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ARTICLE INFO ABSTRACT
Keywords: This article presents a methodology for the thermo-economic optimization of shell-and-tube heat exchangers and
DEMO its direct application to the design of the heat exchangers in the Feedwater Line of DEMO Power Conversion

Power conversion system
Shell-and-tube heat exchanger
optimization

investment cost

pumping power

System, for the Helium-Cooled Pebble Bed Balance of Plant concept.

This optimization consists of minimizing the heat exchanger total present cost comprising both the investment
cost and the operating cost related to the pumping power to overcome friction losses while ensuring an efficient
heat transfer performance. For the calculation of the investment cost, a detailed and particularized method for
Shell-and-Tube heat exchangers is proposed, which provides very accurate values as related to the actual cost of
these heat exchangers. For the pumping power calculation, both tube-side and shell-side fluids pressure drops are
included. This calculation is performed by an iterative process, which results finally in the determination of all
the thermal parameters that characterize the heat exchanger. The final selection of the heat exchanger also
includes specific constructive and design constraints of these heat exchangers, which will also be described in this
work.

[4]. For the design of this plant, lessons learned from ITER have been
incorporated, so that the plant performs in a feasible and simple way,
with acceptable technical availability [5,6].

In this approach, the design of the Balance of Plant (BoP) is a key
element, whose safe and reliable operation is of great importance for the
success of the project [7]. The BoP includes both the Primary Heat
Transfer System (PHTS) dedicated to the extraction of thermal energy
and the Power Conversion System (PCS), that converts this energy into
electricity [8,9]. The thermal energy is generated by the plasma and
deposited in the Breeding Blanket (BB) [10], Divertor (DIV) [11] and
Vacuum Vessel (VV) [12].

Currently, there are two potential configurations for the BoP: the
Water Cooled Lithium Lead (WCLL) concept and the Helium-Cooled
Pebble Bed (HCPB) concept. Within the HCPB concept, there are four
variants: three Direct Coupling Designs (DCD) and one Indirect Coupling
Design (ICD). The configuration for the analysis presented in this paper
is the ICD, selected as the reference HCPB BoP configuration for the
Conceptual Design Phase of the current EUROfusion Framework Pro-
gram [13,14]. This option is based on an Intermediate Heat Transport
System (IHTS) provided with an Energy Storage System (ESS) operating

1. Introduction

The current context has highlighted the need to achieve a sustain-
able, secure and competitive energy supply, independent of fossil fuels,
and based on several energy sources. Within this energy mix, fusion
power plays a relevant role with the development of several significant
projects worldwide: ITER, whose main objective is to demonstrate the
feasibility of fusion as a large-scale energy source by means of a 500 MW
fusion power plant [1]; Spherical Tokamak for Energy Production
(STEP), which aims to deliver electricity from fusion utilizing a compact
spherical tokamak design to achieve efficient plasma confinement and
sustained fusion reactors [2]; Affordable, Robust, Compact (ARC),
which is based on the use of high-temperature superconducting magnets
to achieve higher magnetic fields, enabling a more compact and efficient
tokamak design [3]; finally, the project European DEMOnstration
Fusion Power Plant (EU DEMO) is going to succeed ITER in the pathway
towards the commercial production of net electricity from fusion power,
achieving a long plasma operation time, demonstrating tritium
self-sufficiency and producing net electric output on an industrial scale
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Acronyms
BB Breeding Blanket
BoP Balance of Plant

CAS Cassette

CELF Constant-Escalation Levelization Factor
CEPCI  Chemical Engineering Plant Cost Index
COND  Condenser

CRF Capital Recovery Factor
DCD Direct Coupling Design

DIV Divertor

EoL End of Life

EU DEMO European DEMOnstration Fusion Power Plant
ESS Energy Storage System

FWH Feedwater Heater

HCPB Helium-Cooled Pebble Bed

HP High Pressure

HX Heat Exchanger

1B Inner Blanket

ICD Indirect Coupling Design

IHTS Intermediate Heat Transport System
HX Intermediate Heat Exchanger
LP Low Pressure

MSSG Molten Salt Steam Generator
MSEP Moisture Separator

OB Outer Blanket

OTSG Once Through Steam Generator
PFC Plasma Facing Components
PHTS Primary Heat Transfer System
RH Reheater

STHX Shell-and-Tube Heat Exchanger
\'A% Vacuum Vessel

WCLL  Water Cooled Lithium Lead

Notation

Latin letters

A Area (m?)

B Baffles spacing (m)

Cp Cost of the base heat exchanger (€ m2)
Cg Electricity cost (€ MWwh™)

C; Investment cost (€)

C; Correction factors for the cost

Co Operation cost (€)

Cr Total cost (€)

D Shell diameter (m)

d Tube diameter (m)

AP Pressure drop (Pa)

f Friction factor / cost multiplier in Purohit method
G Fluid mass velocity (kg s m'?)

g Gravity acceleration (m s2)

h Convection heat transfer coefficient (W m™ K1)
hy, Latent heat of vaporization (J kg’l)

Toff Effective discount rate ( %)

J Correction factor

j Colburn j-factor

k Thermal conductivity (W m! KD

L Length (m)

m Mass flow rate (kg s

n Economic life of the power plant (years)
N Number of tubes/baffles

Nu Nusselt number

p Pressure (Pa)

P Cost multiplier in Purohit method

pr Prandtl number

Q Power (W)

r Cost multiplier in Purohit method

Re Reynolds number

ri Inflation ( %)

Tn Nominal escalation rate ( %)

rr Real escalation rate ( %)

T Temperature ( °C)

u Velocity (m s

Y Yearly operation time (hours)

Greek Letters

€ Rugosity (m)

n Efficiency

A Increment

p Density (kg m™)
u Viscosity (Pa sH
Subscripts

b Baffles

e Equivalent

id Ideal

l Liquid

s Shell

i Inside surface
max Maximum

4] Outside surface
t Tube

v Vapour

w Wall

with HITEC molten salt between 270 °C and 465 °C [15,16] to decouple
the PHTS from the PCS. This configuration is shown in Fig. 1.

The decoupling between the fusion reactor and the power cycle is
necessary as DEMO is characterized by pulsed operation, with two main
phases, pulse and dwell. During DEMO’s 2-hour pulsed operation, the
IHTS simultaneously produces steam in the Molten Salt Steam Generator
(MSSG) and also stores a part of the thermal energy from the BB PHTS in
the HITEC hot tank. This stored energy is released during the 10-minute
dwell DEMO operation, thus supporting continuous steady-state opera-
tion at 91.3 % of its nominal power [17]. This is the design point for the
cycle, as stated in Section 2.

