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Abstract: After the Fukushima accident, the importance of an emergency power supply for a nuclear
power plant has been emphasized more. In order to maximize the performance of the existing
emergency power source in operating nuclear power plants, adding a waste heat recovery system
for the emergency power source is suggested for the first time in this study. In order to explore the
possibility of the idea, a comparison of six supercritical carbon dioxide (S-CO,) power cycle layouts
recovering waste heat from a 7.2 MW alternate alternating current diesel generator (AAC DQG) is first
presented. The diesel engine can supply two heat sources to the waste heat recovery system: one
from exhaust gas and the other from scavenged air. Moreover, a sensitivity study of the cycles for
different design parameters is performed, and the thermodynamic performances of the various cycles
were evaluated. The main components, including turbomachinery and heat exchangers, are designed
with in-house codes which have been validated with experiment data. Based on the designed cycle
and components, the bottoming S-CO, cycle performance under part load operating condition of
AAC DG is analyzed by using a quasi-steady state cycle analysis method. It was found that a partial
heating cycle has relatively higher net produced work while enjoying the benefit of a simple layout
and smaller number of components. This study also revealed that further waste heat can be recovered
by adjusting the flow split merging point of the partial heating cycle.

Keywords: emergency diesel generator; supercritical carbon dioxide cycle; waste heat recovery
system; bottoming cycle

1. Introduction

The earthquake that occurred in Japan on 11 March 2011 induced a tsunami with several waves
whose height reached more than ten meters. Unfortunately, the Fukushima Daiichi nuclear power
plant could not maintain its integrity after the large earthquake and tsunami. One of the major reasons
was that the electric power supply lines to the site as well as the operational and safety infrastructure
on the site were severely damaged. As a result, the on-site and off-site electrical power loss led to
the loss of the cooling function in three reactor units and the spent fuel storage pools. Despite of the
follow-up efforts at the Fukushima Daiichi nuclear power plant staff, the reactor buildings in Units 1,
3 and 4 were breached due to a hydrogen explosion [1].
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After the Fukushima accident, various countries operating nuclear power plants have revised
their policies while adding more safety systems. In Korea, 50 short and long-term action items
were identified and implemented to respond to the post-Fukushima accident nuclear safety concerns.
Among these items, access to a vehicle with generators and batteries is a key lesson from the long term
complete Station Black Out (SBO) accident that led to the core melting of the Fukushima nuclear power
plant [1]. Table 1 shows some of the improvements implemented after the Fukushima accident.

Table 1. Safety improvements after the Fukushima accident (recreation of the figure in Ref. [1]).

Current Status Improvements

* 2 EDGs/unit

- Loss of offsite power

*1 AAC DG/2 or 4 units

- Loss of cooling function (SBO)

* Movable vehicle
for generator and batteries
- ~2014, All NPPs

Electric Power System

* Prepare supplementary methods
- fire truck, etc.
- ~2013, All NPPs

* Redundancy (2 trains)

Cooling System * SFP has multiple sources

* Improving the firefighting plan
* Improving fire protection facility
- ~2015, All NPPs

* Fire hazards analysis/10 years

Fire Protection System * Fire protection plans

Even though these safety actions are new suggestions adopted in operating nuclear power plants,
improving nuclear safety has always been emphasized, even before Fukushima accident. Hence, in this
study, an additional power supply system without substantially revising the layout and systems of an
existing nuclear power plant will be proposed.

Currently, Korean nuclear power plants have two emergency diesel generators (EDG) and a
non-class 1E diesel generator for each unit. Furthermore, an alternate alternating current diesel
generator (AAC DG) for the emergency power supply that can be used for multiple on site units is
installed. AAC DG is a standby system to supply the emergency power to the nuclear power plant
when both EDGs are unavailable during accident conditions. However, AAC DG only provides
emergency electrical power to the class 1E safety system due to its limited rated power and fuel tank
size. Thus, if the AAC DG can generate more power without revising current layout of a nuclear
system, the additional power can be used for further improving the nuclear safety. The proposed idea
to fulfill this mission is adopting a waste heat recovery system to generate electricity further. The waste
heat is generated from AAC DG. Figure 1 shows the configuration of the schematic emergency power
supply system of the nuclear power plant.

The target nuclear power plant to apply a waste heat recovery system is APR 1400 that is the
abbreviation of “Advanced Power Reactor with an electrical power output of 1400 MW”. It is a
pressurized water-cooled reactor developed in Korea. The main features of the APR 1400 are enhanced
plant safety, economically favorable and convenient operation and maintenance. In terms of the
electrical system of APR 1400, the electrical buses are separated into Class 1E A and Class 1E B. Class 1E
is the systems that provides essential electric power to reactor shutdown, containment isolation,
emergency core cooling, removal of residual heat, and preventing serious leakage of radioactive
material to the environment. The list of Class 1E electrical loads is given in Table 2 [2].
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Figure 1. Schematic diagram of nuclear power plant and emergency power supply systems.

Table 2. Class 1E load and sequence at LOOP condition.

Class 1E Components Loading Sequence at LOOP Power (kW)
Load Sequence Group x2 0.0s 694.9 x 2

Safety injection pump 1 50s 715

Safety injection pump 3 10.0's 715
Motor driven AFW pump 15.0 s (if required) 930.9

Containment spray pump

(That interlocks with shutdown cooling pump) 200 738.1
Component cooling water pump 25.0s 1225
Essential service water pump 30.0s 636.8
Essential central chiller 35.0s 806.0
Essential ESW intake structure/
CCW heat exchanger building chiller 40.0 3049
Total Diesel Load on DBA/LOOP excluding 74617

Manual Load
In case of failure of EDG, AAC DG supplies power to the Class 1E load instead of EDG.

