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Abstract

The growing environmental concerns has put a lot of political & ethical pressure on the conventional
industrial practices. The research community is ever so eager to investigate new technologies that can
offer an efficient and environmentally sound solution to the issues sparked by the polluting industrial
processes. One of the potential solution is an Organic Rankine Cycle (ORC) which is proven to be an
effective technology to efficiently extract energy from low-temperature sources. The ORC is basically
a Rankine cycle but employs a high molecular weight organic fluid as the energy carrier. The peculiar
non-classical gas dynamics behaviour of these fluids during dry expansion close to the vapour satura-
tion line (in the dense gas region) poses certain challenges on the turbine design. Furthermore, the
low speed of sound in organic fluids and high expansion ratio required in an ORC turbine leads to highly
supersonic flows in the turbine. Such high speed flows within a turbine stage are susceptible to high
shock losses, if necessary corrective steps are not taken during early design phase.

This has sparked a wave of interest in the scientific community to come up with an efficient su-
personic ORC turbine design guidelines. The design of a supersonic turbine rotor is crucial to en-
sure efficient performance of the turbine. In the mid-20t" century, a supersonic impulse rotor design
methodology for axial turbines was proposed that boasts shock-free turning of supersonic flows using
the vortex-flow theory. This procedure relies on Method of Characteristics (MOC) to solve hyperbolic
governing PDEs. The method got enriched later with the capability to account for dense gas effects on
the rotor geometry which is essential for ORC applications.

However, there are no such design guidelines available in the literature to generate a radial ro-
tor blade especially for supersonic flows. The conventional 1D preliminary design methods, generally
available for radial rotor blades, are not very reliable in supersonic flow regime. This calls for a novel
design philosophy for supersonic radial rotors that accounts for supersonic flow phenomenon early in
the design phase to ensure efficient turbine performance. The objective of this thesis is to put forth
a design methodology for supersonic radial rotors that acknowledges the flow equations in the design
procedure. The proposed design ideology is to extend the supersonic axial rotor design procedure by
including the fictitious forces’ effects in the governing equations to generate a radial rotor using MOC.
These pseudo forces (Centrifugal & Coriolis) are experienced by the flow in the radial runner if seen
from the rotor's rotating frame of reference. Furthermore, the dense gas effects are also included
in the design using the properties from CoolProp library. A design tool is developed in PYTHON that
implements the aforementioned ideology in the design procedure.

This thesis takes the first step towards developing a fully functional design methodology for su-
personic radial rotors. Therefore, a simple case of a constant force’s influence on the rotor geometry
is studied in this work and compared with the CFD simulations in both perfect & dense gas region.
Future research will focus on understanding the complex behaviour of organic fluids in the presence of
an external force and modify the design procedure accordingly.
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Introduction

A succinct introduction of Organic Rankine Cycles and the importance of a fluid expansion device in
the cycle is established. The unique behaviour of the organic fluids during expansion is discussed. A
brief motivation of the current work is presented and a thesis outline concludes this chapter.

1.1. Organic Rankine Cycle

The Organic Rankine Cycle (ORC) has garnered a lot of attention from the scientific community in
recent years. Due to its great potential to assist in improving the overall process efficiency in various
industries, while keeping in check the worldwide goal of curbing industrial emissions heating up our
planet. The unique capability of ORC to extract thermal energy from low-grade heat sources is the
reason behind its popularity in the field. The most promising applications of this technology are waste
heat recovery from primary engines or industrial processes, cogeneration, biomass, concentrated solar
power and geothermal plants. ORC is also known for its flexibility in terms of capacity & working
temperatures.

The thermodynamics of an ORC is similar to a Rankine steam cycle however, the ORC employs an
organic fluid instead of water/steam as the working fluid. A layout of a generic ORC is shown in the
figure 1.1(a) along with a T-S diagram (figure 1.1(b)) illustrating the positions of various processes.
The liquid working fluid is compressed in the pump (1 — 2) and pumped to the evaporator to gain
thermal energy and undergo a phase change (2 — 3). Before evaporation, the organic fluid enters a
recuperator for pre-heating and exploit the heat from the turbine’s exhaust. The fluid in the evaporator
can be superheated or gain only the latent heat to reach the saturated vapour line. The enthalpy drop
in the turbine is converted into mechanical energy which is later converted into electrical energy by an
electrical generator coupled with the turbine (3 — 4). Finally, the expanded fluid is cooled off in the
condenser (4 — 1) after giving away heat to the liquid fluid in the recuperator and the thermodynamic
cycle is closed.

The characteristic feature of ORC is the usage of a higher molecular weight organic fluid as the
energy carrier. These organic fluids are low boiling fluids in comparison with water, which permits
its usage for lower temperature heat sources typically between 80° — 300°C. A study by Chen et al
[5] summarizes various organic fluids available for energy conversion and the impact of their physical
properties on cycle performance. The availability of many potential candidates for the working fluid
allows for an additional degree of freedom in designing of an efficient thermodynamic cycle. This
aspect gives ORC its flexibility to be tailor made for a specific application [6]. These features also give
ORC an edge over the traditional steam Rankine cycle as, for the same power output, the low specific
heat of water would lead to smaller mass flows and higher enthalpy drops. This ultimately demands
for more expansion stages and smaller flow passages thereby complicating the design. On the other
hand, the high specific heat capacity of organic fluids produce higher mass flows and lower enthalpy
drops [7]. This allows for supercritical cycle configurations even at low temperatures. Moreover,
some of these complex fluids have intrinsic lubrication properties which reduce the frictional losses in
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Figure 1.1: Typical Organic Rankine Cycle thermodynamic process [Adapted from [1]]

the expander. The water lacks this property, therefore the steam expanders require other lubricants,
making a challenging design and overall expansion efficiency is largely affected by blow-by losses [6].
Other benefits of organic fluids are their low critical pressure & temperature, low latent heat, high
density in gaseous phase, high thermal conductivity and stability [1].

The choice of a working fluid is of utmost importance for an efficient cycle and an appreciable per-
formance [8]. The fluid also affects the size of system components, design of the expander, system
stability and environmental concerns. The ORC working fluids are divided in three broad categories
depending on the slope of vapour saturation lines in the T-S diagram, a wet fluid with negative slope,
an isentropic fluid with nearly infinite slope and a dry fluid with a positive slope [9]. The dry type
organic fluids are considered better for most ORC applications as they eliminate the need to use a su-
perheater because the vapour expansion takes place in the superheated vapour region [5]. Therefore,
the saturated liquid cannot form to damage the low pressure stages. One common feature of most ORC
organic fluids is their complex thermodynamic behaviour and departure from perfect gas laws. The
expansion of such fluids in the region close to the vapour saturation curve exhibits non-classical fluid
dynamics behaviour especially in transonic & supersonic regimes. This calls for a better understanding
of the gas dynamics in this region.

1.1.1. Dense Gas Region

The high molecular complexity (higher number of active degrees of freedom) and strange fluid dynamics
behaviour as observed in [10], suggests that a proper understanding of the peculiar behaviour of the
ORC fluids is paramount when designing an ORC expander. These high molecular weight fluids operate
in thermodynamic states closer to the saturation curve and the critical point, this is the so-called Dense-
gas region where the real gas effects are dominant and the ideal gas laws are no longer valid.

The fluid behaviour in this region can be quantified by a parameter indicating the influence of
high density gas phase on thermodynamic properties and the capability of forming the type of shock
waves (compression or expansion) in arbitrary fluids. In 1971, Thompson found that the fluids can be
organized according to the laws governing their thermodynamic properties based on the sign of this
parameter to which he referred to as the fundamental derivative of gas dynamics (') [10]

a* ,9%¢ ps0a
where speed of sound, a = —52(3—?) , P is the pressure, p is the density, ¢ is the specific volume
S

and s is the specific entropy. The fundamental derivative in equation 1.1, measures the rate of change
of local speed of sound and provides the behavioral information about the thermodynamic properties.
The value of T indicates the presence of local dense gas phenomenon. In the flow domain, if I' > 1,
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the gas behaves like an ideal gas i.e., the sound speed decreases during isentropic expansion, whereas

it increases during isentropic compression and only compression shock waves are physically allowed.

So, this case of classical behaviour has a constant value of T' = @ > 1.

On the other hand , if 0 < T < 1, the converse behaviour can be observed i.e., a rise in speed of
sound through isentropic expansion, a drop through isentropic compression but in this case too, only
compression shocks are allowed. However, the relative shock losses are lower in the dense gas regime.
As mentioned by Bethe in his work [11], this feature is better understood by expanding the entropy
change across a discontinuity as a series

_[2%P\ (8§)°
As——(a—fz)s (G} (1.2)

where A¢ is the specific volume variation across the discontinuity. The second derivative of pressure
with respect to the specific volume variation at constant entropy shows the type of shock waves de-

pending on its sign. If (—‘;:) > 0, the shocks are of compressive type and if (—g:) < 0, the expansive
S S
a%p

shocks are possible [11] & [12]. The positive values of (an) exist in the regions of vapour phase of
N
fluids having T' > 0. In the equation (1.2), only negative values of A¢ are allowed for positive values

of (‘;275) i.e., the compressive shock waves, to satisfy the second law of thermodynamics (As > 0).
S

This behaviour is typically seen in dilute gas conditions, a region far from the critical point where the

ideal gas law is valid. To observe the behaviour of fluids in proximity to the critical point (Dense gas),

lets rewrite the equation (1.2) in terms of T using equation 1.1,

(12

As = _(6€3T

Jr@&? +o(aH)*. (1.3)

The above equation shows that for dilute gas conditions, where I' > 1, the entropy variation is
third degree order stable whereas, in the dense gas region (I’ < 1), the entropy variation is 0 (A&)*.
Therefore, close to the critical point the shock waves are one order less dissipative than in the ideal
gas region, which is beneficial for the turbomachinery used in ORC systems as they tend to operate in
the dense gas region.

The final region in the vapour phase of some fluids exists where I' < 0, where the classical results of
Gas dynamics are inverted [10]. These fluids show extremely non-linear behaviour close to the critical
point & the saturation curve. These fluids are known as Beth-Zeldovich Thompson (BZT) gases hamed
after the respective ground-breaking work of three scientists. In this region, the compression shock
are not possible but the expansion shocks are theoretically expected. However, at present there is a
significant lack of physical evidence of expansion shock waves in BZT gases. This phenomenon has
been theoretically predicted for some organic fluids (such as siloxanes)[13] but this region would not
be discussed further in the present work.

The ideal gas law is based on the assumptions that the intermolecular attractions between gas
molecules are negligible and the gas molecules do not occupy a considerable volume themselves. These
assumptions work fine at certain conditions such as low pressure and high temperatures. However,
at high pressure and/or low temperature the actual behaviour of gases start deviating from the ideal
gas. For such non-ideal conditions complex equations of states (EOS) are used to capture the real gas
behaviour. In this work, the thermophysical data for the fluid properties close to the saturation curve
is obtained from high accuracy CoolProp library [14]. This library is based on cubic EOS such as Peng-
Robinson (PR) and Soave-Redlich-Kwong (SRK) [14]. The presence of real gas effects is described
using the compressibility factor (Z), whose value is 1 for ideal gas and is less than zero in case of real
gas.

1.2. ORC Expanders

An expander plays a crucial role in the designing of an efficient thermodynamic cycle as the work out-
put comes from this component. There are two categories of expanders, depending on the operating
conditions & the system size namely; turboexpanders & volumetric expanders. The turboexpanders
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work on the dynamic action of a rotating rotor whereas, the volumetric expanders rely on the periodic
change in the volume of the expansion chamber [15]. For small & medium sized ORC applications, the
volumetric expanders (eg, screw, scroll, piston etc) have been extremely popular due to their low cost,
mechanical simplicity & ease of installation. They ensure low flow rates whilst having lower rotational
speeds, thus eliminating the need of a high speed generator or a gear box. However, they suffer
from lower expansion efficiencies, leakage and lubrication losses [16] making them inefficient for high
temperature and power applications. The turbomachines fit the profile better when it comes to high
temperature, high pressure ratio and efficient expansion of fluids. However, the constraints posed by
ORC operating conditions, like dense gas dynamics, compact size and high rotational velocities, make
it essential to look for efficient design procedures. As mentioned earlier, in ORC the expanding organic
vapours will be close to the critical point, where the molecular complexity of the gas dynamics become
significant. The classical gas dynamics and simple gas relations will be grossly inappropriate in the
cases of ORC [17]. Therefore, careful consideration of the peculiar dense-gas dynamics is required
in early stages of designing an expansion device. Furthermore, low sound speed of the organic fluids
along with high pressure ratios lead to supersonic flows, which can induce strong shock losses during
the expansion process. The conventional turbines designed for subsonic flows result in extremely low
aerodynamic performance of below 30% when subjected to high expansion ratios and thereby super-
sonic inlet flows [18].

The supersonic turbines have got the interest of the scientific community since the 1950s because
of high specific power, reduction in the number of stages and hence lighter turbines with lower manu-
facturing & maintenance costs [19]. The low-reaction or impulse architecture is well-known, for steam
turbines, to have the same benefits in one or two stages.

The design philosophy using Method of Characteristics (MOC) for supersonic axial impulse rotor was
proposed in 1952 by Boxer et al [4] to turn the supersonic flows of perfect gases through large angles
without shocks. In 1966, Colclough et al investigated the performance of supersonic axial impulse
blades experimentally for perfect gases [20]. The effects of dense gases were included in the design of
supersonic nozzles using Van der Waals equation of state in 1995 [21]. The design methodology was
enhanced by including complex equations of state along with MOC to study the dense gas dynamics on
the supersonic nozzles by Guardone et al [22]. In 2015, Bufi et al employed complex EQOS in the MOC
procedure to properly consider the dense gas effects on the design of supersonic axial rotor for the
first time [23]. The axial turbines offer flexibility in terms of high efficiency over a range of rotational
speeds while being able to accommodate multiple stages. However, the radial turbines are capable
of even higher work output whilst having higher efficiencies over single-stage expansion [24]. The
radial architecture offers other benefits over axial turbines such as better capability of dealing with
large enthalpy drop within a single stage while having low peripheral speeds, higher efficiencies at
off-design conditions, higher dynamic stability and better sealing structure [8]. Furthermore, the CFD
simulations [25] suggests higher efficiencies in case of radial-inflow turbines compared to micro-axial
turbines at pressure ratios higher than 3.0.

In literature, the majority of radial turbine designs are based on mean-line parametric analysis for
preliminary design and 1D loss analysis followed by optimization using CFD simulations to maximize the
performance. For instance, a design procedure to design a micro radial ORC turbine uses a mean-line
model for preliminary design and 3D CFD simulations to improve the design [26]. In such procedures,
the design parameters are adjusted iteratively until the desired results are obtained. This procedure
lacks in certain aspects as it does not assure an optimum combination of the design parameters to
achieve maximum turbine performance [27]. In addition such methods are extremely dependent on
designer’s experience to ensure the method’s proper application. Moreover, the comparison of the
efficiencies predicted by the 1D mean-line models with 3D CFD simulations may raise doubts about
the accuracy of the mean-line models [25]. Therefore, a new design methodology is required that can
generate radial turbine rotors by properly considering the flow equations and complexity of the organic
fluids.