As previously said, there are three DEMO heat sources coupled to the
PCS, whose thermal power can vary slightly through its operation. The
main heat source is the Breeding Blanket PHTS, which is coupled to the
IHTS via the He-Molten Salt Intermediate Heat Exchanger (IHX). The

two secondary heat sources are available from the Divertor and ac-
cording to their temperature level are coupled to the low-pressure and
the high-pressure feedwater line, respectively. The current values are
shown in Table 1, according to the ‘2021 Energy Map’ [18].

The Breeding Blanket PHTS consists of 8 combined Inner Blanket (IB)
and Outer Blanket (OB) cooling loops operated with Helium between
300 °C and 520 °C, which represent a total thermal power in the range
from 1910 to 2117 MWy, during pulse operation. The Divertor (DIV)
PHTS consists of two cooling systems: one for the Plasma Facing Com-
ponents (PFC) and the other one for the Cassette (CAS) supporting
structure. During pulse operation, the thermal power removed from
DIV-PFC ranges from 170 to 251 MWy,, with a temperature decrease
from 136 °C to 130 °C, whereas the thermal power from DIV-CAS ranges
from 181 to 216 MWy, with a temperature decrease from 210 °C to 180
°C, thus delivering power to the PCS feedwater line. Finally, the thermal
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Fig. 1. Simplified scheme of the configuration selected for the Balance of Plant (BoP): Helium-Cooled Pebble Bed (HCPB), Indirect Coupling Design (ICD)

(Source: [14]).

Table 1
Characteristics of the heat sources in the EU DEMO PHTS, for the option HCPB
BB [17].

Source BB DIV- DIV- \'A%
PFC CAS
Thermal power range - pulse 1910 - 170 - 181 - 45 -
operation (MWy,) 2117 251 216 48
Inlet temperature ( °C) 300 130 180 40
Outlet temperature ( °C) 520 136 210 60

power from the Vacuum Vessel (VV) has decreased through the project
and the current value ranges from 45 to 48 MWy,, with an operating
temperature decrease from 60 °C to 40 °C. Because of this low-grade
operating temperature, it was decided in the new Energy Map [18] to
eliminate the integration of VV thermal power into the PCS, thus
simplifying the low-pressure feedwater line.

As mentioned in the previous paragraph, the feedwater line of the
PCS in the EU DEMO has the peculiarity of not only to perform its
original function of preheating the cycle feedwater, but also to incor-
porate the heat from the secondary sources, DIV-PFC and DIV-CAS, ac-
cording to the latest configuration. This condition requires careful
design of the cycle heat exchangers, which, although they are conven-
tional Shell-and-Tube Heat Exchangers (STHX), must be designed to
operate under non-standard conditions.

Shell-and-tube heat exchangers are one of the most common types of
heat exchangers used in industrial applications. They consist of a series
of tubes embedded in a cylindrical shell. The fluid inside the tubes is
referred to as the tube-side fluid, while the fluid through the shell is
known as the shell-side fluid. Heat transfer occurs through the tubes
wall, from one fluid to the other.

Fig. 2 illustrates this type of heat exchanger, as well as its main
components.

Shell-side Tube-side

Baffles fluid, in  fluid, out
Front-end | Jvl IT
header e [ B = < [~
[ v \ —V \ |~
—> I = = | -
> = ~
[ A 1/ \ A ; A
=2 [ \\57", \\ ~ ~ 1 Rear-end
| ; [T ’ T \:) dypes | header
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fluid, in | fluid, out
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Fig. 2. Schematic diagram of a shell-and-tube heat exchanger displaying the
fluid-side and the shell-side fluid flow circuits.

The aim of this work is to present a methodology to calculate an
optimized design of the STHXs of DEMO PCS feedwater line, including
the heat exchangers that transfer the heat from the Divertor. To this end,
this study has been conducted as follows: firstly, the power cycle used in
the HCPB option is presented schematically, with a more detailed
description of the STHX included in the feedwater train. Then, a thermo-
economic optimization is conducted, balancing the investment cost and
the pumping power cost. For that, the thermo-fluid design of each heat
exchanger, also accounting for the conventional standards, is performed.
The up-to-date investment cost is calculated using a very detailed
method that considers both materials and design parameters of STHXs.
As will be shown in the results (Section 3), the investment cost estimated
by this method is very close to the actual investment cost, compared to
other methods based exclusively on the heat exchange area, which un-
derestimate the cost.
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2. Methodology

The HX optimization method explained in this Section is general in
scope and could be applied to any STHX. However, this optimization has
been developed within the framework of the EUROfusion Project, taking
as reference a specific PCS configuration described in Section 2.1. This
Section also includes a description of the STHXs to be optimized, along
with their thermal and constructive constraints. Next, Section 2.2 con-
tains a description of the optimization algorithm used for the design, as
well as the objective function to be minimized. Section 2.3 is devoted to
the correlations used for the thermal fluid-dynamic design of the heat
exchangers. Finally, Section 2.4 presents the Purohit method [19],
which is used to estimate the investment cost of these heat exchangers.
This method is characterized by being very thorough and providing a
cost value very close to the current cost for this type of heat exchanger.

2.1. General configuration of DEMO power conversion system, assuming
Helium as primary coolant for blanket cooling

For the DEMO HCPB variant, the Balance of Plant is composed of the
IHTS and the PCS. The PCS configuration, on which the heat exchanger
sizing calculation is based, is presented in Fig. 3 for the design point
conditions [17]. For these conditions, all heat sources coupled to the PCS
have been considered to operate at their maximum powers according to
Table 1: 2117 MWy, for BB, 251 MWy, for DIV-PFC and 216 MWy, for
DIV-CAS.