For redundancy, independent EDGs supply power to each bus in LOOP and SBO accidents.
Another 800 kW diesel generator in the turbine building is installed for supplying power to non-Class
1E as well if the EDG system becomes unavailable, AAC DG is electrically connected to operate safety
systems instead of failed EDG. Table 3 contains the actual diesel generator specifications and vendors of
APR 1400 which is constructed in Korea. In this study, AAC diesel generators of Shin Hanul is selected
as the reference system. Figure 2 and Table 4 represent the schematic diagram and specification of
diesel generator, respectively.
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Table 3. Status of EDG & AAC DG of APR 1400 [3].

NPP site Unit No. of DG Power (kW) Vendor (Engine/Generator)
Shin Kori EDG 3/4 4 8000 Doosan-MDT: 16PC2.6B, Alstom
MAOIL AACDG 3, 4 1 7200 Doosan-MDT: 16PC2.6B, Alstom
Shin Hanul EDG 1/2 4 7200 Doosan-SEMT: 16PC2-5V400, Alstom
mHantt - AACDG1, 2 1 7200 Doosan-MDT: 18V32/40, Hyundai
V32/40

1
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Figure 2. Schematic diagram of the Doosan-MDT: 18V32/40 for AAC diesel generator.

Table 4. Specifications of the Doosan-MDT: 18V32/40 for AAC diesel generator.

Specification
Engine 18V/32/40
A (mm) 8300
B (mm) 4450
C (mm) 12,750
H (mm) 5240
W (mm) 3500
Weight (t) 139
Exhaust gas data
Temperature at turbine outlet 306 °C
Mass flowrate 15.1 kg/h
Volume flowrate 92,700 m3/h
Pressure (abs.) 1.03 bar
Permissible pressure drop after turbine <0.03 bar

Scavenged air data

Temperature at the compressor inlet 25°C
Temperature at the air cooler outlet 42 °C
Mass flowrate 14.7 kg/h
Volume flowrate 48,000 m3/h
Pressure (abs.) 3.2 bar

From Table 4, it can be observed that the thermal potential of waste heat is quite high because a
turbine outlet temperature is 306 °C, and the mass flowrate is 15.1 kg/h which is equivalent to about
3 MWth heat so that it is quite valuable to use this high potential waste heat as an additional power for
operating a safety system. For example, additional electric power from the waste heat recovery system
can be used for extended operation of AAC DG while using the same amount of fuel or installing more
safety components for improving redundancy or diversity to utilize additional power.

Consequently, the additional power from the AAC DG waste heat recovery system can be utilized
in the nuclear safety system without revising the existing nuclear power plant’s layout. In this paper,
the supercritical carbon dioxide (5-CO;) bottoming cycles are studied in respect of best applicable
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options [4]. According to the review of the previous studies on the S-CO; cycles, it was verified
that the S-CO, cycle has a strong potential to outperform the conventional steam cycle or organic
Rankine cycle, particularly in waste heat recovery applications [5]. The major reasons are as follows:
high efficiency at a moderate turbine inlet temperature (450-750 °C) which significantly decreases
maintenance and material problems, compact turbomachinery and heat exchangers which save the
initial investment, and a simple layout which significantly reduces the overall footprint of the power
plant [6]. The main feature of the S-CO, Brayton cycle is lower compression work than the other
gas Brayton cycles because of S-CO; fluid’s its high density and low compressibility near the critical
point. Therefore, this characteristic makes the S-CO, cycle having fewer material issues than water
and consequently leads to a higher turbine inlet temperature [7]. Moreover, the cooling and chemistry
control system of S-CO, cycle are relatively simple than the steam Rankine cycle, the operation cost
and the whole footprint of the power plant can be greatly decreased [8]. Because of these advantages,
the S-CO; cycle is recently considered as the potential power cycle of conventional and renewable
energy systems such as fossil fuel power plants, concentrated solar power systems, geothermal power
plants, fuel cells, next generation nuclear power plants, and ship propulsion application.

In this paper, a comparison of six S-CO, power cycle layouts recovering waste heat of s 7.2 MW
AAC DG is presented in order to evaluate which S-CO, cycle layout is the most qualified for a diesel
engine application. Moreover, a sensitivity study of the cycles with design parameters was carried out,
and thermodynamic performance results of the cycles were evaluated. After that, key components
of the waste heat recovery system will be designed, and off-design analysis of the designed S-CO,
bottoming cycle will be presented.

2. S-CO;, Bottoming Cycle Study for Diesel Generator

2.1. Cycle Layout and Analysis Method

It is well known that the turbine inlet temperature and pressure ratio have great effect on the
efficiency of gas Brayton cycle. However, overall cycle efficiency and a heat recovery factor should be
carefully adopted for the application of waste heat recovery system because the factors are directly
combined to the work recovered from the amount of transferred waste heat to the bottoming cycles.

Martelli et al. [9] noted that to obtain the net efficiency of the heat recovery cycle (calculated by
dividing net produced work by the total heat recovered through ideally cooling flue gases to ambient
temperature), the product of the cycle efficiency (net produced work divided by recovered heat) and
the heat recovery factor (recovered heat divieded by ideally recoverable heat) should be calculated.
Hence, when optimizing heat recovery cycles, instead of maximizing the cycle efficiency, maximizing
the product of cycle efficiency and heat recovery factor becomes more valid.

