube
rows. The bundle height is the length of stacked tubes per row,
whose direction is transversal to the exhaust gas flow. Fig. 1b de-
picts the geometries of tubes and fins on the cross section
perpendicular to the steam-flow direction. Staggered tube
arrangement with 30� layout are defined for the tube bundle. Plain
circular fins are used here.

In addition to the tube bundle, the structural elements are the
main contributors to the total weight of HRSG, as shown in Fig. 2.
The HRSG structure consists of three parts as depicted in Fig. 2a, an
inlet transition duct, a core ‘envelope’ around the tube bundle, and
an exit transition duct. The casing of these parts is made up of an
inner lining, an insulation layer, and an outer duct plate. Each part is
supported by frame beams (in grey) and support beams (in green)
Fig. 1. Main geometries of
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as illustrated in Fig. 2b. Additionally, the weight of the core enve-
lope includes the weight of support plates and beams (in red) for
the tube bundle.

With specifying the inspection room in the three dimensions,
namely the distances between the edges of the bundle to the inner
frame wall, the dimensions of the core envelope can be obtained.
The inlet and exit transition ducts are characterized by cross-
sectional area and transition angle. In the example given in
Fig. 2a, the cross section of the inlet and exit duct is fixed at 1m �
1m, and the transition angle is defined as 25� and 50�, respectively.
The dimensions of the inlet and exit ducts can be calculated when
knowing the dimensions of the core envelope. This implies that the
duct weight is directly dependent on the core size and will in turn
affect the layout of the tube bundle when optimizing for a mini-
mum total weight of HRSG. An alternative to the transition angle
would be to specify the duct flow length. The input parameters for
calculating dimensions and weight of HRSG are provided in the
supplemental file. The total weight of HRSG defined in the current
work is the sum of the weight of the tube bundle and the weight of
frames and ducts. Details regarding the methods of weight calcu-
lation can be found in Ref. [11].

2.3. Thermal-hydraulic model of the tube bundle

The thermal-hydraulic simulation of the tube bundle employs
an in-house heat exchanger modeling tool [15]. The model uses the
geometry of the tube bundle and inlet conditions of fluids as input,
and calculates heat transfer and pressure loss. The tube bundle is
discretized along the width and depth. The enthalpy and pressure
of the exhaust gas outlet are guessed as the initial value for itera-
tion. The heat transfer and pressure drop for the first element of
steam flow are then calculated with the known inlet conditions of
steam and outlet conditions of exhaust gas, and the steam outlet
and exhaust gas inlet conditions at this element can be obtained
and used as input to the next element. After the calculation finishes
for the last element, the calculated inlet conditions of exhaust gas
are compared with the specified values. The residuals are used to
update outlet conditions of exhaust gas for the next iteration. The
iteration finishes when the residuals are smaller than the pre-
scribed tolerance. The non-linear set of equations are solved using
the DNSQE-routine from SLATEC [16].

The heat exchanger model requires heat transfer and pressure
a finned tube bundle.



Fig. 2. Main structural components of HRSG: casing and frame.
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drop correlations suitable for specific types of heat exchangers. The
ESCOA correlation [17] is used for calculating pressure drop and
heat transfer coefficient of exhaust gas flowing outside the finned
tube bundle. The heat transfer coefficient of water/steam flowing
inside tubes is evaluated from the Gnielinski correlation [18] for
single-phase flow, and Bennet and Chen [19] for evaporation. The
water/steam pressure drop is calculated from correlations by
Selander [20] for single-phase flow and Friedel [21] for two-phase
flow.

To test and validate the heat exchanger model, the simulation
results are compared with the data obtained from an once-through
HRSG of pilot plant size reported by Dumont and Heyen [22]. The
heat exchanger model is run as a ‘simulator’ with the given ge-
ometry and inlet conditions. The calculated outlet temperatures of
the exhaust gas and water are compared with the reference data
from the HRSG. The results show good agreement with an absolute
difference in the temperature smaller than 5 �C and a relative dif-
ference in the heat capacity of 0.4%. The data of the HRSG and
comparison with simulation results are provided in the supple-
mental file.
2.4. Vibration analysis

