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Abstract

Transonic compressor rotors rely on strong shocks to achieve the pressure rise required for modern aero-
engine performance. The resulting shock—turbulent boundary-layer interaction generates aerodynamic losses
and can give rise to low-frequency shock oscillations known as transonic buffet. In this work, a far-field exergy
balance is applied to a wall-resolved large-eddy simulation of a 2.5D section of the NASA Rotor 67 transonic
compressor, computed using a high-order discontinuous Galerkin approach. The simulation captures the pas-
sage shock, shock-induced separation and buffet dynamics, with a dominant oscillation frequency of 489 Hz
identified from the blade work coefficient. The balance is evaluated as a post-processing operation and swept
through the passage to examine the spatial evolution of energy transfer, and shows that mechanical exergy is
the dominant form in which work is delivered to the fluid. The results demonstrate the capability of the method
to provide physical insight into work produced by a transonic compressor rotor.
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NOMENCLATURE % velocity in the relative reference frame
Symbols ms~!
Aj anergy quantity wo M exergy quantity W
C chord length m Abbreviations
S blade surface area m? ARF absolute reference frame
dScvp control volume boundary integral surface DOF degrees of freedom
area m?  PER potential for energy recovery
dy control volume integral volume m® RRF relative reference frame
e specific internal energy Jkg~"  SBLI shock boundary layer interaction
00 freestream value
K thermal conductivity wm-1kx-1 1. INTRODUCTION

Modern transonic axial compressor rotors are opti-
mised for high stage loading. The high loading is
Dy gauge pressure Pa achieved through raising the relative inflow Mach
number to be at supersonic conditions. This super-

>

normal vector

p density kgm™  sonic inflow results in a complex shock structure,
S blade pitch m originating as a bow-wave which extends into the

passage between neighbouring blades. This bow
s specific entropy Jkg~1K~1 shock delivers a large static pressure increase over a

very short streamwise distance, therefore permitting
T fluid shear stress tensor Pa  static pressure ratios which would be unobtainable
T temperature K for a subsonic rotor design [1].

Although the shock offers a large pressure rise, it
v velocity in the absolute reference frame  carries considerable disadvantages with regard to

ms—1 aeroelastic response and thermodynamic losses. As
the bow shock extends into the passage it intersects
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with the suction side of the neighbouring rotor blade,
where it encounters the boundary layer.

At Reynolds numbers typical of a compressor rotor
operation, the boundary layer up to the intersection
location is laminar or in a transitional state. The
pressure gradient imposed by the shock results in the
formation of a separation bubble and a rapid tran-
sition to turbulence downstream of the shock. This
shock boundary layer interaction (SBLI) therefore
determines the state of the boundary layer over the
blade portion downstream of the shock, and at off-
design conditions may result in complete boundary
layer separation.

Furthermore, it is important to understand that this
interaction is not steady and that the position of
the shock’s intersection point and the size of the
separation region at any point in time are strongly
coupled. In notable pieces of work to investigate
SBLI in transonic axial compressor stages, high
fidelity simulations were conducted on this by Klose
et al. [2] and Munoz Lopez et al. [3] using the German
Aerospace Center's TCTA transonic compressor
profile. Their findings showed that the turbulence at
the trailing edge of the blade induces pressure waves
which travel upstream and intersect with the shock
causing it to periodically oscillate, a phenomenon
known as transonic buffet.

The impact of buffet for a compressor rotor is de-
pendent on the shock oscillation frequency. On a
rigid blade the oscillation is purely an aerodynamic
instability, but when considering the presence of a
blade’s structure, the fluctuating surface pressures
produce a periodic forcing on the structure. When
the oscillation of the shock approaches the natural
frequency of the blade structure, the shock motion
can synchronise with the blade vibration in a locked-in
state [4], in which the unsteady loading is phased with
the blade displacement. Under certain conditions the
net work done by the flow on the structure over an
oscillation cycle then becomes positive, resulting in a
self-excited oscillation of increasing amplitude known
as flutter [5]. Although this phenomenon has been
extensively explored for external aerodynamics [6],
comparatively little work has addressed it in turboma-
chinery.