According to Heo et al. [10], the performance indicator of bottoming cycles can be simply expressed
by adopting the waste heat recovery index (WHRI):

WHRI = xn cycle 1

- thermal power absorbed by the bottoming cycle
X = total net thermal power recoverable dueto thermal power

— 1'hexhaust (h (Texhaust,ianexhaust,in ) -h (Texhaust,outfPexhaust,out) ) (2)
1'hexhaus‘( (h (Texhaust/maxrPeXhaust/max ) _h(TambientrPambient) )

__ net work generated by the bottoming cycle
TNeycle = thermal power absorbed by the bottoming cycle
Whurbine _Wcompressor (3)

Mexhaust (h (Texhaust,ianexhaust,in ) -h (Texhaust,out/Pexhaust,out ) )

- WHRI = net work generated by the bottoming cycle

" total net thermal power recoverable due to thermal power
Wturbine _Wcompressor (4)

o rhfexhaust (h (Texhaust,maxrPeXhaust,max ) _h(TambientrPambient) )

where h(T, P) denotes the calculated enthalpy values from the given temperature and pressure values.
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By utilizing this performance index, various bottoming cycle designs can be assessed with a more
applicable framework especially for the waste heat recovery systems” performance. This indicator
matches to the concept of cycle net efficiency, except that it evaluates the performance replacing the
cycle heat input with maximum obtainable heat from the heat source for the bottoming cycle.

The WHRI values for various S-CO, cycle layouts are obtained. Parametric sensitivity of the
design variables such as turbine outlet pressure (or pressure ratio), CO, mass flow rate, first compressor
outlet pressure, and flow splits, with respect to cycle performance, is summarized. Furthermore,
the cycle minimum pressure is placed as a major design parameter to be optimized.

An in-house code is used for the cycle optimization. The code is developed by the research team at
KAIST, and it is named as KAIST-Closed Cycle Design (KAIST-CCD) code [11-13]. The code is based
on MATLAB. Enthalpy and fluid properties for calculation in the code are referred from the NIST
reference fluid thermodynamic and transport properties database (REFPROP) [14]. Figures 3 and 4
show the algorithm of the code structure and the partial heating cycle layout. This layout is chosen
to illustrate the process of the cycle analysis. Firstly, the recuperator cold side inlet flow condition
(point 5) and the heater 2 hot side inlet flow condition (point 10) are assumed. Through the component
models (compressor, turbine, recuperator, heater, cooler, and mixing tee), the component inlet and
outlet conditions are calculated. Then, the heat input from exhaust gas with exhaust inlet and outlet
conditions is calculated. If the cycle calculation error remains above 107>, the assumed values are
updated to the newly calculated conditions, and the cycle calculation is repeated. If the error is less
than 107>, the code calculation terminates and prints output results. The partial heating cycle and
other layouts are evaluated by the KAIST-CCD code through a similar algorithm.

e ry

Assume the recuperator cold side inlet flow condition. (5)
Assume the heater 2 hot side inlet flow condition. (10)

¥
Calculate turbine outlet condition. (2)
[Subroutine Turbine]
¥

Calculate recuperator hot side outlet condition. (3)
[Subroutine Recuperator]
v

Calculate precooler outlet condition. (4)
[Subroutine Cooler]
(]

Calculate compressor outlet condition. (5)
[Subroutine Compressor]
¥

Calculate recuperator cold side outlet condition. (6)
[Subroutine R ecuperator]
¥

Calculate heater 2 cold side outlet condition. (7)
[Subroutine Heater]

Calculate mixing tee outlet condition. (8)
[Subroutine Mixing tee]
¥

Calculate heat input (n) from exhaust gas (with exhaust inlet, and outlet conditions)

E-5 > [Error = {heat input (n)-heat input (-
/{heat input (n)}]

Print output

Figure 3. The cycle design code algorithm for the partial heating cycle.
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Figure 4. Layout of partial heating cycle for the algorithm illustration purpose.

The full power of the reference four strokes diesel engine is 9 MW with 720 or 750 rpm, but around
80% of full power is used for the emergency electrical load due to safety margin. Table 5 shows
the main specification of the AAC DG which influences the design of the S-CO, bottoming cycle.
Table 6 displays the values of exhaust gas source, properties, and mole fraction of each species [15].
The modeling of each S-CO; cycle adopts the exhaust gas properties of the topping cycle to evaluate
the power output of the S-CO, cycle.

Table 5. Specifications of AAC DG.

Exhaust Gas

Power capacity 7.2 MWe (80% load)
Exhaust temperature at turbine outlet 306 °C
Pressure (abs.) 1.03 bar
Mass flow rate 15.1 kg/s
Scavenge Air
Air temperature at compressor inlet 25°C
Air temperature at compressor outlet 42 °C
Pressure (abs.) 3.2 bar
Mass flow rate 14.7 kg/s

Table 6. Exhaust gas properties, source, and mole fraction of each species.

Species Mole Fraction Source
Nitrogen (N3) 0.78 Inlet air
. . Oxygen (Oy) 0.13 Inlet air
M
ajor species Carbon dioxide (CO,) 0.06 Oxidation of fuel carbon
Water vapor (H,O) 0.03 Oxidation of fuel hydrogen

2.2. Assumptions and Constraints

To observe the performance of various cycle layouts under the same exhaust gas condition,
several constraints are assumed. Here, the maximum operating pressure is limited to 22.0 MPa.
This value corresponds to the maximum pressure of the existing ultra-supercritical steam Rankine
cycle which already operates under significantly high pressure, and its maximum temperature also
surpasses 600 °C [16]. The maximum operating pressure is limited to 22.0 MPa to avoid high capital
costs for the piping systems and to generate a realistic S-CO, power cycle model. The maximum
temperature (turbine inlet temperature) falls below the exhaust temperature of the topping cycle.
Finally, the minimum cycle temperature (compressor inlet temperature) is restricted to 25.0 °C so that
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the heat sink temperature does not fall too far from the general room temperature while the cycle fluid
remains in the supercritical state [17].

The cycle variables are summarized in Table 7, including the cycle minimum pressure, pressure
drop of the heat exchangers, turbomachinery efficiency and heat exchanger effectiveness. Particularly,
turbomachinery efficiency and heat exchanger effectiveness were based on the reference in order to
conduct sensitivity analyses of cycles. The previous research results have shown that the cost of heat
exchanger sharply increases when the heat exchanger effectiveness value is above 0.95 [18]. The pressure
drop values in CO; side of all heat exchangers were assumed to be 0.5% of the system pressure.