1.3. Motivation & Outline

The objective of this thesis is to introduce a novel design philosophy for supersonic radial turbine rotors
for ORC applications. To the author’s knowledge, no literature could be found that solves the governing
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flow equations at the initial design phase of a supersonic radial rotor. The existing methods rely on
optimizing 1D mean-line designs which are accurate only to a certain degree for subsonic & transonic
flows. Especially in supersonic flow regime, due to the added complexity of the shock phenomenon,
significant deviations can be found in 1D preliminary design methods and the CFD calculations [28].

This thesis attempts to design a supersonic radial rotor by taking into consideration the supersonic
flow equations in the design procedure by implementing a mathematical model to solve hyperbolic
PDEs. It extends the existing 2D design methodology of a supersonic axial impulse rotor which im-
plements the Method of Characteristics. The proposed design procedure is developed and compared
with inviscid CFD simulations for both perfect gas & real gas in the dense gas region. The deliverable
of this project is a supersonic rotor design tool that can generate both axial & radial rotor blades in
supersonic regime taking into account the real gas effects.

This thesis is divided into 4 chapters, starting from the basic concepts to the proposed design
philosophy, each one building up on the previous one:

Chapter 2: Theoretical Framework presents a brief overview on the compressible flow. The
governing equations used in the thesis work are derived and discussed mathematically. The method
of characteristics to solve supersonic flow equations is introduced and elaborated.

Chapter 3: Supersonic Axial Rotor Blade Design starts by elaborating the conventional method-
ology to generate a supersonic axial rotor for perfect gas. The limitation of this method is discussed
which is followed by the proposed solution to the limitation. The new procedure is implemented to
generate the supersonic axial geometry and compared with the previous method. The procedure to
add the capability to consider dense gas effects of organic fluids in the design of axial rotors is also
discussed.

Chapter 4: Supersonic Radial Rotor Blade Design presents the new methodology by adding
the body forces in the governing equations. The new equations are derived to be further used in MOC
to generate a portion of the blade which is designed including the body force’s influence. The real gas
effects are also included in the process.

Chapter 5: Results & Discussions contains the resulting blades which are compared with steady
inviscid CFD simulations to validate the design procedure. Different test case blades with and with out
body force are simulated, including the perfect gas & real gas effects.

Chapter 6: Conclusions & Recommendations concludes this thesis work and puts forth future
perspectives to take on this research work.






Theoretical Framework

This chapter briefly lays out the basics of compressible flows which is followed by the governing equa-
tions used in the design methodology of supersonic rotors. The nature of these governing partial
differential equations of supersonic flow is discussed. Furthermore, the method of characteristics is
elaborated and implemented for a basic PDE to explain the underlying procedure.

2.1. Compressible Flows

From the 18" century to the early 20" century, most of the fluid dynamics problems involved the
flow of liquids or low-speed flow of gases. In both of these cases the fluid density can be assumed
as constant. Hence, the flow problem can be described quite accurately with the incompressible flow
equations. However, with the advent of De Laval’s convergent-divergent nozzle and supersonic flights
later on, the density was observed to vary by high orders of magnitude [29]. Consequently, in such
cases of high speed flows, the assumption of constant density throughout the flow field can no longer
be justified. This marked the departure from the conventional methods to study flows (incompressible)
to compressible fluid flows.

As the name suggests, in the description of compressible fluid flows the role of varying density
throughout the flow field is also taken into account. The density change (dp) of the fluid is represented
in terms of compressibility (t) and the change in pressure (dp) by the following expression;

ldp
T odp’ (2.1)

A fluid in motion is always accompanied by the presence of pressure changes in one way or an-
other, it can be initiated or maintained by difference in pressure. In particular, the high-speed flows
are characterized by large pressure gradients. In case of liquid flows, the compressibility (7) values
are lower therefore, a relatively higher change in pressure due to the flow in equation (2.1), results
in high flow velocities without much variation in density. Hence, such flows can safely be assumed as
incompressible (constant p). In contrary, the 7 values for gaseous flows are higher which results in
substantial variations in density with large flow pressure gradients. This variable density is also accom-
panied by high velocities in high-speed flow of gases. Such flows are known as compressible flows [29].

A way to characterize the flow velocities is in the form of Mach number (M). It is a ratio of the flow

velocity and the local speed of sound. The sound speed is defined as the speed at which the acoustic
waves propagate through a fluid medium. It is also known as the sonic speed (a) and is generally

expressed as
apP
2
a* = (ap>s. (2.2)

The various values of Mach number give rise to different flow regimes as illustrated in figures
2.1(a),2.1(b) & 2.1(c). These figures show the pressure waves generated by an airplane in a ho-

7
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©

(a) Subsonic velocity (M < 1) (b) Sonic velocity (M = 1) (c) Supersonic velocity (M > 1)

Figure 2.1: Different flow regimes shown by the pressure waves generated by an object moving at different
velocities [2]

mogeneous fluid. These pressure waves propagate at the sound speed in all directions. When the
airplane is stationary, these waves travel in concentric circles without interacting with each other. In
figure 2.1(a), the aircraft’s velocity is lower than the sound speed so, M < 1 and the flow is known
as subsonic. In this case, the pressure waves travel with an offset with respect to each other due
to the motion of the aircraft which leads to local fluid compression in the downstream direction. In
case the aircraft’s velocity is equal to the speed of sound in the fluid, then the flow is called sonic
(M = 1). The pressure waves in sonic condition interact with each other as they coalesce at one
point (figure 2.1(b)) and give rise to complicated flow phenomenon [2]. However, when the Mach
number is in the range 0.8 < M < 1.2, the flow field is defined as transonic. The supersonic flow is
characterized by higher velocities than the sound speed i.e., M > 1 in figure 2.1(c). In this case, the
pressure waves generated at later time can interact with the previously generated waves, which further
compresses the fluid and give rise to an even stronger pressure wave called a Mach wave. This wave
forms a conical wave front known as a Mach cone. Lastly, for the values M > 5, the flow enters the
so-called hypersonic regime. For the purposes of this thesis, we will stick to the supersonic flow regime.

It has been observed in the cases of Mach number lower than 0.3, the pressure change remains
small enough to govern a smaller density change, even with high compressibility values of gases.
Thereby, making the assumption of incompressibility valid for low-speed gaseous flows. However, in
the present work, the Mach number is greater than 1 so the effects of density variations will play a
major role.

2.2. Governing Equations

The flow field in an axial rotor blade is considered to be two-dimensional, steady, compressible, irrota-
tional & supersonic. The governing equations of such a flow field are the Gas dynamics equation, the
irrotationality condition and the speed of sound equation [30]. The Gas dynamics equation is derived
in the following section along with the effect of external body forces as this aspect is used later to
design a supersonic rotor for radial turbines. Let us take a look at these equations closely one by one.

2.2.1. Gas Dynamics Equation

The Gas Dynamics equation is derived from the continuity equation, Euler's momentum equation and
speed of sound equation. The derivation is performed in Gas Dynamics by Zucrow & Hoffman[30] for
negligible body force assumption. However, in the following discussion the derivation is undertaken
including the body forces’ contribution.

Continuity Equation: The non-conservative form of the continuity equation is expressed as

Dp N
E+pV-V—0. (2.3)
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Euler's momentum equation: The Euler’s equation for 2D inviscid flow of a compressible fluid with
external body forces in non-conservative form is given by

v
— = -VP F 2.4
P ¢ Y +p B ( )

where 1 is the velocity vector [u v w] with its respective components in x, y & z directions, P is the
pressure and Fg is the body force vector [Fg, Fy, Fp,] With its components in the respective directions.

Now expanding the material derivative term in the momentum equation and assuming 2D steady
state condition (‘Z—‘Z = 0), we get the Euler's momentum equation in x-direction & y-direction as

p (17 . Vu) = ——i + pFgy, (2.5a)
p(V-vv)= —% + pFyy. (2.5b)

Using the vector identity {V x (Vv x V) = V(|V'|?/2) — V - vV} [30], in the equation above gives the
following expression,

I_/) 2 - -
p[VlTl —V % (Vx V)] = —VP + pFp. (2.6)

The flow field is assumed to be irrotational. The irrotationality condition states the absence of
vorticity (w = 0) in the flow, which means that the curl of the velocity field is zero (Vx V = 0).
Substituting this condition into the equation (2.6) yields a reduced form of Euler momentum equation,

4K

In the end, performing a scalar product of V with the equation (2.7) to generate,
R V|2 N .
p(V-V) - +(V-V)P—pV - -Fg=0. (2.8)

For an isentropic flow, the partial derivatives in the speed of sound equation (2.2) can be expressed
as total derivatives along a streamline. Writing those total derivatives as material derivatives to obtain,
DP Dp
2 _p22E
ot "% Dt 0. (2.9)
In the cases of isentropic flows, the equation (2.9) can be used in place of the energy equation,
thus simplifying the governing equations by removing the enthalpy derivatives. It is also employed
to eliminate the density derivatives from the continuity equation (2.3), thereby yielding an alternative
form of continuity equation given as,

DP N
el 2.7 =
D +pavV-V =0. (2.10)
Expanding the material derivative in the expression above to eliminate the time derivative as the
: ap . .
flow is assumed to be steady (E = 0), the remaining equation becomes,
(V-V)P +pa?v-V =0. (2.11)

Combining equations (2.8) & (2.11) to eliminate VP yields the desired Gas Dynamics equation with
body forces expressed in its general form as,

R V|2 L
(V-V)(%) —a?V-V—-V-Fg=0. (2.12)



10 2. Theoretical Framework

On comparing equation (2.12) with the gas dynamics equation derived in [30], the presence of extra
term (body forces) can be noticed. Expanding the gas dynamics equation with body forces in 2D
Cartesian coordinates gives

(W? — a®u, + (v — a®)vy, + uv(uy + vy) — uFpy — vFzy, = 0, (2.13)

where u,, vy,u, & v, are the partial derivatives of u & v with respect to x & y. We know that 2D
irrotationality condition (w = 0) requires,

u, — v = 0. (2.14)

Integrating this condition with the expanded expression (2.13) gives the gas dynamics equation for 2D
steady irrotational flow of a compressible fluid with external body forces as following:

(u? — a®u, + (v — a®)vy, + 2uvuy, — uFgy, — vFz, = 0. (2.15)

The Gas dynamics equation (2.15) can also be represented for the case of no external body force
contribution by simply putting the body force components equal to zero, thus expressing 2D steady
irrotational compressible flow as derived in [30],

(u? — a®)u, + (v* — a®)vy, + 2uvu, = 0. (2.16)

2.2.2. Nature of Gas Dynamics Equation
In this section, the classification of the gas dynamics equation is discussed. First, the 2D gas dynamics
equation (2.15) is written in terms of the velocity potential function [®(x,y)] by substituting the flow
velocities in terms of the potential function as, u = d®/dx & v = dd/dy, to obtain a second-order PDE
given by

(02 — a?)Dyy + (P2 — a?) Dy, + 20, D) Dy — Dy Fpy — Py Fy, = 0. (2.17)

This is the potential equation for a steady 2D irrotational flow, where @, = ZZT? & d,, = ?:Tj' It

is @ non-homogeneous PDE, linear in terms of the second derivatives and can be related to the general
form of second-order PDE as,

AUy, + Buyy + Cuyy + Duy + Euy, + Fu =0, (2.18)

where u = u(x,y). The general partial differential equation can be classified into 3 distinct categories
depending on the determinant (B2 — 4AC) being positive, negative & zero. If the criteria (B? — 4AC) is
positive, then the equation is hyperbolic; if it is negative, then the equation is elliptic and if it is zero,
the equation is parabolic.

To get a convenient form of equation (2.17), it is divided by —a? to get the following expression:

u? 2uv v? Fpy Fgy
<1 - F)‘Dx" —— Py + (1 - §>¢w 7Pt Py =0, (2.19)

For the above equation the classification criteria (B2 — 4AC) is given as

4u?v? u? v?
B2 —44C = —— - 4(1 - E)(l - ﬁ) (2.20)
VZ
-—-1 (2.21)
— M1, (2.22)

Therefore, seeing the dependence of classification criteria on Mach number it can be observed that

» For subsonic flow (M < 1), (B? — 4AC) < 0 suggesting that equation (2.17) is elliptic
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» For sonic flow (M = 1), (B? — 4AC) = 1 suggesting that equation (2.17) is parabolic
« For supersonic flow (M > 1), (B? — 4AC) > 0 suggesting that equation (2.17) is hyperbolic

It should be noted that the presence of body forces in equation (2.17) does not affect the classifi-
cation criteria as the coefficients of second-order derivatives are used in determining the determinant.
Since the flow field under consideration is supersonic, the hyperbolic nature of the governing PDEs
is confirmed. Furthermore, it also verifies the applicability of the Method of Characteristics on this
equation for supersonic flows as described in the section below, the MOC is valid only for hyperbolic
PDEs.

2.3. Method of Characteristics

This section gives a brief theoretical insight on the procedure used to solve quasi-linear hyperbolic
partial differential equations (PDEs), known as the Method of Characteristics (MOC). The quasi-linear
partial differential equations of first-order are the ones that can be non-linear in their dependent vari-
ables but are linear in their first partial derivatives.

The governing equations of inviscid compressible supersonic flow are hyperbolic PDEs as estab-
lished in the previous section. In the case of subsonic flow, the governing PDEs are elliptic in nature
which entails the dependence of flow properties/solutions on the upstream and downstream boundary
conditions. Whereas for supersonic flows, the flow properties at each point in the flow field depend
on the properties in a finite region of upstream flow field, while being independent of the downstream
conditions. Thus, a marching-type numerical method needs to be implemented to get the solutions of
such flow fields. The most accurate marching-type method to solve quasi-linear hyperbolic PDEs is the
Method of Characteristics [30].

The MOC involves manipulating the given governing PDE into two equations known as the char-
acteristic & compatibility equations. The characteristic equation represents the slope of the line along
which the disturbances propagate. Lets understand the term ‘characteristics’ from a physical and
mathematical point of view as properly elaborated in the book Gas Dynamics by Zucrow & Hoffman
[30]:

1. The characteristic (short for characteristic curve) is physically defined as the path of propagation
of physical disturbances across which the physical properties encounter steep gradients. For
instance, in supersonic flow fields, the discontinuities propagate along the Mach lines hence,
these lines are the characteristics of the supersonic flow field.

2. From mathematical perspective, a characteristic is a curve across which a physical property re-
mains continuous but its derivative may or may not be discontinuous. In addition, along a char-
acteristic curve a governing partial differential equation can be manipulated to obtain a total
differential equation.

This total differential equation is a reduced representation of the governing partial differential equation
and is known as the compatibility equation, valid only along the characteristic curve. The compatibility
equations are solved along two intersecting characteristics to obtain the values of two variables at a
point in the flow field defining the flow properties.