The aeroelastic consequences of the passage shock
are also accompanied by a thermodynamic one.
Although the shock is effective for creating a sharp in-
crease in static pressure, it also results in an increase
in entropy generation across the shock. Additionally,
the highly turbulent and separated boundary layer
region behind the shock leads to the dissipation of
mechanical energy into internal energy through the
action of viscosity. It is to be noted, however, that
not all not all of the potential usability of the energy
is immediately destroyed at the point of generation:
the turbulent kinetic energy and wake non-uniformity
remain out of equilibrium with the thermodynamic
dead state and hence remain available to do work
until the energy cascade and molecular transport
have brought the flow to equilibrium.

CCBY 4.0

These losses are not simply a by-product which must
be accepted, instead they serve as a key metric
against which any measure to control shock oscilla-
tions must be compared. A shock control bump for
instance has potential to dampen shock oscillations
but in doing so changes the strength and position of
the shock, thickens the boundary layer passing over
it and changes the separation region downstream of
the bump and the shock. It is therefore important to
not only consider any shock control device’s ability
to mitigate shock motion and flutter, but any study
must also aim to understand the changes to thermo-
dynamic losses and the form in which these losses
occur. Conventional turbomachinery loss metrics,
such as total pressure loss coefficients and isentropic
efficiency [7], are poorly suited for quantifying the
form and formation points of the losses, as integral
measures evaluated between the inflow and outflow
boundaries only report the result of all the combined
mechanisms but not the composition of the losses.
The second law of thermodynamics based far-field
analysis method offers a means of obtaining this
decomposition. Formulated by Arntz et al. [8, 9],
rather than just accounting for the flow of energy on
its own, the method instead tracks the available work
in the flow, distinguishing between exergy (the portion
of energy that is still potentially available to do useful
work relative to the thermodynamic dead state), and
anergy (the portion of energy that has been irre-
versibly destroyed). Furthermore, both contributions
can be decomposed by mechanism. The anergy (A)
is decomposed into the portions destroyed by viscous
dissipation, by thermal mixing, and across shock
waves. The exergy (X') separates into the mechanical
and thermal components which remain available to
do useful work on entering the next blade row.

To date, application of the exergy balance to axial
compressor rotors has been limited to steady-state
Reynolds-averaged Navier-Stokes simulations, with
turbulence modelling assumptions [10, 11], hence
restricting the analysis to a time-averaged quan-
tification of the losses. As the SBLI is inherently
unsteady, resolving where and when the exergy is
destroyed over a cycle of shock motion requires a
scale-resolving simulation approach.

The objectives of this paper are threefold. Firstly
the work aims to establish a scale resolving simula-
tion methodology for a transonic compressor blade
section and to characterise the unsteady behaviour
of the passage shock and the resulting SBLI. Sec-
ondly, to apply the exergy balance to the resulting
data, decomposing the losses into their reversible
and irreversible components and attributing them
to the physical mechanisms and locations within
the passage where they are generated. Finally, to
establish a rigid blade as the reference configuration
against which subsequent research on flow control
measures will be compared as a part of the SAFUMA
research program, with the broader aim to investigate
the mitigation of flutter in transonic compressor rotors
through passive means. The present study does not
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investigate flutter directly, but establishes the aero-
dynamic and thermodynamic baseline against which
future flutter-suppression concepts will be evaluated.

2. METHODOLOGY

2.1,

The test case is derived from the NASA Rotor 67 tran-
sonic compressor [12—15]. Rotor 67 is a first-stage
transonic fan designed and tested at NASA Lewis
Research Center in the 1980s. It is a 22 blade rotor
with a design rotational speed of 16043 RPM. Due
to the plethora of experimental data on the position
of the passage shock at different flow conditions,
the rotor has become a widely used test case for
evaluating CFD solvers and has also become a
prevalent test case for the study of aeroelasticity and
compressor blade flutter analyses [16—18].

To isolate the shock buffet mechanism from the
influence of span wise effects the investigation is
carried out on a 2.5D section of a rotor blade. The
section is taken at the 70% span (measured from
the hub), which lies sufficiently far from the tip to
avoid the influence of a tip leak vortex while still
providing a relative inflow Mach number at which a
strong passage shock is established. The station is
also representative of the spanwise region in which
aeroelastic flutter effects are expected to be prevalent
for later studies based on the work established.