Table 7. Cycle variables of S-CO, bottoming cycles.

Content Unit Value

Exhaust gas only or exhaust

Heat source - .
gas & scavenge air

Cycle minimum pressure 22.0

MPa 0.202 (=2bar)

Pressure drop Exhaust gas/Scavenge air

Others 0.101 (=1bar)
Air 25
Temperature Cooling water oC 25
conditions Min. temp. difference 10
Compressor inlet 35
Turbomachinery Turbine o 88
efficiency Compressor ? 75
Exhaust gas 90
Heat exchanger Scavenge air o 90
effectiveness Precooler ? 90
Recuperator 95

When designing heat exchangers, in particular when calculating the heat transfer, it is known that
the specific heat capacity property of the working fluid is very important because the specific heat
capacity has a great influence on the heat exchanger effectiveness as well as cycle efficiency. Generally,
the specific heat capacity is considered as a constant value due to a little change with pressure and
temperature. However, this assumption is inappropriate for the supercritical fluid since the property
of the specific heat capacity changes substantially near the critical point. In this study, all properties as
well as the specific heat capacity were directly called from the REFPROP.

2.3. Sensitivity Analysis of S-CO, Cycles

In the S-CO; cycle research community, a study for the S-CO, bottoming cycle is mostly
performed for the patent application; therefore, the patented cycle’s optimization results are proprietary
information which is not openly accessible to the researchers in this field. Thus, in this paper,
the academic contributions are presenting the analysis results of various S-CO; cycle layouts for
bottoming cycle application to generate database for the future study. For the waste heat recovery
process, all the selected cycle layouts are free from patent and searched from open literatures as well as
a newly suggested cycle by the authors. For this purpose, cycle layouts suggested by various S-CO,
power system companies are excluded.

2.3.1. Simple Recuperation Cycle

Firstly, a simple recuperated cycle [19] is analyzed as a basic cycle to compare the cycle performance
of other S-CO; cycles. Five different cycles were selected as candidates and number of components and
design variables are summarized in Table 8. The simple recuperated cycle has 515 kWe net produced
work (see Figure 5) which is the lowest among six cycles considered in this paper because EG heat
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exchanger only absorbs 2.55 MWth of waste heat due to the low temperature difference between hot
side and cold side of EG heat exchanger. Although the simple recuperated cycle produces the lowest
net work, its footprint is relatively small because of the lowest total exchanged heat in heat exchangers

and the fewest number of components.

Table 8. The design variables and the number of components of S-CO, cycles.

The Number of

Cycle Layout HX/TB/CP Design Variables
(1-1) Simple recuperation 3/1/1 CO, Mass flow rate, turbine outlet pressure
(1-2) Simple recuperation with SA heat 4/1/1 CO, Mass flow rate, turbine outlet pressure
. . CO, Mass flow rate, turbine outlet pressure,
(2-1) Recompression cycle with SA heat 5/1/2 split ratio 1, split ratio 2

(3-1) Partial heating cycle 411 CO;, Mass flow rate, turbine outlet pressure,

gcy split ratio
(3-2) Partial heating cycle with SA heat 4/1/1 CO, Mass flow rate,. turb.me outlet pressure,

split ratio
(3-3) Modified partial heating cycle with Iy CO, Mass flow rate, turbine outlet pressure,

SA heat split ratio

WHRI=11.6%

Diesel generator -
system —mee }—o

Exhaust gas
Scavenge air
.
Turbo charger
515 kW
146.2 exchanger

0.101MPa ": 5.1Kg/s

68.1T ';' 1282C — . %71.8‘(3
oA | Y g
Pre-cooler ©) ;: @
Coo[ing 76.9T 183.5T
medium 8.5MPa 8.6MPa S-CO, bottoming cycle

Figure 5. Configuration of simple recuperation cycle.

2.3.2. Simple Recuperation Cycle with SA Heat

The S-CO, power conversion system has considered the only single waste heat source from
various power plants. However, diesel engine application has dual heat source from exhaust gas and
scavenge air as shown in Figure 6. To additionally use the SA heat from AAC DG turbocharger, simple
recuperation cycle was modified. It has one more waste heat exchanger than the simple recuperation
cycle for SA heat absorption.

The T-s diagram of the simple recuperation cycle with SA heat is shown in Figure 7. Figure 8
shows the variation of net produced work with respect to the selected design variables. The simple
recuperated cycle with SA heat has 12.8% WHRI and 568 kWe net produced work which is 1.2% and
53 kWe (+10.3%) higher than the simple recuperated cycle. By applying dual heat sources from exhaust
gas and scavenge air, waste heat recovery is sharply increased from 2.55 MWth to 3.21 MWth (+25.9%)

with one more heat exchanger.
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WHRI=12.8%

Diesel generator “
svstemg 153.2T
¢ 117.5C Exhaust gas 0.101MPa
0.3225MPa Scavenge air
169.0T o Tufbo charger 306.0T
568 k W 0.324N1Pa  SA heat EG heat 0.103MPa
ST VY 14.7kg/s Sxcianger exchanger 15.1kg/s
Comp. @ @ o @ an
665C | = | 111.8C  1359T 2371T
@ 35.0C 22.0MPa| g | 21.9MPa  21.8MPa @  21.6MPa
8.5MPa 3 16kg/s
=
Pre-cooler g
P @ A ®
CoJling 73.17T 152.6 T
medium 8.6MPa 8.7MPa S-CO; bottoming cycle

Figure 6. Configuration of simple recuperation cycle with SA heat.
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Figure 7. T-s diagram of simple recuperation cycle with SA heat.
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Figure 8. Net work dependence with CO, mass flow rate, and turbine outlet pressure.
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2.3.3. Modified Recompression Cycle with SA Heat

According to the previous works [20,21], recompression cycle which has split flow and two
different compressors is one of the representative layout of S-CO, cycle since it provides the highest
efficiency. The split flow can minimize waste of available heat (see Figure 9) and it enhances overall
cycle efficiency. However, verification for the suitability of a recompression cycle as a bottoming cycle
is needed since the net produced work is a more important factor than the thermal efficiency in the
design of bottoming cycle.

