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A double-tube once-through steam generator (DOTSG) consisting of an outer straight tube
and an inner helical tube is studied in this work. First, the structure of the DOTSG is
optimized by considering two different objective functions. The tube length and the total
pressure drop are considered as the first and second objective functions, respectively.
Because the DOTSG is divided into the subcooled, boiling, and superheated sections ac-
cording to the different secondary fluid states, the pitches in the three sections are defined
as the optimization variables. A multi-objective optimization model is established and
solved by particle swarm optimization. The optimization pitch is small in the subcooled
region and superheated region, and large in the boiling region. Considering the availability
of the optimum structure at power levels below 100% full power, we propose a new
operating scheme that can fix the boundaries between the three heat-transfer sections.
The operation scheme is proposed on the basis of data for full power, and the operation
parameters are calculated at low power level. The primary inlet and outlet temperatures,
as well as flow rate and secondary outlet temperature are changed according to the

operation procedure.
Copyright © 2016, Published by Elsevier Korea LLC on behalf of Korean Nuclear Society. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).

1. Introduction

NuScle, and WSMR, a once-through steam generator (OTSG) is
always used because it can enhance the heat-transfer capac-

In a nuclear power plant (NPP), the steam generator (SG) is an
important piece of equipment that exchanges heat from the
reactor core to the secondary loop and supplies steam to the
turbine, generating electricity or providing power. In many
integrated nuclear power plants (iNPPs) such as mPower,
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ity and can decrease the volume and weight of the entire iNPP
[1,2].

The OTSG has no steam drum because 100% of the flowing
water evaporates within the heat-transfer tubes. There are
two main types of tubes in an OTSG: the helical coil tube and
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Fig. 1 — Structure of the DOTSG. (A) Cross-section of the DOTSG; (B) its partial details; (C) perspective view of a single tube
unit; (D) vertical section of A—A in (C); and (E) cross-section of B—B in (C). d;, inner diameter of the inner tube; d,, outer

diameter of the inner tube; d;, inner diameter of the outer tube; d,, outer diameter of the outer tube; DOTSG, double-tube
once-through steam generator; pt, central axis distance of the outer tubes; rs, helical radius of the inner helical tube; S, the

pitch of the inner helical tube.

the straight tube. The helical coil tube can reduce stress
caused by thermal expansion and can increase the heat-
transfer area. The straight tube reduces the secondary pres-
sure drop and has a simple structure, which is beneficial to the
manufacture and maintenance of the OTSG. To combine the
advantages of the two tube types, a double-tube once-through
steam generator (DOTSG) having a tube unit consisting of an
outer straight tube and an inner helical tube is presented in
this paper. Fig. 1 illustrates the structure of the DOTSG.

Fig. 2 is a schematic diagram of the operation of an iNPP
with the DOTSG. The primary water coming from the reactor
core enters from the top of the DOTSG. The water then travels
downward through the tubes, finally exiting at the bottom of
the DOTSG and returning to the reactor vessel. Flow passages
in the reactor vessel constitute the primary loop; this part is
defined as the primary side of the SG. As the primary water
travels down the metal tubes, the water transfers heat to the
secondary fluid. The secondary water coming from the feed-
water supply system is pumped into the bottom of the DOTSG.
The temperature rises when the water flows upward. The
boiling process continues until the steam reaches a quality of
one. The saturation steam becomes superheated and then

[/ )

Turbine~ Generator

Reactor

Condenser

N = VR
[ e ( ;
\ \_/

Feedwater pump

-]
N
Main pump

Primary loop — = Secondary loop —
Fig. 2 — Schematic diagram for the operation of an

integrated nuclear power plant with the double-tube once-
through steam generator (DOTSG).

leaves the DOTSG through the steam valve. Flow passage
through the turbine, condenser, and feedwater pump com-
prises the secondary loop; this part of the DOTSG is defined as
the secondary side.

On the primary side, water flows through the inner helical
tube and shell side; while on the secondary side, the fluid
flows through the lunate channel between the outer straight
tube and the inner helical tube. On both sides of the inner
helical tube, the spiral flow enhances heat transfer but the
flow resistance increases, strongly influencing the main pump
and feedwater pump.

According the descriptions above, the DOTSG is a type of
bilaterally heated narrow-annuli heat exchanger. Many
studies have been performed on the heat-exchange problem
in bilaterally heated narrow annuli and helical tubes. How-
ever, the optimization problem is rarely addressed in these
studies. Roy et al. [3,4] used both experimental methods and
simulation to study the isothermal and heated turbulent
upflow in a vertical annular channel. They observed buoyancy
effects on the velocity and thermal fields in the simulation
results and in the measurements. In an experimental inves-
tigation on the flow and heat transfer in narrow annuli, Wang
etal. [5] showed that when the heat flux values of both sides of
the narrow annuli are equal, the heat-transfer coefficient of
the inner tube is greater than that of the outer tube, and the
heat-transfer rate of the annuli is the highest. Chen et al. [6]
used the smallest difference in the outlet temperatures of
the two primary sides to optimize the flow distribution. To
reach the optimized flow distribution, the gap width was
varied according to the tube dimensions. Results of an
immovable enthalpy boundary model developed by Yu and Jia
[7] for the heat-transfer calculation of a DOTSG with an inner
helical tube indicate that the inner helical tube enhances the
heat transfer. However, the pressure drop was not considered
in their study. Some investigators have considered that the
minimum cost of the heat-transfer surface area or capital
investment to be an objective function to optimize the heat
exchanger [8,9]. Others have considered the sum of invest-
ment related to the heat-transfer surface area and operational
costs (fluid head losses) as an objective function for the
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Fig. 3 — The three streams of the double-tube once-through
steam generator (DOTSG) and the division of the heat-
transfer section. L, Ly, and Ly, are the lengths of the
subcooled, boiling, and superheated sections, respectively;
G, G11, and G;, are the mass flow rates of the secondary
side, primary side in the inner tube, and primary side in
the shell side, respectively; and t,, t;1, and t;, are the
temperatures of the secondary side, primary side in the
inner tube, and primary side in the shell side, respectively.

optimization [10,11]. Johannessen et al. [12] used the sum of
the entropy generation of the streams as an objective function
in their optimization study. The particle swarm optimization
(PSO) method, a type of artificial intelligence algorithm, finds a
global optimum more easily by using iterative searching
methods. Being a derivative-free and population-based sto-
chastic search algorithm, PSO is robust and fast in solving
nonlinear, multi-objective problems. Moreover, PSO is easy to
implement and allows a straightforward understanding of the
searching trajectories [13]. It has been widely used in nuclear
engineering, such as in the optimization of the energy group
structure [14], optimization of a U-tube SG [15], and visuali-
zation of two-phase flows [16].

