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Abstract

This paper outlines the design problem given to the students of 22.033 and presents four heat exchanger types as
candidate designs for the process heat system. Rationale for choosing a heat exchanger and materials concerns are

presented and future work is also discussed.

1. Design Problem

The students of 22.033 aim to design a nuclear power
plant which will be coupled to hydrogen and biofuels pro-
ducing facilities by means of high temperature heat ex-
changers (HXs) [1]. This paper will present and discuss
four HX designs that have been selected by the Process
Heat team as strong candidates. Materials concerns of
prospective HX materials are outlined. Choices of HX con-
figurations and future work are discussed.

2. Process Heat System

A lead cooled reactor with an outlet temperature of
650°C and a secondary loop of supercritical CO5 has been
chosen by the Core group. The heat provided by the reac-
tor should be transported to the hydrogen and biofuels fa-
cilities at minimum temperature and pressure losses. The
process heat system will consist of a single high temper-
ature heat exchanger or two heat exchangers in the sec-
ondary loop, heat exchangers at the heat storage system,
biofuels and hydrogen plants, a heat storage system and
piping for transporting the working fluid to the hydrogen
and biofuels facility. Also under consideration are heat
sink options.

3. Heat Exchanger Designs

The applicability of heat exchanger designs to this sys-
tem was evaluated based on the feasibility of the heat
exchanger technology as well operating temperatures and
pressures. Effectiveness, size, heat transfer area per unit
volume, working fluid options, heat losses and pressure
drops for the various designs were also primary considera-
tions. Of the heat exchanger designs screened, four designs
were found to be most promising: Shell and Straight tube
heat exchanger, Shell and helical tube heat exchanger,
Plate type heat exchanger and Printed Circuit Heat Ex-
changers (PCHE). Not discussed here are heat pipes and
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thermosyphons which were also reviewed as potential in-
termediate heat exchanger designs capable of performing
heat transport functions [2]. The principal features of each
design are listed in Table 1.

8.1. Shell and straight tube heat Exchanger

These heat exchangers find extensive application in nu-
clear plants and also as process heat systems and can be
designed to be very robust and suitable for special oper-
ating conditions such as a radioactive environment. They
can be fabricated using Hastelloy, Incoloy, graphite and
polymers [4]. The design can be adapted to include fins
if one of the working fluids is gaseous and the heat ex-
changer allows liquid/liquid, gaseous/liquid as well as two
phase systems. These heat exchangers are very large due
to low heat transfer area per unit volume (7100 m?/m?)
but allow high operating temperatures (up to 900°C) and
pressures (up to 30 MPa).

8.2. Helical type Heat Exchanger

The shell and helical tube heat exchanger is a variation
on the shell and straight tube heat exchanger design and
consists of tubes spirally wound and fitted in a shell. Spiral
tube geometry provides a higher heat transfer area per unit
volume (200 m?/m3 compared to 100 m?/m? for straight
shell and tube type HXs). This design has been proven by
its use in the High Temperature Engineering Test Reactor
(HTTR) [5]. Helical type heat exchangers are well suited
to gaseous/liquid systems. A disadvantage of this design
is the difficulty of cleaning the helical coils [6, 3].

8.8. Plate Type Heat FExchanger

In a plate type heat exchanger, the heat transfer occurs
through planar surfaces. Plate type HXs allow counter,
cross and parallel flow configurations [7] and can be fabri-
cated from Hastelloy and Ni Alloys. These heat exchang-
ers allow both multi pass and multi stream capabilities and
greatest ease of cleaning and maintenance as compared to
the other designs reviewed in this paper. There are several
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Table 1: Principal Features of Heat Exchangers (adapted from [3])

HX Type Compactness T. Range Max P. | Multi stream | Multi pass Cleaning Method
(0% /) °C) (MPa)
Shell and Tube ~100 ~+900 ~30 No Yes Mechanical, Chemical
Plate 200 -35 to ~+900 60 Yes Yes Mechanical, Chemical
Helical 200 ~600 2.5 No No Mechanical
Printed Circuit | 2000 to 5000 | -200 to ~-+900 ~60 Yes Yes Chemical

variations on plate type designs and the Bavex plate HX
provides the highest operating temperatures (up to 900°C)
[3, 6].

3.4. Printed Circuit Heat Exchanger (PCHE)

PCHEsS can operate under high temperature (71000 K)
and high pressure conditions. They are typically used
in petrochemical, refining, and upstream hydroprocess-
ing industries. PCHEs can incorporate multiple process
streams into a singe unit and have low mass/duty ratios
of 70.2t/MW [8]. They are suitable for corrosive environ-
ments and have effectivenesses of up to 98%. In a PCHE
the fluid flow channels, which are of the order of several
millimeters, are chemically etched and the flow can be par-
allel, cross or counter flow or a combination of all three.
Absence of gasket and braze material lowers the probabil-
ity of leakage [9]. However, there is potential for thermal
stresses in the axial direction when there are sharp tem-
perature variations and this design also suffers from low
capacity factors due to the need for offline inspection and
repairs [10]. Small flow channels could result in fouling
problems which would require offline repairs using chem-
ical methods [3]. However, redundant modules may be
installed to improve capacity factors of the process heat
system during maintenance and repairs. PCHEs have not
been used for previously for nuclear applications but are
under review as potential HXs for the Next Generation
Nuclear Plant [11].

4. Materials concerns

It is imperative that the materials chosen for fabricat-
ing heat exchangers for the process heat system are able
to withstand operating conditions of high temperatures
(up to 900°C) and pressures. Susceptibility of candidate
materials to stress corrosion cracking under constant load
as well as slow-strain-rate conditions, fracture toughness
and crack growth behavior has been studied and litera-
ture indicates that Alloy 230 and Alloy 617 are suitable
for fabricating high temperature heat exchangers [12]. The
operating conditions for the heat exchanger at the hydro-
gen plant will be more severe due to temperatures higher
than the core outlet temperature. Studies indicate that
Alloy C-22 and Alloy C-276 because of their high tensile
strength and ductility until fracture are suitable heat ex-
changer materials for heat exchangers operating in or near

acidic environments [13]. Future work will require choos-
ing heat exchanger designs and materials for each design.

5. Heat Exchanger Configurations

The heat exchangers may be connected in series or in
parallel with the power conversion system. The series con-
figurations will allow extraction of the heat from the su-
percritical COs at the highest possible temperature but at
a power conversion efficiency penalty. A parallel configu-
ration will allow supplying the working fluid at equal tem-
peratures to both the power conversion and process heat
systems but each system will receive smaller flow rates of
the working fluid. Furthermore, whether connected in se-
ries or in parallel with the power conversion system, the
HX connected to the CO5 loop can consist of either a sin-
gle heat exchanger or a two stage heat exchanger system
consisting of a high temperature and a low temperature
heat exchanger. A two stage system would reduce costs
by eliminating the need for a single large heat exchanger
having a long design life but would adversely affect the
controllability of the system and increase heat losses [10].

6. Future Work

The choice of heat exchangers, heat exchanger materi-
als and configurations are governed by the working fluid
used in the primary cycle and the temperatures, pressures,
temperature and pressure drops and flow rates at which
process heat will be required at the hydrogen and biofu-
els plants. Based on these considerations heat exchanger
designs and configurations will be chosen from among the
four designs discussed in this paper. The heat exchanger
design and configuration thus chosen will then be modeled
using MATLAB, EES or RELAPS5 or a combination of the
three and the process heat system will be optimized for
this design problem. Future work will also study pressure
drops associated with candidate designs.
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