The T-s diagram of recompression cycle with SA heat is shown in Figure 10. The modified
recompression cycle with SA heat has one more heat exchanger and one more compressor than the
simple recuperation with SA heat. The net produced work variation with respect to the selected design
variables is shown in the Figure 11. In this paper, flow split is expressed as my / (m1 + my). As shown
in Figure 11, the thermal efficiency is reduced but the heat input has the reverse trend as flow split
decreases. In other words, higher net produced work is expected as flow split is closer to zero since the
increase of heat input is greater than the decrease of thermal efficiency. If the flow split is equal to zero,
this cycle is similar to a partial heating cycle with SA heat; therefore, the recompression cycle is not
suitable for the bottoming cycle application.

WHRI=13.8%

Diesel generator -E - S o
system - 90.2T > sli(‘]-‘lﬁ\\il’-l
-MPa 0.3225MPa Scavenge air Exhaust gas ’ ’
6ISKW &
- 69.0 LU
Re-Comp. 0.324MPa| SAheat L o .
i 14.7Kg/s — EG heat 306.0 ¢
~-® M exchanger 0.103MPa
- 15.1kg/s
]

‘ — @l vvvvvvvvvvvvvvvv —p 157.5T
® |C°“‘P'] o _,L vy 21.8MPa
e elzlo @™ [z]l@ @ 7.6kg's
asd 66.5T Z |814% 7 | 141.7c 1482°C
8.5MPa g |51 omp 2
25Kke/s 22.0MPa g |7 a v _g 21.8MPa 21.8MPa @ 233.4T

N 5 & | 10.4kg/s 21.6MPa
& 81.4C g
Pre-cooler g 21.9MPa| £ 18kg/s
e BT e T o
Cooling 68.6TC 92.0T 150.1T .
medium 8.6MPa 8.7MPa 8.8MPa  S-CO;bottoming cycle

Figure 9. Configuration of recompression cycle with SA heat.

Heat absorption from
) EG waste heat
sl 1-2: Turbine

2-3: HT Recuperator (hot)

3-4: LT Recuperator (hot) ~ Heat absorption from
SA waste heat

200

4-5: Pre-cooler

%)
< L 5-6: Compressor 2
0]
E 6-7: LT Recuperator (coldy "7
2
gm | 4-8: Re-Compressor
% 9-10: HT Recuperator (celd)”
& | -l0-HIRecuperator (coidy
9-11: SAEX
12-1: EG EXE—+ e
% et Point ™ Heat rejection

I I I I I I | | I I
12 13 14 15 16 17 18 19 2 21

Entropy (kJ/kg K)

Figure 10. T-s diagram of recompression cycle with SA heat.



Appl. Sci. 2019, 9, 5382 12 of 27

620 -
610 -
600 -
590 -

580 -

Net work (kW)

570 -

560 -

90 91 92 93 94 95 96 97 98 99 100
Split ratio - main compressor (%)
3600 - 17.85

3550 ——Heat recovery
3500 —A— Net efficiency | 178
2 3450 S
= 3400 - 1775 T
[ c
3 3350 2
o &
£ 3300 - 177 0%
5 3250 °
T 2
3200 - 17.65
3150
3100 17.6

90 91 92 93 94 95 96 97 98 99 100

Split ratio - main compressor (%)

Figure 11. Net produced work dependency on flow split (upper), heat recovery and net efficiency
dependency on flow split (bottom).

2.3.4. Partial Heating Cycle

The partial heating cycle [22] which has the same number of heat exchangers with the simple
recuperation with SA heat is analyzed. Since it has a different design variable and flow split ratio from
the simple recuperation with SA heat, the effect of flow split ratio has to be investigated again (see
Figure 12). Figure 13 shows the T-s diagram of the partial heating cycle for the S-CO, bottoming cycle.
The net produced work variation with respect to the selected design variables is shown in Figure 14.

Unlike the simple recuperation with SA heat, this cycle achieves quite high 607 kWe net produced
work for its small number of components (only four heat exchangers). From the sensitivity analysis,
the net produced work is maximized, and the optimal absorbed heat from the exhaust and recuperated
heat is found by controlling the flow fraction to the recuperator and the second heater. As shown in
Figure 12, a final exhaust gas temperature is 77.4 °C which is relatively lower temperature, and this
makes higher absorbed heat from the exhaust gas of a diesel engine. The partial heating cycle is
expected to show the best performance among the selected cycle layouts, because the partial heating
cycle has a relatively large recuperated heat with a simple layout and a small number of components.



Appl. Sci. 2019, 9, 5382 13 of 27
WHRI=13.7%
Diesel generator
system Engine
Exhaust gas
Scavenge air
Turbo charger 7 306.0TC
77.4T EG heat 167.7T  EGheat 0.103MPa
607 kW o.101vipa exchanger2 102yp, exchanger 15.1Kkg/s
—_— e VYN O AN
@ » 154.7T
[V 21.9MPa
Comp. ® T ® l L 7.5Kg/s
350 665T z |1497C  1521T 247.5T
@ 8~<"\[Pa 22.0MPa 2 |21.9MPa 21.9MPa @ 21.7MPa
- E‘, 8.5kg/s 16Kg/s
Pre-cooler s
— <
E"QDL‘ 87.7CT 161.8T o
Cooling 8.6MPa 8.7MPa
medium S-CO; bottoming cycle
Figure 12. Configuration of partial heating cycle.
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Figure 14. Net work dependence with mass flow rate, flow split, and turbine outlet pressure.
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2.3.5. Partial Heating Cycle with SA Heat

The partial heating cycle with SA heat modified from partial heating cycle is analyzed to use the
SA heat from the AAC DG turbocharger (see Figure 15) additionally. It has the same number of heat
exchangers and turbomachinery with the partial heating cycle, but EG heat exchanger 2 was changed
to SA heat exchanger for absorption of SA heat.

