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Modelling and simulation of the Water Enhanced Turbofan concept
FILIP HERBERTSSON

Department of Mechanics and Maritime Sciences

Chalmers University of Technology

Abstract

The aviation industry needs to reduce its climate impact. The Water Enhanced
Turbofan (WET) is a new engine technology that could reduce the climate im-
pact from aviation with regards to carbon dioxide (CO; ) emissions, nitrogen oxides
(NOy ) emissions and contrail formation. In the WET cycle, water is injected into
the combustion chamber, which lowers the formation of NO, -gases. The water also
increases the thermodynamic efficiency of the turbines, and is collected through a
set of heat exchangers so that it can be pumped back into the combustion chamber.
If more water is collected than what was injected, the exhaust stream will contain
less water that has the potential to produce contrails.

In this work, a WET cycle engine and the components it consists from are
modeled, based on a reference engine from previous Chalmers research and the most
recent WET cycle concept from MTU Aero Engines. The concept engine is analysed
through selected cycle design parameters, as well as through generalized geometric
parameters (GGP) of the heat exchangers. The design point is optimized with
respect to specific fuel consumption (SFC), and the benefits of the water injection
are analysed.

It is estimated that, by careful selection of cycle parameters, CO, -emissions
can be reduced by more than 7% and NOy -emissions can be reduced by more than
85%. This is in fair agreement with the benefits that MTU Aero Engines predicts.
Limiting factors include the weights of the WET cycle components, the size of the
engine as well as the temperature that the low pressure turbine (LPT) can handle.
It is proposed that, in order to obtain further benefits, other cycle parameters should
be analysed such as the overall pressure ratio (OPR) and the amount of cooling flow.
Further, to remove the limit of LPT temperature, the LPT could be cooled by air
from the compressor stages.

Keywords: Water Enhanced Turbofan, COsemissions, NO, emissions, cycle opti-
mization, GESTPAN, modelling, simulation
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Below is the nomenclature of indices, subscripts, superscripts, and variables that
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Subscripts
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r Residual part

* Reference

- Normalized
Variables

Latin alphabet

A

Cp

Cy
d
ET
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m Mass
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Vi Volume

WAR Water-to-air ratio

WRF Water Revovery Factor

x Site along component
Altitude

Greek alphabet

« Surface-area density

Q. Surface-area-density ratio
n Efficiency

KT Isothermal compressibility
A Ratio of specific heats

1 Dynamic viscosity

xiil
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1

Introduction

1.1 Background

The aviation industry needs to reduce its climate impact, just like all other indus-
tries. However, unlike most other industries, the aviation industry requires high
power and low weight propulsion systems that can run for hours without the need
to refuel. In general, these propulsion systems impact the climate in three ways.
Firstly, jet fuel is carbon based and thus produces carbon dioxide (CO2) when com-
busted, which is a greenhouse gas that contributes to global warming [1]. This gives
a high importance to increase fuel efficiency in order to reduce the total fuel con-
sumption and thus the CO5 emissions. Secondly, the high temperatures involved in
combustion leads to formation of nitrogen oxides (NO,) from the nitrogen present
in the atmosphere. Aviation is responsible for a large portion of the anthropogenic
emission of NO, in the upper troposphere [2], and chemical reactions with the at-
mosphere lead to the production of ozone [3] amongst other. Lastly, water that
is either present in the atmosphere or is produced by the combustion lead to the
formation of contrails. Contrails also contribute to global warming as they increase
the radiative forcing [1].

The Water Enhanced Turbofan (WET) is a new turbofan technology that could
reduce the climate impact from aviation in all three areas [4]-[8]. In the WET cycle
concept, water is injected into the combustion chamber [4]-[6]. After the turbine
stages of the engine, the exhaust gases are cooled by water and by excess air which
makes the water in the exhaust condense. The water that was recovered can then
be used to cool more exhaust gas and be put back into the cycle. Overall, this
system promises higher fuel efficiency, which helps to reduce the COs -emissions [4],
[6]. The water also lowers combustion temperature and reduces the amount of NOj -
emissions [4], [6], [9]. However, some note that carbon monoxide (CO) emissions
increase with water injection [7], and others have noted better performance if the
water is injected earlier than the combustion chamber [8].

Currently, the publicly available research on the WET cycle is limited. More
research is needed to evaluate the proposed benefits of the WET cycle and what
limitations there are. This research in the initial stage is valuable to the Department
of Mechanics and Maritime Sciences as they plan further research in the area. Thus,
this paper serves as a starting point for future research or as a help in down-selection
of research areas of importance within the WET cycle concept. Furthermore, the
models and code developed in the project can be directly used in future research as
well, as the code will be written using their in-house software.



1. Introduction

1.2 Aim

The main goal of the project is to evaluate the system efficiency and the proposed
benefits of the WET cycle, as well as to find limitations and future areas of research.
As part of this, theoretical models of the new components will be developed and
the in-house gas turbine engine simulation tool GESTPAN will be augmented with
these components. A model of the full WET cycle system will also be formulated in
GESTPAN. The individual components and the full system model should be made
such that other researchers at the department can use them.

There is no societal impact of the WET cycle, nor are there any relevant ethical
aspects to consider. However, it is important to consider the technology from an
ecological perspective. The project should answer to what degree the proposed
benefits of the WET cycle are valid, and how they affect the total environmental
impact of the system. On this topic, the weight of the system is also important
as increased weight of the aircraft leads to higher fuel consumption, which could
diminish some of the possible benefits of the system.

1.3 Limitations

Only the components that are specific to the WET cycle are of interest in this work.
Other components and stages might need to be sized differently or have different
specifications than the baseline engine, as defined in the previous VIND project [10],
but no new models will be developed for these components. Furthermore, the com-
ponents that are specific to the WET cycle should only be modeled using simple
correlations and well-known theory. More detailed models of the WET cycle com-
ponents are left for future research. In addition, the work should focus on the usage
of the model at the design point.
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Theory

The WET cycle is a turbofan concept in which water is injected into the combustion
chamber. The water increases the total mass flow in the core which is expected to
have multiple benefits, such as lower fuel consumption and lower NO, production [4]-
[8]. Furthermore, water increases the specific heat capacity of the exhaust gas which
is thermodynamically beneficial [4]. To be able to have water flow throughout a
flight without having to bring a lot of water with the aircraft, the water needs to be
reused. First, the exhaust stream is cooled down using heat exchangers after which
the water condenses and is extracted from the flow.

This chapter describes a common turbofan cycle that will be used as a refer-
ence cycle. Based on the reference cycle, the WET cycle is defined and models for
the components are presented, as well as modifications needed to already established
turbofan components. In order to model the WET cycle components, further infor-
mation is given about heat exchangers. Lastly, models to estimate thermodynamic
properties of gases and fluids are presented, as well as models to estimate emissions.

2.1 Reference cycle

Parameter Value
Altitude (m) 10668
Mach number 0.84
ATrsa (K) 10
Inlet flow (kg/s) 625.6
Fuel flow (kg/s) 1.0703
Cooling flow (kg/s) 7.0963
OPR 74.004
SFC (mg/Ns) 15.006
BPR 13.693
Thrust (kN) 71.324

Turbine inlet temperature (K) 1903.8

Table 2.1: Main parameters of the reference cycle at Top-Of-Climb (TOC).

In order to evaluate the WET cycle concept, it is applied to a reference cycle and
compared. An estimate of a future engine is used as the reference, since the develop-
ment of the necessary components for a WET-engine will take time. The reference
cycle is a high bypass ratio, two-shaft, geared turbofan developed as part of the

3



2. Theory

Component Efficiency Pressure ratio

Inlet - 0.997
Fan 0.91576 1.44
IPC 0.88736 3.465
HPC 0.86897 16.594
Burner 0.999 0.97
HPT 0.9287 -

LPT 0.93185 -
Bypass nozzle - 0.982
Core nozzle - 0.985

Table 2.2: Design efficiency and pressure ratios for selected components.

VIND project [10]. It represents what the researchers believe to be a good approx-
imation of a future engine for the year 2035, intended for narrow body aircraft. It
consists of a fan and a booster compressor connected to a low pressure turbine, of
which the rotational speed of the fan has been reduced through gears. It also has a
high pressure compressor connected to a high pressure turbine. Important parame-
ters for the reference cycle is found in Table 2.1. The efficiencies and pressure ratios
used are presented in Table 2.2.

2.2 WET cycle

The corresponding WET cycle model adds three new components to the system;
the HRSG, the condenser and the pump. It also requires modification of some of
the available components in order to take into account the water that is present.

Bypass nozzle|

Inlet mxal Fan > Spliter |3+ IPC =l HPC =l Burner —» HPT —» LPT —» HRSG —>» Condenser —» Core nozzle

Pump

Figure 2.1: A diagram depicting the WET cycle components and their order with
respect to the flow direction. Black arrows represent air or exhaust gas, blue arrows
represent water, green arrows represent power and yellow arrows represent fuel. The
white components were available in GESTPAN, the red components were available
but needed modification, and the blue components are new and unique to the WET
cycle.

A diagram of the investigated WET cycle is seen in Figure 2.1. In the WET cycle,
water is injected into the combustion chamber. This increases the heat capacity
of the core flow. After the exhaust air exits the last turbine, it enters the Heat
Recovery Steam Generator (HRSG). The HRSG uses residual heat in the exhaust
flow to evaporate and superheat the water before it is injected into the combustion

4
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chamber. This brings some heat energy back to the combustion chamber and keeps
it in the cycle loop [4]. The HRSG has the added benefit that it cools the exhaust
flow which makes it easier in later steps to extract water from it. The HRSG is
placed inside the core right after the last turbine stage, which constrains its size.
For the most effective heat transfer, the HRSG is a counter-flow heat exchanger in
which the two flows move in opposite directions [11].