Test Case

2.2. Numerical Set up

The study is conducted using the open-source GPU
accelerated Discontinuous Galerkin Spectral Element
solver GALAEXI [19,20]. The flow is governed by the
compressible Navier-Stokes equations, expressed in
conservative form as:

(1) %J + V- (F(U)-F(U,VU)) =0,

where U is the vector of conserved variables, while
F¢ and F" denote the convective and viscous fluxes
respectively. The system uses the ideal gas equation
of state, with the dynamic viscosity evaluated using
Sutherland’s law. The simulation uses an implicit
large eddy simulation (ILES) approach, where no
sub-grid scale model is utilised; instead the spatial
discretisation’s numerical dissipation acts in place of
an explicit closure.

The spatial discretisation is handled using an kinetic-
energy-preserving split-form DG formulation [21],
with a Legendre-Gauss-Lobatto node structure within
the mesh elements, while the fluxes are calculated
using Roe’s approximate Riemann solver with en-
tropy corrections. Time stepping is handled via an
explicit low-storage 4th-order accurate Runge-Kutta
time discretisation approach with the time step size
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constrained to match CFL = 0.9. To ensure stability
and accurate shock capturing the solver is set up to
use the Perrson indicator to mark mesh elements
with a troubled solution. The marked cells are then
transformed to equidistant finite volume subcells
with a TVD scheme avoiding the need for artificial
viscosity [22].

To ensure adequate resolution for a wall-resolved
simulation with polynomial order N = 3, the com-
putational grid’s near wall resolution is designed to
target a y* ~ 1 with DOF-wise spacings Az* ~ 50
and Azt =~ 20. The computational domain shown in
Figure 1 is extruded in the z direction to a thickness
of 5% of the chord length (C), with periodic boundary
conditions assigned to the spanwise extents. Overall,
the computational grid contains ~ 60 million DOF.

2C

0.58

2C e

FIG 1. Computational domain
C =0.0987m and S = 0.05902 m

The blade surface is assigned an adiabatic no-slip
wall boundary condition, and is positioned in the mid-
dle of the domain with periodic boundary conditions at
a distance of half the blade pitch above and below the
chord line. The outflow boundary condition is set as
a pressure outflow with pg,y = 132500 Pa. The inflow
is a Dirichlet boundary with conditions prescribed as
shown in Table 1.

TAB 1. Inflow Boundary Conditions

Relative Reference Frame

Poolkgm ™3] Vi ms™ V) [ms™']  pstat[Pal
1.02873 197.15 347.19 79393.7
Absolute Reference Frame
Poolkgm ™3] Vieo[ms™!] Vyoo[ms_l] Dstat[Pa]
1.02873 197.15 0 79393.7

The simulation is run at a near-stall like operating
condition, with the presented relative reference frame
freestream conditions corresponding to M;, = 1.21
and Re = 2.2 - 10°. It should be noted that the back
pressure required to establish the passage shock
in the present configuration is higher than that of a
three-dimensional rotor at the same conditions [23].
The boundary conditions in Table 1 were selected
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through a parametric study to match the shock
positions reported in Wood et al. [14].

2.3. Exergy Balance Implementation

As mentioned in the introduction, the exergy balance
was originally developed by Arntz et al. [8, 9], where
it is applied on a control volume fixed to the body and
hence calculates its quantities in relation to the RRF.
Subsequent work on the topic has instead adopted
the usage of the ARF [24—-26], in which the balance
preserves the physical directionality of the process
and hence allows for a more intuitive understanding
of work done by the body. As such the work here
presents the balance applied in the ARF, where the
transformation is achieved through subtracting the
speed of the blade (V) from the obtained DOF
local velocities.

In the present test case the near-field side of the
balance is simplified in that it does not need to in-
clude source terms or the term to represent a moving
geometry. The far-field balance used in the study is
presented in equation 2, where the near-field body
power is calculated as shown in equation 3.

Near-Field Far-Field

(2) —Fp-U=Xy) + X+ Xn+ As + Avr

(3) -Fp-U= //(pgvoo — 7.V -dSp

As the exergy components of the balance are inher-
ently dependent on thermodynamic state of the fluid
relative to the dead state, it is first necessary to calcu-
late the specific static exergy of the fluid at each DOF
as given in equation 4.

(4) X, = (e — €a) — Too (5 — 500) + Poc (;pl)

The term Xv(t) represents the rate of change of the
exergy contained in the control volume. It consists
of two contributions: Xy, the rate of change of kinetic
energy, and X, the rate of change of the static exergy
of the fluid in the control volume.