As shown in Fig. 3, thermal energy recovered from BB-PHTS is the
main heat source for the IHTS and then for the PCS, which are coupled
though a two-stage MS steam generator. The heat from DIV-PFC is
coupled to the Low-Pressure (LP) feedwater line, whereas the heat from
DIV-CAS is coupled to the High-Pressure (HP) feedwater line. The steam
turbine is constituted by a double-flow HP section and a double-flow LP
section. There is one steam extraction from the HP section to feed a
Feedwater Heater (FWH). The steam exiting the HP section is directed to
the moisture separator (MSEP) and then superheated in the reheater
(RH) before entering the LP section. There are two steam extractions
from the LP section to feed the deaerator and one FWH, respectively. The
feedwater line of the cycle consists of a LP zone and a HP zone, both

A

To IHTS

Steam |55 | e - - - - - -

Generator

From IHTS

2117 MWth

Heat from BB

216 MWth
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separated by the deaerator. The condensate pump increases the water
pressure to overcome the pressure drop in two HXs in the LP zone: one
FWH (FWH;) and one HX transferring the heat from the Divertor (DIV-
PFC HX). Thermal power of FWH; is equal to 40.71 MWy,, with feed-
water temperature increase of ~13 °C. DIV-PFC HX has the peculiarity
that the feedwater circulates through the shell, whereas the divertor
water circulates through the tubes. The reason for this circulation mode
is to provide an additional barrier to avoid any potential contamination
of the cycle feedwater, which is rather unlikely due to the existence of an
intermediate heat transport system. The thermal power of this heat
exchanger is 251 MWy, (there are four units in parallel), and the feed-
water temperature increment is ~85 °C. Next, the water is introduced
into the deaerator, which incorporates a turbine steam extraction from
the LP section. At the outlet of the deaerator, the feed pump increases
the water pressure so that it reaches the turbine inlet at the required
pressure, countering the pressure losses in the other HXs and in the MS
steam generator. The first HX after the deaerator is the DIV-CAS HX with
a power of 216 MWy, (there are 4 units in parallel) and a feedwater
increase of ~54 °C. As in the previous secondary-source HX, the water
from the divertor circulates inside the tubes, while the feedwater cir-
culates through the shell. Following this HX, there is one feedwater
heater (FWHy), with a thermal power of 49.5 MW, and an increase of
~12 °C in the feedwater temperature, so that the water temperature at
the inlet of the steam generator is ~211 °C.

In order to design the STHXs presented in the feedwater line, these
HXs have been classified into two types:

- Condenser and conventional feedwater heat exchangers (COND,
FWH;, and FWH,). These heat exchangers are conventional STHXs in
the feedwater line of a PCS, that is, the primary fluid through the
tubes is liquid water, whereas the secondary fluid is steam that
condenses in the shell.

Heat exchangers to transfer heat from the secondary sources (DIV-
PFC HX and DIV-CAS HX). These heat exchangers are also conven-
tional STHXs, but both the primary and secondary sides contain
single-phase fluid.

Following the project guidelines regarding the systems design [7],

Reheater
&

LP Turbine -@
I

Condenser

Deaerator

Heat from 251 MWth | Heat from
DIV.CAS DIV-PFC

Fig. 3. Simplified scheme of the power conversion system (PCS) for the Helium-cooled pebble bed (HCPB), Indirect coupling design (ICD) configuration (Adapted

from: [17]).
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the heat exchangers have been designed considering the End of Life
(EoL) conditions, in which some of the tubes are plugged (5 % of total
tubes for condensers and feedwater heaters; and 10 % of total tubes for
DIV-PFC HX and DIV-CAS HX). The equipment fouling factors have been
taken from technical references [20,21], and they are summarized in
Table 2.

2.1.1. Design of condenser and conventional feedwater heat exchangers:
COND, FWH; and FWH>

From the point of view of heat transfer, all these HXs are designed in
the same way: the primary fluid going through the tubes is liquid water
(from the cold sink in the condenser; pressurized feedwater of the cycle
for FWH; and FWH)); the secondary fluid entering the shell is saturated
steam, that condenses as it flows through the shell in the case of the
condenser, the low-pressure feedwater (FWH;) and the high-pressure
feedwater FWHp; there is no desuperheating section in any of the
feedwater heaters, not even in the HP line, as the steam entering the
shell is saturated steam. The correlations used for the thermal fluid-
dynamic characterization of the HXs are explained in Section 2.3.

All these HXs have been designed for DEMO pulse operating condi-
tions. Two condenser units have been designed to be located down-
stream of each of the two double-flow low-pressure turbine cylinders.
The condenser has been modelled as one shell pass and two tube passes
(1-2) HX. Other possibilities are also valid, but this is the most common.
It is advisable to use this design when it is necessary to minimize pres-
sure drop; in this case, due to the large steam mass flow from the turbine,
as well as its low pressure, this option seems adequate. The number of
baffles in this case is not a crucial issue, as the fluid velocity in the shell is
very low, with the objective the pressure drop, so this number is mini-
mized. The tube material (Admiralty metal, ASME: SB 111, SB 395), as
well as the normalized diameters have been selected according to
bibliographic references [20,21].

The general requirements for the feedwater heaters are taken from
technical literature [20-22]:

- Tube material: austenitic steel SA 688 TP304 for welded tubes (low-
pressure feedwater heaters); austenitic steel SA 213 TP 304 for
seamless tubes (high-pressure feedwater heaters).

- Tube thickness: according to ASME Boiler and Pressure Vessel Code
and no <1.2 mm (low-pressure feedwater heaters).

- Water velocity in the tubes: lower than 1.8 m s (low-pressure
feedwater heaters); lower than 2.4 m-s?! (high-pressure feedwater
heaters).

- Tube length: lower than 30 m

- The shell-diameter-to-tube-length ratio ranges from 1/15 to 1/5:

1/15 < D,/L < 1/5

- The baffles spacing ranges from 40 % to 60 % of the shell diameter:

0.4 D, < Bbﬂfﬂes < 0.6 Dy

Table 2
Fouling resistances of the shell-and-tube heat exchangers in the feedwater line of
the power cycle.

Fouling resistance ( °C m? W)

Tube-side Shell-side
COND 18107 0.9-107*
FWH, 1.76-107* 0.88-107*
FWH, 1.76-107* 0.88-107*
DIV-PFC 0 1.76:107*
DIV-CAS 0 1.76:107*
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Tube length affects the cost and operation of heat exchangers.
Basically, the longer the tube (for any given total surface), the fewer
tubes are needed, and the shell diameter decreases as well, resulting in
lower cost. There are, of course, several limits to this general rule, best
expressed by the shell-diameter-to-tube-length ratio, which should be
within limits of about 1/5 to 1/15. Maximum tube length is sometimes
dictated by architectural layouts and, ultimately, by transportation to
about 30 m. All the feedwater heaters have been modelled as one shell
pass and two tube passes (1-2), being the shell of E-type [22]. The
thermal and geometrical parameters of these HX are shown in the results
(Section 3).