Due to the supersonic flow in the divergent section of the nozzle and hyperbolic nature of the
governing equations in that section, MOC is widely used to design the diverging section of a convergent-
divergent nozzle (De Laval nozzle) as illustrated in the figure 2.2.

The implementation procedure of the Method of Characteristics can be understood better with a
conceptual diagram shown in the figure 2.3. As mentioned before, the solutions to hyperbolic equations
solely depend on the upstream conditions, so the solution has to be initiated through an initial value
line (IV,) represented by the line AE in the figure. Along this line the values are known at points A —E.
The solutions propagate from the initial line along the characteristic curves further into the domain.
The colored background in the image represents the domain of dependence of point 'I’, which is the
region bounded by the outermost characteristics (Al & ET) and the initial value line. The solution points
depending on points A & E lie in this region. The red (C+) & blue (C-) colored lines in the figure are the
characteristic lines with positive and negative slopes respectively, passing through each point in the
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Convergent section Divergent section

Figure 2.2: De Laval nozzle [3] depicting the Mach number variations in its sections. The supersonic flow in its
divergent section allows MOC to be used for designing this section

Initial
value line
(Vo)

C

Figure 2.3: Method of Characteristics solution

supersonic (hyperbolic) flow field. These lines always travel in the downstream direction. The positive
characteristic from point 'C’ intersects with the negative characteristic from the neighbouring point 'B’
in the flow field which generates a new solution point 'F’ in the downstream direction. The compatibility
equations are solved along the respective characteristics to obtain the flow properties at that point of
intersection. Due to the marching nature of this method, the solution points thus obtained act as the
initial value line (111) for the set of points further downstream. In this manner, the flow properties are
obtained in the entire flow domain.

Let us get a deeper insight on the general features of the MOC by deriving the characteristic &
compatibility equations for a first-order partial differential equation of a function f(x,y) [30]. The
procedure to obtain the characteristic and compatibility equations is illustrated in the flow chart 2.4.

of of
aa + b@ +c=0, (223)
where the coefficients a & b and the non-homogeneous term ¢ can be the functions of x, y & f. The
function f(x,y) is restricted to be a continuous function. Assuming the characteristic for the equation
above is defined by slope 4, given by
dy b
Ay, f) = Ix_a (2.24)
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First-order PDE:

Total derivative of f(x,y):

Rearranging Rearranging

Characteristic Equation:

Compatibility Equation:
ageener

Figure 2.4: MOC flowchart to get characteristic & compatibility equations







Supersonic Axial Rotor Blade Design

This chapter introduces the conventional design methodology to generate supersonic axial rotors for
perfect gas. The short coming of this process is discussed in terms of its inability to account for addi-
tional effects on the rotor geometry. The potential solution is proposed and implemented to modify the
design philosophy for perfect gases. In the end, the non-ideal effects of dense gases are also incor-
porated in both design methodologies to generate supersonic axial rotor blades in the dense gas region.

The pioneering design methodology to obtain 2D supersonic impulse compressor or turbine blade
geometries for perfect gases was proposed by Boxer et al (NACA) in 1952 [4] and translated in a
computer program in 1965 by Goldman et al (NASA) [31]. In supersonic rotor vanes, the flow turning
is achieved by the vortex-type velocity distribution in the concentric circular arc section. Such velocity
distribution is attained by the transition arcs by continuously changing the supersonic flow direction as
elaborated in the next section. In this method, the design of transition arcs depend on the Prandtl-
Meyer angles. A design tool based on this methodology, developed as a part of this thesis, is called
the “Boxer tool”.

This design procedure of the transition arcs is not flexible to take into account the external effects,
for instance, the body forces. As elaborated in the next chapter, the radial rotor blade is expected to
be generated by incorporating the external forces in the transition arcs’ design. In this chapter, the
supersonic axial rotor design technique is modified by eliminating the use of Prandtl-Meyer angles to
define the flow turnings in the transition arcs. This is achieved by applying MOC on the compatibility
equation directly, thus giving a more generic supersonic rotor design methodology. The governing
equations for this procedure are derived and explained later in this chapter, followed by implement-
ing it to obtain the transition arcs of the axial rotor. A design tool based on this methodology is also
developed and is referred to as the “COMOC tool”, compatibility equations solved using MOC procedure.

The design procedure valid for perfect gases cannot be used to yield an efficient blade geometry
for the typical operating conditions of an ORC turbine. As these are fairly close to the working fluid’s
vapour-liquid saturation curve and for some cycles can be supercritical. In that region, strong dense
gas effects render the conventional supersonic blade geometry highly inefficient as the ideal gas laws
are no longer a valid definition of the thermophysical relations. Therefore, a novel design approach,
proposed by Bufi et al [23], is employed to both Boxer & COMOC tool to properly consider the dense
gas effects in geometry determination. After adding the dense gas considerations in the Boxer tool, its
name is modified to “Boxer-Bufi tool”, whereas the COMOC tool’s name remain the same. The complex
behaviour of organic working fluids is taken into account by generalizing the MOC procedure for gases
governed by complex equation of states.

3.1. Supersonic Axial Rotor Design using Prandtl-Meyer Func-
tion

The design methodology to generate supersonic impulse axial rotor geometry introduced by Gold-

man[32] & Boxer et al.[4] is applicable only for perfect gases. This design philosophy, presented in

15
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Vortex flow

A D
Inlet Outlet
Uniform flow Uniform flow

L. &

Figure 3.1: Supersonic axial rotor blade sections, where AB is Inlet lower transition arc, BC is Lower circular arc,
CD is Outlet lower transition arc, FG is Inlet upper transition arc, GH is Upper circular arc, HI is Outlet upper
transition arc, EF is Inlet straight line & IJ is Outlet straight line.

this section, establishes the intrinsic role played by the Prandtl-Meyer angles in the procedure which
limits its application only to the perfect gases as these angles can only be defined using perfect gas
laws.

The methodology in [4] & [32] revolve around the idea of obtaining shock-free supersonic flow
passage between two concentric circles that can turn a supersonic fluid flow through large angles
without giving rise to local shocks. To achieve this, the blade design has been divided in three sections:
the inlet transition arc to gradually transform the inlet supersonic uniform flow into the vortex-type flow,
the concentric circular arc section to maintain the vortex-flow while turning the flow, and the outlet
transition arc to transit the vortex flow back to uniform flow conditions at the blade exit as illustrated
in the figure 3.1.

3.1.1. Circular Arc Section
To begin-with the supersonic rotor design, let us first look at the flow in the circular arc flow passage
which is composed of two concentric circular arcs. One of these arcs forms the pressure side of the top
blade, hereinafter called as the lower circular arc and the other one forms the suction side of the bottom
blade, hereinafter known as the upper circular arc. The beneficial aspect of this design choice is that
the supersonic flow between two concentric circles follows the free-vortex flow. In this kind of flow,
the streamlines are concentric to each other and the flow velocity varies inversely with respect to the
distance from the circular arcs’ centre. Figure 3.2 shows the characteristic line network between two
concentric circles having a supersonic vortex flow. The characteristic lines formed in such supersonic
vortex flow are reflected off the top & bottom circular surface in this manner. The same network is
observed in the blade’s circular arc section as shown in figure 3.3.

The main reason to choose vortex-type velocity distribution for the supersonic rotor blade design is
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Figure 3.2: Characteristic line network between two concentric circles harbouring supersonic vortex flow [4]
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Lower transition arc
Lower circular arc
Upper transition arc
Upper circular arc
— — — Expansion waves
Compression waves

Figure 3.3: Compression & expansion waves in vortex flow in circular arc section

that, for a given peak surface pressure, the maximum loading in a concentric passage can be achieved
by a uniform upper & lower surface pressure, which is attainable by the vortex flow [4]. This is done
by a user-defined Mach number (static pressure) along the upper & lower section of the concentric
supersonic vortex flow passage. Furthermore, if the flow entering the circular section is uniform and
irrotational with no stagnation enthalpy & entropy gradient in the stream-normal direction, then the
vortex flow will also remain irrotational. This flow is characterized by a constant velocity along any
streamline given by the general vortex equation,

V.R = constant, (3.1

where V is the constant velocity magnitude along the streamline and R is the radius of curvature
of that streamline following an isentropic transformation. The equation above is normalized by the
critical velocity (V.,iticar) @nd the corresponding radius of the sonic velocity streamline (r*), which
gives an important dimensionless relation between critical velocity ratio (M*) & dimensionless radius

of the vortex flow field (R*),
vV R constant
— =, 3.2
Vcritical r* Vcritical T ( )
The critical velocity is the speed of sound at a point in the flow field for which the Mach number is
1[4]. AAV =V, iricas & R = ¥, the constant term in the equation above is (V.,;ticai7”), therefore we
get

M*-R* =1. (3.3)

The critical velocity ratio is also expressed in terms of the Mach number and the specific heat
capacity ratio (y) for a perfect gas [4], given by

.| MA@y -1)/2
M _\]1+M2(y—1)/2' (34)

In order to restrict the flow to the supersonic realm, the Mach number in equation (3.4) must be

greater than 1. Hence, the values of R* are restricted between 1 & f)y/—;i
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Another benefit of using the circular arc section is the reduced labour to design the entire blade
shape. The major design challenge is only to generate the inlet section of the blade such that it can
perform a smooth transition of incoming supersonic uniform flow into the desired vortex flow as it
enters the concentric circular arc section and conversely back to the uniform flow at the blade’s outlet.
In other words, the lower transition arc progressively reduces the inlet Mach number (M;,) to the
targeted pressure/lower side Mach number (M;,) and upper transition arc raises it to the suction/upper
side Mach number (M,,,,). The transition arcs constitute a series of straight line segments that change
the direction of incoming uniform parallel flow and intersects with the straight characteristic/Mach lines
at every flow turning.

In isentropic turning of supersonic flows, the desired flow deviation to achieve the required Mach
number is evaluated through Prandtl-Meyer angle [v(M*,y)], expressed in equation below valid for a
perfect gas. This angle represents the amount of turning required to reach the desired Mach number
from Mach number 1 and is represented as

T y+1 1 y+1 4 2 (v +1
V=7 — 1 +2 ,y_lsm [y —DM y] + sin e V)( (3.5)

where M* is the critical velocity ratio given by equation (3.4). Therefore, for any desired Mach
number, a corresponding critical velocity ratio exists and consequently a Prandtl-Meyer angle in case
of a perfect gas. Now the flow turnings desired by the transition arcs can be analytically expressed in
terms of Prandtl-Meyer functions as the targeted Mach number on the lower circular arc (M;,) has a
Prandtl-Meyer angle (v;,) & similarly, along the upper circular arc (v,;).

For the supersonic rotor design, the relative parameters are considered to be in the rotor’s refer-
ence frame. Therefore, considering a user-defined inlet relative Mach number with its corresponding
Prandtl-Meyer angle (v;;,), the flow turning required to be achieved by inlet & outlet lower transition
arc can be given by [v;, (M},) — vio(M)] & [Vour (Moyt) — vio (M,)] respectively. Similarly the turning
by the inlet & outlet upper transition arc would be [v,,(My;,) — Vin (M) & [V (M) — Vour (Mgye)]
respectively. The amount of turning introduced by the inlet & outlet transition arcs cannot exceed the
inlet (B8;,) & outlet (B,,:) relative flow angles, respectively.

As we know from the vortex-flow theory, the circular arcs are designed to maintain their corre-
sponding Mach numbers throughout the concentric circular region. It can be seen that once the Mach
numbers at the lower & upper circular arcs are defined, the critical velocity ratios M;, & My, are fixed
too using equation (3.4). This leads to the determination of the values of R, & R;;,, with the expression
(3.3). This gives the initial point of the lower & upper circular arc in non-dimensional axes defined as
Xt =x/r* & Y* = y/r*, where r* is the radius of curvature of the sonic streamline. In addition, the
flow turning (a) induced in both upper & lower circular arc section at the blade’s inlet & outlet are
determined by considering the inlet & outlet relative flow angles

Aio,in = Bin — WVin — Vio), (3.6a)
QAoout = ,Bout + (Vout - Vlo)' (36b)
Qup,in = Bin — (Vup — Vin), (3.6¢)
Aup,out = Bour + (Vup — Vout) (3.6d)

where all the angles measured in the counter-clockwise direction are considered positive. B;, is
user-defined. However, B,,; can be calculated as it is dependent on M,,, M,,; & B, as per the
following consideration.

In an axial turbomachine, for an impulse-type (symmetric) blade section, the pitch (G) is constant
and assuming a constant blade height (H) throughout the blade passage, the flow passage area ratio
inlet to outlet is determined according to the equation

Ay G.H.cosBiy _ cos Bin (3.7)

Aout G.H.cos Loyt oS Bout
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For adiabatic conditions, the outlet static properties in a blade channel are evaluated by applying
the compressible flow equations at any cross-sectional area (4,,) in the rotor passage using the mass
conservation principle [33],

=~ |, g GO

1 2(y-1)
(1 + %MZ)

where P, & T, are total pressure & temperature respectively. Considering negligible pressure loss
and assuming constant flow properties, the mass flow rate () per unit area across the rotor passage
gives a new expression for the inlet to outlet area ratio by combining equations (3.7) & (3.8), which
can be rearranged to yield B,,; in terms of M;,,, M,,; & Bin, €xpressed as

m y P,M
n

(r+1)

-1 ;.2 S

M; 1+ Mgy, \ 20-D

Bout = —cos™t [{M o ( (yz_l) - ) }cos Bin]. (3.9
out \ 1+ - M,

With the user selected outlet Mach number (M,,:), B,u: Can be determined and hence, all the flow
turnings in the circular section are available using the equations (3.6). The entire concentric circular
arc section can be easily calculated as the starting & ending points of the circular arcs are available.

3.1.2. Transition Arcs

In the case of symmetric (impulse) blades, v;,, = v,,, the inlet & outlet transition arcs are equivalent
so only one of them needs to be calculated. However, for asymmetric (reaction) blades, vi,, # vyus,
the two transition arcs are not identical as one is larger (with larger v) than the other causing more
flow turning in comparison to the other one. For the sake of simplicity, let us take a look at the
design procedure of lower transition arc at the inlet in non-dimensional axes defined as X;, = X;,/r* &
Y, =Y, /r*. The lower transition arcs’ design is initiated from the starting point of the lower circular
arc section i.e., (x;,,%,) = (0,R},).