(5) X :%/// (‘;2;)> dV+%///pXSdV

Xke

X, represents the amount of static exergy flux across
the boundaries of the control volume at an instanta-
neous point in time.

(6) X, = // pX V' - dSeys
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X,, is the corresponding flux to the mechanical exergy
transfer across the control volume boundaries. The
mechanical exergy flux can be further decomposed
into the transport of kinetic energy across the bound-
ary (£x), work done by pressure (£,), and the work
done by viscous stresses (&, ).

y V2L,
X, = > V' dSeys + pg V- dSeys
Er &p

(7)
—/ 7V -dSeys

Er

The two remaining terms account for the energy irre-
versibly destroyed within the control volume. Equa-
tion 8 calculates the anergy generated through vis-
cous dissipation (Ag), additionally the term is scaled
by the DOF-local temperature ratio to account for lo-
cal entropy production.

(8) As :///TTOO(?:VV)dV

Avr is the anergy generated via thermal mixing, aris-
ing from the conduction of heat across temperature
gradients.

(9) Avr = /// Too K <VTT)2dV

Additionally, Lamprakis et al. [24] showed that the
exergy and anergy can be combined into a metric
named the potential for energy recovery (PER), as
shown in equation 10.

A(p + AVT

(10) - : - - -
Xory + Xen + X + As + Avr

PER =1 —

The PER is not a measure of the quantity of work
supplied to the fluid but is rather a measure of the
the quality of the work, expressing the fraction which
has not been irreversibly destroyed and therefore re-
mains theoretically available to produce useful work.
The metric therefore allows for a rapid comparison
between design variations and for an assessment of
how changes may impact the blade rows and addi-
tional stages downstream of the control volume.

All exergy and anergy quantities reported in the re-
sults section are non-dimensionalised as shown in
equation 11.

Cy = Y

(11) =
1p V3 Sp
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Figure 2 shows how the control volume is positioned
within the computational domain. The solid black
lines represent the upper and lower periodic bound-
aries, which contribute nothing to the net balance as
the flux exiting one is recovered at the other. The
dashed lines denote the upstream and downstream
boundaries of the control volume on which the flux
quantities are calculated, whilst the volume integrals
are calculated for the region between the dashed
lines. As the rotor blade in this test case features
a bow shock which extends across the upstream
plane, the fluid travelling across the plane is not at
equilibrium, and as such the front plane must be
included in the balance calculations.

FIG 2. Control Volume Diagram (Not to Scale)

As the study focused on the changes through the
blade passage, the boundaries were placed 0.1C
upstream and downstream of the leading and trail-
ing edges respectively. The control volume is not
restricted to a single fixed region as shown in the
diagram, at selected time steps the downstream
boundary is swept from the leading edge to the
trailing edge, and the balance is evaluated at each
sub-volume point. This allows for obtaining the result
of the balance as a function of position, hence allow-
ing for pinpointing where individual loss formations
originate from and how they develop as you travel
further over the blade’s surface.

For the purposes of this work the balance is evaluated
as a post-processing operation where the solution
is first transformed to a 100% FV sub-cell solution.
This is necessary as the boundaries of the arbi-
trary control volume do not generally align with the
unstructured element boundaries of the DG mesh.
A high-order element carries a single polynomial
representation across its whole extent, and cannot be
trivially divided at an arbitrary station without violating
conservation, but the transformation to FV allows for
both maintaining conservation and sweeping through
the passage. The gradient quantities required by
the anergy terms are evaluated on the high-order
DG solution prior to the transformation, such that
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the impact on the dissipation and conduction terms
is minimised. The cost of this approach is that the
piecewise-constant subcell representation does not
retain the full high-order information for calculation
of the flux quantities, a method which evaluates the
balance directly on the high order solution is the
subject of ongoing development.

3. RESULTS

3.1. Time Averaged Results

As the present work is entirely a numerical study,
checks are performed to ensure the near wall mesh
quality meets the required targets and a check is
performed on the obtained surface forces to ensure
the simulation has exited the transient noise phase.
The near-wall resolution was assessed from the
time-averaged wall units. Figure 3 shows the distri-
bution of 4™ along the suction and pressure surfaces,
while the corresponding surface- and time-averaged
values of y*, Az and Az* are given in Table 2. The
dimensional spacings used for calculating the values
are estimated through assuming a equidistant node
spacing within the cell.