The vibration excitation mechanisms considered for tube bun-
dles in cross-flow configuration include turbulent buffeting, vortex
shedding, fluidelastic instability, and acoustic resonance [23]. Tur-
bulent buffeting is a type of forced vibration with moderate
amplitude excited by the random turbulence [24,25]. Vortex
shedding excitation is a periodic excitation with one dominate
frequency. Intensive vibrations may be excited as the dominant
frequency of periodic vortex shedding approaches one of the nat-
ural frequencies of the tube [26]. Fluidelastic instability is a
mechanism that produces destructive self-excited vibration once a
critical flow velocity is exceeded [27,28]. Acoustic resonance may
be generated by the coincidence between one of the acoustic
modes of the duct and the dominant frequency of vortex shedding
or turbulent buffeting [29,30]. Detailed discussions of these flow-
induced vibration mechanisms are found in review papers
[31e33] and books [34,35].
2.4.1. Finned tube parameters
For each vibration mechanism, we selected acceptance criteria
4

from literature. These are related to several important parameters
describing tube and tube bundle characteristics, such as tube nat-
ural frequency and system damping. The natural frequency of a
single span tube can be calculated from Ref. [36],

fn;j ¼
l2j

2pL2

ffiffiffiffiffiffiffiffiffi
EI
meff

s ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ Fax

Fcr

s
(1)

where l2 is a dimensionless parameter depending on the end fix-
ation of the tube span and mode number j, L is the length of the
span between supports, E is the material Young’s modulus, I is the
second moment of inertia of the tube, Fax and Fcr are the axial force
and Euler’s buckling force acting on the tube. The last term related
to the forces on the tube is not considered and neglected in the
present work. The effective mass per unit length of the tube with
the fins characterized by fin pitch pf , fin thickness tf , fin height hf , is
obtained as,

meff ¼
p

4
rt
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where k is an added mass factor. With gas flowing external to the
tubes, the added mass term is small and negligible.

The attached fins will increase the dynamic stiffness of the tube.
Using the moment of inertia of the plain tube will tend to under-
estimate the tube natural frequency. Thus, the moment of inertia is
corrected to take into account the effect of the fins with using the
model from Bolleter and Blevins [37],

Ieff ¼pf
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p
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.
2
�4 �d4i
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(4)

where the space between two fins sf ¼ pf � tf .
The damping of the vibration is due to structural damping,

support damping, and viscous damping with the fluid surrounding
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the tube. Viscous damping with low-pressure gas on the outside of
the tube is insignificant and neglected here. The system damping
including the structural damping and support, expressed in a log-
arithmic decrement d, is calculated with the model by Gelbe and
Ziada [38].

2.4.2. Turbulent buffeting
The acceptance criterion for turbulent buffeting vibration is set

in terms of a maximum allowable tube vibration, which should be
within 2% of the tube outer diameter. For a plain or finned tube, the
response to turbulent buffeting considering only the first tube
natural frequency (fundamental mode) can be estimated from
Ref. [33],

yrms ¼ 1
16p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2S42

1a1d
3
hr

2
fl;oU

3
max

Lf 3nm
2
effd

vuut (5)

where yrms is the root mean square of tube deflection, dh is the
hydraulic diameter of plain or finned tube, and Umax is the external
fluid velocity in the minimum free-flow passage. The natural fre-
quency fn represents the one at mode 1 if not specified hereafter.
The parameter S is the turbulent power spectral density, 41 is the
normalized mode shape for mode 1, and a1 is the first mode
dimensionless coefficient for the modal joint acceptance. The ex-
pressions and values of these parameters can be referred to Petti-
grew and Taylor [33]. The hydraulic diameter for the finned tubes is
obtained with the model by Halle et al. [39],

dh;f ¼
sfdo þ tf

�
do þ 2hf

�
pf

(6)

2.4.3. Vortex shedding
The criterion for the vortex shedding is to either avoid the lock-

in of the vortex shedding frequency to tube natural frequency or to
limit the tube vibration amplitudewithin 2% of tube outer diameter
when the lock-in occurs. The lock-in conditions can be estimated as,

0:8< fvs=fn <1:2 (7)

The frequency of vortex shedding is determined by Strouhal
number (Sr),

fvs ¼ Sr,Umax

dh
(8)

The Strouhal number is calculated by the empirical model by
Pettigrew and Taylor [33], which was developed from experimental
data by Weaver et al. [40].

The tube response due to the vortex shedding can be related to
the lift force FL imposed on the tubes by the vorticeswith themodel
from Ref. [41],

yvs;rms ¼ FLffiffiffi
2

p
p2f 2nmeffd

(9)

The lift force employs the model by Pettigrew and Taylor [33].