We have completed some work on the structure optimi-
zation of the DOTSG using the non-dominated sorting genetic
algorithm II and Pontryagin's maximum principle [17,18]. The
optimized pitches of the inner helical tube in three heat-
transfer regions have been determined. However, new prob-
lems arose during our study. Our previous optimization works
were based on the stability state of 100% full power (FP); dur-
ing the power change operation of the DOTSG, however, the
boundaries of the heat-transfer regions change, this necessi-
tating analysis of the optimum structure of the DOTSG during
the power change operation. This paper shows two main
contributions to our work. One is the optimization of the

DOTSG by PSO, and the other is the design of a new operation
scheme for the optimum DOTSG that fits its fixed optimization
structure.

This paper is structured as follows. In Section 2, we intro-
duce the heat-transfer process and the pressure drop calcu-
lation for the DOTSG. For the DOTSG's structure operation, we
establish and solve a multi-objective problem by PSO in Sec-
tion 3. In Section 4, the power change operation of the DOTSG
is analyzed and a new operation scheme is designed. Finally,
we conclude in Section 5.

2. Formula description

Assuming that every tube unit of the DOTSG has an identical
flow, we may analyze the SG by using the single module
concept, that is, the SG is treated as a single-module heat
exchanger. This type of heat transfer is divided into three
sections according to the secondary water/steam status
(Fig. 3), namely, the subcooled, boiling, and superheated sec-
tions. In the subcooled and superheated sections, the sec-
ondary fluids are subcooled water and superheated steam,
respectively, both of which are single phases. In the boiling
section, the secondary fluid is a mixture of steam and water
(two-phase). In every tube unit of the DOTSG, the primary
water flows in the inner helical tube and the shell side, while
the secondary fluid flows in the channel consisting of the
outer straight tube and the inner helical tube. Fig. 3 shows the
three streams in a single tube unit of the DOTSG and the di-
vision of the heat-transfer section.

To compact the SG and to reduce the pressure drop, we
considered the reduction of tube length and the pressure drop
as two objective functions under a constant heat duty. Thus,
the heat-transfer process and pressure drop calculation are
discussed in this section.

2.1. Heat-transfer calculation

In the DOTSG, the secondary fluid obtains heat from the pri-
mary water in the inner helical tube and shell side. The basic
equation of the heat transfer based on the energy conserva-
tion principle can be expressed as Eq. (1).

Q = U11A11.LMTDy; 4+ U12A1,LMTDy, (1)

where Q is the heat transfer rate, U;; is the overall heat-
transfer coefficient based on the outer area of the inner heli-
cal tube, Ui, is the overall heat-transfer coefficient based on
the inner area of the outer tube, A4, is the heat-transfer sur-
face area of the outer surface of the inner helical tube, A, is
the heat-transfer surface area of the inner surface of the outer
tube, LMTDy; is the log-mean temperature difference of the
primary water in the inner helical tube and the secondary
fluid, and LMTD;, is the log-mean temperature difference of
the primary water in shell side and the secondary fluid. A4,
A, are computed through Egs. (2—4).

Ay = wdyLg 2
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A12 = 7Td3 (3)

Ly/L = { 52+(mi3)2} / S (@)

where d, is the outer diameter of the inner helical tube, ds is
the inner diameter of the outer tube, L is the length of the
straight tube, Ly is the length of the inner helical tube, and S is
the pitch of the inner helical tube, which corresponds to the
axial length of one coil of the helical tube. Inputting Egs. (2—4)
into Eq. (1) and subsequent rearrangements give the first
objective function:

S2 + (mds)?
L= Q U11 ﬂdzLMTDllf -+ Ulzﬂ'dgLMTDlz (5)

The overall heat-transfer coefficients in Eq. (1) are
computed in Egs. (6) and (7).

_ dZ dz dz 1
= 1/ (Ofndl " Dt Ind_1 * Ol_z) ©)

Nu, = 3
d ,
ds n
_ d3 d3 d4 1
Uiz = 1/ <a12d4 * 2Aotube lnde * 072) (7)

where «q; is the convective-heat-transfer coefficient of the
primary water in the inner helical tube, a4, is the convective-
heat-transfer coefficient of the primary water in the shell side,
a, is the convective-heat-transfer coefficient of the secondary
fluid, Aiwpe is the thermal conductivity of the inner helical tube,
Aotube 1S the thermal conductivity of the outer tube, d; is the
inner diameter of the inner helical tube, and d, is the outer
diameter of the outer tube. o;; and o, are, respectively, ob-
tained by using the Dittus—Boelter equation and a modifica-
tion of the equation [Eq. (8)] [18].

A

RERS ®

a;p = 1.3 x0.023 4

where 1y is the thermal conductivity of the primary water in
the inner helical tube, Re;; is the Reynolds number of the

1.68
r S —6.37 dz —-0.4 {0,6 |:1+0‘0165 <%> :| } PT2 0.25
0.002|1 + 1.25 x 10° (d—> (d—> Re, Pry#s (W) , 2x10%® <Re, < Reye, 0.064 < S <0.120
L 3 w

primary water in the inner helical tube, and Pry; is the Prandtl
number of the primary water in the inner helical tube.