The arc coordinates are generated sequentially in a marching manner by intersecting the straight-
line transition arc segments with the straight characteristic/Mach lines responsible for the gradual
change in flow direction and thereby in the local Mach number. These Mach lines cross the major
vortex-expansion characteristic which is generated at the starting point of upper/suction transition arc
and intersects with the initial point (0, R},) of the lower transition arc as illustrated in the figure 3.4.
The arc wall segments are parallel to the local flow direction (¢;) , thus these segments are determined
using the flow angle at every transition arc coordinate. As mentioned in [4], the velocity direction (¢)
can be expressed as a function of dimensionless radius (R*) along the characteristic line given by

¢ = i%f(R*) + const, (3.10)

f(R) = ,;: t 1 sin”! <VR_*21 - y) +sin™" [(y + DR*Z —y]. (3.11)

The plus-minus sign in the equation (3.10) denotes two families of characteristic lines namely the
expansion lines (positive) and the compression lines (negative). Applying the boundary condition at
x;, = 0 &y, = R},, the equation for major vortex-expansion characteristic line is obtained,

where

1
¢ =5 [F(R) = f(RL)]. (3.12)

The flow field is discretized into smaller sections by the characteristic lines, wherein the flow properties
are assumed to be constant. However, these properties undergo a slight change across the charac-
teristic lines. In these small flow field regions, the flow direction at each point along the characteristic
line is considered to be parallel to the flow direction within the adjacent flow region. The transition arc
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Figure 3.4: Lower transition arc

is also discretized in k number of segments responsible for the incremental flow turning by Av. Hence,
the flow direction (¢ ;,,) within any flow segment is expressed as

Gr,in = Vin — Vip — (k — 1)Av, (3.13)

where k is an integer in the range 1 < k < [W + 1] with the flow direction varying from 0 at

k= [% + 1] to (vin —vi0) at k = 1. Substituting (3.13) into equation (3.12) and replacing f (R;},)
using equations (3.3) & (3.11) leads to the expression (3.14) which relates dimensionless radius (R*)
with the (Av):

+1

FRY 1) = 2vim — 2(k — 1)Av — f( rr-_ 1). (3.14)
’ 2\ Jy—-1

The value of Ry ;,, can be determined by simultaneous solution of equations (3.11) & (3.14) using

an iterative procedure. As the value of k declines, Ry, also decreases and at k = [M + 1],

v
Ry in = Rj,. With all the values of Ry, ;, & ¢y i, determined for all segments, the coordinates x* & y*
along the major expansion characteristic are calculated using

Xiin = —Riin SIN (Pr,in), (3.15)
Yiin = Riin €0S (¢r,in)- (3.16)

These coordinates also lie on the straight characteristic lines between the major expansion characteristic
& the lower transition arc. These characteristic lines are basically the Mach lines if we look closely in
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the illustration 3.4. Two lines emanating from these coordinates form a Mach cone wherein the Mach
lines are inclined on the velocity direction by Mach angle (i), which is expressed as

_ 1
Uk,in = — sin ! <M ) (3.17)

k,in

Now the equation describing these Mach lines can be determined once their slopes are established. It
can be easily seen that these lines make an angle of (¢ + p.) with respect to X;, axis. Therefore, the
slope of the Mach lines (m, ;,,) can be found at mean Mach angle and the mean flow angle using

(3.18)

(d)k,,in + ¢k+1,in) (Ilk,in + Auk+1,in)}
2 + 2 ’

My in = tan{

where u is the Mach angle expressed in terms of critical radius (R*) using equations (3.3) & (3.4),
a new relation for u is generated:

o = -7 { |5 - (52)) G19

Consequently, the Mach line can be described by a simple straight line equation

y* = mk,in(X* - x;,in) + y};k,in; (3.20)

where x; ;,, & y; ;,, are the coordinates along the major expansion characteristic line.

On the other hand, the straight transition arc segments can be evaluated easily as they are parallel
to the velocity direction (¢, ), thus the slope of these wall segments (11 ;,,) is given by

mk,in = tan(¢k+1,in)- (321)

Subsequently, the equation of straight line transition arc segments is represented by

*

Y= Myin [X* - (xz*o)k+1,in] + iodk+vins (3.22)

where x;, & y;;, are the lower transition arc coordinates. As mentioned earlier, the starting point of the
transition arc is known at (0, R},), where k = [(V”‘A—_vv“’) + 1]. The rest of the points are computed by

intersecting the Mach lines with wall segments starting at k = Uin=Vio)

k=1.

In the end, the resulting coordinates are rotated by angle «,;,, described in equation (3.6) to
accommodate the circular arc section in X* — Y* coordinate system and get the final lower transition
arc coordinates (X}, Y;,) for the blade design as described by

and gradually decreasing k until

(X0 kin = (X1)k,in €05(10,in) — Vo) k,in SIN(Q10,in), (3.23)
(y;o)k,in = (xl*o)k,in Sin(alo,in) - (yl*o)k,in Cos(alo,in)- (324)

The procedure to get the upper transition arc is analogous to the lower arc. Similar to the lower
transition arc, the upper transition arc also has inlet & outlet sections, only one of which should be
calculated for ease. All of the equations involved in the calculation procedure are similar to the lower
transition arc and hence not repeated here. The only difference is in the range of number of arc seg-

ments represented here by j, (1 <j< %) and the use of major vortex-compression characteristic

line. The figure 3.5 shows the nomenclature involved in the upper transition arc and figuratively rep-
resents the differences from the lower transition arc.
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Figure 3.5: Upper transition arc

In the end, the outlet of the blade is designed by simply reversing the procedure to achieve the
uniform outlet Mach number (M,,.). In case of an impulse blade, the resulting blade is symmetric
having (vi, = vour) & (Bin, = Bous)- After generating the coordinates of the entire lower (pressure side)
& upper (suction side) arc, the blade spacing/non-dimensional pitch (G*) can be calculated using the
end points of the transition arcs as shown in the figure 3.6. The remainder of the blade is completed
with straight line sections parallel to the incoming & outgoing flow at the blade inlet & outlet respectively.

The aforementioned desigh methodology for perfect gas, is implemented in PYTHON as a part of
this thesis work to obtain the ‘Boxer tool’ for generating supersonic axial rotor geometries for user-
defined Mach numbers on the inlet, outlet, lower & upper circular arcs and inlet flow angles. It is
also capable of yielding a reaction blade geometry if the Mach number at the outlet is not equal to
the inlet one. However, the main focus will be the impulse blade geometry in the rest of the thesis work.

The dependency of this methodology on the Prandtl-Meyer angles to obtain the transition arcs is
apparent. Since the Prandtl-Meyer angles cannot incorporate the effects of external forces, their use
should be avoided and a new way to account for the forces needs to be devised. This idea is explored in
the next section by generating new compatibility equations from the governing equations and solving
it with MOC. Using this modified methodology, the supersonic axial rotor blades are designed without
considering the body forces in the next section.

3.2. Modified Supersonic Axial Rotor Design Methodology

In this section, the dependence of the axial rotor’s design methodology on the Prandtl-Meyer angles
is eliminated. First, the procedure to derive the characteristic & compatibility equations, from the
governing equations, is described. From the foregoing discussion it is established that the precise
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determination of the curvature of transition arcs is of utmost importance to obtain the desired vortex-
type velocity distribution. The compatibility equation is solved along the characteristic lines using MOC
to generate the transition arc of the supersonic axial rotor blade for perfect gases. Lastly, the process
to include the Dense gas effects in the design procedure is elaborated.

3.2.1. Governing Equations

The governing equations for 2D steady inviscid irrotational supersonic flow of compressible fluid with no
external body forces had already been derived in 2.2.1. Since we are considering a planar design of the
blade geometry, the flow equations namely, the 2D Gas dynamics equation (2.16) and the irrotationality
(2.14) relation are repeated hereunder in x-y plane for convenience,

Gas Dynamics Equation

(w? — a®)u, + (v* — a®)vy, + 2uvu, =0,

Irrotationality condition
Uy — Uy = 0,

where u & v are the flow velocities in x & y direction respectively, a is the sound speed and the subscripts
represent the first-order partial derivatives of the dependent variables in the respective directions.
The hyperbolic nature of Gas dynamics equation (2.16) for supersonic flows has been established in the
previous chapter. Thus, the applicability of MOC is justified. Let us derive the required characteristic
and compatibility equations corresponding to the two aforementioned governing partial differential
equations in the next section.

3.2.2. Characteristic & Compatibility Equations

The method of characteristics solves the hyperbolic PDE by deriving a characteristic equation, which
defines the slope of the characteristic curve (Mach wave in supersonic flows). In addition, a compat-
ibility equation valid only along its respective characteristic line is also derived. It should be recalled
that, this equation is a reduced total differential version of the governing hyperbolic PDE.

The derivation of characteristic and compatibility equations is explained extensively in Gas dynamics
by Zucrow & Hoffman[30]. In the current section, the same derivation is briefly explained to solve the
gas dynamics equation (2.16) & the irrotationality condition (2.14) simultaneously, ultimately yielding
the characteristic equation & the compatibility equation. The procedure to solve equations (2.16) &
(2.14) simultaneously, initiates by multiplying these two equations with two unknown parameters a; &
o, respectively and adding them to obtain:

01[(u2 —a®)u, + (v’ — a*)v, + 2uvuy] + 0, [uy - Vx] =0,

Uy[oy(u? — a?)] + uy[al(Zuv) +0y] + v — o] + vy[al(vz —ad)]=0. (3.25)

The dependent variables u(x, y) & v(x, y) in the governing equations are assumed to be continuous
functions. Therefore, MOC cannot solve the shock waves as they induce discontinuity in the dependent
variables. The variables u(x,y) & v(x,y) can be expressed as total differentials as following:

For u(x,y):
du = uydx + u,dy
du dy
ot T, (3.26)
For v(x,y):

dv = vedx + v, dy

dv dy
Z v+ 2o, (3.27)
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where (dy/dx) = 1 is assumed to be the slope of the characteristic curve. It can be observed in equa-
tions (3.26) & (3.27) that the coefficient infront of u, & v, is the slope of characteristic. Rearranging
the terms in expression (3.25) in the form of total derivative yields

o, (v? — a?)

uy] + (—0'2)[Ux + _—Uzvy = 0. (328)

01(2uv) + o,
2 2

o1u a Uy +

1( ) X 1( 2 2)

The terms inside the square brackets of equation (3.28) are analogous to the total differential of u &
v. In accordance with equations (3.26) & (3.27), the characteristics corresponding to equation (3.28)
have slopes (1) equal to the coefficient of u,, & v, which gives

_01(2uv) + oy
T o(u2—a?)’

(3.29a)

g, (v* — a?)

&A= (3.29b)

-0,

These are the characteristic equations corresponding to equation (3.28). Now introducing equations
(3.26), (3.27), & (3.29) in equation (3.28),

o, (u? — a?)du — o,dv = 0. (3.30)

Equation (3.30) is the compatibility equation corresponding to the governing PDEs (2.16) & (2.14). It
can be noted that the derived compatibility equation is a reduced total differential equation which is
valid only if the slope of the characteristics is defined by (3.29).

In order to express 2 in terms of the flow properties only, the unknown terms (o; & o0,) must be
eliminated, therefore rearranging equations (3.29) in the following two forms:

oy [@? — a®H)A = 2uv] + 0, (-1) = 0, (3.31a)
& o,(v* —a?) +0,(1) =0. (3.31b)

At first glance, the trivial solutions of o; & o, can be seen, g; = g, = 0. However, to find the
non-trivial solution, the coefficients of o; & o, in the equation above must be zero, so rewriting them
in matrix form,

w? —a®*)A—2uv} -1 | _
[ { } i ] 0. (3.32)

@ - a)

Expanding the determinant of matrix (3.32) and equating it to zero yields the following quadratic
equation
w? —a®)A? = 2uvd + (v?* —a?) = 0. (3.33)

The roots of this quadratic equation are the required solutions of 1 given as

(dy) uv + a’vM2 — 1
=42 == T

e (3.34)

u2 _ aZ

Equation (3.34) is the desired characteristic equation in terms of the flow properties. It is clear in
the equation above that two real roots are possible only for supersonic flows (M > 1). For subsonic
flows (M > 1), imaginary solutions exist. This equation can be further simplified by expressing the
flow velocities in terms of the magnitude (V), the flow angle (¢) and the Mach number in the form of
Mach angle (u) using the following trigonometric relations:

Flow velocities:
u =Vcose, (3.35a)

v =Vsing (3.35b)
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Mach angle:

u=sin"" (%), (3.36)
Flow angle: ,

¢ = tan™! (H) (3.37)

Sunstituting these trigonometric expressions (3.35), (3.36) & (3.37) in the characteristic equation
(3.34), the geometric form of the characteristic equation is obtained as,

Ay =tan(¢ * p). (3.38)

The plus-minus sign represents two characteristic curves having positive (1) & negative (1_) slopes
originating from a point.

In a similar manner, the unknown terms og; & o, needs to be eliminated from the compatibility
equation (3.30) to obtain a governing expression in terms of u & v. This is done by substituting the
values of o, from equations (3.31a) & (3.31b) one by one to yield two different forms of compatibility
equations given by

(w? — a®)duy + [2uv — (u? — a®)A4 ] dvy = 0, (3.39a)

(v? —a?)
At

The equations above are different forms of the single compatibility equation valid along each of the

characteristic lines. Consequently, the governing PDEs of 2D steady irrotational supersonic flow have

been reduced to total differential equations (3.39). These equations are valid only if the slopes of
characteristics are expressed by the equation (3.34).

& (u? — a?)duy + dvy = 0. (3.39b)

3.3. Implementation of MOC for Transition Arcs

The Prandtl-Meyer function is the geometric representation of the compatibility equations (3.39b) de-
rived in the previous section [30]. In order to avoid the usage of Prandtl-Meyer angles in the determina-
tion of transition arcs for supersonic rotor blade, the MOC is implemented directly on the compatibility
equation (3.39b). In the following sections, MOC will be applied first for the perfect gas followed by
the application for real gases in the dense gas region.

3.3.1. Transition Arc for Perfect Gas

The design methodology used in this section is adapted from the work of Bufi et al [23], where the de-
sign procedure of supersonic axial rotor blades for perfect gas flows was extended to dense gas flows.
In the present thesis work, same ideology is adapted to eliminate the contribution of Prandtl-Meyer
angles in the transition arc design for a perfect gas flow.

The process initiates by defining the inputs in the rotor’s relative frame. The user defines the inlet
& outlet relative Mach numbers (M;,, & M,,;), inlet & outlet relative flow angles (B, & B,u:), the
lower Mach number (M,,,) at the lower/pressure circular arc and the upper Mach number (M,,,,) at the
upper/suction circular arc. In order to account for the rotational speed of the rotor, the relative flow
velocities & angles are supplied instead of absolute parameters. The upper & lower transition arcs are
calculated in the unrotated upper & lower coordinate systems (X;,, — Yy;,,) & (X}, —Y,) respectively, as
illustrated in figure 3.6.