2.4.4. Fluidelastic instability
The acceptance criterion for fluidelastic instability is that the

maximum external flow velocity Umax is lower than the critical
velocity. A safety factor of 0.8 is used for conservatism. The critical
velocity is derived from the empirically developed model by Con-
nors [27],
5

Ucrit
fndh

¼K

ffiffiffiffiffiffiffiffiffiffiffiffiffi
meffd

rfl;od
2
h

s
(10)

where K is the fluidelastic instability constant, recommended as 3.0
for finned tube bundles by Pettigrew and Taylor [32].

2.4.5. Acoustic resonance
The lock-in of acoustic resonance frequency to the shedding

frequency is determined from Ref. [33],

0:8< fa;j
.
fvs <1:35 (11)

The ratio fa;j=fvs outside the lock-in condition is set as the
acceptance criterion. Pettigrew and Taylor [33] recommended
calculating the acoustic resonance frequencies for the first few
acoustic modes (i.e., the first five modes should suffice).

The acoustic resonance frequency is defined as,

fa;j ¼
ceff
2

j
H

(12)

where ceff is the effective speed of sound in the tube bundle, and H
is the distance between the duct walls normal to the external flow
direction and tube axis. The effective speed of sound is lower than
the speed of sound of gas c0 due to the existence of tubes, and can
be corrected as [42],

ceff ¼
c0ffiffiffiffiffiffiffiffiffiffiffiffi
1þ s

p (13)

where s is defined as the volume fraction of the bundle occupied by
tubes and fins.

2.5. Optimization with vibration constraints

The optimization model employs the gradient-based con-
strained optimization solver NLPQL [43]. The objective is to mini-
mize the total weight of HRSG, subjected to a set of equality and
inequality constraints. The vibration acceptance criteria are
implemented as inequality constraints which have to be positive for
the problem to be solved. The equality constraints, such as the
required duty, need to be equal to their specified values. The free
variables for the optimization problem can be both geometric and
operating parameters depending on the case. All free variables are
restricted by an upper and lower bound.

For a given set of input variables, the heat duty and pressure loss
of the heat exchanger core are solved according to the method
described in Section 2.3. The partial derivatives of the objective and
constraint functions are estimated by the central difference
method. The gradient information is used by the NLPQL solver to
provide new estimates for the free variables for the next iteration.
The problem is solved when the minimum value of the objective
function is found and all the constraints are satisfied.

For each iteration, the four types of vibration are calculated row
by row following the exhaust gas flow. Depending on the number of
support plates, the tubes are divided into end spans and middle
spans, of which natural frequency will be different due to end fix-
ation and length. The number of support plates here excludes the
two plates at the sides. Fig. 3 shows examples with tubes of one and
two end spans, and multiple spans. The ends of the tube span are
fixed to two side plates (e.g. Fig. 3a), while tube spans are hinged to
the middle plates in Figs. 3b and 3c. At present, the length of end
spans and middle spans are evenly distributed based on the
number of support plates. The tube deflections due to turbulent



Table 1
Inequality constraints for vibration analysis in the optimization model.

Vibration mechanism Constraint functions

Turbulent buffeting 0:02� yrms=do � 0
Vortex shedding 0:02� yvs;rms=do � 0; if 0:8< fvs=fn <1:2
fluidelastic instability 0:8� Umax=Ucrit � 0
Acoustic resonance ðfa;1 =fvs � 1:35Þðfa;1 =fvs � 0:8Þ � 0

fa;2=fvs � 1:35 � 0

Table 2
Operating conditions for the single-core HRSG in cases (I) and (II).

Exhaust gas Steam

Flow rate [kg s�1] 24 2.75

Inlet temperature [�C] 538 38.25
Inlet pressure [bar] 1.065 25

Table 3
Setting of variables, constraints, and fixed parameters for the optimization in cases
(I) and (II).