The convective-heat-transfer coefficient of the secondary
fluid based on the pitch is obtained from the experimental
results [19] under the following conditions: non-adiabatic
flow, P =3.0-6.5MPaq, pv = 50 — 450 kg/m?s, and
q = 0.04 — 0.25 MW/m?. The results show that the convective-
heat-transfer coefficient of the secondary fluid varied in the
different heat-transfer sections. In the subcooled section and
superheated sections, the convective-heat-transfer co-
efficients of the secondary side are calculated through Eq. (9).

oy = Az
27de,2

NUQ (9)

where 1, is the thermal conductivity of the secondary fluid, d. »
is the hydraulic diameter of the secondary channel, and Nu, is
the Nusselt number of the secondary fluid, which is calculated
through Eq. (10).

where Re, is the Reynolds number of the secondary fluid, Pr, is
the Prandtl number of the secondary fluid, and Pr,, is the
Prandtl number of the secondary fluid at the temperature of
the wall. Re,., is the critical Reynolds number, which de-

0.73:
- S ~021 d 04 {0.002 |:1+68.2 (%) :| } Pr 0.25
0.002|1 +68.2( = 22) Re Prd®(=2) | 2x10° <Re, <Re,, 0.040 < S < 0.064
d d 2 2
L 3 3

Pry

(10)

r S -0.9 d —0.35 Pr 0.25
0.015|1+5.39 (—) } <d—2> Red8Pr)* <#> , Reye <Rep <4 x 10% 0.040 < S < 0.064
L 3

r —-3.04 dz -0.35 Prz 0.25
0.015|1 + 182 (7) (?) Re$EPO4 <W> . Re,r < Rep <4 x 10%, 0.064 < S < 0.120
L 3

scribes the transition of laminar flow to turbulent flow. It is
computed through Eq. (11).

0.3

Rey = 18500 _ dd (11)

52/4+(d3 —dy)?

In the boiling section, the convective-heat-transfer co-
efficients of the secondary side are calculated through Eq. (12).
oy =g/ 1+ 0.6(040/¢)1L)2 (12)

where «; is the convective-heat-transfer coefficient of the
saturated water calculated from Eq. (10), and ag is the
convective-heat-transfer coefficient when the inner tube is
straight, as calculated from Eq. (13).

g = 446q°'7p0'2 (13)

where q is the heat flux and p is the pressure.
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As we could not know the heat flux without the convective-
heat-transfer coefficient, we computed the tube length of the
boiling section iteratively as follows:

Step 1: Give the initial value of the heat flux g.

Step 2: Calculate the length of the boiling section Ly, and of
the heat-transfer surface areas A;4, Aj; using Egs. (5), (2), and
(3), respectively.

Step 3: Calculate the iterative heat flux q using Eq. (14).

Q

== 14
1 A+ Agp (14)

Step 4: Compare q and q using Eq. (15). If it is true, then go
to Step 5; otherwise, let ¢ = q and return to Step 2.

[a-q|<e (15)
Step 5: Save and finish.

2.2. Pressure drop calculation

The pressure drops in the three flow passages of the DOTSG
are calculated individually. The pressure drop in each passage
contains the frictional pressure drop, acceleration pressure
drop, and gravitational pressure drop. Because the pitch
mainly affects the frictional pressure drop but not the accel-
eration and gravitational pressure drops, we consider only the
frictional pressure drop in this paper.

The frictional pressure drop in the helical tube may be
calculated through Eq. (16).

2
Apy1 = fnplzldlu L (16)

where f; is the friction factor of the primary side in the inner
tube, p1; is the density of the primary water in the inner tube,
and v, is the average velocity of the primary water in the
inner tube. p;; and v,; may be obtained through the results of
the heat-transfer calculation. The friction factor, f;;, may be
calculated through Eq. (17) [20].

S -13 T 0.54
35(1+30(= 1+=") Re™,
Ts dz

2 x 10°> < Rey; < Reqqer

fu= s\ 2 7\ 046 ' (17)
0.316 {1 +12x10° (7) (1 + —S) Re; 2%,
Ts dz

where rg is the helical radius of the inner helical tube, and
Req1 o is the critical Reynolds number of the helical tube,
which is computed from Eq. (18).

Reji o < Reyy < 8 x 10*

S -0.3
Reyy = 22000 <7> (18)

The frictional pressure drop of the shell side is calculated
through Eq. (19).

UZ
Apip = flzl;(;—&llj L (19)
where f, is the friction factor of the primary side of the shell
side, p,, is the density of the primary water in the shell side,
and vy, is the average velocity of the primary water in the shell

side. p;, and vy, may be obtained by calculating the heat
transfer. The friction factor fi, is computed by using the Sie-
der—Tate formula.

The pressure drop in the secondary side based on the pitch
is obtained from experimental results [20] under the following
conditions: non-adiabatic flow, P =3.0-6.5MPa,
pv = 50 — 450 kg/m?s, and q = 0.04 — 0.25 MW/m?. In the sub-
cooled and superheated sections,

_ Y3
Apz = f22de,2 L (20)

where f, is the friction factor of the secondary side, p, is the
density of the secondary side, and v, is the average velocity of
the secondary side. The friction factor may be calculated from
Eq. (21).

05 [1 128 (E) 1'6} <d2> 70'64Re{70'25 [”0'92 (‘%) } } 7

ds ds ?