2.1.2. Design of the heat exchangers to transfer heat from the secondary
sources: DIV-PFC HX and DIV-CAS HX

The two HXs for the secondary sources operate under highly variable
conditions: thermal power during the pulse is very high, whereas it is
practically null during the dwell. The HXs are designed for pulse con-
ditions, considering a very high mass flow. These HXs are divided into
four units. DIV-PFC HX is modelled as one shell pass and one tube pass
(1-1), being the shell of E-type, while DIV-CAS HX is 2-2 and an F-type
shell is adopted, in a “U” configuration [22].

As in the previous Section, the other design conditions for these heat
exchangers are as follows:

- Tube material: Inconel 690 (seamless) for both HXs.

- Maximum water velocity in the tubes has been set to 3 m-s’.
- Tube length: lower than 30 m.

- The ratio shell diameter to tube length ranges from 1/15 to 1/5:

1/15 < Dy/L, < 1/5

- The baffle spacing ranges from 40 % to 60 % of the shell diameter:

0.4 D, < Bbafﬂes < 0.6 Dy

2.2. Methodology for the thermo-economic optimization of the heat
exchangers

The optimization process is similar to that described in other works
[23,24], in which the objective function to be minimized is the HX cost,
including both the investment cost and the operating cost, i.e., the
pumping power cost. However, there are important differences in the
calculation, as detailed below.

The objective function to be minimized is the annualized total HX
cost, according to Eq. (1):

C'T, annual = CRF- Cj + CO.annual = CRF-C; + CELF'CE'Y‘qumping (@)

In the above equation, C is the total f.0.b (free-on-board) investment
cost of the STHX, calculated by means of the Purohit method, explained
in Section 2.4; Co, qnnuat is the annual operation cost; CRF is the capital-
recovery factor and CELF is the constant-escalation levelization factor,
both defined below; Cg is the electricity cost, 80.4 $ MWh, which is
based on the average market price in the USA [25]; Y is the yearly
operation time, assuming continuous operation and a capacity factor of
90 % [26]; qumpmg is the pumping power to overcome both fluids’
pressure drops (through the tubes and the shell), according to Eq. (2).

. 1 (m m
Qpumping = —— (—‘-APt +—S~APX) 2
npump Pt Ps
In Eq. (2), 7y, is the pumping power electromechanical efficiency,

which typically ranges from 70 % to 90 % in thermal power plants, thus
an efficiency of 75 % is considered; m is the fluid mass flow through the
tubes (t) or the shell (s); p is the fluid density and AP is the fluid pressure
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drop. It is important to note that to calculate both fluids’ pressure drops,
it is necessary to estimate the thermal performance and size of each heat
exchanger, which follows an iterative process explained in Section 2.3.

At this point, it is necessary to highlight a relevant consideration. As
in other similar optimization studies, the density considered for Eq. (2) is
typically that of the fluid at the STHX inlet conditions. While this
assumption holds in most situations, in certain cases it is necessary to
account for the entire layout in which the STHX is integrated - namely,
the PCS in this case -, where only two pumps are included in the cycle to
overcome the pressure drop. Specifically, the pressure drop of the steam
exhausted from the turbine and entering the condenser, as well as the HP
steam extraction entering FWHy, is compensated by the feed pump,
whereas the pressure drop of the LP steam extraction entering FWH); is
overcome by the condensate pump. Correspondingly, the density
considered for each STHX is that of the liquid water at the inlet of these
pumps, which is considerably higher than that of the steam, thereby
resulting in a lower pumping power requirement.

The capital-recovery factor (CRF) and the constant-escalation leve-
lization factor (CELF) are calculated by means of Eq. (3) and Eq. (4).

crp (1 +ieg)" 3)
(1+ig)" -1
k(- 14,
CELF = CRF—7—5% k=77 @

In the above equations, i ( %) is the effective discount rate, and n is
the economic life of the power plant, that has been set to 30 years; r, is
the nominal escalation rate, which represents the annual change in cost
and includes the effects of both the real escalation rate r, and the
inflation rate r;. The values of the parameters defined above are sum-
marized in Table 3.

Finally, the optimization algorithm is shown in Fig. 4.

As observed in Fig. 4, the optimization process will be as follows:

- The optimization variables, with the values assigned iteratively by
the optimization algorithm, are the tube outside diameter d,, and
tube-side maximum velocity, u;max. As the tube diameter is varied,
several parameters will also change depending on this diameter.
The design parameters required by the PCS are established: required
thermal duty; mass flow rate of both fluid streams; tube-side fluid
inlet/outlet temperature and inlet pressure; shell-side fluid inlet/
outlet temperature and inlet pressure. The tube-side and shell-side
fluid outlet pressure depend on the particular STHX configuration,
calculated by means of a thermo-fluid design routine.

There are also several fixed parameters defined within the project

[7]1, whose values have been summarized in Sections 2.1 and 2.2, i.e.:

the tube-side and shell-side fouling resistances, the shell type, the

number of tube-side passages (1,2, 4...), the tubesheet patterns

(triangular or square) and pitch.

- Based on the actual values of both design specifications and fixed
parameters, as well as the current values of the optimization vari-
ables, the STHX thermo-fluid design routine determines the values of
the shell-side and tube-side convection heat transfer coefficients (h;
and h;, respectively), the overall heat transfer coefficient (U), the
heat transfer area (A), the number of tubes (Ny), the tube length (Lo
and finally, the pressure drops (AP; and AP;, respectively), thus

Table 3

Parameters for the thermo-economic optimization of STHXs.
Economic parameters Value
Effective discount rate igs ( %) 7
Capital recovery factor CRF (year) 0.0806
Nominal escalation rate ( %) 5
k (%) 98.13

Constant-escalation levelization factor (CELF) 1.8287
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Thermal fixed parameters
« Thermal power
+ Mass flow rate
« Inlet/ outlet temperature
« Inlet pressure
Design fixed parameters
/» Fouling resistances
« Shell type
« N. of tube-side passages
+ Tubesheet patterns and pitch
Optimization variables
« Tube outside diameter
« Tube-side maximum velocity

Thermo-fluid dynamic calculation|

« Shell-side and tube-side
convection coefficients
« Overall heat transfer coefficient
« Heat transfer area, N. of tubes, length
« Shell-side and tube-side pressure drop

Initial conditions met:
dPcalculated = dPestimated

Investment cost calculation
(Purohit method)

New

¢ optimization

variables

Total cost calculation
(investment + operation)

Fig. 4. Proposed algorithm to calculate the optimized design that minimizes
the annualized cost of each shell-and-tube heat exchanger in the feedwater line
of the power cycle.

defining all constructive details of the HX satisfying the assigned
thermal duty specifications. The computed values of fluid pressure
losses and the constructive details of the exchanger structure are then
used to evaluate the objective function, the annualized total cost of
the heat exchanger (Eq. (1)).