Category Parameter Value/Range

Variables Bundle width [m] [2,3]
Tube inner diameter [mm] [12,35]
Fin tip clearance [mm] [2, 70]
Fin pitch [mm] [2,15]
Fin height [mm] [4,15]
No. of tubes per row [�] [12, 50]

Equality constraint Heat duty [MW] 8.5
Inequality constraints Max gas pressure drop [kPa] 1

Max steam pressure drop [kPa] 100
Max gas velocity [m s�1] 35

Fixed parameters No. of passes [�] 11
No. of rows per pass [�] 3
Fin thickness [mm] 0.8
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buffeting and vortex shedding, and the critical velocity related to
fluidelastic instability will be calculated for both end span and
middle spans. The maximum values at the end spans and middle
spans among all the tube rows will be identified and used in the
evaluation of the constraint functions. For acoustic resonance, we
currently consider the first two modes and restrict the ratio of the
acoustic resonance frequency for the second mode to the vortex
shedding frequency higher than the upper boundary (1.35) of the
lock-in condition (Eq. (11)). This limits the number of constraints
and also ensures that the frequencies at highermodes (j � 3) satisfy
the criterion. The constraint functions for the four vibration
mechanisms are summarized in Table 1.

3. Results and discussion

For demonstrating the optimization model and the impact of
vibration constraints, three cases are considered.

(I) a single-core HRSG without support plates (Fig. 3a), with
specifying heat duty and optimizing only geometric
variables;

(II) a single-core HRSG with one center support plate (Fig. 3b),
with specifying heat duty and optimizing only geometric
variables;

(III) a three-core HRSG with multiple support plates (Fig. 3c) in a
bottoming cycle, with specifying net power output from the
cycle and optimizing geometric and operating variables
simultaneously.

Case (I) and case (II) are a scaled-down version of an existing
heat recovery unit and exhaust gas conditions, and case (III) rep-
resents a full hypothetical offshore bottoming cycle. For each case,
the results from optimizations with active and inactive vibration
constraints will be compared.

3.1. Single-core HRSG without support plates

The operating conditions of the exhaust gas and steam are listed
in Table 2, whereas the settings of variables and constraints are
summarized in Table 3. An important inequality constraint is the
maximum allowable pressure drop of the exhaust gas, which is
necessary to keep the acceptable back pressure of gas turbines. The
optimization with active vibration constraints includes the addi-
tional constraints listed in Table 1. Except for the parameters given
in Table 3, the tube wall thickness is determined from the tube
inner diameter, design pressure, and allowable stress of the tube
material.

The results from the vibration analysis for case (I) are shown in
Fig. 3. Tube spans with the different number of su

6

Fig. 4, where the optimizations without the vibration constraints
(blue line with circles) and with the vibration constraints (green
line with squares) are compared. Four parameters indicating the
four vibration mechanisms are plotted for each tube row in the
direction of the exhaust gas flow, and row no. 1 is the one closest to
the exhaust inlet. The red areas in the four plots represent the re-
gion where the constraint functions corresponding to the four vi-
bration mechanisms in Table 1 are not satisfied. It can be seen that
in the optimization without the vibration constraints, the design
does not meet the vibration criteria for fluidelastic instability and
the acoustic resonance, given that the points fall in the red region in
Figs. 4c and 4d. With the vibration constraints, the solver can find a
feasible design to mitigate flow-induced vibrations and meet the
pport plates (E: end span, M: middle span).



Fig. 4. Comparison of vibrations from the optimizations without (blue) and with (green) the vibration constraints for case (I). Red region represents where the criterion is not
satisfied. Row no. 1 is the closest to the inlet of the exhaust gas. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this
article.)
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design criteria.
Fig. 4a shows that the tube deflection due to turbulent buffeting

is decreased with the increase of the row number. The maximum
deflection occurs at the first tube row for a given tube bundle,
where the exhaust gas has the lowest density and thus the largest
flow velocity. Meanwhile, the superheated steam inside the tube
has the lowest density and gives a lowest mass for the first tube
Table 4
Variables of optimized HRSGs for case (I) and calculated geometric parameters.

Opt. without vib. cstr. Opt. with vib. cstr.

Bundle width [m] 2.13 2.05
Fin tip clearance [mm] 21.76 61.08
No. of tubes per row [�] 42 21
Tube inner diameter [mm] 12.00 26.08
Fin pitch [mm] 6.10 3.29
Fin height [mm] 5.63 14.56
Bundle height [m] 2.00 2.51
Bundle depth [m] 1.36 3.41
Heat transfer area [m2] 492.5 1891.2

Core volume [m3] 5.8 17.6

7

row. Without the vibration constraints, the tube deflection at the
first row is 1.1% of the tube outer diameter, within the limit of 2%.
With vibration constraints, the tube deflection significantly de-
creases in both the ratio to the tube outer diameter and the absolute
value. This is the result of the re-arrangement of tube layout and
finned tube geometries, as indicated by the optimized variables in
Table 4.