For the sake of brevity, the following discussion is about designing the lower transition arc only,
using the new method. The upper transition arc is also designed using the same technique. These arcs
are composed of straight line segments designed in the opposite direction of flow, from the circular
vortex region till the uniform parallel inlet flow region, to obtain the inlet flow conditions. With the
user-defined Mach number on the lower circular arc (M;,), the initial coordinate of the transition arc
(0, R;,) is obtained in the lower coordinate system (X}, —Y;,), using the critical velocity ratio (M;,(M;,))
equation (3.4), and the vortex equation (M*.R* = 1) mentioned in the previous chapter.
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AY*

J

€ ch* »‘

Figure 3.6: Supersonic axial rotor blade with upper & lower coordinate systems (AB is Inlet lower transition arc,
BC is Lower circular arc, CD is Outlet lower transition arc, FG is Inlet upper transition arc, GH is Upper circular
arc, HI is Outlet upper transition arc, EF is Inlet straight line & IJ is Outlet straight line)

The flow is horizontal at the starting point of the transition arc which gives ¢;, = 0. The flow
direction at the subsequent arc segment’s points (x}, ., ¥, x) is calculated by adding a small angle A¢
to the previous location. Furthermore, (0, R},) is also the starting point of the major vortex expansion
characteristic line as shown in figure 3.4. Since the characteristic lines are Mach lines in a supersonic
flow, this major vortex-expansion characteristic line makes the Mach angle (y;,) at the initial point with
the velocity vector given by:

=1 1
Uio = Sin (Mlo). (3.40)

The next coordinate along the major expansion characteristic is obtained by the intersection of two
straight lines with slopes tan(¢;) and tan(y;,), respectively. With the coordinate of the new location
on the major characteristic line known, the new critical radius (R;) can be easily obtained and the
corresponding critical velocity ratio at the new point is evaluated with M; = 1/R;,. The Mach number
at the new point (M,,) is calculated using its analytical relation with the critical velocity ratio expressed
by equation (3.4). Similarly, all the coordinates are sequentially evaluated along the major expansion
characteristic line until the inlet relative Mach number (M;,,) is reached within the assigned tolerance.
For instance, refer to figure 3.4, the design process starts at coordinate (0, R},) at ¥}, axis. The next
coordinate on the major expansion characteristic is calculated in the left direction and M, is found at
this new location. This process is continued from right to left direction until M;,, is reached on the
major expansion characteristic.

The points along the lower transition arc (x;, x, ¥, ) are calculated by intersecting the straight line
segments of the arc with the characteristic lines emanating from the points on the major expansion
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Po,r ‘ To,r ‘ R U/kgK] ‘ Y ‘ Z ‘ Mlo ‘ Min ‘ Mup ‘ .Bin
0.05| 12| 90.24 |1.04 099 2.0 | 25| 3.0 | 65°

Table 3.1: Blade design parameters for Toluene in diluted gas region (far from the saturation curve & the critical

point)
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Figure 3.7: Transition arcs designed for Toluene at ideal operating conditions using the COMOC tool with ideal
EOS

characteristic as depicted in figure 3.4. At each point, these characteristic lines along with the cor-
responding segments of the major-expansion characteristic line are part of the Mach cone. Hence,
the characteristic lines are also inclined at Mach angle () with the velocity flow direction but with an
opposite sign than that of the segments along the major characteristic line. The figure 3.7(a) illustrates
the lower transition arc at the blade’s inlet in X;, — Y, frame, created with the procedure described
above for Toluene as working fluid using perfect gas EOS as shown in table 3.1.

The total pressure (P,) and temperature (T,) represented in table 3.1 are in reduced form (2, ., T, )
i.e., normalized with the critical pressure and temperature of Toluene, to represent the operating point’s
proximity to Toluene’s upper vapour-liquid saturation curve. P,, & T,, are selected such that the
operating point is far away from the saturation curve, where ideal gas law is valid. This is confirmed
by the value of compressibility factor (Z) being close to 1.

In a similar manner, the same procedure is repeated for the upper transition arc starting from
(0,R;,,)- Inthis case, major vortex-compression characteristic line is used to obtain the upper transition
arc. The segments along this characteristic make the Mach angle (u;) of opposite sign than that made
by the major expansion characteristic. The rest of the design strategy is analogous to that of the lower
transition arc. The illustration of upper transition arc at the rotor’s inlet in X;,, — Yy, reference frame,
designed for the same conditions mentioned in the table 3.1, is given in figure 3.7(b).

3.3.2. Transition Arc for Real Gas

In case of a real gas, the ideal gas laws are not applicable due to the complex/non-ideal behaviour
of the gases. Therefore, the analytical relations of critical velocity ratio (M*) (3.4) and the speed of
sound (a = /yRT) are not valid. This follows the need to circumvent the non-availability of valid
analytical relations of M* & a in the dense gas region. It is done by introducing an iterative procedure
coupled with the thermophysical data from the CoolProp library [14]. The flow chart illustrating the
said iterative procedure is given in figure 3.8. To keep the discussion concise, only lower transition arc
is designed in this section.

The iterative procedure begins with the user-defined total pressure & temperature, the desired
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Figure 3.8: Iterative procedure to calculate M* in Dense gas case
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Po,r ‘ TO,r ‘ Z ‘ Mlo ‘ Min ‘ Mup ‘ Bin
1.05 [ 1.05 [ 0.57 | 2.0 | 25 | 3.0 | 65°

Table 3.2: Blade design parameters for Toluene as working fluid in dense gas region (close to the saturation

curve)
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Figure 3.9: Transition arcs designed for Toluene at operating conditions in dense gas regime using the COMOC
tool with real EOS

relative Mach number whose critical velocity ratio is to be determined. An initial guess of sound speed
is provided to initialize the iteration. Following the steps in figure 3.8 to generate a new speed of
sound (a,,). This procedure is repeated until the new sound speed has converged with in an assigned
tolerance limit. The new velocity magnitude thus yielded is later divided by the critical speed of sound
(a*) to give the required critical velocity ratio. The critical speed of sound is defined at sonic Mach
number (M = 1) and it is also calculated iteratively in a similar fashion as critical velocity ratio.

With a procedure to define critical velocity ratio for real gases operating in the dense gas regime,
critical velocity ratio at the lower circular arc (M;,) can be obtained by supplying M;,. The position
of the first point on the lower transition arc in the lower reference frame, X, — Y, is (0, R},), Where
R}, = 1/Mj,. From this point on, the rest of the procedure to generate the lower transition arc is
similar to that of a perfect gas. To keep the discussion concise, the procedure is not repeated here.
The only difference is in the calculation of critical velocity ratio (M;) along the major vortex-expansion
characteristic. Instead of using the analytical relation, the iterative procedure described in figure 3.8
is implemented all along the design methodology.

The inlet lower & upper transition arcs designed for the real gases working at operating conditions
close to their upper saturation curves is shown in figures 3.9(a) & 3.9(b). The operating conditions
chosen for this case are mentioned in the table 3.2. Toluene is kept as the working fluid. However,
P, & T,, are opted to be in vicinity of Toluene’s critical point to incorporate the dense gas effects in
transition arcs’ geometry.

The compressibility factor (Z) in the the table 3.2 is well below 1 confirming the dominance of
non-classical gas behaviour at the chosen operating point. The resulting transition arcs with the proper
consideration of real gas effects are given below.

3.4. Blade Generation

The remainder of the blade is generated in a similar manner for both the cases of perfect & dense
gases. The resulting inlet upper & lower transition arcs are rotated in (X* —Y*) system by angle a, i,
& a;,,i, respectively. These angles represent the amount of flow turning induced by the upper & lower
circular arcs at the inlet. In the section 3.1, these angles are expressed by equations (3.6), however
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they depend on Prandtl-Meyer angles and hence, cannot be used in the current case so here these
angles are defined as:

Aup,in = Bin — ¢k,up' (3.41a)
qio,in = Bin — Dr,l0s (3.41b)

where B, is the inlet relative flow angle, ¢, & ¢y, are the flow angles at the inlet of upper
& lower transition arcs respectively, obtained after the transition arcs are generated. The angles in
counter-clockwise direction are considered positive.

After the rotation, the upper & lower circular arcs are added to the geometry making the circular
section of the blade geometry. It is followed by the translation of resulting arcs by the non-dimensional
pitch (G*) as shown in figure 3.6. Finally, the straight line sections parallel to the inflow direction are
added to close off the blades. The said procedure is implemented in PYTHON to develop ‘COMOC tool’
to generate supersonic axial rotor blades as a part of this work.

In the case of symmetric rotor blades, we have M;,, = M,,,; and B;,, = B,u:- This means that the ge-
ometry generated at the inlet is symmetrical, thereby yielding a complete 2D supersonic impulse rotor
blade for axial turbines. The design tool COMOC can also calculate an asymmetric rotor geometry with
varying degrees of reaction, if the user defines M;,, # M,,; and Bi, # B,u:- HOwever, in the current
work the degree of reaction is set to zero to generate only symmetric/impulse supersonic blades. It
should be noted that the rotor geometries generated in this thesis work, have sharp leading & trailing
edges, which does not have enough mechanical strength. These edges can be rounded off by giving
them a blunted edge as detailed out in Bufi et al’s work [23]. However, the blunting of the leading
edge leads to a standing shock wave that interrupts the flow passage, can make the rotor un-started
and disrupts the stator’s outlet flow conditions. These aspects are out of the scope of this thesis work.

A comparison between the rotor geometries created for toluene as working fluid using two gas
models at different working conditions is conducted in the figure 3.10(a). First the geometry is gener-
ated for the operating conditions in the ideal gas region i.e., low pressure and high temperatures and
then for the conditions closer to the saturation curve to study the non-ideal effects on the rotor shape.
The dense gas operating conditions are mentioned in the table 3.2. The increased channel area can
be observed in the case of dense conditions which means a greater inlet-to-throat/exit-to-throat area
ratio with respect to the perfect gas case. This behaviour can be explained based on the fundamental
derivative of gas dynamics (T') in the general equation for quasi-one-dimensional flow[10] expressed
as

dM 1+ -1)M?MdA
dx ~ M?2-1 Adx’

For the operating conditions close to the saturation curve, I' < 1 for dense gas, then the value of
dM/dx in equation (3.42) is smaller if compared with the case of perfect gas, where T is a constant
and always greater than 1. This leads to the slower transition to the desired Mach number and it is
done by further expanding the flow than in the case of perfect gas. Furthermore, in dense gas region,
the speed of sound increases with isentropic expansion which makes it harder to reach the target Mach
number.

In figure 3.10(b) the rotor blades are generated at perfect gas conditions using the perfect gas
algorithm and at diluted conditions using the dense gas algorithm. In this case the two geometries are
overlapping each other. This result builds confidence in the dense gas algorithm as it can recreate the
perfect gas rotor geometry in the diluted gas region. It should be noted here that the terms diluted
gas & perfect gas are used interchangeably. This simply means that for conditions far away from the
saturation curve, the ideal gas laws are valid and the gas can be treated as a perfect gas.

The design tool COMOC & the Boxer tool are equipped with the ability to yield a supersonic axial rotor
geometry in the dense gas region along with the perfect gas. With the ability to generate blades in the
dense gas region, the Boxer tool is now called “Boxer-Bufi tool”. In the modified design methodology,
the need to use Prandtl-Meyer angles is circumvented. This entails a flexibility in COMOC tool to add
external body forces to the governing equations. This privilege is not possible in the Boxer-Bufi tool.

(3.42)



32 3. Supersonic Axial Rotor Blade Design

—— Perfect gas region —— Perfect gas region
—-=-=- Dense gasregion e Dense gas in diluted region
0.6 0.6
0.4 0.4
. 0.2 02
=y =
2 L
> 0.0 >
0.0 A
-0.2 1
~0.2 1
-0.4
0.4
-0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 -08 -06 -04 -02 0.0 0.2 0.4 0.6 0.8
X" lch’ X" ch’
(a) (b)

Figure 3.10: Comparison between rotor geometries designed at (a) operating point in perfect gas region and
dense gas region (b) the same operating point in perfect gas region using perfect gas & dense gas model



Supersonic Radial Rotor Blade
Design

The compatibility equation along with the body force is derived in this chapter. The MOC is imple-
mented on this new equation to generate the transition arc considering the body force’s effect on its
curvature. The arcs are generated for both perfect & dense gas regions. In the end, the whole blade
is compared to the blade with no body force, to study the changes inflicted on the geometry.

This chapter introduces a novel design philosophy adopted to generate a supersonic rotor blade
for radial turbines. This is a new way to generate a supersonic radial blade as most of the design
methods are based on optimization of 1D mean-line methods which are not very efficient especially
for supersonic flows. The lack of relevant literature makes this methodology challenging and the
consideration of complex non-classical behaviour of organic fluids adds up to the difficulty. Therefore,
the final supersonic radial rotor is not generated in this work but a base case is explained and the
resulting geometry is analyzed.

As established in the previous chapter, the 2D gas dynamics equation (2.16) is the governing equa-
tion used to design supersonic axial blade. This was done in the axial rotor’s reference frame where,
the fluid flows axially and the radial forces due to the rotation of the rotor are balanced by the pres-
sure gradients in the radial direction (radial equilibrium). However, in case of a radial turbine the fluid
flows radially inward or outward. In the rotating reference frame of the radial runner, the fluid flow
is affected by the pseudo forces. The idea in this chapter is to build up on the supersonic axial rotor
design methodology by including the fictitious forces in the governing equations of 2D steady isentropic
supersonic compressible flow. These equations were derived in the section 2.2.1. It is followed by the
determination of the new compatibility & characteristic equations which are used to obtain transition
arcs for the supersonic radial rotor blade. A simple case of a constant body force acting in the negative
x-direction is analyzed in this chapter. Its presence on the transition arc is considered. In the end,
the supersonic rotor blade is generated for the operating point in both perfect gas and the dense gas
region. The COMOC design tool is further enhanced with the capability to include the body forces in
the design procedure of the transition arcs in both thermodynamic regions.

The fictitious forces experienced in any rotating frame of reference are the centrifugal & Coriolis
forces. These forces are not present for an observer whose reference frame is not rotating. As shown
in the figure 4.1, two different perspectives to observe the motion of the yellow ball are depicted.
Referring to the motion of the ball, the deep yellow colored ball marks the initial point and the lighter
yellow ball shows the final point. The red ball is stationary in both images. The left side image is
seen in the inertial frame of reference, thus only centripetal force is experienced by the red ball and
the yellow ball can be seen moving in a straight line in the direction of the imparted velocity. In the
non-inertial/rotating frame of reference, the centrifugal force always acts radially away from the center
of rotation. Whereas, the Coriolis force acts in the perpendicular direction to the velocity of an object
moving in the rotating frame. This can be observed in the rotating frame of reference of the right side
image wherein, the red ball experiences the centrifugal force radially away from the center and the path

33
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Figure 4.1: Centrifugal & Coriolis force representation in inertial & non-inertial reference frame
[34]

of yellow ball appears to be curved because of the Coriolis force acting in the perpendicular direction of
its velocity. Although these forces are not really present but due to the change of observational frame,
the motion of yellow ball suggests the presence of forces that are responsible for its curved path.

4.1. Design Philosophy

The design ideology explored in this section is to extend the methodology of generating a supersonic
axial rotor blade to obtain the rotor geometry for radial turbines. Due to the radial direction of flow
and the forces, the radial rotor is envisaged to be generated. If the design calculations are performed
in the rotating frame of the rotor and the effect of centrifugal & Coriolis force on the supersonic flow is
accounted for in the early stages of the design. This entails the consideration of these pseudo forces
in the design of rotor geometry ultimately yielding a rotor shape for radial turbines.