- The final design selected will meet the condition of minimal STHX
annualized cost, within the constructive constraints in terms of tube
length and shell diameter-to-tube length ratio, explained in Section
2.1.

2.3. Thermal fluid-dynamic model of shell-and-tube heat exchangers

For all the STHXs proposed, the fluid in the tubes is always liquid
water; the fluid in the shell is water-steam for the condenser, FWH; and
FWHy, whereas it is liquid water in the case of DIV-PFC and DIV-CAS.

The correlations used to calculate the heat transfer, and the pressure
drop in the tube-side are the Gnielinski correlation and the Darcy-
Weisbach equation [20], respectively. For the heat transfer in the
shell-side, the Chen correlation is used when the fluid is water-steam,
and condensation occurs on the tube external surface [21]. If the fluid
in the shell is liquid water, two equations can be used to calculate the
convection heat transfer: Mc Adams correlation and the Bell-Delaware
method [20]. These correlations have been implemented and
compared, proving that Bell-Delaware method leads to more conserva-
tive values of the heat transfer area, so this method has been chosen.
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Finally, pressure drop in the shell-side is calculated by the Bell-Delaware
method [20]. Tables 4 and 5 summarize the above equations, which are
explained in detail in technical literature [20,21].

In Table 4, Gnielinski correlation employs the following values [20]:
Nu, is the tube-side Nusselt number; f is the friction factor for Gnielinski
correlation (smooth tubes); Pr; is the tube-side fluid Prandtl number; Reg;
is the tube-side fluid Reynolds number based on the tube inside diam-
eter; AP, is the tube-side fluid pressure drop; f; is the tube-side fluid
friction factor; L; is the tube length; p, is the tube-side fluid density; u; is
the tube-side fluid velocity; ¢ is the tube rugosity; and d; is the tube in-
side diameter.

In Table 5, Chen correlation employs the following values [21]: Nu;
is the shell-side fluid Nusselt number; hg is the shell-side fluid heat
transfer coefficient; g is the gravity acceleration; p; is the shell-side fluid
density; u; is the shell-side fluid viscosity; ks is the shell-side fluid ther-
mal conductivity; hy, is the shell-side fluid modified latent heat; d, is the
tube outside diameter; N; is the number of tubes; Ty, is the saturation
temperature; and T, is the tube outside wall temperature; finally,
subindex s stands for the shell; subindex [ stands for liquid, at the film
temperature; subindex v stands for vapour, at the saturation tempera-
ture. Bell-Delaware method employs the following parameters: hy;q is
the ideal shell-side fluid heat transfer coefficient for pure crossflow in an
ideal tube bank, modified by the correction factors J., Jj, Jp, Js and J;,
whose calculation is explained in [20]; j; is the Colburn j-factor for an
ideal tube bank; cy; is the shell-side fluid specific heat; m is the shell-side
fluid mass flow; A, is the crossflow area at the centreline of the shell for
one crossflow between two baffles; y, is the shell-side fluid viscosity, at
the shell inside wall temperature; other symbols appearing in this cor-
relation stands for the same parameters as in the previous Chen corre-
lation. Finally, AP is the shell-side fluid pressure drop and it is
calculated by Bell-Delaware method [20] as the sum of three compo-
nents: pressure drop in the interior crossflow section, AP; pressure drop
in the window, AP,,: and pressure drop in the entrance/exit sections, AP,;
Np is the number of baffles; N, is the number of tube rows crossed in
each baffle window; N, is the number of tube rows crossed during flow
through one crossflow in the HX; APy; is the pressure drop in an equiv-
alent ideal tube bank in one baffle compartment of central baffle
spacing; AP, is the pressure drop in an equivalent ideal tube bank in the
window section; R is the correction factor for bypass flow; R; is the
correction factor for baffle leakage effects; R; is the correction factor for
the entrance and exit section having different baffle spacing than the
internal sections; f; is the shell-side Fanning friction factor; G, is
shell-side fluid mass velocity; other symbols appearing in this correla-
tion stands for the same parameters as in the previous correlations.

As already explained, the thermo-fluid HX characterization, for each
value of the optimization variables (d,, and u;max) results in the neces-
sary parameters for calculating the cost of the heat exchanger: the heat
transfer area and other design parameters for estimating the f.o.b in-
vestment cost, as well as the tube length to calculate the pumping power.

Table 4
Correlations to calculate heat transfer and pressure drop in the tube-side of the
shell-and-tube heat exchangers.

Tube-side convection heat transfer

Gnielinski correlation [20]
(f/8) (Reg — 1000) Pr,

Pr, 0.11
1+127 <\/§) (Pr2/3 — 1)(P'}.W)

f = (1.82 logio(Req)) — 1.64)
Tube-side pressure drop

Validity

2300 < Reg < 5-10°
Nu, =

Darcy-Weisbach equation [20] Validity
1, (L 4000 < Rey; < 10°
AP, == = u,? < Reg <
‘T2 f (di) Pt Rough-pipe regime

0.25

fe= gy, (4, 574 2
$10\37 " Reg0®
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Table 5

Correlations to calculate heat transfer and pressure drop in the shell-side of the
shell-and-tube heat exchangers (*Specific calculation of correction factors J,, J;,
Jp, Js and J, in [20]).