2 x 10® < Re, < Rey, 0.040 < S < 0.064

osfume($) | (4 ou foolole) T}

)

ds
f2 =1 2% 10% < Re, < Re,,, 0.064 < S < 0.120

s\ 2] /d,\ 0%
0.316|1+ 10( — z2 Re;ms
d3 d3

Re, < Re, < 4 x 10%,0.040 < S < 0.064

S -21 d -0.46
0.316|1+12.6( 4+ 22 Re;%,
d3 d3

Re, o < Rep, <4 x10%0.064 < S < 0.120

(21)

In the boiling section, the frictional pressure drop is ob-
tained from Eq. (22).

oo

G

where Ap, is the single-phase frictional pressure drop of
saturated water at the temperature of the boiling section,
which may be calculated according to Eq. (21). pr and pg are,
respectively, the densities of saturated water and saturated
steam at the temperature of the boiling section. x is the quality
of the secondary fluid, which is a mixture of water and steam,;
and ¥ is the non-uniform coefficient, which is calculated
through Eq. (23).

W=Ag+ Y A (23)

where A,(n=0,1,2,3,4) are constants when P=4 MPa, Ap=1,
A, =228, Ay=-591, A;=7.94, and As=—3.94; and when
P=6 MPa, Ap=132, A;=-53, A;=241, A;=-35.1, and
As=16.8.

R is defined as the flow resistance in a flow passage:

R-2P (24)
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where V is the volume flow rate, which may be calculated
from Eq. (25),

V== 25
; (25)
where G is the mass flow rate. e is defined as the ratio of the
mass flow rate of the primary side in the inner helical tube to
that of the primary side.

_Gn

efc—1

(26)
where Gy, is the mass flow rate of the primary side in the inner
helical tube, and G, is the total mass flow rate of the primary
side.

Both of the primary side passages are parallel pipelines.
They have the same pressure drop at the end of each branch.
Thus, the pressure drop of the primary side should be calcu-
lated iteratively as follows:

Step 1: Give the initial value of e.

Step 2: Calculate the pressure drop of Ap;; and Apy, using
Egs. (16) and (19), respectively.

Step 3: Compare Ap;; and Apyp in Eq. (27). If Eq. (27) is true,
then go to Step 4; otherwise, let e = €. and return to Step 2.

|Apy; — Appp| <& (27)

Step 4: Let Ap; = Apy, and save it.

An expression for the new e in the iteration based on the
average temperature of the two primary sides may be ob-
tained from Eq. (28) by combining Egs. (24—26).

Apn/Rn
e =
Ap11 /Rus + Ap1p /Rep

(28)

The combined pressure drop, e, which is the second
objective function of this work, may then calculated itera-
tively from Eq. (29).

Ap = Ap; + Ap, (29)

3. Structure optimization of the DOTSGby PSO
3.1. PSO

The PSO method is one of the evolutionary techniques—its
creation was inspired by swarms, such as those of insects,
fish, or birds, and their coordinated movements [13]. In PSO,
each of the particles or swarms is described by its position,
and a velocity vector flies through the search space by
following the current optimum particle. Particle motions are
defined by a vector that defines the velocity of the swarm
along each axis. The best solution for each particle obtained
is stored in the particle memory and is named the particle
experience. We use a separate memory (indicated as pbest) in
which each particle stores the best position it has ever
visited in the search space; the overall best position for all of
the particles is indicated as gbest. During tracking of pbest
and gbest, separate random numbers are generated for ac-
celeration toward the two best positions. In this way, each
particle of the swarm decides on its next movement

according to its own experience and the experience of the
entire group.

Let #be an n-dimensional search space, fo,;be the objective
function, and mbe the number of particles that comprise the
swarm, @ = {X1, X2, ..., Xm }. The ith particle is a point in the
search space with position X;={Xj1,Xi2,...,Xin }, velocity
v; = {uis, Uig,..,Uin }, and individual best position
p; = {Pi1,Pi2, ..., Pin }- D;Stores the best position ever visited by
the ith particle during the search. The best position for all of
the particles in the swarm 1is represented by
Py = {Pg1.Dg2: ... Pgn }. The modified velocity and position of
each particle may be calculated by using the current velocity
and the distance from p; to p,as shown in Egs. (30) and (31)
[21].

Uij(t+ 1) = wuij(t) + ciry [Pi‘j(t) - Xi-i(t)] + 0ol [ng(t) - Xu(t)]
(30)

Xij(t+1) = x;5(t) +vij(t + 1) (31)

where i=1, 2,...,m, j=1,2,...,n, c;and cpare positive accelera-
tion coefficients known as the cognitive and social parame-
ters, respectively; r;and rpare realizations of two independent
random variables that assume a uniform distribution in the
range [0, 1]. The best position of each particle is updated at
each iteration by setting p; (t+ 1) =x; (t+ 1), if fopj(Xi) <forj(pi);
otherwise, the position remains unchanged.

3.2 Optimization variables and objective function

In this study, the structure optimization design of the DOTSG,
that is, pitch optimization of the inner tube of the DOTSG, is
done to achieve the best combination performance for heat
transfer and flow resistance. As far as the operating principle
is concerned, the requirements of low pressure loss and high
heat-transfer coefficient are inconsistent with one another.
However, the requirement for the optimization design of the
DOTSG is obtaining a shorter tube length and a lower pressure
drop at the same time under specified conditions. This design
problem is multi-objective optimization.

Obviously, the variable in this study is the pitch of the inner
helical tube (S). However, the DOTSG is separated into three
axial sections, with the sections having different thermal-
—hydraulic mechanisms. As a result, the pitches in the three
sections may vary. Therefore, we set the pitches in each heat-
transfer section (Ssc, Sko, Ssn) as three separated variables in
this optimization problem. To apply the PSO method for
parameter optimization of the DOTSG, the three variables are
defined to compose a particle {Sg., Spo, Ssn}- Thus, there are
three members in a particle.

In the optimization of the inner helical tube, minimizing the
tube length is in contradiction with minimizing the pressure
drop when the total heat transfer rate is given and kept con-
stant. That is, if the target is reduction of the tube length, then
the heat transfer needs to be enhanced and the pitch reduced,
but these changes lead to a larger pressure drop at the same
time. If the target is reduction of the pressure drop, then the
pitch should be increased, but this change weakens the heat
transfer in the tube, thereby increasing the tube length.
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Calculate fitness
value of using
Eq. (33)

Renew position
and velocity of
every particle using
Egs. (30) and (31)

Update p: and p,

Termination
criterion fulfilled?