The vortex shedding frequency, as given in Fig. 4b, is much
higher than the tube natural frequency in the optimizations with
and without the vibration constraints. This is consistent with the
statement that normal flow velocities in gas heat exchangers are
usually much higher than those required for vortex shedding
resonance [33]. Including the vibration constraints, the vortex
shedding frequency is reduced, which is mainly caused by a design
giving a lower gas velocity and a larger hydraulic diameter (Eq. (8)).
Currently, we only consider the lock-in condition for mode 1. Even
when vortex shedding resonance occurs at higher modes, it is
usually not a problem for this case as the gas density is too low to
cause significant periodic forces [33] as well as tube vibration
amplitude (Eq. (9)). The kink at tube row 22 (blue line) is due to a
relatively large decrease of tube natural frequency, at which the
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flow inside tube changes from two-phase into liquid phase and
results in a sudden increase in density affecting the effective mass
per unit length meff .

The large gas velocity from the optimization without the vi-
bration constraints may lead to fluidelastic instability, as illustrated
in Fig. 4c. With the vibration constraints, the ratio of the maximum
local velocity to the critical velocity is reduced to below 0.8 for all
the tube rows. It is a combined effect from the decreased gas ve-
locity due to larger fin tip clearance and the increased critical
Fig. 5. Comparison of vibrations from the optimizations without (blue) and with (green) th
(For interpretation of the references to colour in this figure legend, the reader is referred t

Table 5
Weight distribution of optimized HRSGs for case (I).

Weight [kg] Opt. without vib. cstr. Opt. with vib. cstr.

Tube 1507.1 2252.9
Fin 1033.4 5188.1
Core 2540.5 7441.0
Inlet transition duct 5413.3 7611.6
Core envelope 3925.8 9514.9
Exit transition duct 2369.5 3419.5
Frame and casing 11708.6 20546.0
Total 14249.1 27987.0
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velocity due to higher natural frequency and effectivemass per unit
length (Eq. (10)). As shown by Eqs. (1) and (10), the optimized
geometries with the vibration constraints given in Table 4, have a
higher critical velocity for fluidelastic instability due to the shorter
tube span and larger tube diameter (increased moment of inertia).

Fig. 4d displays the ratios of the acoustic resonance frequencies
for the first and second modes to the vortex shedding frequency.
The second mode frequency from optimization without the vibra-
tion constraints is close to the vortex shedding frequency, thus
acoustic resonance may occur. Including the vibration constraints,
the frequency ratios fa=fvs for the two modes are pushed above the
upper limit of the lock-in condition. Only a small variation in the
acoustic resonance frequency is observed, so the decrease of the
vortex shedding frequency is the main reason for this.

The vibration analysis from the optimizations is consistent with
the conclusion on the likelihood of the four vibration mechanisms
by Pettigrew et al. [23]. For tube bundles with gas flow, the flu-
idelastic instability and acoustic resonance are the most important
ones, while the occurrences of turbulent buffeting and vortex
shedding are possible and unlikely, respectively.

As listed in Table 4, the fin tip clearance, tube inner diameter,
and fin height are increased significantly after adding the vibration
e vibration constraints for case (II). Red region represents the criterion is not satisfied.
o the Web version of this article.)



Fig. 6. Visualization of HRSGs optimized for cases (I) and (II).

Table 6
Variables of optimized HRSGs for case (II) and calculated geometric parameters.

Opt. without vib. cstr. Opt. with vib. cstr.

Bundle width [m] 2.13 2.48
Fin tip clearance [mm] 21.02 56.86
No. of tubes per row [�] 43 16
Tube inner diameter [mm] 12.00 13.59
Fin pitch [mm] 6.20 2.77
Fin height [mm] 5.45 10.82
Bundle height [m] 2.01 1.53
Bundle depth [m] 1.33 2.70
Heat transfer area [m2] 486.7 968.0

Core volume [m3] 5.7 10.3

Table 7
Weight distribution of optimized HRSGs for case (II).

Weight [kg] Opt. without vib. cstr. Opt. with vib. cstr.