Shell-side convection heat transfer

Chen correlation for condensation on horizontal tubes [21] Validity
;34 Laminar convection
Nug = % - 0728. {gN—”S-I ("Iz-l ~be) Mo d"] Ja; <01
51 ¢ sy Kot (Toar — Tsw) 1<Pr, <100

Bell-Delaware method for monophasic fluid [20] Validity
hs = hig JeJi Jy Js Jr* Reps < 10°

. 23 0.14

s () ()" (2)

As Cps Hs Hsw
Shell-side pressure drop [20]
Bell-Delaware method Validity

AP, = AP, + AP, + AP, 100 < Rep, < 10°

AP = [(Np — 1) APy; Ry + Np AP,;] Rj+ 2APy,; (1 +

New
M>&&
5 2 0.14
Gs  (Hsw
APy =4 f; — (7)
=42 Ui,

The thermal fluid-dynamic characterization is an iterative process, since
the pressure drop is unknown, so it is necessary to estimate an initial for
the fluid outlet pressure, both for the tube-side and the shell-side, and
then compare the calculated pressure drop to the estimated one, reini-
tiating the process if necessary.

2.4. Method for calculating the cost of shell-and-tube heat exchangers

All the HXs in the feedwater line are conventional shell-and-tube
heat exchangers, so the Purohit method has been selected to calculate
their cost [19]. This method is very comprehensive as it introduces
correction factors that account for the design and materials of the heat
exchanger. Although there are other simpler methods that calculate the
cost using only the heat transfer area [27], it has been demonstrated that
this method produces values comparable to the actual costs of this type
of heat exchanger [28]. Purohit method is detailed in the following text.

The STHX cost depends on TEMA type [22], dimensions (shell
diameter, tube length and diameter), geometry (gauge, pitch, layout,
number of tube passes), construction (welded or seamless), operating
conditions (shell-side and tube-side design pressures) and materials. Eq.
(5) is used for estimating the cost of the base heat exchanger, Cp, ($/ m?).

6.6
Gy, = {W] pf-r 5)
1—e 27

In Eq. (5), Dy is shell diameter, p is a cost multiplier for tube outside
diameter, pitch and layout angle, f is a cost multiplier for TEMA-type
front head and r is a cost multiplier for TEMA type rear head, whose
value is reported in [19]. The base shell-and-tube exchanger is a TEMA E
type, welded 14 BWG, average wall, 6.1 m length, 1 tube pass, shell-side
and tube-side design pressure < 1.034-10° Pa, and carbon steel material
for every component. Eq. (5) is obtained based on an analysis of the
purchase prices of many shell-and-tube exchangers received by means of
competitive bids during 1982. This base cost must be corrected
considering the correction factors explained in Table 6.

In Table 6, Dy is the shell diameter; L is the tube length; d, is tube
outside diameter; pitch is the tube pitch.

Once all the correction factors have been calculated, the f.o.b. (free-
on-board) investment cost, Cj, is estimated by Eq. (6).

C; = 10.764-Cy-(1 + Cp)-A )

In Eq. (6), Cr =) ,C; is the sum of all the cost correction factors
previously indicated, A is the heat transfer area. The estimated f.o.b. cost
refers to January 1982, the date on which Purohit study was published
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Table 6
Correction factors applied to the base shell-and-tube heat exchanger cost, Cj
[19].

Correction Factor, C; Calculation

Cs: correction factor for Values tabulated in a table [19]
shell type.
C, accounts for TEMA
shell types different
than E-type (base HX)

C,: correction factor for
expansion joint.
C, accounts for an
expansion joint
incorporated into the
shell of a fixed-
tubesheet (base HX)

Cy: correction factor for
tube length.
Cy accounts for tube
length different from
6.1 m (base HX)

Cnyp: correction factor
for tube passes.
Cnyp accounts for tube
passes different from
1 (base HX)

Cps / Cpg: correction
factors for shell-side /
tube-side design

Values represented in a graph [19]

6.1 1-(/61) for

tube length < 6.1 m
Cy =0, for tube length > 6.1 m

- [1 ,L} {1‘5 0.002083-(D,/0.0254 — 12)

Np-1
100

Cp =

P
Crs = [1.034-106
12)]+ X

- 1} [0.07 + 0.0016 (D /0.0254 —

pressure Co — L 1([0.035 + 0.0056 (D; /0.0254
Cps / Cpr accounts for " = |To34106 1[00S4 0. o B
design pressures 12)]

higher than 1.034-10°
Pa (base HX)

X =0, for Py < 1.38-10” Pa

X is a graphical function of D, [18], for P > 1.38:107 Pa
[19]

Cue =y (My —1)

Cys = 0.1 (Mz—1)

Cumcn = 0.06 (M2 —1)

Chish = 0.04 (M3 —1)

Cue: correction factor for
tube material
Cys: correction factor
for shell material
Chreh correction factor
for channel material
Cush: correction
factors for tubesheet
material
Cu; accounts for
tubing cost (welded or
seamless) relative to
welded carbon steel

B d,/0.0254
y=0.129 +0.0016 (D /0.0254 ~12) [W]

a = 1 for 45° or 90° layouts
a = 0.85 for 30° or 60° layouts
M;: values tabulated in [19]
M,: values tabulated in [19]

tubes of the same
diameter, wall
thickness and cut
length (base HX)
Cu;s accounts for shell
cost relative to carbon
steel plate of the same
dimensions (base HX)
Creh accounts for
channel cost relative
to carbon steel
channel of the same
dimensions (base HX)
Cuis accounts for
tubesheet cost relative
to carbon steel
tubesheet of the same
dimensions (base HX)
Cg: correction factor for
tube gauge
Cg accounts for gage
metrics different from
14 BWG (base HX)

Co=y(g-1)

y: calculated for Cy,

g cost multiplier for tube gage, values graphically
represented in [19]

[19]. All the tables summarizing the main cost parameters for each of
the optimized STHX are included in the following Section 3.

The investment cost calculated in Eq. (6) provides a reasonable es-
timate; however, some discrepancies with actual data were observed
when the heat transfer area is large, as in the case of power plant
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condensers. In such cases, several studies [29,30] have recommended
the use of a scaling exponent greater than 0.8 applied to the heat transfer
area. A final value of 0.95 has been adopted, based on verification
against updated STHX prices reported in [31]. Accordingly, the f.0.b
investment cost is modified as shown in Eq. (7).

Cimodified = 10.764-Cp-(1+ Cy)-A%% -

Both the STHX investment costs obtained using the original Purohit
method and those calculated with the modified Purohit method will be
presented in Section 3.

3. Results

The methodology explained in Section 2 has been applied to the
optimization of the STHXs in the feedwater line of DEMO HCPB-BoP
Power Conversion System. At this point, it should be noted that this
calculation methodology is of a general nature, and it can be applied to
obtain the optimal design for any type of STHX.