Fig. 4 — Flowchart of particle swarm optimization (PSO) for
the double-tube once-through steam generator (DOTSG)
optimization.

With both tube length and the pressure drop taken into
consideration, the objective function is constructed through a
linear weighted method, as shown in Eq. (32).

J=al+BAp (32)

where « and g are weight coefficients; and L and Ap are the
normalized tube length and total pressure drop, respectively.

Considering the restrictions of manufacturing technology
and the range of experimental parameters, the pitch should be
in the range of 0.040 m to 0.120 m. A penalty function is
needed to describe this constraint. Finally, the objective
function is established in Eq. (33).

o 0, 0.040<S<0.120
J=al+pAp +f(S). folS) = {K $<00400rS>0120 %)

where K is a sufficiently large constant, which is 100 here.

3.3. Application of PSO to the DOTSG optimization

For the PSO algorithm, the parameters w, c;, and c,, should be
defined properly. The parameters c; and ¢, allow the particle to
tune the cognition and the social terms, respectively, in the
velocity update equation. Higher values of c; ensure a larger
deviation of the particle in the search space, while higher
values of c, signify convergence to the present global best
(gbest) [22]. To incorporate a better compromise between the
exploration and exploitation of the search space in PSO, c; has
been allowed to decrease from the maximum value ¢y, to the
minimum value ¢, While ¢, has been increased from c,;,, to
Cmax, @S Shown in Egs. (34) and (35) [23].

C — Cmij
€1 = gy — o = Cmin) ¢ (34)
tmax
€2 = Cmax + Cmin — C1 (35)

where Cqx and ¢, are the maximum and minimum values of
acceleration coefficients, respectively; and tn. is the
maximum iteration number.

The inertia weight w is employed to control the impact of
the previous history of the velocities on the current velocity.
An increase of w permits particles to explore the search space,
and a decrease of w leads to a local search. Thus, to keep a
balance between the local search ability and the global search
ability, w is often defined as a decreasing function of time
instead of a fixed constant. The parameter w starts with a
large value and decreases linearly to the minimum value ac-
cording to Eq. (36) [24].

W = Wiy — omax — Wnin ¢ (36)
tmax

where Wpmax and wmin are, respectively, the maximum and

minimum values of the inertia weight.

The calculation flow chart for PSO in the DOTSG optimi-
zation is shown in Fig. 4.

3.4. Results and discussion

The PSO parameters used in the present study, as well as the
geometric and parametric operating conditions of the DOTSG
are listed in Table 1.

On the basis of the PSO algorithm and the DOTSG model,
structure optimization of the DOTSG is performed with
randomly generated initial positions and velocities for the
particles in the swarm. The searching process of the PSO for
the DOTSG optimization is depicted in Fig. 5, and that for
members of the particle during optimization is presented in
Fig. 6.

Fig. 5 shows that the fitness value has been minimized to
0.42 from the initial value 0.86 in 500 iterations. Actually, the

Table 1 — Particle swarm optimization (PSO) parameters,

geometric parameters, and operating conditions.

Parameter Value
Inner diameter of the inner helical tube (mm) 6
Outer diameter of the inner helical tube (mm) 10
Inner diameter of the outer tube (mm) 13
Outer diameter of the outer tube (mm) 18
Center distance of the outer tubes (mm) 19
Inlet pressure of the primary side (MPa) 17
Inlet pressure of the secondary side (MPa) 4
Inlet temperature of the primary side (K) 600
Inlet temperature of the secondary side (K) 379
Mass flow rate of the primary side (kg/s) 0.0179
Mass flow rate of the secondary side (kg/s) 0.0031
Swarm size 20
Maximum number of iterations 500
Maximum acceleration coefficient 2.5
Minimum acceleration coefficient 1.5
Maximum inertia weight 0.9
Minimum inertia weight 0.4
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Calculate fitness
value of using
Eq. (49)

Renew position
and velocity of
every particle using
Egs. (43) and (44)

Update pi and pe

Termination
criterion fulfilled?

Fitness value

0.3r i

0.2 —

0 L L L L L L L L L
0 50 100 150 200 250 300 350 400 450 500
lteration

Fig. 5 — The searching process of the particle swarm
optimization (PSO) for the double-tube once-through steam
generator (DOTSG) optimization.

optimization was completed at the 276" step. According to
Fig. 6, the best values for the three decision variables are as
follows: Sg. = 0.056 m, Sy, =0.109 m, and Sy, = 0.064 m. When
the optimized pitch is obtained, the tube length and total
pressure drop may be obtained as described in Section 2:
Lo, =0.84 m, Ap = 7642 Pa. Therefore, the pitch distribution
along the tube may be obtained from Eq. (37).

0056 0<L<O0.11
Sep = ¢ 0.109 0.11 <L <0.66 (37)
0.064 065<L<0.84

When the pitch is in its boundary values (S=0.040 m,
S=0.120 m), L(0.040)=0.78 m, Ap(0.040) = 11869 Pa, L(0.120)=
0.87 m, Ap(0.120) = 5803 Pa, the optimized pitch can resultin a
0.03-m reduction of the length and a 1439-Pa increase in the

pressure drop as compared with that at S =0.120 m. Optimized
pitches can also reduce the pressure drop by 4227 Pa and in-
crease the tube length by 0.06 m as compared with that of

(&)

0.12

0.1- 4

004 I I I I I I I I I
0 50 100 150 200 250 300 350 400 450 500

lteration

Sbo

0.07 - B

0.06 - B

0051 4

| | | | | | | |
0 50 100 150 200 250 300 350 400 450 500
Iteration

0.09r b

0.07 - 4

0.06 - ,—‘ b

0.05r B

0.04 | | | | | | | | |
0 50 100 150 200 250 300 350 400 450 500

Iteration

Fig. 6 — The searching process for the members of the
particle during the optimization. (A) Pitch of the subcooled
section (Ss); (B) pitch of the boiling section (Sy.); and (C)
pitch of the superheated section (Ssy,).
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Table 2 — Operation parameters and structure parameters of the optimized DOTSG under 100% FP.