After the exhaust exits the HRSG, it enters the condenser. The condenser is
another counter-flow heat exchanger in which the exhaust is further cooled using
air from the bypass channel [4]. The exhaust is cooled down enough so that it
becomes supersaturated with water, and thus water condenses out of the exhaust.
The condenser is placed in the bypass stream, such that exhaust gas travels from
the back of the core to the front of the nacelle. The water recovery system, placed
after the condenser in the nacelle, extracts the condensed water from the flow. The
condensed water is collected through channels in the nacelle interior and is then
pumped through the HRSG and into the combustion chamber.

The proposed advantages of using the WET cycle are many. As the recovered
water is heated up and injected into the combustion chamber, heat from the exhaust
is recovered and carried back into the thermodynamic cycle. At the same time, the
temperature of the exhaust gas is reduced. Due to the injected water, the mass flow
over the compressors is less than over the turbines. At the same time, water requires
less energy to be pressurized than air. Furthermore, water injection increases the
specific heat capacity of the exhaust gas, which makes it possible for the turbines
to extract more energy. In total, this helps to increase the efficiency of the cycle
which reduces fuel consumption and COs -emissions. The water will also decrease
the temperature in the combustion chamber, and in turn decrease the amount of
NOy -emissions [9].

2.2.1 Heat Recovery Steam Generator

The Heat Recovery Steam Generator is the first step of the water recovery appa-
ratus. It is a heat exchanger (HX) where exhaust gas enters through one channel
and water enters through the other. The exhaust air from the turbines is cooled
using water that has been recovered which makes it easier to extract water in the
later stages of the exhaust. At the same time, the recovered water is evaporated
and superheated, which brings heat back to the combustion chamber. The Loga-
rithmic Mean Temperature Difference (LMTD) method [11] is used to calculate the
heat fluxes throughout the heat exchanger. This procedure is described further in
Section 2.3.1. However, extra care needs to be taken as this process involves both
temperature change and phase change. In order to overcome this, the unit is split
up into three sections: the economizer, the evaporator and the superheater [12]. A
diagram of the HRSG that depicts the different sections is seen in Figure 2.2. In the
economizer section, the liquid water is heated up to the boiling point. In the evap-
orator, the liquid water is evaporated into steam without a temperature increase.
In the superheater, the steam is heated further. With this simplification, the fluid
only experiences either a temperature change or a phase change at a single point in
the component.
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— Water
Exhaust

Economizer

Evaporator Superheater

Temperature

Entropy

Figure 2.2: A diagram of the temperature changes that occurs in the exhaust gas
and in the water inside the HRSG, divided into the three sections corresponding to
the different processes. The arrows represent which direction the fluid flow occurs
in.

The change in temperature of the cooling fluid with respect to the heat trans-
ferred is seen in Figure 2.2. For each of the theoretical sections, only temperature
change or phase change occurs in each channel, which allows for the LMTD-method
to be used. However, in reality, both temperature change and phase change occurs
at the same time. This is especially true for the evaporator section. When there is
a mixture of liquid water and steam, the liquid water will evaporate when heat is
supplied, while the steam will increase in temperature. It is thus important to view
this approach as an approximation.

2.2.2 Condenser and water recovery system

The condenser is the component responsible for recovering water from the exhaust
stream and recycling it which makes it possible to keep the cycle running without
an additional water supply. The air in the bypass channel is first used to cool the
exhaust gas to the saturation point of water in an economizer section. Thereafter,
the exhaust gas is further cooled while water is being condensed out of the flow
in a condenser section. This section is difficult to model, as there is both a gas
phase and a liquid phase. Furthermore, heat transferred away from the exhaust
channel leads to both a temperature change and a phase change. It is not possible
to split this section such that both temperature change and phase change do not
occur in the same section, as was possible for the HRSG. Thus, the LMTD-method
is less valid unless modified [11], [13]. The process that the water goes through
is seen in Figure 2.3. In the economizer section, the temperature of the water
decreases while the pressure remains virtually constant, except for pressure losses.
This continues until the water reaches the saturation temperature at that pressure.

6
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Supersaturation zone / — Actual flow
/ Ideal flow

== Saturation line

Economizer
—

Pressure

Subsaturation zone

Temperature

Figure 2.3: A temperature-pressure diagram of the water in the exhaust gas in
the condenser. The pressure refers to the partial pressure of water. The dashed line
represents the saturation pressure over liquid water.

After that, any further decrease in temperature leads to condensation of water,
and a corresponding decrease in the partial pressure of the water in the exhaust
which follows the saturation curve. In reality, as the condensation process happens
quickly, some water does not have time to condense and the exhaust flow becomes
supersaturated.

The bypass air experiences a pressure loss as it goes through the heat ex-
changer, which is negative in terms of thrust generation. Some of this loss in pres-
sure is offset by the increase in temperature of the bypass air through the Meredith
effect [4], as increased temperature means increased energy in the flow, which in turn
generates thrust. A well designed heat exchanger allows for cooling of the exhaust
flow with minimal loss of thrust.

The condensation process and water recovery is difficult to model at this stage
of development. In order to properly evaluate how the water condenses and is
recovered, a thorough study into the fluid-solid interaction in the condenser and
nacelle is necessary. This requires a detailed design and is out of scope for this
project. Instead, a simpler approach is taken. It is assumed that not all water that
could condense will have time to condense and be collected by the recovery system.
To model this, a Water Recovery Factor (WRF) is introduced. It is calculated as

where 17, is the amount of water that is condensed and 77y iq is the amount of
water that would be condensed given the current temperature, if the process was
ideal. The water that is not condensed remains in the exhaust flow, and the exhaust
thus becomes supersaturated.
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2.2.3 Water pump

When the water is condensed, it needs be pumped to a higher pressure in order to
be injected into the combustion chamber. This is done using a centrifugal pump.
The minimum pressure the pump needs to achieve is the sum of the pressure in
the combustion chamber and the pressure losses in piping and in the HRSG. The
efficiency of the pump will not be 100%, which means that some losses will occur.
It is assumed that theses losses will lead to a slight temperature increase in the fluid
as well. With the assumption that both the inlet and the outlet conditions of the
fluid are known, and that the water is incompressible, the pressure head at both
ends are calculated by

p v

V=-"—+4+—+7Z (2.2)

rg 29
where ¢ is the gravitational acceleration of the earth, p is the water density, v is
the flow velocity and Z is the altitude of the water from a reference point [14]. The
change in velocity and altitude is assumed to be negligible. Only the change in
pressure head is of interest, thus the velocity and altitude terms are neglected. The
change in pressure head AV is related to the required power P by

AW
p=92"" (2.3)

where 7,um, is the efficiency of the pump [14]. The losses, which will be converted
to heat in the flow, is

Ploss = Q = P<1 - npump)- (24)

Much less energy is used to increase the pressure of liquid water than is used to
compress a gas. The magnitude of the water pump power requirement is thus much
smaller than the powers involved in the turbines and compressors. In order to
simplify the system, the power to drive the water pump is assumed to come from
an external energy source and not from one of the shafts.

2.3 Heat exchangers

Heat exchangers (HX) are units that transfer heat from one fluid to another. They
come in different shapes, such as tube-and-fin HX or plate HX. They are also divided
based on the direction that the fluids flow in relation to one another, such as parallel
flow, counter-flow and cross-flow. Both the HRSG and the condenser are, at their
core, heat exchangers.

2.3.1 Heat transfer

In order for the heat exchangers to transfer heat, a temperature difference between
the two fluids is needed. The larger the temperature difference, the more heat is
transferred. However, the heat transfer also depends on material properties of the

8
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fluids and the wall material. Instead of using heat transfer @, which is the amount
of energy transferred per unit time, it is common to use heat flux ¢, which is heat
transfer divided by the area over which the heat is transferred.

Heat transfer is divided into three types; conduction, convection and radia-
tion [11]. Conduction is heat transfer that happens within a material, for example
from one side of a wall to the other. For conduction, the heat flux is written as

. oT

qg=—k o (2.5)
where k is the thermal conductivity and g—f is the partial derivative of temperature
across the material. Conduction happens in both fluids and solids. Convection on
the other hand is the conductive heat transport due to movements in the flow, and
is thus unique to heat transfers that involves fluids. For heat exchangers, convection
occurs due to the interaction of the fluid with the solid structure. Convection de-
pends on both material properties of the structure and properties of the flow. The
convective heat transfer from a wall to a fluid (or vice versa) is

¢g=hTw —1Ty), (2.6)

where h is the heat transfer coefficient, Ty is the wall temperature and T is the bulk
fluid temperature. The heat transfer coefficient depends on flow properties, which
is described with non-dimensional numbers. Two commonly used non-dimensional
numbers are the Reynolds number and the Prandtl number. The Reynolds number
is written as

Re = U—d, (2.7)

v

where v is the bulk fluid velocity, d is a characteristic length of the system and v is
the kinematic viscosity. The Prandtl number is written as

Cplt
o
where ¢, is the isobaric specific heat capacity and p is the dynamic viscosity.

The last type of heat transfer is radiation. All bodies emit radiation that varies
in intensity and wavelength with temperature. This radiation leads to a transfer of
heat energy between bodies. For this analysis, the effect of radiation is neglected
and focus is instead put on conduction and convection.