WHRI=13.9%

Diesel generator -
system Engine -
: 77 7 Exhaust gas 160.1 U ,
iy T p 0.101MPa
Z SA heat — ;
169.0TC eXchanger  Turbo charger 306.0TC
EG heat

M '1) 4}—1:‘\_‘11); VWA exchanger '1‘ ;1 (1' i(\—‘ls])“

- I S 155.8C
| Dl > 21.9MPa
(5) ®) ®) 7.2Kg/s

MAAA, !
S = | @ @
350 66.5T g |1359TC  143.6T ., 2300T
@ ginvpa  22.0MPa < |21.9MPa 21.9MPa @ 21.7MPa
- £ |10.8kgs 18kg/s
Pre-cool =
re-cooler Turb.
c——(QD)—— @ @ \- Generator
Cooling 76.5T 145.6T
medium 8.6MPa 8.7MPa S-CO, bottoming cycle

Figure 15. Configuration of partial heating cycle with SA heat.

The T-s diagram of the partial heating cycle with SA heat is shown in Figure 16. Figure 17 shows
the net produced work variation with respect to the design variables. The partial heating cycle with
SA heat has 13.9% WHRI and 616 kWe net produced work which is the 0.2% and 9 kWe (+1.5%) higher
than the partial heating cycle. Unlike the simple recuperation cycle with SA heat, waste heat recovery
is increased slightly from 3.63 MWth to 3.70 MWth (+1.9%) since the outlet temperature of EG heat
exchanger is similar to the outlet temperature of scavenge air.

«\;“c&
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Figure 16. T-s diagram of the partial heating cycle with SA heat.
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Figure 17. Net work dependence with mass flow rate, flow split, and turbine outlet pressure.

2.3.6. Modified Partial Heating Cycle with SA Heat

To increase the cycle performance, the partial heating cycle with SA heat was modified by changing
the flow split merging point from cold side inlet to cold side outlet of EG heat exchanger (see Figure 18).
It has the same number of heat exchangers and turbomachinery with the partial heating cycle with
SA heat.

WHRI=14.5%
3 | s

77.7C Exhaust gas N

0.3225MPa Scavenge air p 0.101MPa
169.0TC eXeHanger Wsiss chprgor 306.0T

645 kW 0.324MPa AAA el;f:;h::at |,__1|,3\”):1
14.7Kg/s -4 ger 15.1kg/s

@ 261.6C
C s E .
= ‘ A 21.7MPa

>
>
>

<
<

® A |® e ©
z 155.8
@ 30T 66.5T g |128.4T 21.0MPa @ gi%g
& 22.0MPa = |21.9MPa c -/VMiFa
8.5MPa § |128K g/s 7.2Kg/s 20kg/s
Pre-cooler 2 Turb.
.——‘Q;D’—— @ @ — Generator
Cooling 72.0T 136.9TC
medium 8.6MPa 8.7MPa S-CO;, bottoming cycle

Figure 18. Configuration of modified partial heating cycle with SA heat.

The T-s diagram of the modified partial heating cycle with SA heat for the S-CO, bottoming
cycle is shown in Figure 19. Figure 20 shows the net produced work dependence on design variables.
The modified partial heating cycle with SA heat has 14.5% WHRI and 645 kWe net produced work
which is the 0.8% and 38 kWe (+6.3%) higher than the partial heating cycle. By changing the flow split
merging point from cold side inlet to cold side outlet of EG heat exchanger, waste heat recovery is
increased from 3.63 MWth to 3.91 MWth (+7.7%) since the temperature of cold side inlet of EG heat
exchanger is decreased.
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Figure 19. T-s diagram of the modified partial heating cycle with SA heat.
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Figure 20. Net work dependence with mass flow rate, flow split, and turbine outlet pressure.
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3. Discussion and Summary

Table 9 summarizes the main characteristics of various S-CO; cycles for a waste heat recovery of
7.2 MW AAC DG. It is clear from Table 9 that the recompression cycle is not the best cycle to recover
waste heat of the DG due to the small temperature difference in the EG and SA heat exchangers. In this
study, the net work of the modified partial heating cycle with SA heat achieved 645 kWe, which is the
highest among the analyzed S-CO; cycles. Because emission factor considered for a diesel generator
was 1.27 kg of CO,/kWh [23], modified partial heating cycle with SA heat can reduce 819.2 kg of CO,/h.
Having lower values with optimal CO, mass flow rate, number of components, and total exchanged
heat means that the selected cycle has more preferable characteristics compared to the others. Lower
CO; mass flow rate has benefits in pipe cost and pressure drop. Also, lower number of components,
and lower total exchanged heat have benefits in CAPEX and OPEX since the system volume is most
critical design parameter [24]. Cycle net efficiency, net work and WHRI are the main concerns in
system performance and the performance of the modified partial heating cycle with SA heat is to the
best among the others. The optimal CO, mass flow rate of the modified partial heating cycle with SA
heat is 20 kg/s which is larger than that of the exhaust gas.

Table 9. Main characteristics comparison with S-CO, cycles for a bottoming cycle.