Operation parameters Value Structure parameters Value
Primary inlet temperature (K) 600 Length of subcooled section (m) 0.18
Primary outlet temperature (K) 518 Pitch of subcooled section (m) 0.064
Secondary outlet temperature (K) 563 Length of boiling section (m) 0.54
Secondary inlet temperature (K) 379 Pitch of boiling section (m) 0.109
Primary flow rate (kg/s) 0.0179 Length of superheated section (m) 0.11
Secondary flow rate (kg/s) 0.0031 Pitch of superheated section (m) 0.056

S =0.040mbecause the inner helical tube can increase the heat
transfer surface area and add to the turbulence of the fluids.
These effects are strong when the pitch is small, and vice versa.
We can obtain the formula for the pressure drop as Eq. (38).

ApafxL (38)

Both the increase in the fraction factor and the tube length
can increase the pressure drop. Thus, the fraction factor is
large and the tube length is short when the pitch is small, but
the fraction factor is small and the tube length is long when
the pitch is large. There must be an optimal pressure drop and
a balance between the fraction factor and tube length.

As stated before, the inner helical tube can increase the
heat-transfer surface area and add to the turbulence of the
fluids. However, the turbulence of the mixture of water and
steam during boiling is already strong; in this case, the heat
transfer is enhanced by the turbulence and the effects of the
inner helical tube are not needed. In addition, the strong tur-
bulence causes a large pressure drop. Therefore, the pitch in
the boiling section is larger than that in the subcooled and
superheated sections at lower pressure drop and at reason-
able heat-transfer rate.

4. Operation scheme design for the DOTSG

In Section 3, the optimized structure is obtained under 100%
FP. However, the power level during the operation of an NPP
may change, thus altering the heat duty of the DOTSG and the
boundaries of the different heater-transfer sections within the
fixed structure of the DOTSG. In other words, water and steam
may work beyond their relevant heat-transfer sections.
Operation under this condition weakens the effects of the
optimization. Therefore, it is necessary to design a pertinent
operation scheme for the optimized DOTSG here.

4.1. Steady-state operation analysis of the DOTSG

Under steady state, the power level of the SG equals the power
level of the reactor core through heat transfer from the pri-
mary side to the secondary side, as described in Eq. (39):

Q = UAAt, (39)

where Q is the power, A is the heat-transfer area, U is the
global heat transfer, and At,,. is the temperature difference.
For any particular SG, its heat transfer area is invariant. As
indicated by Eq. (39), the steady-state power of the system can
only be changed by the adjustment of U and Aty,. Normally,
the SG power level is adjusted by changing the temperature

difference and convective-heat-transfer coefficient. During
the different steady-state operations, the varying pattern of
the SG operating parameters may be limited by a scheduled
scheme, which is known as the steady-state operation
scheme [hereafter referred to as the operating scheme (OPS)
for convenience]. The two typical OPSs of the NPP are the
constant-primary-loop-temperature (CPT) scheme and the
constant-steam-pressure (CSP) scheme. However, in many
practical NPPs the OPS is the combination or modification of
the two individual schemes.

The structure of the optimized DOTSG in our study cannot
be changed during the power changing operation. However,
the optimized pitches and boundaries of the three heat-
transfer sections are designed on the basis of parameters
that are under 100%, that is, at power levels below 100%
FP because of mismatch of the fluid to its heat-transfer sec-
tion. As a result, the pressure drop and the noise increase.
Therefore, operation of the optimized DOTSG should be
analyzed. First, the two traditional operation schemes are
applied to the DOTSG (calculation results are discussed in this
section). Optimized results in Section 3 under 100% FP are
listed as calculation parameters in Table 2.

4.1.1. Constant primary-loop temperature

The CPT scheme is shown as Fig. 7. When the power level
increases from 0 to 100% FP, the average temperature of the
primary loop is constant, but the temperature difference

i i
t!
2 )
S t 5
5 i
F‘ —~—
v
0 100%

Power

Fig. 7 — Schematic diagram of the constant-primary-loop-
temperature (CPT). t, ;, is the primary inlet temperature,
t1,qv is the primary average temperature, t; o is the
primary outlet temperature, t, ; is the secondary steam
outlet temperature, p, is the secondary steam pressure.
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Table 3 — Steady-state parameters and length of the heat-transfer sections of the double-tube once-through steam

generator (DOTSG) under constant-primary-loop-temperature (CPT) from 20% to 100% full power (FP).

Po/FP 100% 90% 80% 70% 60% 50% 40% 30% 20%
t1n (K) 600 596 592 588 584 580 575 571 567
t1.0ut (K) 518 522 526 530 534 538 543 547 551
t out (K) 563 573 583 585 583 578 572 567 564
t1,av (K) 559 559 559 559 559 559 559 559 559
G, (kg/s) 0.0031 0.0027 0.0024 0.0021 0.0018 0.0015 0.0012 0.0009 0.0006
Lqc (m) 0.18 0.16 0.14 0.12 0.10 0.09 0.08 0.06 0.05
Ly, (m) 0.55 0.50 0.44 0.39 0.34 0.29 0.24 0.19 0.16
L, (m) 0.11 0.18 0.26 0.33 0.40 0.46 0.52 0.59 0.63

between the hot and cold legs increases linearly. Meanwhile,
the steam pressure and temperature decrease gradually.
Because the low-power condition is very different and
complex, and it seldom occurs during normal operation, our
calculations only deal with the operating conditions from 20%
FP to 100% FP. According to the CPT, the average temperature
of the primary side, the primary flow rate (G,), and the sec-
ondary inlet temperature (t, i,) are constant during the power
level increase from 20% FP to 100% FP. Using the parameters in
Table 2, we let the constant primary average temperature
equal the primary average temperature under 100% FP. The
other parameters can then be obtained through heat-transfer
calculations under 20% to 90% FP, as shown in Table 3. Curves
for the operating parameter are fitted in Fig. 8, and the
boundaries of the heat-transfer sections are fitted in Fig. 9.
Table 3 and Fig. 8 show that the trends of the secondary
outlet temperature and flow rate are different from those in
Fig. 7. The steam temperature increases with the power level
at 20% to 60% FP, reaches a peak value at approximately 60%
FP, and then decreases with the power level. In Fig. 9, the
boundary of the subcooled and boiling sections rises by
approximately 0.1 m from 20% to 100% FP, and the boundary of
the boiling and superheated sections rises by more than 0.5 m