1.4

1.2 1

1.0

0.2

0.0

——- Suction side —— Pressure side

2 0.025 ‘[/ N
> 0.000 ¥ : : - : |
0.0 0.2 0.4 0.6 0.8 1.0
x/C

FIG 3. 4y Distribution Over the Blade Surfaces

TAB 2. Spatially and Temporally Averaged Near Wall
Resolution

yt Azt Azt

0.51 41 22

It is seen that the values meet the targets for a
wall-resolved simulation. It should be noted that the
values are not calculated based on element size but
are instead evaluated using the positional informa-
tion of the DG solution nodes. Of note is a large
reduction in the obtained y™ value on the suction side
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of the blade between ~ 0.42/C and 0.55, indicating
a sudden reduction in the wall shear stresses and
therefore a substantial change in the boundary layer
state, such as a sudden growth or separation bubble.
The presence of a separation region is confirmed
by the time-averaged skin friction coefficient (Cy)
shown in Figure 4. On the suction surface the skin
friction falls to near zero from x/C ~ 0.4, indicating a
boundary layer close to separation over this region,
which accounts for the corresponding reduction in
y+. A region of genuinely reversed flow follows, with
Cy reaching a minimum of approximately —0.0018
near 2:/C = 0.55, before recovering to positive values
by z/C = 0.7 as the flow reattaches.

0.0150
0.0125
0.0100
S 0.0075
0.0050 -
0.0025 -

0.0000 -

—0.0025 4

—=—- Suction side —— Pressure side

Qoos{ ——— - — ]
> 0.000
0.0 0.2 0.4 0.6 0.8 1.0
x/IC

FIG 4. C; Distribution Over the Blade Surfaces

Figure 5 shows the work done on the fluid by the rotor
over time, calculated as given in equation 3. As the
quantity is the scalar product of force and velocity, it
accounts for all components of the surface force and
therefore provides a single measure with which the
decay of the initial transient start-up noise can be con-
firmed. The signal is seen to settle at T/CTU = 20,
where 1 CTU = C/V4 with oscillation about a con-
stant mean of C};, = 0.1748.

0.25 1 w
g ooty

20.15
O

0.10

0.05 N

0.00

0 1‘0 2‘0 3‘0 4‘0 5‘0 6‘0
T/CTU
—— Raw Data

Startup transient ---- Mean Cyy = 0.1748

FIG 5. Work Done by the Blade over Time
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3.2. Transient Flow Behaviour

To analyse the transient behaviour of the flow, a spec-
tral analysis is done of the work done by the blade.
The signal used to perform the Fast Fourier Trans-
form (FFT) is taken from between T/CTU = 20 and
T/CTU = 67. The signal is processed using Hann
windows of 0.0003s to suppress the influence of high
frequency turbulent content, this is done purely for vi-
sualisation, as the FFT is still applied to the raw data.
The signal is shown in Figure 6 wherein the smoothed
data is identified on the raw data.

0.21
0.20 4
0.19 1
5 0.18

0.17

0.15

20 30 40 50 60
T/CTU
—— Smoothed Data

Raw Data V¥ Sampled Troughs

FIG 6. Filtered work signal used for the FFT.

A repeating pattern of troughs is apparent in the
smoothed signal, with six identified across the analy-
sis window at an approximately constant spacing of
8 CTU. The power spectral density of the raw signal,
shown in Figure 7, confirms this as a discrete tone.
The discrete tone is identified at a frequency of 489 Hz
and additionally a secondary peak can be seen at the
first harmonic frequency (2f) of the discrete tone. It
is important to note this peak at 489 Hz corresponds
well with the established spacing between troughs in
Cyy, signal.

Normalised PSD

103 104
———- 489 Hz - .

FIG 7. PSD Analysis of Blade Work.