In order to do this, the governing equations must have the body force contribution as derived in the
section 2.2.1. This is followed by the application of MOC procedure to obtain a new set of characteristic
& compatibility equations, which can be further used to generate the transition arcs of the supersonic
radial rotor.

4.1.1. New Characteristic & Compatibility Equations
The governing equations to describe the motion of a steady 2D irrotational supersonic isentropic com-
pressible flow with external body forces is given by the Gas dynamics equation with body forces (2.15),
which is repeated hereunder in cartesian coordinates for convenience,

(u? — a®)u, + (v? — a®)vy + 2uvu, — uFz, — vFzy, = 0.

The hyperbolic governing equation (2.15) and the irrotationality condition (2.14) are solved simul-
taneously to obtain the characteristic & compatibility equation in an analogous manner as discussed
in the section 3.2.2. To keep the discussion concise the whole derivation procedure is not repeated here.

Since the presence of body forces in the gas dynamics equation is the only difference, the compat-
ibility equation (4.1) yielded after the derivation in this case, has an added contribution of body forces
in comparison with the compatibility equation (3.39) derived in the section 3.2.2. The rest of the terms
in this equation are similar to those in the compatibility equation without the body force.

W2 — a?)
PR

w? —a®)duy + dvy — (uFy + vFgy)dxy = 0. 4.1)
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The characteristic equation obtained in this case is not influenced by the presence of the body
forces because during the derivation of characteristic equation in the case of body forces, the terms
responsible for the characteristic equation remain the same as in equation (3.28). Hence, the charac-
teristic equation in this case is the same as the equation (3.34) derived in the section 3.2.2, which is
repeated here for convenience:

dx

To implement the compatibility equation in the MOC procedure to generate the transition arcs, it
needs to be represented in a different form in terms of the velocity magnitude (V), flow angle (¢) &
Mach angle (u). Let us first substitute the term dx.. in equation (4.1) with the definition of the slope
of a characteristic line, 21 = (dy/dx)+ and rearranging the resulting equation yields

dv u? —a? UFgy + VFgy\ (dy
(), = (=) (52 (), 2

Substituting the characteristic equation (3.34) into the equation (4.2) to yield yet another form of
the compatibility equation expressed as

(dv) _uwvta*VM? -1 +<uFBx +vF3y><dy>
+ +

(dy) uv + a?vM2 -1
Ai=i —_— |- .

uZ — g2

(4.3)

du a? — p? v2 —q? du

An alternate form of this compatibility equation in terms of V, ¢ & u using the trigonometric relations
(3.35), (3.36) & (3.37) can be derived. Introducing these relations in the LHS of equation (4.3) yields

dv\ ([ Vcos¢dp +sinpdV
(@)i - (—V sinpd¢ + cos <,i)dV>J_r

. av
_ cos¢ + sing¢ (M)i (4.4)

. dv
—smq,’)+cosq§(m)i
_ 1+){itan¢)
© xy—tang ’

where y, = (V‘Z—‘;) for convenience. Now substituting the trigonometric relations (3.35), (3.36) &
+
(3.37) in the first term on the RHS of equation (4.3), gives

uv +a®VM? =1  V?singcosp + a’VvM? — 1
a? — v? B a? —VZsin® ¢
. 1
smcpcosqbi(m) M? -1
= ERNRTE
(MZ) V2 sin® ¢
__singcos¢ tsinpcospu

sin? u-— sin” [0)
Using the standard trigonometric relations in the equation above and rearranging simplifies this
term to
uv +a*vM?2 -1

a2 _ UZ
Finally, the second term on the RHS of equation (4.3) can be written as

(uFBx + vFBy> <dy) V(Fgx cos ¢ + Fpy, sin)dy,
t

=t cot(u ¥+ ¢). (4.5)

v? —a? du), ~ (VZsin® ¢ — a2?)(~V sin ¢pd¢p, + cos pdV,)
3 (Fpx cOS ¢ + Fp,, sin ¢) (d_y)
" V2cos ¢ (sin® ¢ — sin® 1 (x+ —tang) \de¢ / '

(4.6)
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Putting equations (4.4), (4.5) & (4.6) together yields the whole expression, which is given as

<1+Xitanq§ (Fpx cOs ¢ + Fgy, sin ¢) (d_y)
X+ —tan¢ V2 cos ¢p(sin® ¢ — sin® u) (. — tan @) \ do .

Rearranging the equation above with trigonometric equations finally results in the sought after
alternative form of the compatibility equation,

! (dV) =+ttanpy + fgycos¢ + Fysin <ﬂ> . (4.8)
+

) =+tcot(u+ o)+ 4.7)

v \d¢ VZ2cosusin(¢p +u) \do

The second term on the RHS of the expression (4.8) represents the body forces’ contribution. Without
this second term in the equation, the governing equation of the Prandtl-Meyer function is obtained,
which can be used to derive the Prandtl-Meyer angles. In this section, we will use equation (4.8) to
implement MOC in order to generate the transition arcs with body forces.

dv
(%) =tVtanpu. 4.9

The new trigonometric form of compatibility equation (4.8) is valid only along the characteristic
lines defined by the trigonometric form of the characteristic equation (3.38) [A; = tan (¢ £ w)]. The
plus-minus sign in these equations represent the equations valid along two characteristic lines. These
equations are implemented in the next section to generate the desired transition arcs with the external
forces acting on them.

4.2. Implementation of MOC for Transition Arcs with Body Forces

The procedure to generate the transition arcs with body forces involves the use of compatibility equa-
tion (4.8) along with the slope of characteristic line (3.38). The discretized form of the compatibility
equation (4.8) is implemented along the characteristic lines. This discretized form is obtained by ap-
plying the finite difference method (Euler explicit), replacing the differentials dV, dy & d¢ by the
differences AV, Ay & A¢ respectively. These differences are between the initial and the next spatial
point. However, the other parameters in the equation are calculated at the initial point. The difference
A¢ is the step size and is given a small value to get a better approximation. The discretized equation is
given by equation (4.10). To keep the discussion concise, only inlet side transition arc’s design process
is discussed in this section.

(4.10)

Fg, cos ¢ + Fy,, sin
AVy = +Vtanu(Ag) 4 + ( by C0S @ + oy ¢> +

V cospusin (¢ £ u)

Assuming a user defined value of A¢ and the body force, the transition arc calculation procedure
using the discretized compatibility equation (4.10) is enumerated below (referring to figure 4.2):

1. The design procedure starts from the known coordinate (0, R;,) on the major-expansion charac-
teristic line. Since the lower Mach number (M,,) is user defined on the lower circular arc, the
flow velocity at this point is known.

2. The next coordinate on the major-expansion characteristic line (x3,y;) (assuming k = 2 for this
point) is determined by the intersection of straight line segment of expansion characteristic with
slope [tan (u; — ¢,)] & the straight line from the origin (0, 0) with slope [tan ¢, ], where u; = y;,,
¢, = 0 (horizontal flow at k = 0) & ¢, = A¢.

3. The velocity (14) at this second coordinate is calculated using the discretized equation (4.10)
knowing the values of other parameters at the previous location. The new Mach number (M,) at
this location can be now be figured out with this velocity.

4. Similarly the next coordinate (xj,y;) along the major-expansion characteristic is calculated by
intersecting the straight line segments of slope [tan (ux_; — ¢—1)] with the straight line of slope
[tan ¢, ], where ¢, = k.A¢. Then the velocity (V) & the Mach number (M) can be determined
at this location.



4.2. Implementation of MOC for Transition Arcs with Body Forces 37

Y*Io
A
(Xloj Y¥i0x) (0, R*%,)
Mk V,
bk =
X" Y")
R*
Px
— Inlet lower transition arc
—— Major expansion characteristic
Characteristic / Mach lines
(0, 0) X"

Figure 4.2: Lower transition arc description in the presence of an external body force

N [RPM] ‘ R, [mm] ‘ R; [mm] ‘ Feo [m/s?] ‘ Fe,i [m/s?]
25500 | 113 | 90 | 80x10° | 6.4x10°

Table 4.1: The general dimensions of a radial-inflow runner and the centrifugal forces (N is the rotational speed
of the radial-inflow runner in revolutions per minute, F,, & F,; are the centrifugal forces per unit mass at the
outer (R,) & inner (R;) radius of the runner)

5. This process is repeated until the inlet relative Mach number is reached (M, = M;,,). Finally
resulting in the major-expansion characteristic line.

Once the major-expansion characteristic is determined, the lower transition arc is calculated in an
analogous manner as done in section 3.2.2. The noteworthy difference in this procedure and the one
described in the previous chapter is the determination of flow velocity along the segments of the major-
expansion characteristic. This lead to the elimination of the usage of equation (3.3) to determine the
critical velocity ratio. Thereby eliminating the dependency of the majority of transition arc calculation
on the vortex flow theory. It should be noted that the starting point (0, R;,) is still calculated using the
vortex flow theory.

Before applying this new methodology to generate the transition arcs with the effect of body forces
on them. Let us get an estimation of the order of magnitude of the body forces experienced by a
supersonic radial rotor blade, let us consider the dimensions of a radial inflow runner as listed out in
table 4.1. With these force values, an estimate of large forces experienced by the rotor can be made
to design the transition arcs. In the following sections, the transition arcs, designed for different body
forces, are investigated for both perfect and real gas.

4.2.1. Transition Arc with Body Forces for Perfect Gas
The influence of an external force per unit mass on the transition arcs’ geometry is analyzed and
compared. For a radial-inflow turbine, the centrifugal forces in the rotor’s reference frame act in the
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opposite direction of the fluid flow, although the centrifugal forces increase radially outwards. For the
sake of simplicity, a case with a constant body force acting in the negative x-direction is considered
to design the inlet upper & lower transition arcs for a radial rotor blade working in perfect gas region.
The operating point chosen for designing the arc has the properties mentioned in the table 3.1 and the
working fluid is Toluene.

It should be noted here that at the force magnitudes listed in table 4.1, a converged solution from
CFD simulations (discussed in next chapter) could not be reached due to such high magnitudes of
external body force. Therefore, in the rest of the thesis, a body force value is considered which is one
order of magnitude less than the values mentioned in table 4.1.

Assuming a constant force per unit mass of 5 x 10* m/s? acting in the negative x-direction on the
the blade in the non-dimensional coordinate system (X* —Y*), while considering the axial component of
the fluid flow to be in the positive x-direction. As depicted in figure 4.2 this constant body force should
act at the angle «;, on the lower transition arc. Because the non-dimensional coordinate system of
the lower transition arc (X, — Y;;) is later rotated by the angle «;, (equation 3.41) to obtain the final
arc in (X* —Y*) system. This suggests that the transition arc experiences the force at the angle «;, in
(X1, — Yi), which later becomes horizontal in (X* —Y*) after rotating the resulting arc. In the previous
chapter, the angle «;, was calculated after generating the transition arc. However, in this case it is
required during the calculation of the arc therefore, it is found by an iterative procedure by initializing
its value. The sign convention of positive angles in counter-clockwise direction should be kept in mind.

Applying the force per unit mass F;, = —5x 10* m/s? at the angle «;,, in the compatibility equation
(4.8) and following the new design method elaborated in the previous section, yields an inlet lower
transition arc with the constant force’s effects in (X;, — Y;;) system as illustrated in the figure 4.3(a).

To study the effects of body forces, these new transition arcs are plotted with the arcs generated
without any body force. The consequence of the body force on the arc’s curvature is apparent. Since
the lower transition arc is calculated from right to left in the figure 4.2, the presence of a negative
force in the compatibility equation (4.8) reduces the velocity attained at different arc segments, thus
making it harder for the arc to reach the desired Mach number from M,, to M;,,. This is compensated
by having a longer transition arc and therefore further expanding the flow field as compared with the
no body force case.

In a similar manner, the negative force’s effects can be observed on the inlet upper transition arc in
(X;p — Yiip) System as shown in figure 4.3(b). The upper transition arc performs a sequential increase
in the incoming Mach number to the required at the upper circular arc via a series of expansion fans.
The negative force in the compatibility equation (4.8) assists in lowering the Mach number from the
upper circular arc to the inlet Mach number during the formation of the upper arc. Hence, a shorter
upper transition arc is generated in comparison with the no body force case.

On the other hand, in the case of a radial-outflow turbine, the centrifugal forces act in the direction
of flow. This is the case where the axial component of the fluid flow and the centrifugal force both
operate in the same direction. The figures 4.4(a) & 4.4(b) illustrates the resulting lower & upper
transition arcs with a constant force per unit mass of F, = +5 % 10* m/s? acting at «;, in (X}, — Y;,)
system. These arcs are generated for the same operating conditions listed in the table 3.1. In contrast
with the negative force arcs, the lower transition arc is shorter and the upper transition arc here is
longer than the arcs without any body force.

4.2.2. Transition Arc with Body Forces for Real Gas

In this section, the similar analysis with the constant force per unit mass is undertaken while also
considering the dense gas effects on the transition arc. Both lower & upper transition arcs are generated
for Toluene operating at conditions mentioned in table 3.2. Figures 4.5(a) & 4.5(b) show an analogous
response of both lower & upper transition arc’s curvature in the dense gas region as their perfect
gas counter parts. Due to the same reasoning of constant negative force inhibiting the attainment
of desired Mach number, even in dense gas region the lower transition arc is longer and the upper
transition arc is shorter as compared with no body force arcs operating in the dense gas region.
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Figure 4.3: Comparison between transition arcs with & without constant force per unit mass in opposite direction
of the flow designed in perfect gas conditions (green & yellow lines represent the major-expansion/compression
characteristic line for lower & upper transition arcs)
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the flow designed in perfect gas conditions (green & yellow lines represent the major-expansion/compression
characteristic line for lower & upper transition arcs)
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Figure 4.5: Comparison between transition arcs with & without constant force per unit mass in opposite direction
of the flow designed in the dense gas region (green & yellow lines represent the major-expansion/compression
characteristic line for lower & upper transition arcs)

4.3. Blade Generation

The lower & upper transition arcs with the influence of body forces on their curvature are now integrated
with the rest of the blade geometry. The whole blade is obtained by following the same procedure of
rotating the transition arc’s coordinate system, adding the circular arc sections and the straight lines as
followed in the section 3.4. In case of a constant force, the inlet geometry can be mirrored to yield a
similar outlet blade section and obtain a symmetric rotor blade. This can be done only in the constant
force case as both at the inlet & outlet sections, the flow field is equally opposed by the constant force.

It should also be recalled that the circular arc section of the supersonic axial rotor blade is designed
based on the vortex-flow theory. However, the presence of body forces makes the general vortex
equation (3.1) invalid. Thereby, it mandates the revaluation of this theory in the presence of external
body forces and establish a new relation defining an irrotational flow with body force’s influence on it.
Such that the shock-free turning of the supersonic flow field can still be attained. Even after numerous
attempts, this aspect of the supersonic radial rotor design could not be explored more in the present
thesis work due to time constraints. The author recommends investigating the ways to change the
flow passage area between the concentric circular arcs such that the reduction in the Mach number
due to the opposing force is counteracted by the expansion and the Mach number at the upper &
lower surfaces are maintained to be constant. This will be done at the expense of static pressure. The
resulting blade would not be impulse but rather quasi-impulse blade due to equal inlet & outlet Mach
numbers but not equal pressures.