Tube 1552.6 803.6
Fin 1004.2 2625.1
Core 2556.8 3428.7
Inlet transition duct 5446.7 5641.4
Core envelope 4065.5 6880.3
Exit transition duct 2386.1 2401.0
Frame and casing 11898.4 14922.6
Total 14455.2 18351.3

H. Deng, G. Skaugen, E. Næss et al. Energy 226 (2021) 120325
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constraints, which results in a large increase of the bundle depth.
Even though the number of tubes per row becomes less, the bundle
(stacking) height is increased due to the increased fin tip clearance.
This results in a lower gas velocity and thus a lower heat transfer
rate. The heat transfer surface at the exhaust gas side is enlarged
about four times to fulfill the required heat capacity, with the in-
crease mainly from the fin area by denser (smaller fin pitch) and
larger fins (larger fin height).

Table 5 gives the weight of the main components for the opti-
mized HRSG designwith and without the vibration constraints. The
coreweight is the sum of theweight of the tubes and fins, while the
total weight is composed of core weight and weight of the struc-
tural elements described in Section 2.2. It can be seen that the
minimum total weight is almost doubled in order to satisfy the
vibration criteria. The increase of the total weight mainly comes
from the weight of the core envelope and fins. The increase of the
frame weight is due to the larger dimensions of the tube bundle.
This suggests that for the current operating conditions, the use of
an additional support plate is necessary. A graphic illustration of
the HRSGs will be provided together with the following case in
Fig. 6.
Table 8
Operating conditions for the three-core HRSG and condenser in case (III).

Exhaust gas Steam Condenser coolant

Flow rate [kg s�1] 130 Optimized 450

Inlet temperature [�C] 510 Calculated 10
Inlet pressure [bar] 1.065 40 (HRSG)/ 5.0

0.2 (Condenser)

Table 9
3.2. Single-core HRSG with one support plate

Case (II) of single-core HRSG with one support plate considers
the same operating conditions and optimization formulation as
case (I).

The vibration analysis for case (II) is presented in Fig. 5. We first
compare the results from the optimizations without the vibration
constrains for cases (I) and (II). From the comparison of Figs. 4a and
5a, the tube deflection due to turbulent buffeting is reduced largely
for the HRSG with one support plate. Given that the optimized
geometries are quite similar (Tables 4 and 6), the reduced deflec-
tion is mainly the result of the increased natural frequency due to
the halved length of the tube span (Eq. (5)). With the shorter tube
span, the allowable critical velocity is increased and the fluidelastic
instability criterion is no longer violated.

After adding one support plate to the bundle, only the ratio of fa=
fvs remains almost unchanged, and again acoustic resonance may
occur. With the vibration constraints for case (II), the acoustic
resonance is avoided by increasing the ratio of fa= fvs above the
upper limit of the lock-in condition, as shown in Fig. 5d. This also
results in a slight increase in the ratios yrms=do (Fig. 5a) and Umax=

Ucrit (Fig. 5c), but they are still inside the acceptable range.
The variables and weight distribution of the optimized HRSGs

are listed in Tables 6 and 7, respectively. As with case (I), the solver
Fig. 7. Layout of a steam Rankine cycle (‘Eff’ stands for isentropic/mechanical
efficiency).
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with the vibration constraints finds the similar solutions for all the
variables except the bundle width. This gives a larger bundle depth
but a smaller bundle height. The core volume and heat transfer
surface of the tube bundle are almost doubled from the optimiza-
tion with the vibration constraints. Similarly, the fins and core
envelope are the two components having the largest increase in
weight. The minimum total weight has increased by 27% compared
to the optimization without the vibration constraints, which is far
lower than the increase in case (I).

Based on the results of cases (I) and (II), it is found that in
general, a shorter tube span either by reducing the tube length or
adding one support plate will mitigate the vibration since the
shorter span results in a larger stiffness and hence higher natural
frequencies. Meanwhile, increased effectivemass per unit length by
increasing the tube diameter has the same effect. The larger stiff-
ness, higher natural frequencies, and effective mass reduce the vi-
bration and enlarge the allowable critical velocity. Moreover, the fin
tip clearance needs to be sufficiently large to limit the gas flow
velocity within the acceptable range. In the aspect of the thermal
design, denser and larger fins are used to increase the heat transfer
area to compensate the lower heat transfer rate due to the smaller
gas flow velocity.

The graphic illustration of the HRSGs in cases (I) and (II) is given
in Fig. 6. The HRSGs optimized without the vibration constraints
have more compact and smaller cores (Fig. 6a and 6c), while the
HRSGs optimized with the vibration constraints are opposite
(Fig. 6b and 6d). The significant effect of the vibration constraints
on the optimized design implies the importance of including vi-
bration analysis to mitigate the risk of flow-induced vibrations
when designing a compact and lightweight HRSG.
Setting of variables, constraints, and fixed parameters for the optimization in case
(III).