620 T T T T T T T

»
2
o
r0.004
500 7
- __—70.003
480 - 7
- * r0.002
o1 +4f o=
h ‘ ‘ . . . . . 0
20 30 40 50 60 70 50 - e
Po (%)

Fig. 8 — Variation of operating parameters with the power
change at the constant-primary-loop-temperature (CPT).
t1,in is the primary inlet temperature, t, o, is the secondary
outlet temperature, t, o, is the primary average
temperature, t, o is the primary outlet temperature, G, is
the secondary flow rate.

during this process. The movement of these boundaries
changes the heat-transfer areas in every section to match the
power provided by the primary side and its temperature dis-
tribution. As a result, the OPS cannot be used for the operation
of the DOTSG.

4.1.2. Constant steam pressure

The CSP scheme is shown in Fig. 10. Clearly, the steam pres-
sure is constant and all of the primary temperatures increase
linearly during the power level increase from 0% to 100% FP.
Because the OPS is designed for the U-tube SG, which provides
saturated steam, the steam temperature is also constant in
Fig. 6. A constant steam temperature is used in the OPS for our
study.

Similar to the calculation method in Section 4.1.1, we let
the steam temperature be a constant equal to that under 100%
FP by using the parameters in Table 2. The other parameters
can then be obtained by heat-transfer calculations under 20%
to 90% FP, as shown in Table 4. Curves for the operating
parameter are fitted in Fig. 11, and the boundaries are fitted in
Fig. 12.

Table 4 and Fig. 11 show that the trends of the primary side
temperatures are nonlinear. Upon removal of the heat

0.9

0.8+ .

0.7

Superheated section

0.6-

0.5+

L(m)

0.4

0.3 Boiling section

0.2F ]

Subcooled section

020 30 40 50 60 70 80 90 100

Po (%)

Fig. 9 — Variation of the heat-transfer boundaries of the
double-tube once-through steam generator (DOTSG) at
constant-primary-loop-temperature (CPT) from 20% to
100% full power (FP).
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Fig. 10 — Schematic diagram of the constant-steam-
pressure (CSP). t, i, is the primary inlet temperature, t, 4, is
the primary average temperature, t; o, is the primary
outlet temperature, t, ; is the secondary steam outlet
temperature, p, is the secondary steam pressure.

provided by the primary side, the secondary flow rate showed
a linear relationship with the power level because of the dif-
ference in constant secondary temperature. In Fig. 12, the
boundaries also change significantly from 20% to 100% FP;
therefore, the OPS also cannot be used for the operation of the
optimized DOSTG.

4.2. Fixed-boundary operation scheme

As discussed in Section 4.1, the boundaries of the heat-
transfer sections change during power variation, which
make the optimized structure meaningless. In other words,
the real heat-transfer sections may differ from the optimized
heat-transfer sections, which may lead to a higher pressure
drop or ineffective heat transfer by water or steam in its
inadequate section. Therefore, there is a need to design a new
OPS that can provide fixed boundaries, which is defined here
as the fixed-boundary (FB) scheme. According to the structure
in Table 2, the lengths of every heat-transfer section and
secondary inlet temperature are fixed at their reference values
at 100% FP during the power increase from 20% to 100% FP. The

other parameters under 20—90% FP are calculated iteratively,
as shown in Fig. 13. During this steady-state process, the
temperature and the specific enthalpy can be mutually
transformed according to the steam tables of The Interna-
tional Association for the Properties of Water and Steam
(IAPWS IF-97) [25].

Step 1: An initial value for the steam temperature (t;, o) is
given.

Step 2: Calculate the secondary flow rate using Eq. (40).

Q x Po

Gp=—"—
? hZAout - hzm

(40)
Step 3: Give the primary inlet temperature (ty,in).

Step 4: Give the outlet temperature (t; o).

Step 5: Calculate the primary flow rate (G,) using Eq. (41).

Q x Po

Gy=—""
! hl‘in - h‘Lout

(41)
Step 6: Calculate the length of the subcooled section (Lsc ca)
using Eq. (5).
Step 7: Compare Lgcq With Lg. under 100% FP using in Eq.
(42). If true, then go to Step 8; otherwise, modify t; o, using Eq.
(43) and return to Step 5.

Lse — Lsccat <€ (42)

Loccal
t1out = trout X = (43)
Lsc

Step 8: Calculate the length of the boiling section (Lpo ca1)
through Eq. (5).

Step 9: Compare Ly, .q With Ly, under 100% FP using Eq. (44).
If true, then go to Step 10; otherwise, modify t, ;, using Eq. (45)
and return to Step 4.

Lyo — Lpocar <€ (44')
L
tiin = toin X % (45)
bo

Step 10: Calculate the length of the boiling section (L ca1)
through Eq. (5).

Step 11: Compare Lgp . With Lg, under 100% FP using Eq.
(46). If true, then save and end; otherwise, modify t o, through
Eq. (47) and return to Step 2.

Lsh - Lshcal <e (46)

Table 4 — Steady-state parameters and length of heat-transfer sections of the double-tube once-through steam generator

(DOTSG) under constant-steam-pressure (CSP) from 20% to 100% full power (FP).