When heat is transferred to or from a fluid, it either experiences a tempera-
ture change, a phase change or both. The change in enthalpy AH that the fluid
experiences is proportional to the heat transfer. Assuming constant specific heat
throughout the temperature change, the sensible heat transfer is calculated as

Pr = (2.8)

Q=rm-AH=r-c, (Tin — Tour), (2.9)

where m is the fluid mass flow, T}, is the inlet temperature and T, is the outlet
temperature. If instead the fluid experiences a phase change, the latent heat transfer
is calculated as
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Q =m:- A1T—[latent7 (210)

where AHjgpen: is the enthalpy change due to phase change per unit mass.

To get the total heat flux across a heat exchanger it is possible to use the Log-
arithmic Mean Temperaure Difference (LMTD) method. For this, the logarithmic
mean temperature difference AT}, is needed, which is obtained as

ATy — ATg
InATy —In ATy’

where AT, and ATp are the differences in temperature between the fluids at end
A and B respectively. If it is a parallel flow HX, end A contains both fluid inlets
and end B contains both fluid outlets. If it is a counter-flow HX, end A contains
the inlet of one fluid and the outlet of the other, and vice versa for end B. The heat
transfer can then be obtained as

AT'lm =

(2.11)

Q=U-Ay, ATy, (2.12)

where U is the overall heat transfer coefficient for one side of the heat exchanger, and
A, is the wetted area of that side. U is a function of the heat transfer coefficients
for the individual heat transfer processes that occurs in the heat exchanger, such
as friction-induced convection in the fluids and conduction through the wall. The
LMTD-method is valid when no phase change happens. However, it is possible to
use the LMTD-method when one of the fluids experiences a phase change, given that
the fluid that experiences a phase changes does not also experience a temperature
change. In this case, the latent heat transfer is used instead of the sensible heat
transfer.

2.3.2 Parameter estimation

It is difficult to evaluate heat exchangers and their performance. It requires deep
knowledge about parameters of the flow as well as intricate knowledge about the
geometry of the heat exchanger. To add to the complexity, different types of heat
exchangers generally require different equations to describe them. In an attempt to
simplify the estimation of heat exchanger properties for concept studies, a method
was developed at Chalmers that only requires a few geometrical parameters as well
as a few non-dimensional parameters [15]. This methodology can describe any heat
exchanger and estimate the heat coefficient, the pressure loss as well as the weight
of the system.

To begin with, it is necessary to specify the volume V;, as well as the frontal
area Ay, of the heat exchanger. The frontal area is the area perpendicular to the
direction of flow. The two channels do not need to have the same frontal area,
however, since both HX are counter-flow, it is possible to treat the frontal areas as
the same. From the volume and frontal area, the length L of the heat exchanger is
found as

Vi

L=-".
Ag,

(2.13)

10
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The length that the fluids flow might be longer than this and depends on the number
of passes that the channels have. So, for each of the fluids f, the path length Ly is
calculated as

Ly =L-dy. (2.14)

where ¢ is the number of passes for fluid f. For each fluid (or channel), two
parameters are defined. The first one is the surface-area density «, which is defined
as
Ay g
Qf = ‘/t y (215)
where A, ; is the wetted area of the channel for fluid f. The second parameter is
the void fraction o, which is defined as

A
of = X;’f, (2.16)

where Ay, is the free-flow area of the channel for fluid f. From these, two non-
dimensional parameters are gotten. One is the surface-area-density ratio,

aq
r=—, 2.17
o =22 (217)
and the other is the void-fraction ratio
01
= — 2.18
0 =2 (218)

A third non-dimensional parameter, the solid volume fraction y, is defined as

Vs
— 2.19
X ‘/t ) ( )
where V; is the volume of solid material in the heat exchanger. With «,., o, and y

known, a1, ag, o1 and o9 are calculated through

= Q- Qg (2.20)
2X
= — 2.21
2= Ha + 1) (221)
01 =0, 09 (2.22)
1 —
. X (2.23)

T 1l+0,)
where ¢ is the thickness of the solid material in the internal channels of the heat
exchanger. The solid volume fraction is also correlated to the weight m, of the heat
exchanger, through

where p; is the density of the solid material. The solid material is assumed to be
aluminium with a density of p;, = 2699kg/m?. The weight represents the internal

11
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weight of the heat exchanger, but excludes the weight of additional piping as well
as structural components. For simplicity, it is estimated that these components add
an additional 10% to the weight.

With the previously defined non-dimensional parameters, and a couple of ge-
ometric parameters, it is possible to estimate the heat transfer coefficient and the
pressure loss of each side of the heat exchanger separately. The heat transfer coeffi-
cient hy for channel f is found using the j-factor, j¢, according to Chilton-Colburn
J-factor analogy, which relates heat, momentum and mass transfer. It states that

h 2
jp= —L—Pr3. (2.25)
Cp,f My

The Prandtl number is calculated according to (2.8). The j-factor is estimated using

' — 0.360 [ LU o Re70413 4 9.13. 105 (LU 2.26
jr =0, <4o_f> e 1913, (40_> (2.26)
where ¢ is the undisturbed flow length and Re; is the Reynolds number. This
equation is an empirical relation obtained using data from heat exchangers for a
wide variety of applications, some of which were developed over 60 years ago [15].
Better heat transfer is expected from modern day heat exchangers, especially given
the stringent requirements of the aerospace industry. Thus, the j-factor is assumed
to be 10% larger than the predictions. The Reynolds number of the flow is calculated
by

Rej — —f (2.27)

appyAp

where 1y is the mass flow of fluid f and py is the dynamic viscosity.

With the heat transfer coefficients for each channel, it is possible to get the
overall heat transfer coefficient Uy. Since Uy relates the area of a channel and the
temperature difference at the two ports of the heat exchanger with the heat that
is transferred, it is different for each channel. For fluid 1, the overall heat transfer
coefficient is expressed as

1, | (2.28)

U (moh)1 (1 + ai) ks (oh)2’ '
where t is the wall thickness, k; is the thermal conductivity of the heat exchanger
solid material and 7, is the overall surface efficiency. For aluminium, the thermal
conductivity is ks = 237 W/m K. When a channel does not have any fins, the overall
surface efficiency becomes n, = 1. If a channel has fins, the efficiency is expressed
as

Moy =1 = 0su, (L = npin), (2.29)
where o4, is the finned-to-total-surface-area ratio, and 74, is the fin efficiency. If
only one of the channels has fins, oy s is estimated by

Qg —

(2.30)

O fit,2 = o
2

12
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In the case above, the channel for fluid 1 does not have fins but the channel for fluid
2 does. The fin efficiency in turn is estimated using

where

vV tfm ks 7

where lfti is the characteristic dimension of the fins and hy;, is the heat transfer
fin

coefficient of the fins. It is difficult to estimate the properties of the fins, thus some
simplifications are made. It is assumed that only one of the channels has fins. This
assumption works well when one of the fluids is a liquid and the other is a gas [15],
however, it works less well when both fluids are gases. The heat transfer coefficient
of the fins is also assumed to be the same as the heat transfer coefficient of the
channel that contains the fins.

The pressure loss in a channel, Ap;, is related to the friction coefficient, f;,
according to

(2.32)

mlfm =

.2
m 1 1 arlL

App = — <<2+1>< —1>+ff3f f) (2.33)
Po.in,f A% \\ 0¥ Pout,f T Pm,f

where pg i ¢ is the total pressure at the inlet, py., s is the density at the exit, p,, ¢

is the mean density and Ly is the length of the channel. Similarly to the j-factor,
the friction coefficient is estimated using

fr = 0492 (L4 T R0 (2.34)

f : 40'f f )
which has been obtained using data on previous heat exchangers. Better perfor-
mance is expected from modern day heat exchangers which have been designed
carefully, thus the pressure losses are reduced by 10% from this estimation.

2.4 Physical properties

Calculation of heat transfer coefficients requires good estimates of multiple thermo-
dynamic properties of the fluids. Equations provided by The International Asso-
ciation for the Properties of Water and Steam (IAPWS) are used to make such
estimates. With their nomenclature, water is divided up into five regions in a
temperature-pressure-diagram, and each region has different equations that describe
the thermodynamic properties [16]. In this work, region 1 and region 2 are of inter-
est, as these represent liquid water and steam respectively and are within reasonable
temperature and pressure limits for a turbofan engine. The industrial formulations
were used, as these are easier to formulate and quicker to evaluate than the scientific
equations, while they provide high accuracy.