In all cases, the calculation of the minimum STHX total cost leads to
an ideal contour map representing the total cost as a function of the tube
outside diameter, d, (y-axis), and the tube-side maximum velocity, u; max
(x-axis). Nevertheless, in this contour map, there are theoretical STHX
designs that, while minimizing cost, do not meet certain technical con-
straints. These constructive and manufacturing constraints have been
explained in previous Sections 2.1.1 and 2.1.2. Some of these restrictions
refer directly to the tube outside diameter or the tube-side maximum
velocity, and they have already been applied when defining the range of
these optimization variables for each HX. Specifically, Fig. 5 shows the
two most important constraints applied to the condenser: (1) tube length
<30 m, resulting in a shaded region of possible designs; (2) shell-
diameter-to-tube-length ratio ranging from 1/15 to 1/5, resulting in
another shaded region of possible designs. The intersection of both re-
gions yields an overlapping, smaller area of possible designs, on which
the cost level lines are plotted. The design corresponding to the lowest
cost within this area is selected.

The following figures display the total cost level lines and the region
meeting technical constraints for each of the STHE considered:
condenser (Fig. 6), feedwater heater FWH; (Fig. 7), heat exchanger DIV-
PFC (Fig. 8), heat exchanger DIV-CAS (Fig. 9) and feedwater heater
FWH, (Fig. 10).

As a result of the previous figures, Table 7 shows the outside tube
diameter and tube-side maximum velocity chosen for each of the STHXs
studied. Table 8 summarizes all the geometric and thermal parameters
for these heat exchangers.

Finally, Table 9 shows the total STHX cost, including the correction
factors calculated according to the Purohit method.

As said in Section 2, the estimated f.0.b. cost calculated by Purohit
method is referred to 1982 [19]. Nevertheless, the f.0.b. costs showed in
Table 9 have been updated to September 2024 using the Chemical En-
gineering Plant Cost Index (CEPCI) [32], for HXs: CEPClyx sept2024 =
792.5 and CEPClyx, 1982 = 336.2. Besides that, the conversion US Dolar
($) to Euro (€) is also referred to September 2024: Change_$_to_€sepr2024
= 0.89827. The last two rows of Table 9 provide the total cost of each
STHX, calculated by the original Purohit method summarised in Eq. (6),
as well as the modified version with a scaling exponent of 0.95 applied to
the heat transfer area, as expressed in Eq. (7). From these values, it can
be concluded that the net impact of the scaling exponent increases with
the size and cost of the STHX.

4. Discussion

The results presented in Figs. 6-10 provide highly insightful infor-
mation that can be broadly applied to shell-and-tube heat exchangers. A
comprehensive analysis of the graphs reveals two different patterns: for
the condenser and feedwater heater FWH;, the contour lines are almost
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Fig. 5. Shaded areas of possible condenser designs that meet the constructive and manufacturing constraints referring to maximum tube length and ratio

diameter-to-tube length.
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constraints (possible designs within the shaded area).
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Fig. 8. Annualized total DIV-PFC cost, as a function of the outside tube
diameter and the tube-side maximum velocity, including constructive and
manufacturing constraints (possible designs within the shaded area).
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Table 7
Optimum outside tube diameter and tube-side maximum velocity for each shell-
and-tube heat exchanger in the feedwater line of the power cycle.
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vertical, indicating lower annualized costs at lower tube-side maximum
velocity. In contrast, for the source HXs (DIV-PFC HX and DIV-CAS HX)
and the feedwater heater FWH,, these lines tend to be horizontal, sug-
gesting that in these heat exchangers, the dependence on the tube-side
maximum velocity is less significant. This is consistent with the veloc-
ities reported in the technical literature (Section 2.1.1), which tend to
indicate lower velocities for low-pressure STHXSs. It should also be noted
that, although the DIV-PFC HX is located in the low-pressure region of
the feedwater line, it should be considered a high-pressure HX due to its
working pressures: the divertor water at 39 bar circulates through the
tubes, while the feedwater at 4 bar flows through the shell.

The effect of the two parameters considered for the annualized cost is
explained below: the tube-side maximum fluid velocity and the tube
diameter. For better understanding, the annualized cost equation, Eq.
(8) is recalled here for clarity. It should also be noted that the investment
cost mainly depends on the heat transfer area, while the pumping power
is primarily influenced by the pressure drop and the density of the fluids

circulating through the tubes and the shell.
CT, annual = CRFCI + CO‘annual = CRFCI + CELF~CE'Y'qu.mping (8)