Po/FP 100% 90% 80% 70% 60% 50% 40% 30% 20%
t1in (K) 600 593 585 577 573 569 566 565 564
t1.0ut (K) 518 517 517 515 518 524 531 538 546
t,out (K) 563 563 563 563 563 563 563 563 563
to.in (K) 379 379 379 379 379 379 379 379 379
G, (kg/s) 0.0179 0.0179 0.0179 0.0179 0.0179 0.0179 0.0179 0.0179 0.0179
G, (kg/s) 0.0031 0.0028 0.0025 0.0022 0.0019 0.0016 0.0012 0.0009 0.0006
Lqc (m) 0.18 0.17 0.16 0.15 0.14 0.13 0.11 0.09 0.06
Ly, (m) 0.55 0.56 0.54 0.53 0.51 0.47 0.41 0.31 0.19
Lgp (m) 0.11 0.12 0.14 0.16 0.19 0.24 0.32 0.44 0.59
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Fig. 11 — Variation of operating parameters with the power
change under constant-steam-pressure (CSP). t, ;, is the
primary inlet temperature, t, .. is the secondary outlet
temperature, t; o is the primary outlet temperature, G, is
the secondary flow rate.

Lsh.cal
Lsh

t2,out = tZ,uut X (47)

The primary inlet temperature, primary outlet tempera-
ture, secondary steam temperature, primary flow rate, and
secondary flow rate under 20% to 100% FP may be obtained
according to the process in Fig. 13 (Table 5).

Curves for the operating parameter are fitted with a third-
order polynomial, as shown in Fig. 14 and Egs. (48—52).

The primary inlet temperature
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Fig. 12 — Variation of the heat-transfer boundaries of the
double-tube once-through steam generator (DOTSG) under
constant-steam-pressure (CSP) from 20% to 100% full
power (FP).
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Fig. 13 — The flow chart of the calculation of FB under a
given Po. FB, fixed-boundary.

tyin = —5.892P0 + 12.45P0? + 17.62Po + 576 (48)

The primary outlet temperature

t1out = 10.94P0® — 25.76P0* + 45.8Po + 486.9 (49)

The secondary outlet temperature

toour = —21.21P0% + 51.19P0” — 41.38P0 + 574.4 (50)

Primary flow rate
Gy = —3.114 x 107°Po® + 1.623 x 10Po? 4 0.0197Po — 0.45

x 107 (51)

Feedwater flow rate

G, = —5.051 x 107*Po® + 6.169 x 10~*Po? 4 3.015 x 10~3Po — 3.57
x 107>
(52)

Egs. (48—52) describe the parameters program for the FB
scheme. Table 5 shows that the lengths of the three sections
are constant during the power level increase from 20% to 100%
FP. The optimized structure can be matched under every
power level. However, the primary flow rate in the OPS needs
adjustment, which is a challenge in practice. After all, this FB
scheme is an exploration of the OPS design for the DOTSG,
which needs more work.
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Table 5 — Steady-state parameters and length of heat transfer sections of the double-tube once-through steam generator

(DOTSG) under FB from 20% to 100% full power (FP).

Po/FP 100% 90% 80% 70% 60% 50% 40% 30% 20%
t1.n (K) 600 598 595 592 590 587 585 582 580
t1,0ut (K) 518 515 513 510 508 504 502 499 495
t,0ut (K) 563 563.1 563.1 563.2 563.5 563.9 564.5 566 568
to.n (K) 379 379 379 379 379 379 379 379 379
G, (kg/s) 0.0179 0.0162 0.0148 0.0131 0.0114 0.0096 0.0073 0.0055 0.0036
G, (kg/s) 0.0031 0.0028 0.0025 0.0022 0.0019 0.0016 0.0012 0.0009 0.0006
Lgc (m) 0.18 0.18 0.18 0.18 0.18 0.18 0.18 0.18 0.18
Ly, (m) 0.55 0.55 0.55 0.55 0.55 0.55 0.55 0.55 0.55
Lgy (m) 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11

FB, fixed-boundary.
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Fig. 14 — Variation of operating parameters with the power
change under the FB scheme. t, ;, is the primary inlet
temperature, t; o, is the secondary steam outlet
temperature, t; o, is the primary outlet temperature, G, is
the primary flow rate. G, is the secondary flow rate. FB,
fixed-boundary.

5. Conclusions

The OTSG is always used in the iNPP. A DOTSG consisting of
an outer straight tube and an inner helical tube is studied in
this work. Such a structure can enhance the heat-transfer
capacity, as well as decrease the volume and weight of the
iNPP. However, the flow resistance is also increased. There-
fore, the DOTSG is optimized in this study, and the OPS for the
optimum DOTSG is studied.

First, the pitch of the inner helical tube is examined. The
relationships of the pitch to the heat transfer and the flow
resistance are analyzed. According to the different sec-
ondary fluid states, the DOTSG is axially divided into three
sections: the subcooled, boiling, and superheated sections.
The heat-transfer model and the flow model are established
according to the different sections. The pitches in every
region are selected as design variables. The combinatorial
objective is composed of the tube length, the pressure drop,
and a penalty function obtained through a linear weighting

method. The multi-objective optimization problem is then
solved by PSO. Results for the obtained optimum pitches
show that the optimum pitches are small in the single-
phase sections, but large in the boiling section. The opti-
mum pitches are 0.056 m, 0.109 m, and 0.064 m in the
subcooled, boiling, and superheated sections, respectively.

To ensure the availability of the optimum structure under
all power levels, a new OPS that can fix the boundaries be-
tween the subcooled, boiling, and superheated sections is
proposed. The OPS is proposed on the basis of the data for the
FP, and the operating parameters are calculated at low power
level. The primary inlet and outlet temperatures, as well as
the primary flow rate, secondary outlet temperature, and
secondary flow rate are changed according to the operating
procedure.
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