. Total Waste Net
Optimal CO;  Number of Exchanged Heat Cy.cl_e Net Produced WHRI
Cycle Layout Mass Flow HX/Turb./ Efficiency X o
Rate (kg/s) ~ Comp.() et Recovery 0, wer %)
(MWth) (MWth) (kWe)
(1-1) Simple recuperated cycle 12 3/1/1 6.23 2.55 20.20 515 11.6
(1-2) Simple recuperation cycle
with SA heat 16 4/1)1 7.58 3.21 17.67 568 12.8
(2-1) Recompression cycle with
SA heat 18 5/1/2 8.29 3.45 17.65 613 13.8
(3-1) Partial heating cycle 16 4/1/1 8.17 3.63 16.73 607 13.7
(3-2) Partial heating cycle with
SA heat 18 4/11 8.46 3.70 16.67 616 13.9
(3-3) Modified partial
heating cycle 20 4/1/1 8.99 391 16.47 645 14.5
with SA heat

4. Component Design

4.1. Turbomachinery Design

The turbomachinery was designed to arrange components optimally and to conduct the off-design
analysis by predicting the performance for the modified partial heating cycle with SA heat. Itis generally
known that in case of small scale power conversion systems under a few tens of MW level, radial
turbomachinery is suitable since the volumetric flow rate of working fluid is relatively low enough to
use axial turbomachinery. Argonne National Laboratory (ANL) has suggested suitable design choices
for designing S-CO, turbomachinery. The ANL also presented that small scale turbomachinery of
S-CO; system is better to design with radial type [25]. Therefore, the radial type turbomachinery was
selected for component design of the modified partial heating cycle with SA heat.

In this turbomachinery design study, the Balje’s diagram known as the most useful turbomachinery
preliminary design method was utilized for the design prediction [26]. The base parameters of
turbomachinery design can be easily obtained with the specific speed (ns) and diameter (ds) since
Balje’s diagram suggests optimal values. Additionally, it represents the efficiency of turbomachinery
depends on specific speed as shown in Figure 21. Table 10 shows the turbomachinery design results
such as stages, impeller diameter and rotational speed for the designed operating condition by using
the Balje’s diagram with the non-dimensional numbers.
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Figure 21. Efficiency variation with specific speed (recreation of figure in Ref. [26]).

Table 10. Turbomachinery design of the modified partial heating cycle with SA heat.
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Type: Radial

Mass flow rate Diameter Specific Specific Efficiency

(kg/s) Stages (m) Speed diameter (%) RPM
Turbine 20 1 0.1 0.54 4.33 88 56,000
Compressor 20 1 0.07 0.63 4.62 75 56,000

The specific speed and diameter:

1/4
e wVVq . D(gHaq) (5)
S — 7 S —
(§Hu)>* Vi

The performance maps prediction was obtained with the in-house code KAIST-Turbomachinery
Design (KAIST-TMD [27]. The turbomachinery design method of the KAIST-TMD code is a one
dimensional mean-line analysis including a real gas approach for overcoming the limitation of
conventional turbomachinery design tools near the S-CO; critical point. The reliability of the 1D
turbomachinery code depends on choice of loss models. The loss model combination for radial
compressor was validated with S-CO, compressor test data [28]. However, due to the lack of S-CO,

turbine test data, the loss model combination for radial turbine was validated with test data of air radial
turbine. Although S-CO; has a higher Reynolds number than air, it is acceptable to utilize air turbine
data as an alternative, because the effect on turbine performance can be ignored over half a million in

Reynolds number and S-CO; behaves like ideal gas in turbine operation range [29]. The performance
map results such as pressure ratio and efficiency of the turbomachinery for the modified partial heating
cycle with SA heat was calculated using the KAIST-TMD code and are shown in Figures 22-25.
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Figure 22. Turbine pressure ratio performance map of the modified partial heating cycle with SA heat.
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4.2. Heat Exchanger Design

As previously mentioned in this paper, the main advantages of the S-CO, cycle are that it helps
arrange the system in a compact way. It is well known that the overall footprint of the S-CO, system
is directly related to the heat exchanger sizes among major components of the system because the
turbomachinery size of the S-CO; system is significantly smaller than the heat exchanger size.

In this study, all heat exchangers of the modified partial heating cycle with SA heat are designed
while assuming that the heat exchanger type is the Printed Circuit Heat Exchanger (PCHE). PCHE is
selected to take full benefits such as high surface to volume density, wide operational range of pressure
and temperature over 30 MPa and 800 °C, respectively [30].

In order to design heat exchangers of the cycle, an in-house PCHE design code, KAIST Heat
eXchanger Design (KAIST-HXD) is used. Particularly the KAIST-HXD was developed to evaluate the
geometry of the heat exchangers that meets requirements such as heat exchanger effectiveness and
pressure drop values [31]. All the heat exchangers were designed with the configuration of a counter
current flow and the optimal design conditions were also calculated to obtain the minimum volume
while satisfying the target performance requirements. Table 11 summarizes the design result of the
heat exchangers and Figure 26 shows the temperature profile in the recuperator.

Table 11. Heat exchanger design of the modified partial heating cycle with SA heat.

Parameter. Pre-Cooler Recuperator
Type PCHE PCHE
Shape Zig-zag flow channel Zig-zag flow channel
Hot channel fluid CO, CO,
Cold channel fluid Water CO,
Hot channel D (semi-circular) 2.0 mm 2 mm
Cold channel D (semi-circular) 2.0 mm 1.8 mm
Hot channel No 8500 135,000
Cold channel No 8500 6750
Hot side Re # (Avg) 70,215 54,602
Cold side Re # (Avg) 5008 37,820
Length 0.78 m 0.96 m
Volume 0.088 m3 0.12389 m3
Pinch point 6.1°C 497 °C

Temperature profile of Recuperator

140 —
— e Hot side(CO,)
120 | Cold side (CO,)|
. - = =delT
G 100 :
(o]
© 80°f J
=2 Inlet «
©
o 60r ]
[oN
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0 ' e e
0 20 40 60 80 100

Mesh

Figure 26. Temperature profile of the designed recuperator.
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5. Off-Design Analysis

Quasi-Steady State Analysis

To establish the control logic for the part-load operation, an in-house quasi-static cycle analysis
code, KAIST-QCD (Quasi-static Cycle Design) was developed by a KAIST research team [32]. In the
system performance analysis, various factors influence the system behavior. Quasi-steady state
is defined as a pseudo steady state of the system and the analysis method is applied when the
off-design performance of the system is important but the transient performance is less of an interest.
The quasi-steady state analysis provides quick and simple solutions that describe each operating
condition in the system. Compared to the transient analysis, the quasi-steady state analysis requires
less calculation time and provides useful information for designing control schemes for the system.