Category Parameter Value/Range

Variables Flow rate of steam [kg s�1] [8,24]
Bundle width [m] [4,16]
No. of support plates [�] [2,8]
Fin tip clearance, core 1, 2, 3 [mm] [2, 45]
No. of tubes per row, core 1, 2, 3 [-] [13, 50]

Equality constraints Power output [MW] 11
Equal bundle height, core 1, 2, 3 [m] Calculated

Inequality constraint Max gas pressure drop [kPa] 3
Fixed No. of passes, core 1, 2, 3 [-] 6, 4, 4

No. of rows per pass, core 1, 2, 3 [-] 1, 4, 2
Tube I.D./O.D., core 1 [mm] 26.7/31.04
Tube I.D./O.D., core 2 [mm] 33.4/39.14
Tube I.D./O.D., core 3 [mm] 33.4/39.14
Fin thickness, core 1, 2, 3 [mm] 1
Fin height, core 1, 2, 3 [mm] 10
Fin pitch, core 1, 2, 3 [mm] 6



Fig. 8. Comparison of vibrations from the optimizations without and with the vibration constraints for case (III) (End: end span; Middle: middle span). Red region represents the
criterion is not satisfied. Row 1e6 are for the superheater, row 7e22 for the evaporator, and row 23e30 for the economizer. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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3.3. Three-core HRSG with multiple support plates

In case (III), a bottoming cycle in the layout of a simple Rankine
cycle is considered as shown in Fig. 7. The cycle consists of a HRSG, a
steam turbine connected to a generator, a condenser, and a feed-
water pump. The HRSG has three cores: an economizer (core 1), an
evaporator (core 2), and a superheater (core 3). The turbine and
pump are modeled as an isentropic expansion and compression
process with constant isentropic efficiency. Mechanical efficiency is
taken into account for losses between the turbine shaft and the
generated electrical power. The condenser is modeled based on
thermodynamic heat balance, and the pressure drop is neglected.

The operating conditions and the settings for optimization are
provided in Tables 8 and 9, respectively. Two identical HRSGs in
parallel are used, and the flow rate of exhaust gas in each unit is half
of the value in Table 8. In addition to the geometric variables of the
HRSG, the operating parameter, flow rate of steam, is also set as a
free variable for the optimization. Unlike the fixed value in the
previous cases, the number of support plates is a variable. Each of
the three cores has individual geometries, while an additional
constraint ensures that the cross flow area of the exhaust gas is
aligned.
11
Fig. 8 illustrates the results of the vibration analysis. It can be
seen from Fig. 8a that because of the difference in the end fixation
of tube spans, the middle spans have larger tube deflection due to
turbulent buffeting than the end spans at the same tube rowwithin
one optimization. Also, the lower natural frequency of the middle
spans results in a smaller allowable critical velocity, and thus a
higher possibility of fluidelastic instability as shown in Fig. 8c. In
the current case, only the acoustic resonance could be a problem in
the optimization without the vibration constraints, given that the
ratio fa=fvs for the secondmode falling in the lock-in range (Fig. 8d).

By activating the constraints, the ratio fa=fvs at mode 1 becomes
smaller than the lower limit of the lock-in condition, while the ratio
at mode 2 is above the upper limit. This is the combined result of
the reduced vortex shedding frequency and increased acoustic
resonance frequency. As listed in Table 10, the large decrease in the
number of tubes per row gives a smaller bundle height and a larger
acoustic resonance frequency. Given that the tube and fin geometry
(and the hydraulic diameter) is constant, the increase of fin tip
clearance results in a larger tube pitch (a smaller Strouhal number)
and a lower gas velocity, which reduces the vortex shedding fre-
quency. The bundle width and the number of support plates are
increased to get the required heat transfer area and fulfill the
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vibration constraints, respectively.
The weight distributions of the HRSGs optimized with and

without the vibration constraints are detailed in Table 11. With the
vibration constraints, the weight of the three cores is reduced
slightly, while the frame weight is increased and contributes to a
larger total weight. This is again due to the overall dimensions of
the core. An increase of about 9% in the minimum total weight is
Fig. 9. Visualization of HRSGs

Table 11
Weight distribution of optimized HRSGs for case (III).