13
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2.4.1 Liquid water

With the temperature and the pressure of liquid water known, the thermodynamic
properties are estimated using the function v(m, 7), where pressure and temperature
has been normalized such that 7 = p/p* and 7 = T* /T using constants p* and T™*.
The function is defined by

34
v(m, 1) =D ni (7.1 —m)fi(r — 1.222) % (2.35)
i=1
where n;, I; and J; are constants provided by IAPWS (see Appendix A) [16]. Using
the derivatives of this function the thermodynamic properties are found. Short-hand
notation for the derivatives are

YV = gZ(w,r) = — an (71— )i (r — 1.222)7 (2.36)
vy Ji—1
Vr = E(?T,T) = an (7.1 — m)fi(r — 1.222) (2.37)
9%y I;—2 J;
Ve = w(ﬂﬂ') = Znifi(fi —1)(7.1 —m)" (1 — 1.222)” (2.38)
=1
82')/ 34
- am%(w, T) = — ZniIiJi(Tl — )it (r —1.222)" ! (2.39)
827 Ji—2
Vrr = ﬁ(ﬁ’ﬂ = an i )(7.1 — m)li(r — 1.222)772. (2.40)

With these derivatives, the density p is

p
= 2.41
P = Bm (2.41)
where R is the gas constant. The isobaric specific heat capacity c, is
= —R7%y,,, (2.42)
and the isochoric specific heat capacity cy is
2
cv = — Ry, + RO = T1r)” (2.43)
f)/ﬂ'ﬂ'
Furthermore, the isothermal compressibility xr is [17]
K = — T (2.44)
PYx
and the specific enthalpy is
h = RT1;. (2.45)
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2.4.2 Steam

Similar to liquid water, the thermodynamic properties of steam are estimated using
the function ~(m, 7), where pressure and temperature is normalized such that = =
p/p* and 7 = T*/T using constants p* and T*. In this case, the function is defined
by [16]

7(77-7 T) = 70(71-7 T) + ’}/r(ﬂ-v T)? (2'46>
where v°(m, 7) and 7" (7, 7) are the ideal-gas part and residual part respectively. The
ideal-gas part is defined as

9
V(m,7)=Inm+ > nir’i, (2.47)

for constants n; and J;. The derivatives are

ov° 1
o= ZL == 2.4
1= ) : (2.48)
o a ° > o 70 °
9= 5o 7) =Y npprti (2:49)

i=1

o 8270 2 o 7o/ JoO o
T 67'2 (7T7T) - Z 1‘]2 (‘] 1)TJi 2' (250)

s
I
—_

The residual part is defined as

an (1 —0.5)”, (2.51)

for constants n;, I, and J;. The derlvatlves are

a,.y'r 43
Ve = 5 (M7) =Y nidiw" (T —0.5)" (2.52)
o .
Yy = 5 (m,7) = ZniJiﬂIi(T —0.5)%! (2.53)
r 0> 1;—2 J;
o= 53 (m,7) = an (L — D772 (r — 0.5)” (2.54)
o= 73277" (m,7) = Zn-IJWIFl(T —0.5)%! (2.55)
T OnoT Pt
82’}/T 43
Vrr = ﬁ(w, 7) = "n;Ji(J; — D)l (r — 0.5)% 72 (2.56)

The thermodynamic properties are estimated using these derivatives. The density
p is

P
RTw (77 + ;)

p= (2.57)
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The isobaric specific heat capacity c, is

= —R7* (v}, +75.) s (2.58)

and the isochoric specific heat capacity cy is

(1+ vy — 773s,)°

— —R72(~° Ty 2.59
cv ™ (7 +77s) vy (2.59)

Furthermore, the isothermal compressibility xr is [17]

1 — 72"
Rp = ————, 2.60
b el y) (260
and the specific enthalpy is

h = RTT(v;+r). (2.61)

2.4.3 Common properties for both phases of water

Some thermodynamic properties of water do not depend on the phase of the water,
but rather on the thermodynamic properties alone. One of these is the kinematic
viscosity p, which is estimated solely using the temperature and density of the
water [18]. The normalized viscosity i1 = p/p*, where p* is a constant, is estimated
using three terms as

p= ﬂO(T> Ul (T7 ﬁ) ’ ﬂQ(Tv ﬁ)v (2'62)

where T = T/T*, p = p/p*, and T*, p* are constants. The first factor iy is

o 100VT
(T, p) = N

— 1"

(2.63)

where F; are constants. The second factor f; is

i1 (T, p) = exp (PZ (T — 1) Z Gij(p ) (2.64)
where G;; are constants. The third factor, called the "critical enhancement", takes
into account effects that are seen close to the critical point of water. Because the
critical point is well outside the pressure levels expected in the water system, this
factor is simplified to ﬂg(’f ,p) = 1. The total error in the viscosity estimate is up
to 3% and it is slightly lower at lower temperatures than at higher temperatures.

Another property which is estimated similarly in both liquid water and steam
is the thermal conductivity k. It depends on the temperature and density, but also
requires the isobaric and isochoric specific heat capacities, the isothermal compress-
ibility as well as the kinematic viscosity [19]. The normalized thermal conductivity
k = k/k*, where k* is a constant, is estimated using three parts through
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k= EO(T) ’ %1(T7 ﬁ) + %Q(TaﬁacEH /\na)v (265)

where ¢, = ¢,/ R, R is the gas constant, A = ¢,/cy, ji = p/p* and p* is a constant.
The first factor kg is calculated as

ho(T) = 5 (2.66)

=0 1

where I; are constants. The second factor k; is calculated as

ki (T, p) = exp (pz (; — 1)i Zj Jij(p — 1)j) : (2.67)

where J;; are constants. The last term, ko, is called the critical enhancement. Unlike
the critical enhancement of the viscosity, this term plays a large role for the chosen
temperatures and pressures and thus need to be accounted for properly. The term
is described by

s ey pcyT
k2<TJIOJCP7 >\7:U’) _Ap'u Z(y>7 (268>

where A is a constant. The function Z(y) is described by

21 -4)+L -1+ —1 if y>12-10"7
Z(y) =™ <( RS P\z)) Y (2.69)

0 else
The variable y on the other hand is calculated using

Yy = CYDg(T7 ﬁ)? (270)

where ¢p is a constant added to make y a dimensionless number. The function ¢ is
defined as

_ AX(T, 5)\""
(. —a(DE2) 2.1)
where I'y and v are constants and
_ _ T
A«ﬂmzm(qﬂm—fabm;ﬂ7 (272

where Tj is a constant reference temperature and ( is defined as

() = (52) = 13
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where p* is a constant used to normalize the pressure. With equations (2.41) and
(2.57), the density of water is obtained using the temperature and the pressure.
The temperature and pressure is also used to calculate the isothermal compress-
ibility through equations (2.44) and (2.60). However, to calculate {, xr needs to
be calculated using the temperature and density as our starting point. With the
equations described, this would require iteration on pressure until it matches the
density. Instead, the industrial approximation is used to calculate ((Tg,p). It is
stated as

- (2.74)

5
> Kiip'
=0

where K;; are constants. The index j is chosen as

((Tr, p) =

j=0 if p<0.310559006

j=1 if 0.310559006 < p < 0.776397516

j=2 if 0.776397516 < p < 1.242236025 (2.75)
j=3 if 1.242236025 < p < 1.863354037

j=4 if 1.863354037 < p.

In the area of interest, the error in the estimation of thermal conductivity is between
1.5% and 6%. It increases as temperature increases.

2.4.4 Saturation line

The boundary between liquid water and steam is called the saturation line. In order
to pass this line, latent heat needs to be added or removed from the fluid. With
either temperature or pressure known, the other one can be calculated [16]. The
constants n; defined in Appendix A are used for this. If the saturation temperature
T, is known, the equation
TS 1 g
T=————
71>k (TS/T*) — N0

holds. Here, T* = 1 K. The saturation pressure p, is then

(2.76)

= 205 4 (2.77)
Pe =P\ 2, + (03 — 40,05)12 ) ‘
where p* = 1 MPa and

V1 = 72 4+ nyT + no (2.78)
192 = n37'2 + NyT + Ny (279)
193 = n672 + n77T + ng. (280)

If instead the saturation pressure is known, the equation
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m = (ps/p")"*, (2.81)

holds. The saturation temperature is then

T — " (mo + 1 — ((n1o + 51; 4(ng + nioP1)) /2) , (2.82)
where
_ 204
e - B NATE (2.83)
By = 7° + nam + ng (2.84)
B3 = mm* + nam + ng (2.85)
By = ngm? + nsT + ng. (2.86)

The latent heat needed for phase change is the difference between the specific en-
thalpies of the fluid at that temperature and pressure when it is a liquid and a gas.
These are calculated as described in Sections 2.4.1 and 2.4.2, respectively.

2.5 Emissions

One of the main benefits proposed of the WET cycle is the reduction of emissions
that impact the climate. Two emission types will be investigated; carbon dioxide
and nitrogen oxides.

2.5.1 Carbon dioxide

Carbon dioxide (CO3) is a potent greenhouse gas. It is produced in combustion of
hydrocarbon based fuels, such as conventional jet fuel. The amount of CO, produced
is directly proportional to the fuel usage. One way to reduce CO; -emissions in the
aviation industry is to make the propulsion systems more efficient. More efficient
propulsion means less fuel usage, which means less CO,-produced. This requires
continuous research to increase the technology level of the propulsion systems. An-
other option is to switch fuel source, either to something that does not contain
carbon such as liquid hydrogen, or to something that does not use combustion at
all such as fuel cells or batteries. Liquid hydrogen comes with its own problems,
such as a more complex process of handling cryogenic liquids as well as a very large
volume requirement for the tanks. Batteries are also too heavy to be practical for
long-range flight.

2.5.2 Nitrogen oxides

Nitrogen oxides (NOy ) are a group of gases that are relevant for air pollution. They
are generated in all combustion with air due to the high abundance of nitrogen and
oxygen in air, and the high temperatures involved in combustion. NO, -emissions
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are one of the main emissions from aircraft responsible for climate warming and
tropospheric ozone [2]. The amount of NO, -gas produced is calculated as a fraction
of the amount of fuel used using the emissions index Elno, [4], through

7/;/LNOJc = 7hfuel : EINO:E [g/S] (287>

For humid combustion, the emission index is calculated as

ch,in - 826) < DPeein

0.4
194 2.965.106) TF - Rsrm  [g/ke], (2.88)

FElno, =32 -exp (
where T, ;, and pein, are the temperature and pressure of the air as it enters the
combustion chamber, T'F' is the technology factor and Rgrjs is the steam correction
factor. The technology factor is taken as TF = 0.72 for state-of-the-art engines.
The steam correction factor is obtained as

2.
WAR? +0.0516 (2.89)

where W AR is the water-to-air ratio of the reaction mixture as it enters the com-
bustion chamber.