When the tube-side fluid velocity is increased while keeping the diam-

STHX Outside Tube dimensional data Tube-side maximum eter constant, the heat transfer area decreases due to improved heat
diameter (mm) (normalized) velocity (m/s) transfer, and the number of tubes is also reduced. However, the pumping
COND 50.8 2 BWG 18 2 power increases as the pressure drop rises, both on the tube-side and the
FWH, 15.875 5/8 BWG 18 1 shell-side. The latter is caused by a reduction in the shell diameter due to
DII‘)II;C 3175 11/4 BWG 18 3 the decreased number of tubes.
DIV 15.875 5/8 BWG 18 1s The effect of the diameter is less significant and practically negligible
CAS for low-pressure STHXs. For all STHXs, an increase in diameter at con-
FWH, 15.875 5/8 BWG 18 1.5 stant velocity leads to an increase in the heat transfer area, as the heat
transfer efficiency decreases. This effect is not offset by the reduction in
Table 8
Geometric and thermal characteristics for each shell-and-tube heat exchanger in the feedwater line of the power cycle.
COND FWH; DIV-PFC DIV-CAS FWH,
Sizing and geometrical characteristics
Number of units 2 1 4 4 1
Outer diameter (mm) 50.80 15.875 31.75 15.875 15.875
Thickness (mm) 1.24 1.24 1.24 1.24 1.24
Tube pitch size (mm) 63.50 19.84 39.69 19.84 19.84
Baffle spacing (m) 1.3 1.2 1 0.9 1.2
Pitch-tube layout Triangular Triangular Triangular Triangular Triangular
Number of tube passes 2 2 1 2 2
Number of shell passes 1 1 1 2 1
Number of tubes (BoL) 7682 5668 1491 2439 5321
Heat transfer area (m?) 68.29-10° 3.38-10° 1.32.10° 1.2810° 4.16.10°
Length (m) 27.85 5.97 8.86 5.26 7.84
Shell diameter (m) 8.74 2.35 1.67 1.54 2.27
Thermal characteristics
Thermal power (MWy,) 778.7 40.71 64.65 54.06 49.50
Global Heat Transfer Coefficient (W m™ °C™) 1.48-10° 1.3-10° 1.64-10° 2.13.10° 1.64-10°
Primary
Maximum velocity (m s 2 0.5 3 1.5 1.5
Primary inlet temperature ( °C) 20 31.79 136 210 199.80
Primary inlet pressure (kPa) 250 421.5 3900 3400 5948.30
Primary mass flow rate (kg s™) 26,682.44 752.23 2528.38 403.62 918.57
Primary outlet temperature ( °C) 27.00 44.78 130 180 211.78
Primary outlet pressure (kPa) 188.93 404.57 3862.49 3375.49 5911.63
Primary pressure drop (kPa) 61.07 16.93 37.51 24.51 36.67
Convection heat transfer coefficient (tube-side) (W m™? °C™) 8.19-10° 6.59-10% 25.95.10° 18.44.10° 19.72-10°
Fouling Resistance (m? °C W) 1.8.107* 1.76-107 0 0 1.76-107*
Secondary
Maximum velocity (m s) 1.5 1.5 1.5 1.5 1.5
Secondary inlet temperature ( °C) 31.78 49.08 44.78 145.85 214.62
Secondary inlet pressure (kPa) 4.7 11.80 404.57 5958 2090.30
Secondary mass flow rate (kg s™) 367.15 17.94 180.43 229.47 122.05
Secondary outlet temperature ( °C) 29.89 41.72 129.94 199.87 214.61
Secondary outlet pressure (kPa) 4.27 11.72 402.25 5948.30 2090.16
Secondary pressure drop (kPa) 0.43 0.08 2.32 9.70 0.14
Convection heat transfer coefficient (shell-side) (W m? °C™) 3.87-10° 5.8.10° 3.27-10° 7.23-10% 7.43.10°
Fouling Resistance (m? °C W) 0.9-10°* 0.88-107* 1.76:107* 1.76-107* 0.88-10*

10
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Table 9
Total cost for each shell-and-tube heat exchanger in the feedwater line of the power cycle.

COND FW; DIV-PFC DIV-CAS FW,
Sizing parameters
Tube material SB 111 SA 688 Inconel 690 Inconel 690 SA 213
Outer diameter (mm) 50.80 15.875 31.75 15.875 15.875
Tube pitch size (mm) 63.50 19.84 39.69 19.84 19.84
Pitch-tube layout Triangular Triangular Triangular Triangular Triangular
Number of tube passes 2 2 1 2 2
Standard TEMA shell type - E E F E
Heat transfer area (m?) 68.89-10° 3.38-10° 1.32:10° 1.28:10° 4.16-10°
Length (m) 27.85 5.97 8.86 5.26 7.84
Shell diameter (m) 8.74 2.35 1.67 1.54 2.27
Cost correction factors
Cost correction for shell type (C) 0 0 0 0 0
Cost correction for expansion joint (Cy) 0 0 0 0 0
Cost correction for tube length (C)) 0 0 0 0.104 0
Cost correction for tube passes (Cnip) 0 0 0 0 0
Cost correction for shell design pressure (Cps) 0 0 0 0.995 1.306
Cost correction for tube design pressure (Cp) 0 0 2.268 2.068 3.157
Cost correction for tube material (Cyeupe) 1.029 0.604 6.284 8.046 0.591
Cost correction for shell material (Cyshel) 0 0 0 0 0
Cost correction for channel material (Cyep) 0 0 0 0 0
Cost correction for tubesheet material (Cyys) 0 0 0 0 0
Cost correction for tube gauge -0.138 -0.117 —0.069 —0.089 —0.115
Cost (million euros)
STHX cost — Original Purohit method 34.43 0.439 2.607 1.678 2.176
STHX cost — Modified Purohit method 19.73 0.293 2.284 1.173 1.434

pressure drop on the tube-side due to the increased diameter, resulting
in a net increase in the annualized cost.

Although as previously explained, the theoretically optimal design of
a STHX should favour small tube diameters and low or intermediate
velocities, as observed in Figs. 6-10, this ideal situation is constrained by
construction and manufacturing requirements. These constraints can
significantly limit the feasible designs, restricting them to the shaded
area shown in these figures. In addition, the final diameter selected is the
closest commercial diameter to the one indicated as optimal by the
contour graph.

The optimal STHX designs are presented in Table 8, along with the
remaining thermal fluid-dynamic parameters for both the shell-side and
the tube-side. The final selection of diameters and velocities is condi-
tioned by construction constraints. Only in the case of the HP heat ex-
changers DIV-CAS and FWH,, where these conditions are less restrictive,
does the selected design match the one that minimizes the annualized
cost.

As shown in Table 9, the dominant cost factor is the heat transfer
area. Consequently, the condenser, being the heat exchanger with the
largest area, is also the most expensive. For the same heat exchange area,
both the tube-side and shell-side design pressures play a significant role,
with higher design pressures resulting in increased costs. Additionally,
the material cost has an important impact: DIV-PFC and DIV-CAS heat
exchangers are more expensive due to the use of more expensive tube
material.

5. Conclusions and recommendations

In this work, a thermo-economic optimization of STHXs has been
carried out, applying this methodology to the design calculation of the
STHXSs in the feedwater line of the DEMO HCPB BoP Power Conversion
System.

Compared to other existing works, the proposed methodology pre-
sents a detailed analysis of both the thermal fluid-dynamic model
(described in Section 2.3) and the cost calculation model (described in
Section 2.4). Regarding the thermal fluid-dynamic model, an iterative
process has been implemented, based on accurate equations and corre-
lations for both heat transfer and pressure drop calculation. Regarding
the economic model, it is important to highlight that the selected
methodology leads to more accurate values for STHXs, considering
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several design parameters characteristic of this type of heat exchangers.

Furthermore, it is important to note that any heat exchanger opti-
mization model must introduce construction and manufacturing con-
straints, thus limiting the optimal designs to those that are technically
feasible. In this case, the necessary constraints have been introduced,
which affect the tube diameter and length, and the shell-to-tube length
aspect ratio.

As future work, a thermo-mechanical analysis of the optimal con-
figurations will be carried out. The model will also be extended to other
heat exchanger designs, such as compact heat exchangers. In this case,
both the thermal fluid-dynamic and economic models would have to be
adapted to this type of heat exchanger.
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