Weight [kg] Opt. without vib. cstr. Opt. with vib. cstr.

Tube, core 1 1567.5 1449.3
Fin, core 1 1578.4 1487.7
Core 1 3145.9 2937.0
Tube, core 2 6776.8 6529.7
Fin, core 2 4212.4 4357.7
Core 2 10989.2 10887.4
Tube, core 3 3471.6 3206.5
Fin, core 3 2352.8 2263.8
Core 3 5824.4 5470.3
Total of three cores 19959.5 19294.7
Inlet duct 14894.2 16818.6
Core envelope 25548.1 29313.3
Exit duct 5917.3 7007.6
Frame and casing 46359.6 53139.5
Total 66319.1 72434.2

Table 10
Variables of optimized HRSGs for case (III) and calculated geometric parameters.

Opt. without vib. cstr. Opt. with vib. cstr.

Steam flow rate [kg s�1] 15.13 13.98

Bundle width [m] 4.45 6.41
No. of support plates [�] 2 3
Fin tip clearance, core 1 [mm] 15.91 23.22
Fin tip clearance, core 2 [mm] 20.81 21.65
Fin tip clearance, core 3 [mm] 12.43 18.62
No. tubes per row, core 1 [-] 35 23
No. tubes per row, core 2 [-] 29 21
No. tubes per row, core 3 [-] 32 22
Bundle height [m] 2.31 1.68
Bundle depth [m] 0.35 0.39
Heat transfer area [m2] 745.2 717.1

Core volume [m3] 5.1 5.8
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required to satisfy the design criteria. The HRSGs in case (III) are
graphically illustrated in Fig. 9. The frame volumes of the two
HRSGs are very similar.
4. Conclusion

The design of compact, lightweight, and robust HRSGs is of
significance for the implementation of offshore bottoming cycles. A
novel methodology for the design optimization of compact HRSG is
proposed. The flow-induced vibration analysis, which assists the
robustness of the design, is integrated into the formulation of the
optimization problem. The sub-models considering four flow-
induced vibration mechanisms are implemented for the vibration
analysis of the finned tube bundle, and the acceptance criteria are
added as inequality constraints. The constrained non-linear opti-
mization problem is solved by NLPQL [43].

The methodology is demonstrated by three representative
cases. From the vibration analysis in the first two cases for single-
core HRSGs, the results show that fluidelastic instability and
acoustic resonance are found to be the most important ones, while
turbulent buffeting and vortex shedding is less likely to occur. This
result is consistent with the theory by Pettigrew et al. [23]. When
activating the vibration constraints, the solver finds appropriate
design parameters for tubes and fins geometry so that all design
criteria can be met. The total weight of the HRSG without support
plates is almost doubled from the optimization with the vibration
constraints compared to the one without the vibration constraints,
while it increases about 27% for the HRSGwith one support plate. In
both cases, the solver with the vibration constraints tends to in-
crease the fin tip clearance, so the overall dimensions and volume
of the tube bundle are increased. Due to a less compact design and
lower gas flow velocities, the heat transfer surface needs to be
enlarged to compensate for the lower overall heat transfer rate to
retain the required heat duty. This indicates the trade-off between
compactness, lightweight, efficient heat transfer, and the possibility
of flow-induced vibration problems. It further implies the impor-
tance of vibration analysis when designing a highly compact and
lightweight HRSG.

The third case for the three-core HRSG in a bottoming cycle
demonstrates the methodology with the added complexity of
simultaneously optimizing operating parameters together with
individual geometric parameters for the three cores. With freely
optimized for case (III).
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selecting the number of support plates, the solver rearranges the
tube layout and re-optimizes geometric parameters, so the total
weight of the optimized HRSGwith the vibration constraints is only
increased by 9% compared to the one without the vibration
constraints.

The proposed methodology is quite flexible. It can be easily
adapted to solve different types of problems by varying the
objective functions, such as minimizing the footprint of HRSGs or
maximizing the produced power from bottoming cycles. Since the
underlying vibrational sub-models for finned tubes are less studied
and validated than that for plain tubes, there will be qualitative
uncertainties in the presented results. Nevertheless, the method-
ology will still be applicable when using more accurate sub-models
when they are available. Given the capability to optimize operating
parameters, it will be useful to embed such methodology into a
transient model, which can assist the operation and control stra-
tegies for a compact bottoming cycle and thus reduce the risk of
damage from flow-induced vibrations.
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