(—2.465WAR2 — 0.915WAR>
Rsra = exp ,
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Methods

The project is divided into two part. The first part concerns the development of
models for the WET cycle and a full system model of a WET cycle turbofan engine.
The second part is comprised of the evaluation of the WET cycle using the previously
developed model.

3.1 Component and system modelling

The model of the reference cycle, as well as all of the components that it consists
of, were already available in GESTPAN at the start of the project. GESTPAN is a
scientific tool developed for performance evaluation of aero engines [10]. It is based
on defining and connecting modules that in themselves represent a single conceptual
component of the engine. The modules interact with each other through input
and output variables. It is important to note that during design each component
in GESTPAN is intended to be set up as a quadratic system of equations. This
means that, for each iteration variable that is solved in a given component, there
is a corresponding residual that belongs to the same component. This also means
that each component can be solved in order, without the need to relay information
backwards and iterate. However, it is possible to include global iteration variables,
where the iteration variable belongs to one component while the residual belongs to
another.

3.1.1 DModifications to established components

Since GESTPAN was developed for regular aero engines, the main variables that
represent the gas flow are temperature, pressure, mass flow and the fuel-to-air ratio
(FAR). In order to take into account the injected water, the water-to-air ratio (WAR)
was added, which is the ratio of the injected mass flow of water to the mass flow of air.
Note that the WAR does not include water that is produced by combustion. It was
also assumed that air that enters the engine is dry, such that the only components
that needed to be updated with the WAR are the burner and the components after it.
With this modification, the amount of air, fuel and water in the flow were calculated
as
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m

i air — 3.1

m 1+ FAR+ WAR (3-1)
FAR -m

) = 2

Mruel = TP AR + WAR (3:2)
. WAR-m

Muater = 1 PAR + WAR® (3:3)

All tables used to obtain thermodynamic properties of the flow were also updated

to include WAR.

3.1.2 Heat Recovery Steam Generator

The equations for the different sections of the HRSG are similar. The properties
of the water as it enters the HRSG were assumed to be known. The properties of
the exhaust gas as it exits the HRSG was also assumed to be known. On a system
level these properties are not known, but becomes iteration variables. However, for
the component calculations, they were regarded as known. For the economizer, the
exit temperature of the water is the saturation temperature at that water pressure,
which was obtained from Section 2.4.4. The thermodynamic properties and the
transport properties of the exhaust gas and the water were found as described in
Section 2.4. The heat transfer was calculated by a simple energy balance between
the hot side and cold side, using (2.9). The heat transfer coefficient was estimated
using the approach described in Section 2.3.2. For simplicity, the entry variables
were used when estimating the heat transfer coefficient. With this, the wetted area
that has been used for the economizer section was calculated with (2.12).

The calculations for the evaporator followed the same structure as for the
economizer. However, due to the phase change in the fluid, the heat transfer for the
water side was instead calculated using (2.10). Since the evaporator handles both
liquid and gas in the same channel, it is difficult to estimate the thermodynamic
properties. Instead, the properties were calculated individually for the liquid and for
the gas. This gave two heat transfer coefficients and two pressure losses. In order to
not underestimate the pressure losses, the maximum pressure loss was chosen. For
the heat transfer coeflicients, a combined coefficient was calculated using [11]

h(z) | 035\ 22
=|(1—az)" ((1 —z)"° +1.92°¢ (/Wz) ) "

Pgas

05 (3.4)

—9\ —0.
h as iqui 007

4 x0.0l g 1+ 8(1 o CC,)O.'? (pl q d) ’
hliquid Pgas

where z is the fraction of all the fluid that is liquid. Numerical integration along
the evaporator is required to know the liquid fraction at each point. For simplicity,
it was assumed that there is an even split between liquid and gas in the evaporator.
Equation (3.4) has been obtained for boiling of liquids in vertical tubes. However,
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in this investigation, a large variety of heat exchangers are examined. The equation
was thus used outside of what it has been designed for.

The calculations for the superheater were similar to the ones for the economizer
and evaporator. At the design point, the exit temperature of the water is given as
a design parameter. With the sensible heat transfer of both of the channels, from
(2.9), as well as the heat transfer calculated using the LMTD-method, from (2.12),
the wetted area of the water channel was obtained.

In off-design the total wetted area is fixed. Together with the wetted areas used
to economize and evaporate the water, the wetted area that remains was calculated
as

Asuperheate'r =A- Aeconomizer - Aevaporator‘ (35)

In this case, none of the exit temperatures are known. On the other hand, the area
that the superheater uses is known. The exit temperatures of the superheater were
iterated on with residuals given as the difference between the heat given off and
taken up by the exhaust gas and the water respectively, using (2.9), as well as the
heat calculated by the LMTD-method, using (2.12).

It was assumed that the ratio of wetted area of a section to the total wetted
area for the HRSG is the same as the ratio of the length of the section to the total
length of the HRSG. Thus, the length of section ¢ were calculated as

A

With the lengths known, the pressure drops over the sections were calculated as
described in Section 2.3.2.

3.1.3 Condenser

For the condenser, the exhaust gas inlet conditions and the cooling gas outlet con-
ditions were assumed to be known. Since it is a counter flow heat exchanger that
consists of multiple sections, it is important to know the inlet conditions of one fluid
and the outlet conditions of the other fluid in order to be able to calculate each sec-
tion consecutively. For the economizer section, the temperature of the exhaust gas
as it exits is the temperature at the saturation point and was obtained through the
methods in Section 2.4. Sensible heat transfer between the two channels then gave
the entry temperature of the coolant into the economizer, and through the method
described in Section 2.3.2 together with the LMTD-method, the wetted area needed
to achieve this was calculated.

For the condenser section the approach differed depending on whether the
design point or off-design was considered. At the design point, there is a design
requirement on the amount of water that should be condensed. The WRF gave
the ideal mass flow rate of water given the design flow rate. The total amount of
water in the exhaust flow entering the condensing section is both the water pro-
duced by combustion and the water injected into the combustion chamber. The
ideal amount of water still left in the exhaust flow was then calculated as the differ-
ence between the total amount of water flowing into the condensing section and the
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ideal condensed water. This ideal amount of water left in the exhaust flow dictates
the partial pressure of the water at the exit, which in turn is related to the satu-
ration temperature at that partial pressure. This relation is described in Section
2.4.4. Using an enthalpy balance before and after the condensing section, the heat
transfer and in turn the temperature of the cooling air as it enters the condenser
was calculated. The LMTD-method then gave the wetted area used for condensing.

For off-design, the workflow of the condensing section was the opposite. The
area used for condensing was calculated by

Acondensing =A- Aeconomizing- (37)

Iteration on the exit temperature of the exhaust gas was then done, with the resid-
ual error taken as the difference between the heat transfer necessary to condense the
water and the heat transfer calculated with the LMTD-method. The entry temper-
ature of the coolant as well as the amount of water condensed was then calculated
using the exit temperature.

3.1.4 System considerations

The system model of the WET cycle, from the burner onwards, can be viewed
in Figure 3.1. If the model was to be constructed only for the design point, the
WAR in the burner, which is specified for the design point, would be known and
all components could be calculated one after the other. However, in off-design, it is
not possible to know how much water will be condensed, which makes it impossible
to know how much water is injected into the combustion chamber. The amount of
water that is condensed is itself a function of how much water was injected, further
complicating the issue. Thus, it was necessary to iterate on the amount of injected
water until the injected flow of water and the flow of condensed water were equal.
This residual was placed in the pump, as this is the last component to be computed.

Further iteration variables were needed in order to solve the system due to the
assumptions made when constructing the burner, HRSG and condenser modules.
To start with, the temperature of the water as it is injected into the combustion
chamber needs to be known by the burner module, but can’t be known before the
HRSG has been calculated. Thus, it became an iteration variable that was solved by
an internal residual in the HRSG, matching the iteration variable with the calculated
output temperature. The inlet temperature of the water was assumed to be known
for the calculations of the HRSG, but due to the order of operations it is not known
before the pump has been calculated. To solve that, an iteration variable for the
HRSG was introduced, with a corresponding residual in the pump.

The iteration variables mentioned are global iteration variables, where the
variable and the residual end up in different components and can not be solved for
unless all components are run multiple times. However, due to the definitions there
was also a few local iteration variables introduced. Firstly, the HRSG equations
assumes that the exhaust outlet conditions are known. Assuming a low pressure
loss, this is true except for the temperature which was iterated on. Secondly, the
condenser equations assumes that all of the cooling outlet conditions are known.