For the blades generated in this chapter, the vortex flow theory is assumed to be valid even under
the influence of external body forces. Hence, the circular arc sections are added to the radial rotor
geometry in a similar manner as done in the section 3.4. The radial rotor geometries presented in this
section have the impact of body forces only on the transition arcs. This capability of body force inclu-
sion in the design methodology is added to the COMOC design tool to allow it to generate supersonic
rotor geometries with the body force influence on the transition arcs in both perfect & dense gas region

Let us compare the radial rotor blade generated using perfect gas model with and without the effect
of forces on the transition arcs. For visualization purposes, the same plot is presented in two different
coordinate systems (X* —Y*) and (X*/ch* —Y*/ch*). In the latter system, the non-dimensional system
(X*—Y™*) is normalized with the dimensionless chord (ch*). In the figure 4.6(a), the absence of external
forces on the circular arc section can be observed right away as the two geometries overlap each other
in their respective circular arc section. Whereas, due to the transition arcs, the blade with the forces
(red solid line) is longer in comparison with the one (blue line) without the forces. Thereby, resulting in
a higher inlet-to-throat area ratio in the red rotor, which is desired to reach the Mach number specified
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Blade without force | Blade with force
Solidity 2.921 2.807

CR 0.805 0.721

Table 4.2: The blade geometry parameters at the same perfect gas operating point for blades with and without
horizontal constant body forces
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Figure 4.6: Comparison between the rotor geometries with & without constant force per unit mass in opposite
direction of the flow designed in perfect gas region depicted in (a) (X* — Y*) and (b) (X*/ch* — Y*/ch*)
coordinate system

in the circular arc section as seen in the figure 4.6(b). The geometrical parameters namely the solidity
and contraction ratio are mentioned in the table 4.2. The solidity of a blade is defined as the ratio of
the axial chord (ch*) and the pitch (G*), where these parameters are normalized with the radius of
the sonic streamline (r*). The contraction ratio (CR) is the throat-to-inlet area ratio. It can be noticed
that the presence of forces has reduced the solidity and the contraction ratio of the blade by 3.9% &
10.43%, respectively, justifying the higher inlet-to-throat area ratio. A similar behaviour was observed
for the blade geometries designed for operating conditions in the dense gas region.

The influence of the horizontal constant force on the blade geometry, designed for dense gas
conditions of table 3.2, can be studied by comparing the geometry with its perfect gas counterpart
experiencing the same constant force as shown in the figures 4.7(a) & 4.7(b). The blades can be seen
shifted with respect to each other in the figure 4.7(a) due to the different values of critical velocity
(M*) for perfect gas & dense gas case which governs the value of dimensionless radius (R*) on the
Y* axis. Moreover, the dense gas blade is narrower than the perfect gas blade with a smaller chord,
which leads to higher flow turning. In the figure 4.7(b), the typical behaviour of dense gas blade can
be noticed due to the higher inlet-to-throat area ratio which is also justified by the smaller contraction
ratio as compared with the perfect gas blade as shown in the table 4.3. The dense gas effects on the
rotor geometry has led to a decline in solidity by 8.48% and in the contraction ratio by 10%.

Perfect gas ‘ Dense gas

Solidity 2.807 2.569
CR 0.721 0.649

Table 4.3: The blade geometry parameters with horizontal constant body force designed in perfect gas & dense
gas region
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Figure 4.7: Comparison between the rotor geometries with the same constant force per unit mass in opposite
direction of the flow designed in perfect gas region and dense gas region depicted in (a) (X* — Y*) and (b)
(X*/ch* — Y*/ch*) coordinate system



Results & Discussions

This chapter undergoes the validation of the two design tools (Boxer-Bufi & COMOC tool) in both per-
fect & dense gas region. First the resulting blades from the two tools are compared with each other
using the same EOS. This is followed by the validation of these tools using CFD analysis. The inclusion
of a constant body force in the blade geometry is also investigated with steady inviscid CFD simulations
for both perfect and dense gas region.

The design methodology adopted to generate supersonic rotor blades is based on Method of char-
acteristics (MOC). The design tools developed in this work use MOC to generate transition arcs of the
supersonic rotor blades. Although MOC is an accurate method to solve hyperbolic PDEs as established
in the previous chapters, it is still an approximation process which mandates the verification of the
design tools with relatively higher accuracy tool. In this chapter, the rotor geometries generated so far
are validated with CFD analysis performed using a commercial simulation package. Furthermore, the
COMOC tool using the modified compatibility equation is compared with the Boxer-Bufi tool, which uses
the Prandtl-Meyer function for perfect gases. These tools are also compared with each other in the
dense gas region. In the end, the basic case of adding a constant external force in x-direction is ana-
lyzed. The first step towards generating supersonic radial rotors is compared with the CFD simulations
by subjecting the computational domain to the same constant body force.

5.1. Numerical Setup for CFD

To get a better validation of the rotor design tool, the supersonic flow field around the axial rotor
geometry is numerically simulated using the commercial CFD package: SU2 developed at Stanford
university in 2012 [35]. It is an open-source compressible & incompressible Euler, Navier-Stokes &
RANS solver written in C++. The simulations performed in this chapter are assuming a steady, inviscid
& isentropic flow. Therefore, an Euler solver is used to obtain the CFD results and the boundary layer
effects are not considered as they are out of scope of this project.

Since the supersonic flows are dealt with in this work, compressible Euler equations are solved. The
Finite Volume Method is used in the Euler solver to discretize the PDEs. The Euler implicit time-stepping
scheme is used to advance in time due to its inherent stability in comparison with the explicit schemes.
The physical time stepping is also used in steady state case to reach a converged solution. The spatial
accuracy is kept in check by ensuring second-order accurate solutions which also ensures oscillations
free solution across a discontinuity. The convective fluxes are discretized using the upwind scheme
(ROE) [36].

An important design aspect of a rotor blade is the Mach number & pressure distribution along its
surface. Therefore, these parameters are compared with the CFD results to verify the design tool. All
the simulation results obtained are second-order accurate and the conserved variables converged to
residuals in 10~° order of magnitude.

43
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Figure 5.1: Comparison between the supersonic axial rotor geometries generated by Boxer-Bufi & COMOC design
tools in (a) perfect gas region and (b) dense gas region (with relative input parameters: M,,, = 2.0, M;, = 2.5,
M, = 3.0 & B;, = 65°)

5.2. Supersonic Axial Rotor

The resulting axial rotor blades obtained from the Boxer-Bufi tool and the COMOC tool are illustrated in
the figures 5.1(a) & 5.1(b). The rotors in the figure 5.1(a) are designed for Toluene using the perfect
gas model in the diluted gas region (table 3.1), where perfect gas laws can be assumed to be valid.
The blades from both tools are overlapping each other suggesting a compliance between the tools
when used for perfect gases. Similarly, in the figure 5.1(b), the rotor blades yielded by both tools
are designed using properties from CoolProp library as the chosen operating point is in the dense gas
region of Toluene (table 3.2). In this case as well, both tools can be noticed to be in proper agreement
with each other.

5.2.1. CFD Validation of Axial Rotor Tool
The design tool to generate the supersonic axial rotor blades are validated by simulating the flow field
around them. First the tool is validated for perfect gas rotors and then for dense gas rotors.

CFD Results for Axial Rotor Designed for Perfect Gas

A 2D unstructured mesh is generated using an in-house mesh generator. The mesh boundaries are
named in the figure 5.2. The designed unstructured mesh has 8808 triangular elements. The geometry
of the axial rotor is determined by the design tool for the conditions listed out in the table 3.1. For
the simulation, the perfect gas model is used as the equation of state (EOS) with Toluene (y = 1.04)
working in diluted gas region, P,, = 0.05 & T,, = 1.3. The desired flow boundary conditions are
prescribed on all boundaries of the domain. Since the desired flow is supersonic (M;,, = 2.5), the static
conditions, as indexed in the table 5.1, are specified at the INFLOW boundary. Due to inviscid flow
consideration, the blade’s boundary is considered as a wall and given a slip boundary condition (Euler),
which means there is no flow in the direction perpendicular to the wall. In addition, the OUTFOW
boundary is initialized with a back pressure. Whereas, the top & bottom boundaries of the domain
namely, PERTOP & PERBOTTOM, are defined as periodic boundaries.

Figure 5.3 illustrates the resulting Mach contour plot obtained from the CFD simulations. The
Mach distribution along the inflow & outflow of the domain can be noticed to be fairly uniform at the
prescribed relative Mach number value. The suction and pressure side of the blade have attained the
design Mach numbers as prescribed in the design tool. This can also be observed in the figure 5.4(a)
which compares the CFD Mach distribution with the one defined in the tool.

The arcs are described in the same figure, where left side represents the blade’s inlet and the right
side denotes the outlet. The blade surface Mach number obtained from CFD results and the design
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Figure 5.2: Unstructured mesh for axial rotor geometry with boundary names

P [Pa] | T [K] | p [kg/m®] | Min | Bin
9571.2 6853 | 0.15 | 2.5 | 65°

Table 5.1: Inflow boundary conditions for steady inviscid CFD simulation in the diluted gas region (P & T are
static pressure & temperature)

Mach
~3.018e+00

Figure 5.3: Mach contour plot for supersonic axial rotor designed for parameters in table 3.1 for perfect gas with
no body force
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Figure 5.4: Mach number & static pressure along the blade surface generated by inviscid CFD simulations for
perfect gas with no body force

P [kPa] | T [K] | p [kg/m®] | Min | fin
1513 | 5067 | 3.39 |25 |65°

Table 5.2: Inflow boundary conditions for steady inviscid CFD simulation in the dense gas region (P & T are
static pressure & temperature)

tool predictions are in good agreement with each other on the entire blade geometry. In addition,
the static pressure distribution along the blade generated by the simulations is depicted in the figure
5.4(b). As expected, a constant static pressure is attained by the pressure & suction side circular arc
sections. Whereas, the lower & upper transition arcs perform their intended role of gradually increasing
& decreasing the pressure to reach the design values at the suction and pressure side respectively.
These results validate the design tool’s predictions for perfect gas axial rotor geometry.

CFD Results for Axial Rotor Designed for Real Gas

A similar validation procedure is done for the tool with the dense gas by performing a real gas inviscid
CFD simulation on the axial rotor blade designed for toluene in the dense gas region. For real gas
CFD simulation, Peng-Robinson (PR) gas model is used to capture non-classical behaviour of toluene
in the dense gas region. It should be recalled that the design tool uses the thermophysical properties
from the CoolProp library to model the dense gas effects. The dense gas rotors obtained using the
parameters calculated by the PR EOS and the CoolProp library, were found to be in good agreement
with each other. This brings some confidence in using the rotor geometry designed using the CoolProp
library and using the same blade to run simulations with the PR gas model.

An unstructured mesh is generated for the rotor geometry having design parameters mentioned
in table 3.2. The boundaries are given the same names as described in the figure 5.2. The inflow
boundary conditions are chosen to be in highly non-ideal thermodynamic region with relative total
reduced pressure (P, ) & temperature (T, ,.) values of 1.05, which shows the operating point’s proximity
to toluene’s critical point. In this region, the compressibility factor (Z = 0.57) is well below 1, suggesting
the non-ideal gas behaviour. The prescribed static conditions along with other inflow parameters are
listed in the table 5.2. The remaining boundary conditions are kept the same as in the perfect gas
case.

The Mach contour plot of the axial rotor operating in the dense gas region is illustrated in the
figure 5.5. The design constraints on inlet, lower, & upper Mach numbers are met by inviscid CFD
simulations. This can also be observed in the Mach distribution plot 5.6(a). However, there are wiggles
on the suction side’s circular arc in the CFD results. These wiggles can be explained due to the reflection
of pressure/Mach waves in the vortex flow region. The expansion & compression waves generated on
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Figure 5.5: Mach contour plot for supersonic axial rotor designed for parameters in table 3.2 in dense gas region
with no body force

the upper & lower transition arcs, respectively are reflected in between the concentric circular arcs
giving rise to the wiggles on the circular arcs. Moreover, the static pressure distribution 5.6(b) is also
fairly uniform in the dense gas case as well. Therefore, it is safe to say that the new design tool works
as expected in both perfect & dense gas regions.

5.3. Supersonic Rotor with Body Forces

With the successful validation of COMOC design tool for supersonic axial rotor blade in both perfect &
dense gas regions, the addition of constant force per unit mass in the designing of transition arcs of
the rotor blades, can now be validated with inviscid CFD results. The external forces can only be added
in the modified compatibility equation, therefore the COMOC tool cannot be compared with the Boxer-
Bufi tool in this case. Consequently, only CFD validation of the COMOC tool is undertaken in this section.

In order to include the effects of external forces in the computational domain, the body force term
in SU2 is used. It is added to the momentum and energy equation in the solver as a source term. A
constant body force per unit mass of 5 x 10* m/s? is applied in the negative x-direction i.e., opposite
to the axial flow component. It should be noted that the presence of external body force in the whole
domain will affect the flow properties even at the inflow and outflow sections. This leads to variations in
the flow parameters at the blade’s actual inlet. The axial component of the inflow velocity is constantly
opposed by the constant external force leading to a change in the relative flow angle at the blade’s
inlet, thereby affecting the simulation results. Thus, the domain’s inflow conditions need to be adjusted
for the effect of external forces on the flow parameters along the length of inflow domain such that
the actual blade’s inlet get the intended flow parameters for which the blade is designed.

This correction can be taken care by solving the continuity, momentum & energy equation for steady
2D irrotational supersonic isentropic compressible flow for the rectangular inflow domain. However,
during this exercise, a potential bug in SU2 was detected in case of negative direction of the body
forces in the domain. The desired blade inlet flow could not be achieved even after considering the
aforementioned correction on the inflow boundary. To check the applicability of the proposed correction,
a CFD simulation of a rectangular domain of size (0.8 x 0.2 m) is performed. The domain is subjected to
an external body force of 5 x 10* m/s? in the negative x-direction. The inflow boundary is prescribed
with the corrected properties such that the outflow Mach number is 2.5 and the flow angle is 65°.
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Figure 5.6: Mach number & static pressure along the supersonic axial rotor surface obtained from inviscid CFD
simulations in the dense gas region with no body force

Po [bar] ‘ TO [K]‘ Z ‘ Mlo ‘ Min ‘ Mup ‘ Bin
1708 | 1125 [1.0 | 2.0 | 25 | 3.0 | 65°

Table 5.3: Design parameters to generate rotor geometry with body force for CFD simulation using air [P, & T,
are total pressure & temperature]

Figure 5.7 shows the resulting Mach contour plot of the rectangular domain. It can be noticed that the
desired outflow Mach number of 2.5 is reached. However, in the presence of the blade in the domain,
the desired blade inlet conditions could not be achieved when the body force is applied in the negative
direction. On the other hand, for the case of body force applied in the positive x-directon, the correction
seemed to be working as expected. Consequently, for the case of negative direction of body force, the
inflow boundary condition is shifted right at the blade’s inlet to ensure the desired prescription of the
flow conditions at the blade’s inlet, see the mesh in figure 5.8.