In this paper, the component design parameters of compressors, turbines and, heat exchangers
described previously are used for the quasi-steady state analysis. During the quasi-steady state
analysis, compressor inlet condition is first defined. Compressor performance is affected by two factors:
the compressor inlet condition and the rotating speed. Based on turbine and compressor off-design
performance maps, mass flow in the system is calculated. After that, heat loads between hot and
cold side of heat exchangers are calculated. The algorithm of quasi-steady state analysis is shown in
Figure 27. In this scenario, it is assumed that only mass inventory control was applied, and RPM was
kept at design value for grid stability.
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Figure 27. S-CO, cycle quasi-steady state analysis code algorithm.
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Off-design performance of a waste heat recovery system at 63, 94, and 100% thermal load,
respectively, is shown in Figures 28-30. As shown in figures, as the load increases, the optimum
points are formed at larger system flow rates and larger flow split ratio to the SA heat exchanger
(Myatio)- This means that the lower the thermal load, the higher the performance can be achieved when
controlled to reduce the flow to the SA heat exchanger. These results show an output difference of as
much as 100 kW or more between the optimal and non-optimal points. Therefore, it is necessary to
further study the strategy of controlling the driving point to be followed by producing the optimal
driving point according to each off-design operation mode in advance. The performance change of
off-design optimum point according to thermal load is shown in Figure 31. A loss of 6.74 kW net-work
is expected for 1%p thermal load decrease.
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Figure 28. Quasi-steady state analysis result (100% load).
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Figure 29. Quasi-steady state analysis result (94% load).
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Figure 30. Quasi-steady state analysis result (63% load).
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Figure 31. S-CO; cycle performance in part load conditions.
6. Conclusions

In this paper, results of the thermodynamic cycle analyses and sensitivity analyses of various
S-CO; cycles for the waste heat recovery of a 7.2 MW diesel engine used in a nuclear power plant are
presented. The diesel engine can provide two heat sources for the waste heat recovery system: one
from exhaust gas and the other from scavenge air. This is unique compared to other heat sources such
as fossil fuel power plants, concentrated solar power systems, nuclear power plants, etc. Thus, it was
necessary to review the S-CO; cycle layouts for dual heat sources application.

As a result of cycle comparisons, it was found that the partial heating cycle produces the highest
net work while having a simple layout and small number of major components. Particularly, the partial
heating cycle has additional advantage in respect of easier cycle operation scheme since it requires
single turbine and compressor only.

Furthermore, the partial heating cycle was modified by changing the flow split merging point
from cold side inlet to cold side outlet of exhaust gas heat exchanger, to additionally use the scavenge
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air heat from diesel engine turbocharger. The waste heat recovery is sharply increased by applying
dual heat sources from exhaust gas and scavenge air. This study identified that waste heat recovery
can be increased more by changing the flow split merging point of a partial heating cycle for the diesel
engine application.

The main components, including turbomachinery and heat exchangers, are designed with in-house
codes which have been validated with experiment data. Based on the designed cycle and components,
the S-CO, cycle performance under partial load conditions is analyzed with an in-house quasi-steady
state cycle analysis code to find the optimal operating condition and to establish the control logic for
the part-load operation. In this paper, part-load operation and optimal operating conditions were
calculated varying from 63-100%. For the off-design analysis it is performed while assuming only mass
inventory control is applied. RPM was kept at design value for the grid stability. Part load analysis
shows an output difference of as much as 100 kW or more between the optimal and non-optimal
points. Therefore, it is necessary to further study the strategy of controlling the operation point for
each off-design operation mode. Moreover, the performance change of off-design optimum point for
varying thermal load is important for economic analysis of the system.

The additional power from the AAC DG waste heat recovery system can operate a nuclear safety
system without revising the existing nuclear power plant’s layout too much. By producing additional
645 kWe from the S-CO, bottoming cycle from 3 MWth waste heat, nuclear safety can be improved
by potentially extending AAC DG operation time or adopting more safety components to improve
redundancy or diversity. Furthermore, more instrument and control systems can be utilized during
accident from the additional power of the waste heat recovery system.
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Nomenclature

n: efficiency

m: mass flow rate

h: enthalpy

T temperature

P: pressure

s: entropy

W: work

Peomp, inlet: compressor inlet pressure
Myatio® flow split ratio

Cp: specific heat capacity

p: fluid density

w: the angular frequency of the rotor
V. velocity

g gravity force acceleration
H: head

D: diameter

ng: specific speed

ds: specific diameter
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Acronyms

S-COy: supercritical carbon dioxide

MW: mega watt

AACDG: alternate alternating current diesel generator

SBO: station black out

EDG: emergency diesel generator

NPPs: nuclear power plants

APR1400: advanced power reactor with an electrical power output of 1400 MW
WHRI: waste heat recovery index

ORC: organic Rankine cycle

KAIST-CCD:  KAIST-closed cycle design

REFPROP: reference fluid thermodynamic and transport properties database
MT: main turbine

MC: main compressor

HT: high temperature

LT: low temperature

SA: scavenge air

C compressor

PC: precooler

HX: heat exchanger

TB: turbine

CP: compressor

ANL: argonne national laboratory

KAIST-TMD:  KAIST-turbomachinery design

1D: one-dimension

KAIST-HXD:  KAIST-heat exchanger design
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