24



3. Methods

'des_water_flow o des_water_flow’

Condenser Nozzle_1
4 to 13- > (E—t4 to t1—
p4 to p3- [€—pd to p1—»
g4 to g3 [€—fa4 to fa1-—»|
pd- —fa3¥ t€—o4 to gl1—
- 13 to b4, N —war3H] [war4 to war1¥]
water_flow to g4- area_sched_fact
(‘_ S ————, area_rafio_sched _fact
Burner Turb_1 Turb_2 HRSG —
P2 fo p1-»| 12 to t1—] —t2 to t1—>] 12 to t1—>] [tz to t1—>]
{ amaata 5 )
————12 to t1—] —p2 to p1— [€—p2 to p1—>| [€—p2 to p1—| —p2 1o p1— Nozzle_2
—2 to g1—| r—fa2 to fal—» —fa2 to fal—p r—fa2 to fal—p —fa2 to fal-» —12 to t1—
g2togl g2togl
—g1 to w25 o2 to g1—> 02 to g1—> 2 to p1—
—fsf—» Fwar2 to waris war2 o warik Fwar? to war1® war2 to warle —fa2 to fal—3
~war 1| —t_cool to 33 —13— g2 to g1—>|
—0_cool to g3 —03—» Fwar? to war1H
t_rafio — area_sched_fact N sched F;
—)‘{ } —> H_er®_) [Frea sehad et ]
N area_ralo_sched fact
—AH —A—> —>
n_ston_s ’
torque_s to torque_s s Y
e e 4 Pump
sum to power J
——t1 to t6—»
——p1 to p6—»
12 to n_: ultog
130 t2 >
P3 to p2-
g3 to g2- —Lerr-){:::
power. f_\.
DOWery ] fa_er>(_)
SN
vﬁerrN\J-

Figure 3.1: The modules that the WET-engine model consists of and the flow
of data between the modules. Red connections indicate an iteration variable and
blue connections indicate a residual. For simplicity, only modules and connections
from the burner onwards are shown, and the overall-module was removed. For a full
connection diagram, see Appendix B.

All of these variables need to be iterated in, and were solved in the condenser alone
since the inlet variables were used to match against.

One way to reduce the number of iteration variables would be to switch the
order in which the sections of the HRSG are calculated. This would mean that
the variables that are assumed to be known are the inlet conditions of the exhaust
and the outlet conditions of the water. This is true except for the mass flow and
temperature of the water. However, iterating on the outlet temperature of the water
can give temperatures below freezing if the initial value is set too far away from the
correct value. This causes the solver to do unexpected things, and does not lead to
a good solution. Instead it is more robust to iterate on the inlet conditions of the
water, since the inlet temperature is generally in a small band of temperatures.

3.2 System performance evaluation
In order to evaluate the performance of the WET cycle, some design parameters
were chosen as parameters of interest. These were varied in order to optimize the

engine with respect to specific fuel consumption (SFC). Optimization was carried
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out at the design point of the engine, which was Top-of-Climb (TOC). The chosen
variables were the turbine inlet temperature (7}), the bypass ratio (BPR), the water-
to-air ratio (WAR) at the design point, and the temperature of the injected water
(T}nj). Furthermore, the generalized geometric parameters (GGP) of the two heat
exchangers were varied to minimize their weight given the performance requirements.
The parameters of interest and the researched bounds are provided in Table 3.1.

Cycle
Parameter | Range
T, (K) 1200-2000
BPR 10-30
WAR (%) | 0-30
Tin; (K) 500-1000

HRSG GGP
Parameter | Range
Q. 0.1-2.0
oy 0.1-1.0
X 0.1-04

Condenser GGP
Parameter | Range
Q. 0.1-2.0
oy 0.1-1.0
X 0.1-0.4

Table 3.1: Variables of interest during the optimization of the WET cycle turbofan
and their respective bounds.

In the reference engine, the high pressure turbine (HPT) is cooled using a
bypass stream from the high pressure compressor (HPC). The second turbine is,
however, uncooled. The exhaust gas temperature entering the second turbine can
thus not be higher than what the turbine blades allow. To avoid this, the inlet
temperature of the second turbine in the cycle was limited to the inlet temperature
of the second turbine in the reference engine, which sets a limit on 7. Varying the
optimization parameters also affects the mass flow of air used for a given thrust. A
larger area is needed to accommodate a larger amount of air flow, which requires
more space underneath the aircraft wing. The reference engine is a large engine,
and it was thus assumed that increasing the size of the engine is not feasible, so the
mass flow of air in the WET cycle engine was limited to the mass flow of air in the
reference cycle. It was assumed that, with a BPR and T, determined for a fixed
WAR, an optimal T},; exists with respect to SFC.

For the new components, some parameters had to be estimated. All estimated
parameters can be seen in Table 3.2. For the heat exchangers in both the HRSG and

the condenser, the characteristic dimension (l—\/f;_), the wall thickness (¢,,) and the
s

free-flow distance (¢) were taken as estimated by Miltén for a turbofan intercooler.

26



3. Methods

Additionally, the heat transfer coefficients of the heat exhangers estimated using the
approach in Section 2.3.2 were increased by 10% due to the estimation being based
on historical data. The calculated masses of the heat exchangers were also increased
by 10% to account for piping, bulkheads and other structural elements. The frontal
area of the HRSG was estimated from the available area of the core, and the frontal
area of the condenser was estimated to the area of the bypass channel. The Water
Recovery Factor (WRF) of the condenser is difficult to determine, but was taken to
be 90%. The efficiency of the pump was taken to be 90%.

HRSG
Parameter | Value
7
ﬁ 0.45 m'/?
tw 0.5 mm
14 1 cm
Afr 0.5 m2
h +10%
My +10%
Condenser
Parameter | Value
I
ﬁ 0.45 m'/2
tw 0.5 mm
14 1 cm
Afr 8.6 m2
h +10%
Mg +10%
WRF 90%
Pump
Parameter | Value
n 90%

Table 3.2: Constants used for the WET cycle specific components.
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Results

In this chapter, the results for the WET cycle engine are presented and compared
against the reference engine. The results show the effect of the chosen design vari-
ables on cycle performance, the effect of heat exchanger GGPs on the component
weights, and the resulting performance after optimization. The reference cycle was
not analyzed as it was assumed to be at a local optimum.

4.1 Initial cycle observations

Simulations were run in which the bypass ratio and turbine inlet temperature were
varied while the water-to-air ratio and water injection temperature were held con-
stant for the WET cycle. How the SFC varies for the reference cycle and for the
WET cycle is seen in Figure 4.1. The point with lowest SFC lies at the intersection
between the size limit line and the heat limit line. The size limit line is where the
airflow exactly matches the airflow of the reference engine, given a fixed thrust.
Being above the size limit line means that more air flow is required, which would
require a larger engine which is not feasible. The heat limit line represents where the
turbine inlet temperature of the second turbine matches what is achieved in the ref-
erence engine. Increased turbine inlet temperature of the first turbine also increased
the turbine inlet temperature of the second turbine. Since the second turbine is
not cooled, the temperature needs to be below the temperature limit of the turbine
blades, which creates a heat limit on the inlet temperature of the first turbine. The
heat limit was constant with varying BPR and water injection temperature, but
changed with WAR as the specific heat capacity of the core flow changed, which
decreased the temperature drop over the first turbine. The power limit line is where
the power available in the core flow for the turbines matches the power required to
drive the compressors. It is not possible to have a higher BPR or a lower turbine
inlet temperature than the power line, as the turbines would not be able to generate
the necessary power to drive the compressors.

It is visible that a lower turbine inlet temperature and a higher BPR lead
to a lower SFC. However, due to the power and size limits, it was preferable to
increase the turbine inlet temperature to the heat limit. This allowed for the highest
possible BPR, which in turn gave the lowest possible SFC. As WAR increased, the
intersection between the size limit and the heat limit increased in BPR and decreased
in turbine inlet temperature.

To determine a suitable water injection temperature, simulations were done
for varying WAR in which the turbine inlet temperature was increased to the heat
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Figure 4.1: SFC with varying turbine inlet temperature and bypass ratio for the
reference cycle and for the WET cycle. The red dot represents the point with lowest
SFC within the feasible zone. Simulations of the WET cycle were done for multiple
WAR at the same water injection temperature (7;,; = 600 K).

limit and the bypass ratio was increased to the size limit. The resulting turbine
inlet temperature, BPR and SFC for these simulations is seen in Figure 4.2. As
Tin; increased, the BPR at the chosen design point decreased. The BPR differed
more from the reference line at higher WAR. T} either increased or decreased for the
reference line depending on the WAR. However, while BPR changed with as much
as 4% in the investigated area, T, stayed within 0.05% from the reference. The
effect of T},,; on SFC was similarly small, with the largest change for a single WAR
in the investigated area being 0.35%. The T;,,; that gave the lowest SFC varied with
WAR, being higher at low WAR than at high WAR.

Choosing the simulation for each WAR with the lowest SFC, the data set
shown in Figure 4.3 was obtained. T,; followed an exponential curve. As WAR
increased, the T;,; with lowest SFC decreased and approached 500 K, which is the
boiling temperature of water at the pressure inside the HRSG.
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4.2 Heat exchanger weight minimization

Parameter HRSG Condenser

Q. 1.37 0.73
o 0.8 0.5
X 0.1 0.1

Table 4.1: Optimal GGPs with respect to HX weight minimization for reference
case.

In order to determine the best heat exchanger parameters for the HRSG and the
condenser, a reference case was used where BPR and T, were the same as for the
reference cycle, T;,; = 650 K and WAR = 10%. The GGP that resulted in the
lowest weight for each of the heat exchangers are presented in Table 4.1. For the
HRSG, a high a, and a similarly high o,., with a low y, gave the lowest weight. The
behaviour of the condenser was different. Although a low x was still preferred, a
lower o, and a much lower «, gave the lowest weight.
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4.3 Optimized WET cycle
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Figure 4.4: Design parameters (BPR, 7} and Tj,;), NOy -emissions, SFC, propul-
sive efficiency 7, thermal efficiency 7, and heat exchanger weights for the optimized
engine configuration.