CFD Results for Perfect Gas Rotor with Body Forces
In order to validate the presence of body forces in the rotor design, a base case is simulated first.
Furthermore, this case will also provide a reference to compare the simulations done with toluene later
in the next section. A supersonic rotor with body force is designed and simulated for air (y = 1.4) used
as the working fluid in the perfect gas region. The unstructured mesh having 3934 triangular elements
is generated for the design parameters in table 5.3 along with body force, F;, = —5 x 10* m/s?. The
mesh is illustrated in the figure 5.8. As described earlier, the inflow boundary of the domain has been
shifted to the blade’s actual inlet to ensure the desired blade inlet conditions are prescribed. In this
case, the prescribed inflow boundary conditions are listed out in table 5.4. The whole computational
domain is also subjected to the same constant body force. The outflow boundary is prescribed with a
static pressure of 1 bar and the top & bottom boundaries are periodic.

The resulting Mach number & pressure distributions along the blade geometry are presented in
figures 5.9(a) & 5.9(b). Even in the presence of external body force, the Mach number obtained from
the simulation seems to be following the desired trend as predicted by the design tool at the inlet side

p [bar]‘ T[K] ‘ p [kg/ms] ‘ Min ‘ ﬂin
1 [ 500 | 069 |25]65

Table 5.4: Inflow boundary conditions for steady inviscid CFD simulation of a blade with body force designed
using air in the perfect gas region [P & T are static pressure & temperature]
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Figure 5.7: Mach contour plot of supersonic rectangular domain to check the applicability of the correction on
the inflow boundary to obtain the desired outflow conditions in the presence of a body force
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Figure 5.8: Unstructured mesh for supersonic rotor with body forces designed for air in the perfect gas region
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Figure 5.9: Mach number & static pressure along the blade surface with body force yielded by CFD simulations
for air

transition arcs. It should be recalled that the effect of body forces has not been incorporated in the
design of circular arc section. Consequently, the result of force’s non-inclusion can be noticed on the
top & bottom horizontal lines in the figure 5.9(a) as there is an offset between the CFD results and
the desired Mach numbers. Furthermore, the CFD Mach numbers at the outlet upper transition arc are
following the desired trend qualitatively as there is a slight offset. However, the lower transition arc is
properly overlapping the design tool predictions both at the inlet & the outlet. In the end, the straight
outlet section has lower Mach numbers than the designed value. This can be explained based on the
external forces increasing the pressure at the outlet section resulting in the drop of flow velocity. This
is also seen in the outlet static pressures being around 3% higher than at the inlet in the figure 5.9(b).
This validates the inclusion of body forces in the design criteria of transition arcs for air as working fluid.
Now let us look at the CFD results of a blade designed with body force using toluene in the diluted gas
region.

The working fluid is now changed to Toluene and the perfect gas inviscid CFD simulation is per-
formed to compare the results with the design tool predictions to study the influence of constant body
forces on the transition arcs. The boundary conditions prescribed at the inflow of the domain are listed
out in the table 5.1. The rest of the boundaries are defined in a similar fashion as previous simulations.

Figure 5.10 shows the Mach contour plot for the case of Toluene working in perfect gas region with
—5 x 10* m/s? constant body force. The resulting flow field is not satisfactory. The supersonic flow
achieves the desired relative Mach number of 2.5 at the initial part of inlet straight line section, how-
ever, the suction & pressure side cannot attain their respective design Mach numbers. Furthermore,
there is an oblique shock wave in the flow field at the trailing edge. The pressure gradient contour plot
confirms this oblique shock as there is a strong pressure gradient at the outlet of the blade as shown
in figure 5.11. This shock wave is then reflected off the outlet suction side which leads to very low
Mach numbers at the outlet suction side. The presence of this oblique shock wave can be attributed to
the change in flow angle imparted by the body force right at the outlet of the blade. The flow adjusts
to this change in flow angle through an oblique shock wave. In addition, very high pressure gradients
can be observed in the circular arc section of figure 5.11. These high pressure gradients are induced
by the body force and the non-inclusion of body force effect in the design of circular arcs.

The figure 5.12(a) gives further insight in to the Mach numbers achieved in the simulation. At
the blade’s inlet straight line section, the Mach numbers are dropping in the flow direction due to the
opposing force in negative x-direction. The flow can be seen accelerating almost half way on the inlet
upper transition arc achieving a maximum Mach number of 2.67 only and then dropping further on the
the transition arc. On the other hand, the Mach number trend on the lower transition arc seems to be
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Figure 5.10: Mach contour plot for rotor with Fgz,, = —5 x 10* m/s? for toluene in diluted gas region

uniformly deviating away from the design tool.

The static pressure on the pressure & suction side in the figure 5.12(b) is increasing along the
circular arc under the influence of the body force. This explains why the Mach number drops. On
comparing with the pressure distribution of no body force case 5.4(b), the pressure values along the
pressure & suction side are generally higher despite the only change is the presence of external force
in this case. In addition, the desired Mach distribution is attained in the case of air but not in the case
of toluene. Therefore, the overall effect of the body force is found to be very strong in the case of
Toluene. The true reason of this strange behaviour needs to be investigated further.

One of the possible reasoning for the mismatch in case of toluene could be the use of first-order
discretization method during the calculation of transition arc in the COMOC tool. Perhaps, the Euler
explicit method used to discretize equation (4.10) cannot capture the higher-order thermophysical
relations of toluene. This reasoning could be corroborated by implementing the second-order accurate
discretization schemes, such as Euler predictor-corrector in the determination of transition arcs.

Another possible reasoning could be the density effects being stronger for toluene than air and their
interaction with the body force. The author suggests more investigation in this region to understand
why the desired results could not be achieved even on the transition arcs adjusted for the body force
in case of toluene.

To investigate further about the influence of the external force’s magnitude on the supersonic flow
field, different rotors are generated for various constant body forces ranging in between —1 x 10* m/s?
to —4 x 10* m/s?. All these blades are designed for the similar parameters of table 3.1 and simulated
at the conditions 5.1. The consequence of increasing body force is observed in the figures 5.13(a) &
5.13(b). The higher opposing force leads to higher deviation on the inlet lower transition arc. Along
the circular arc sections, the rate of decreasing Mach numbers rises with the increase in force. This is
expected due to the non-inclusion of external force’s impact on the circular arcs. The body force slows
down the flow over these arcs. It was also observed that the oblique shock wave at the trailing edge
moves in the upstream direction with the increasing body force leading to an earlier reflection off the
outlet suction side.

CFD results for Dense Gas Rotor with Body Forces
In this subsection, the inviscid CFD simulation results of the blade designed in the dense gas re-
gion of toluene with body force are discussed. The rotor generated for conditions in table 3.2 with



52 5. Results & Discussions

Pressure Gradients Magnitude
5.259e+05

E3.9457e+5

2.632e+5

T

1.3183e+5

=4.580e+02

Figure 5.11: Pressure gradient contour plot for rotor designed for parameters in table 5.5 with
Fg, = —50000 m/s? for toluene in the diluted gas region
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Figure 5.12: Mach number & static pressure along the blade surface generated by CFD simulations with
Fg, = —50000 m/s? for toluene in diluted gas region
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Figure 5.13: Mach number & static pressure along the blade surface generated by CFD simulations with different
body forces for toluene in diluted gas region

Fz, = —5 x 10* m/s? gave the similar results as those elaborated in the last subsection. There-
fore, to study the effects of a higher relative Mach number on a blade generated with the same body
force, a different rotor geometry is designed for the parameters listed in the table 5.5. Keeping the
same constant body force value, the design Mach numbers on the blade surface and inlet are increased.

The high design Mach numbers on the blade yielded a slightly better Mach number distribution as
illustrated in figure 5.14. The highest Mach humber reached on the upper transition arc gets pretty close
to the design value of 4.0 as also depicted in the figure 5.16(a). This is due to the high relative inlet
Mach number flow going against the same constant body force. In figure 5.15, the pressure gradients
in the circular arc section are present but much lower in comparison with figure 5.11. Furthermore, the
trailing edge shock wave is also shifted downstream in comparison with the one in figure 5.11 due to
the high relative inlet Mach number. This leads to a shift of reflection point on the suction side closer
to the blade’s outlet.

Assuming that this trend continues, it suggests that high prescribed relative Mach numbers lead
to a lower impact of body force on the Mach distribution. In addition to the effects of body force on
the density of fluid, the effect of body force on the contraction ratio needs to be studied further to
understand the behaviour of the flow field in the case of toluene.

Another possible explanation behind the observed results for Toluene could be the absence of body
forces on the design of the circular arc section for two main reasons:

1. The design procedure of the transition arcs initiates by assuming the vortex flow theory to be
valid even under the influence of external forces. This assumption can fundamentally affect the
obtained curvature of the transition arcs thereby resulting in the deviation of results especially in
the case of high molecular weight fluid.

2. The inlet-to-throat area ratio governs the Mach numbers in the supersonic passage and in this
case the throat area is calculated based on the upper & lower circular arcs which do not take into
account the body force effects.

Consequently, further research is paramount to check the hypotheses presented here. However,
the author believe the design methodology & tools developed in this work are a promising step forward
in the direction to realize a supersonic radial rotor design methodology.
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Table 5.5: Rotor design parameters for Toluene in dense gas region
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Figure 5.14: Mach number contour plot for rotor designed for parameters in table 5.5 with Fg,, = —50000 m/s?
for toluene in the dense gas region
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Figure 5.15: Pressure gradient contour plot for rotor designed for parameters in table 5.5 with
Fg, = —50000 m/s? for toluene in the dense gas region
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Figure 5.16: Mach number & static pressure along the blade surface generated by CFD simulations with
Fg, = —50000 m/s? for toluene in dense gas region







Conclusions & Recommendations

In this work, a novel design methodology is proposed for generating a supersonic radial rotor blades for
the working fluids governed by both ideal gas laws and complex non-classical real gas behaviour. The
suggested ideology extends the existing design procedure of a supersonic axial rotor. The inclusion of
the effects of body forces, experienced by the flow in the rotating reference frame of a radial turbine,
in the governing equations and the design procedure can generate a radial rotor blade.

In order to reach this goal, first the existing design methodology for supersonic axial rotors is
introduced and discussed. This procedure is based on the Method of Characteristics (MOC) to design
the transition arcs of axial rotors. The dependency of this methodology on Prandtl-Meyer angles limits
its application only to perfect gas. A supersonic axial rotor design tool (Boxer tool) based on this
methodology is developed in PYTHON. Another limitation posed by the use of Prandtl-Meyer angles in
axial rotors includes no provision to consider the external body force effects on the rotor geometry.
Therefore, a change in the methodology is suggested to avoid the usage of Prandtl-Meyer angles.

The modification involves the addition of body forces in the 2D steady Gas dynamics equation
which is followed by deriving the characteristic & compatibility equations required to perform MOC.
These equations are used to implement MOC to generate the transition arcs in which the body force’s
influence is included. A new design tool (COMOC tool) is also developed that gives more flexibility to the
design methodology by incorporating the aforementioned process. This tool can be used to generate
supersonic axial rotors and the rotor with body force effects on its transition arcs. In this work, the
influence of body force is not included in the circular arc section as the underlying vortex-flow theory
needs to be modified to account for the external force’s effects. For the case of body force, only a
constant force acting in x-direction is considered.

Both of the design tools are further enriched to generate supersonic rotor geometries that properly
consider the non-classical behaviour of high molecular weight fluids operating in the dense gas region.
With this capability incorporated, the Boxer tool is called Boxer-Bufi tool and the COMOC tool’s name
remains unchanged. The thermo-physical properties from the highly accurate CoolProp library are used
to take into account the peculiar behaviour of dense gases in the determination of rotor shapes.

In the end, a validation exercise is performed to assess the reliability of the two design tools by
comparing the resulting rotor geometries with steady inviscid CFD simulations using a commercial CFD
package, SU2. The CFD results for supersonic axial rotor geometries without any body force give the
satisfactory Mach number distribution over its surface for both perfect & dense gas region. Thereby,
validating the design tools for the blades without body force. To validate the presence of body force on
the transition arcs, a simple case of constant horizontal body force is simulated in CFD. Expected results
are obtained for air used as working fluid. However, the CFD results obtained for the rotors with body
force using toluene in both perfect & dense gas region seem to deviate from the design conditions.
The explanation for these observations could be attributed to the body force influencing the density
of the working fluid. However, a proper reasoning for these behaviours in case toluene needs to be
investigated further. The author recommends potential directions to take this project further in the
next section.
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6.1. Future Work

This project takes the first step towards proposing a new design methodology for the design of super-
sonic rotors for radial turbines. Therefore, following recommendations are important for the continua-
tion of the project to realize a supersonic radial rotor blade.

1.

The revaluation of the vortex-flow theory under the influence of external force is required to
ensure the body force’s influence is considered also on the circular arc section. This can also be
done by gradually changing the constant flow passage area between two concentric circles such
that flow expansion can take place and the Mach number at their surfaces is kept constant at the
expense of pressure. In this way the opposing effect of the body force is counteracted by flow
expansion and a shock-free turning of the supersonic flow is still achieved.

The effects of body force on the rotor geometry generated for an organic fluid should be studied
properly in both perfect & dense gas region. One of the possible directions is to understand the
density variations in the presence of body force. This effect should be included in the design tool.

. The accuracy of the numerical procedure used to discretize the modified compatibility equation

can be improved by applying Euler predictor & corrector method or higher-order accurate numer-
ical scheme.

Design the blade with body force and compare the CFD results of different Organic working fluids
to establish the density effects on the results.

. The next complexity in the blade design can be added by putting a constant body force in the

direction perpendicular to the fluid flow to replicate the Coriolis force which is always perpendicular
to the velocity direction. Followed by the validation of the resulting blade with the CFD simulations.

Since a bug was detected in SU2 for the cases of body force in the negative direction, a different
CFD package can be used to verify the blade geometry with body force.

The rotor geometry generated for linearly varying force obtained from the tool should also be
validated first with the CFD simulations before putting in the centrifugal forces in the design tool.
Similarly the linearly varying Coriolis force can also be added in the design tool and validated.
The distance between the major characteristic lines and the transition arcs should be kept in mind
while implementing the linearly varying force or the centrifugal forces in the blade design.

The leading & trailing edges should be rounded off to give the blade more strength at the ends.
However, this will require the considerations of started rotor & the unique incidence problem,
which is a characteristic of supersonic axial rotor blades. These phenomenon should be studied
under the influence of external body forces.

The viscous CFD simulations will give more realistic outlook on the performance of the radial rotor
blades. This will require the need to consider the boundary layer phenomenon in the early stages
of the design as the boundary layers reduce the effective flow passage area which may lead to
lower than expected performance if hot accounted for in the design stage.
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