The results from Section 4.1 were used to find the optimal engine configuration
for a given WAR, with respect to SFC. The results from Section 4.2 were used to
determine the parameters to use for the components specific to the WET cycle.
The results from this is presented in Figures 4.4 and 4.5. As is seen, the point with
the lowest SFC occured when no water was added to the combustion. Throughout
the investigated area, the SFC was lower than for the reference cycle. The NO, -
emissions had the opposite behaviour. The most NO, was produced when no water
was added, and the emissions continuously decreased as more water was added.
Both the propulsive efficiency and the thermal efficiency decreased with as WAR
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Figure 4.5: Comparison of thrust, exhaust temperature, exhaust speed and exhaust
pressure ratio between the bypass flow and the core flow.

increased. However, the drop in thermal efficiency over the investigated zone was
over three times larger than the drop in propulsive efficiency. As the water content
increased, the BPR increased linearly, while the turbine inlet temperature and water
injection temperature decreased exponentially. The weight of the heat exchangers
continuously increased with the water content of the exhaust.

As WAR increased, more thrust was produced in the bypass nozzle and less
thrust was produced in the core nozzle. For the bypass, both the temperature and
the speed of the exhaust gas decreased, but for the core flow, the temperature and
the speed of the exhaust increased. The pressure ratio between the flow and the
atmosphere of the bypass nozzle decreased very slightly as WAR increased, however,
the pressure ratio of the core flow nozzle increased significantly.

Further information is provided in Table 4.2. The three selected cycles are
compared against the reference cycle. For the first case, there was a drop in SFC
and a rise in BPR. There was also a significant decrease in core exhaust tempera-
ture, with a corresponding rise in bypass exhaust temperature. Similarly, the core
exhaust speed showed a significant decrease while the bypass exhaust speed in-
creased. The amount of NO, -gases produced also decreased. For the other two
cases, the SFC decreased compared to the reference engine but not as much as the
former case. However, the BPR had a much higher increase, rising with more than
65% for the case when WAR=30%. The same trends with exhaust speed and ex-
haust temperature were still observed in these cases, although slightly smaller. The
NO, -production decreased by more than 85% for these cases. The fuel-to-air ratio
also increased significantly, which was not observed when WAR=0%.
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Parameter Reference  WAR=0% WAR=10% WAR=30%
SFC (mg/Ns) 15.006 7% 7 2% “48%
BPR 13.693 +8.7% +27.6% +65.5%
Ty (K) 1903.8 . 4.2% -9.2%
Fuel flow (kg/s) 1.0703 -7.4% -7.2% -4.7%
Burner FAR (%) 3.0165 +0.1% +16.7% +53.4%
Bypass T (K) 292.54 +13.7% +12.6% +12.1%
Bypass v (m/s) 351.14 +6.8% +6.2% +6.0%
Bypass 7 2.2385 - - -
Core T (K) 845.05 64.5% -64.4% -64.2%
Core v (m/s) 709.03 -44.6% -40.3% -34.8%
Core m 3.2669 -15.5% +2.4% +35.8%
NO, (g/5) 48.098 _7.4% -85.9% 97.1%
Mp 0.71607 +11.5% +11.3% +10.9%
Neh 0.54894 -2.9% -3.2% -5.3%

Table 4.2: Values of important parameters for WAR=0%, WAR=10% and
WAR=30%, compared to the reference engine. Changes smaller than +0.1% are
displayed as -.

Information specific to the WET cycle for the three cases can be seen in Table
4.3. As WAR increased, the heat duty of the HRSG increased as well as the weight
and volume of the component. However, the relationship is different for the con-
denser. As WAR increased, the heat duty decreased slightly, while the weight and
volume increased.
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Parameter WAR=0% WAR=10% WAR=30%
HRSG heat transfer (MW) - 8.3621 18.474
HRSG volume (m?) - 1.1543 4.6850
HRSG weight (kg) ; 342.71 1390.9
HRSG ATy, (K) 319.24 291.09 209.00
Condenser heat transfer (MW) 23.670 21.928 21.286
Condenser volume (m?) 1.1543 6.5929 11.288
Condenser weight (kg) 630.70 1957.4 3351.3
Condenser AT}, (K) 112.50 85.604 39.702
Pump power (kW) - 8.5242 19.780
Water inlet temperature (K) (630.7) 590.44 544.02

Table 4.3: Values of important WET cycle specific parameters for WAR=0%,
WAR=10% and WAR=30%. Some parameters are not applicable when no water is
injected.
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Discussion

The results show some similarities with previous studies, but also exhibit behaviour
that has not previously been reported.

5.1 Cycle parameter characteristics

For a conventional turbofan engine, SFC decreases as BPR increases. For the WET
cycle, a higher BPR was achieved than for the reference engine. Partly, this was
because the injected water was a large part of the core flow, so less air from the inlet
was needed in order to carry the energy from the combustion chamber and disperse
it along the turbines. The core air flow is only needed for combustion and for thrust
from the core nozzle, but thrust is also produced in the bypass nozzle. However,
water also has a higher specific heat capacity, which means that less total flow is
required to carry the same amount of heat energy. The BPR has to conform to the
size limit of the engine. A too high BPR leads to a mass flow that is larger than the
mass flow of the reference engine, given a low turbine inlet temperature. A larger
mass flow of air requires a larger diameter engine. In order to allow for the highest
possible BPR and follow the size limit, the turbine inlet temperature was increased
until the inlet temperature of the second turbine reached the heat limit of the turbine
blades. The higher specific heat capacity of the flow when water is added results
in a lower temperature drop across the turbines. Due to this, the allowed turbine
inlet temperature decreased as the water content increased. Although a high BPR
is seen as preferable, it was not possible to achieve a BPR of 34.5 which was stated
in the concept article [4]. Relaxation of the heat limit constraint allowed for higher
turbine inlet temperature and a similar BPR to the concept article. However, this
requires other solutions for cooling the low pressure turbine. Relaxation of the size
limit constraint alone did not yield a high enough BPR, as the power limit became
the new limiting factor.

In the results, the water injection temperature was chosen based on mini-
mization of SFC, together with an exponential fit of the available simulation data.
However, SFC had a very weak correlation to the water injection temperature, while
the injection temperature increased the weight of the HRSG. In order to minimize
additional weight, it is preferable to remove super-heating at the design point. As
shown in Figure 4.2, this gave at most a penalty in SFC of 0.1%. In the concept
article, a steam turbine was placed between the HRSG and the water injector [4].
The water pump then increased the pressure when the water was liquid. The steam
is then expanded through the steam turbine, which lowers the temperature and
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pressure of the steam. This made it possible to utilize heat in the steam to pro-
duce work for the low pressure shaft. It only required extra work from the water
pump, which is cheap in terms of power as the water is liquid. It is possible that a
higher temperature of the steam as it exits the HRSG is more favourable in such a
configuration.

5.2 Fuel consumption and emissions

The presented data shows a large drop in SFC when the engine type was switched
from the reference cycle to the WET cycle, while no water was injected. As more
water was injected, the SFC increased. As CO,-emissions are proportional to SFC
they followed the same trend. This indicates that the largest benefit in terms of
SFC and COs -emissions came from the condenser heat exchanger, as it transported
energy from the core flow to the bypass flow. The addition of water in turn had a
negative impact on SFC. Compared to previous research [5], this result is unexpected
and indicates that cycle performance can be further improved. The efficiency is
further analysed in Section 5.4.

Furthermore, the SFC specified does not take into account the installation
effects of the WET cycle specific components. As the HRSG and condenser can
contribute significantly to the weight of the engine, this will increase the weight of
the final aircraft and in turn its fuel consumption. The weight of the heat exchangers
increased the more water they needed to be able to handle, which would further
incentivize selecting a low WAR. The weight of the HRSG was in line with previous
research [12]. The condenser was lighter than previous research [12]. No study of
how the additional weight of the heat exchangers impact the fuel consumption was
made.

The NO, -emissions also showed a decrease simply from the introduction of
the heat exchangers. However, this reduction can be attributed to the lowered fuel
consumption due to the drop in SFC. As more water was added a much larger
decrease in NO, -emissions was achieved, down to less than 3% of the emissions
of the reference cycle inside the investigated zone. As SFC increased and NO, -
emissions decreased with as water injection increased, it was preferable to find a
point where both factors were taken into account. At WAR=10%, the SFC was
reduced by 7.2% form the reference cycle, which is still close to the minimum SFC
achieved at WAR=0%. However, the drop in NOy -emissions was 85.9%, which is
significantly more than when WAR=0%.

5.3 Heat exchangers

The weight of the heat exchangers depended heavily on the GGP chosen when they
were designed. It is also clear that the GGP that minimized weight for a specific
mission differed between the two components. This shows that the method used to
calculate the heat exchangers successfully captured the different fluids and processes
involved in the two heat exchangers, and changed the optimal design accordingly.
An «, that was further away from unity in the HRSG than in the condenser suggests

38



5. Discussion

more uneven distribution of the wetted area between the two channels in the HRSG
than in the condenser. This is reasonable as there are is one liquid and one gas
present in the HRSG, and heat transfer from liquid to solid is easier than heat
transfer from gas to solid. On the other hand, the o, was lower in the condenser
than in the HRSG. This means that the distribution of free-flow area between the
two channels was more uneven in the condenser than in the HRSG. This is also
reasonable, as the condenser handles an exhaust flow which is much smaller than
the bypass flow, given the high BPR.

The heat duty of the HRSG increased as more water was added to the com-
bustion. This led to a corresponding increase in weight. Another factor that con-
tributed to this was the decrease in logarithmic mean temperature difference (AT},,).
As more water was added to the exhaust, the specific heat capacity of the flow in-
creased, which resulted in a lower temperature drop for a given heat duty. A lower
AT, means that a larger area is needed for the same amount of heat transfer, pro-
vided that the heat transfer coefficient is unaffected. The condenser also increased
in weight as the amount of injected /condensed water increased. However, unlike for
the HRSG, the heat duty decreased slightly. When more water was added, the tem-
perature out from the low pressure turbine increased as the heat capacity of the flow
increased. In the HRSG on the other hand, more water was provided for cooling, so
the net result was that the temperature of the exhaust flow into the condenser de-
creased. Although more water needed to condense, and the exit temperature needed
to decrease in order for all the water to condense, the decrease in inlet temperature
resulted in a decrease in the heat transfer. The increase in weight can instead be
explained by the ATj,,, which decreased as the inlet temperature decreased, which
in turn required a larger heat exchanger to keep up with the heat duty.

5.4 Thrust generation and efficiency

The propulsive efficiency of a turbofan cycle is a measure of how well the kinetic
energy is used to generate thrust, and depends on the flow velocity and the nozzle
exit pressures [20]. For the WET cycle with no water injection, it is evident that
the heat exchangers transported heat from the core flow to the bypass flow, when
compared to the reference cycle. This decreased the temperature and the speed of
sound of the core flow, and since the nozzle is choked it means that the flow speed
decreased as well. This increased the propulsive efficiency of the core flow, as it is
more efficient to produce thrust at low flow velocity than at high. Although, it also
decreased the core thrust. For the bypass, the added energy increased temperature
and flow velocity, but not by as much as for the core as there was more fluid to
absorb the energy. This partly decreased the efficiency of the bypass, but more
importantly it increased the thrust. Thus, more thrust was produced in the more
efficient bypass nozzle, and less thrust was produced in the less efficient core nozzle,
while at the same time the core nozzle became more efficient. In total, it meant a
higher propulsive efficiency. As WAR increased, the benefit of increased propulsive
efficiency decreased slightly. This can be explained by the increase in pressure ratio
in the core nozzle. As water injection changes the fluid properties, the pressure of
the exhaust was higher as it exited the turbines than it was when no water was
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added. More water further increased the pressure after the turbines. The HRSG
and the condenser that comes after the turbines mainly lowered the temperature
without affecting the pressure, so the pressure of the exhaust as it entered the
nozzle increased, and the pressure ratio with the atmospheric pressure increased.

The largest drop in efficiency came from the thermal efficiency. When the
reference cycle was switched for the WET cycle, the thermal efficiency dropped,
and when the amount of injected water increased, it dropped further. The WET
cycle, as investigated, had a fuel consumption that was 4.7-7.4% less than for the
reference cycle. This means that less energy was added to the cycle, which is good
for thermal efficiency. However, looking at the isentropic exhaust speeds of the
nozzles, it is seen that the core speed went down while the bypass speed went up
when the reference cycle was switched for the WET cycle. In the end, this meant
that the kinetic energy in the exhaust stream was less in the WET cycle than in
the reference cycle. As WAR increased, the fuel consumption went up which made
the thermal efficiency go down further. One of the proposed benefits of the HRSG
was that it transfers heat back to the combustion chamber which keeps it within
the cycle [4], [5]. If the steam is hotter, less fuel needs to be used to reach the same
turbine inlet temperature which increases the thermal efficiency. This effect could
however not be replicated.

5.5 Limitations

The investigated cycle differed from the proposed concept on a few points. Due to
the time constraint, the investigated cycle did not have a steam turbine. The role
of a steam turbine is to utilize the recovered heat to drive the low power shaft [4].
A high water outlet temperature from the HRSG becomes favourable with a steam
turbine, as that means more power for the steam turbine to use. As no steam turbine
was implemented, nothing like this was seen. Another difference from the concept is
the relatively high overall pressure ratio (OPR). It has been observed that the WET
cycle allows for lower OPR [4], [5], [12], however, since OPR was not investigated
the original high OPR of the reference cycle was used. Initial studies showed no
indication of a preference for low OPR, and the parameter was thus not selected for
further investigation. However, a lower OPR might show promise when combined
with other parameters that were also not investigated, such as the amount of cooling
flow or the pressure ratios of the individual compressors. Other differences that
could affect the results are that the investigated cycle had an intermediate pressure
compressor, while the concept does not specify one [4]. The investigated cycle also
used all of the bypass air for cooling in the condenser, while the concept used a
portion of the bypass air.

It is difficult to model the condenser as it involves multi-phase flow, phase
transitions and recovery of water droplets from the exhaust gas flow. There are a
number of improvements that can be made to the condenser model. As of now,
no work has been done to identify what factors impact the water recovery factor
(WRF). The WRF is however a very important parameter for the condenser as it
determines the size. If the WRF is too low, the condenser also becomes unfeasible
as there is not enough water in the flow to condense all of the injected water. In
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the current study, it was also assumed that the condenser always condenses the
same amount of water that was injected. In reality, the amount of injected water
would need to be controlled to keep up with the available water, and so losses will
occur. At the beginning of the work, it was assumed that the condenser would
be significantly longer than the distance between the core and the nacelle and be
tilted forward. Correspondingly, the condenser was modelled as a counter-flow heat
exchanger. However, the length of the condenser was slightly shorter than the core-
to-nacelle distance. The exhaust gas is thus flowing perpendicular to the bypass
flow, and the condenser would be better represented as a cross-flow heat exchanger.

Both the HRSG and condenser had problems with the estimation of pressure
losses. In the current model, the pressure losses were on the order of a few Pascals,
which is smaller than what would reasonably be expected. Any effects arising from
the pressure losses from the addition of heat exchangers were thus not visible in the
results. Consequently, the Meredith effect could not be assessed. Furthermore, the
heat exchanger model was based on geometry-specific parameters such as the undis-
turbed flow length (¢) and the characteristic dimension (%) These are difficult to
estimate for a finished heat exchanger design, and is even more difficult to estimate
for a general case. They also displayed a great impact on the performance of the
heat exchangers.

The methodology of the optimization brought with it certain disadvantages.
SFC was the variable that was being optimized in all steps except for the last,
in which NO, -emissions was also considered. However, SFC considers the cycle
efficiency of the engine and does not take into account installation effects of the heat
exchangers. The introduction of heavy heat exchangers will require more thrust
from the engines, which will burn more fuel. Moreover, the current optimization
was carried out at the design point, which in this case was Top-of-Climb due to
the specification of the reference engine. For most of the flight time of the aircraft,
it will be flying in cruise condition, so most emission will happen there. It is also
important to make sure that the engine works well at sea level and during take-off.
These factors should be considered in future works.
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Conclusion

The aim of this project has been to model the components that constitute a WET
cycle engine in the modelling tool GESTPAN and to use these components to model
the whole cycle. The full cycle model was to be used to evaluate the benefits of
having steam injection and water recovery in a turbofan engine. After this, future
areas of research were to be identified.

In order to perform the work, a simplified cycle was used where the steam
turbine was removed. The full system model was based on a geared, two-spool, high
bypass ratio turbofan design developed for the year 2035, which also was used as a
reference cycle. The heat exchangers were modeled using a new method developed
for a general heat exchanger and that is based on non-dimensional geometric pa-
rameters. Both the HRSG and the condenser were assumed to be counter-flow heat
exchangers. To model the heat exchangers proved challenging as some key geometric
parameters are hard to estimate. The condenser was especially difficult to model as
no detailed studies of the behaviour of the water recovery process was found.

The results showed that, with well chosen parameters, the SFC and CO,-
emissions were reduced by 7.2% and NO, -emissions were reduced by 85.9%, with a
total added mass of 2300 kg for heat exchangers. This result was achieved with a
low combustion chamber WAR of 10%. The largest benefit in terms of SFC came
from the addition of the condenser, which increased the propulsive efficiency of the
cycle by moving energy from the core flow to the bypass flow. On the other hand,
the largest benefit in terms of NO, -emissions came from the addition of water in
the combustion chamber as the increased amounts of water lowered the combustion
temperature and prevented the formation of NO, -gases.

The cycle was limited by the size of the engine and by the temperature at
the LPT inlet. At the most optimal point found using the chosen variables, SFC
increased as the amount of water injected increased. It is thought that this trend
is due to the limit on turbine inlet temperature, which in turn limited the BPR.
The results for thrust generation also showed that the pressure ratio in the core
channel increased as the amount of water injected increased. It is proposed that
cooling of the LPT should be investigated in order to allow for a higher turbine inlet
temperature. It is also proposed to investigate the choice of OPR, as this has been
an important parameter for the WET cycle in previous research.

This work confirms the benefits proposed by the concept article, and it shows
some limitations that need to be considered when designing a WET cycle engine.
In order to take full advantage of the steam injection, more parameters need to be
considered.
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Table A.1: Liquid water constants.
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Table A.3: Steam I;, J; and n; constants.

A.3 Viscosity
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Table A.5: Viscosity G;; constants. Omitted values are identically equal to zero.

A.4 Thermal conductivity

p* = 22064000 Pa, T* = 647.096 K, p* = 322 kg/m3, k* = 1.0e-3 W/m K, pu* =
1.0e-6 Pa s, R = 461.51805 J /kg K, A =177.8514, gp1 = 0.4e-9 m, v = 0.630, v =
1.239, &g = 0.13e-9 m, ['y = 0.06, T = 1.5
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Table A.6: Thermal conductivity I; constants.
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Table A.7: Thermal conductivity J;; constants.
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Table A.8: Thermal conductivity K;; constants.

A.5 Saturation line

p* = 1000000 Pa
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Table A.9: Saturation line constants.
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Figure B.1: Full system model.
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