1st Harmonic

To determine whether the dominant frequency arises
from shock buffet and the associated STBLI, instan-
taneous Mach number contours in the blade passage
were extracted at instants corresponding to two suc-
cessive troughs in the C;, signal (Figures 8a and 8c),
and at a time midway between the two troughs (Figure
8b).
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Mach
0.0e+0002 04 06 08 1 1.2 14 16 19e+00

(a) T/CTU = 47.54

Mach
0.0e+000.2 04 06 038 1 12 14 16

1.9e+00

(b) T/CTU = 51.54

Mach
0.0e+000.2 04 06 08 1

(¢) T/CTU = 55.54

FIG 8. Instantaneous Mach Contours Showing Shock
Position
(Blade orientation rotated in post processing for
easier visibility)

At both trough instants, shown in Figures 8a and 8c,
the shock is located at its most forward position, close
to the leading edge of the upper blade in the passage,
as is characteristic of near-stall condition and consis-
tent with the near-stall shock position measured by
Strazisar et al. [15]. At the time point between the
two troughs (Figure 8b), the shock has moved down-
stream deeper into the passage, and its shock struc-
ture has changed. Rather than being a single shock
structure it now features a lambda structure with a
split of the shock intersecting with the pressure side
of the upper blade in the passage. This change in
structure is significant, as it implies the changes in
C;, are not only attributed to the shock’s motion but
also to its change in structure.

The Cy;, signal registers that the work done on the
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fluid varies over the cycle, but it reports only the net
quantity at each instant and cannot indicate the form
the variation takes. Whether the change in work done
by the blade at the rear position reflects a change in
the entropy formation across the shock, or takes the
form of another energy wastage, cannot be identified
only with near-field metrics.

3.3. Exergy Analysis

The balance is first evaluated at the two extremes
of the shock oscillation, comparing the instant at
which the shock lies at its most forward position
(T/CTU = 47.54), with when it lies furthest into the
passage (T/CTU = 51.54).

Before decomposing the work done, the far-field
and near-field sides of the balance are compared
at both instants to quantify the imbalance present.
As the two sides are evaluated independently, the
agreement between them provides a direct check
on the implementation of the balance, and any error
introduced through the effects of distance between
integration points and from the 100% FV conversion
step. The comparison is seen in Table 3.

TAB 3. Balance Accuracy Comparison

T/CTU Near-Field C};, Far-Field C};, % Diff
47.54 0.1518 0.1573 3.615
51.54 0.1805 0.1869 3.591

At both time instants the far-field portion of the bal-
ance agrees with the near-field with an imbalance of
roughly 3.6%. The consistency of the discrepancy
between the two shock positions indicates a system-
atic error rather than a phase-dependent error source.
The agreement is considered sufficient for the decom-
position presented below.

TAB 4. Flow-field Decomposition

T/CTU CXW) Cx. Cx,

Cy Cj

vT

47.54
51.54

—0.0064 0.1438 0.0165 0.0031 0.0003
—0.0037 0.1659 0.0218 0.0027 0.0002

The decomposed balance at both instants is given in
Table 4. At both shock positions the majority of the
work supplied by the blade remains available as ex-
ergy, predominantly in mechanical form (X,,). The
mechanical exergy (X,,) can be further decomposed
into its base components as given in Equation 7. This
is shown in Table 5.

The decomposition shows that the difference in work
between the two shock positions is almost entirely at-
tributable to the pressure term (£p), which increases
from 0.0948 to 0.1162 as the shock moves rearward,
while the kinetic contribution changes by less than
2%.

Overall, this distribution is consistent with the mode
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TAB 5. X,, Decomposition

T/CTU  C;  Cg Ce.
4754 0.0489 0.0948 —5.4-1077
51.54 0.0498 0.1162 6.3-1078

of operation of the rotor. The work supplied by the
blade appears predominantly as pressure work, with
a smaller kinetic contribution imparted to the flow.
The total percentage of theoretically recoverable
energy leaving the passage at this control volume
boundary towards the next blade row and stages can
be expressed as the PER.

Evaluating Equation 10 at the two instants gives
PER = 0.978 when the shock lies at its forward
position and PER = 0.985 when it lies within the
passage. The lower value at the forward position
is consistent with the stronger, more normal shock
structure observed there, though the difference be-
tween the two is small. In both cases, the value
confirms that, at a station immediately downstream
of the trailing edge, almost all of the work supplied
by the blade remains theoretically available to the
following blade row. Although this may appear to
suggest that the shock introduces little in the way
of irreversible losses, such a conclusion would be
incorrect. The downstream boundary of the control
volume lies immediately behind the trailing edge of
the blade. The turbulent kinetic energy generated
in the separated shear layer, and the velocity and
thermal non-uniformity of the wake, have therefore
had little opportunity to dissipate and remain out of
equilibrium with the dead state at the measurement
station.

To demonstrate how the balance may be evaluated
through the passage, the control volume is swept
from the leading edge to the trailing edge, with the
balance re-evaluated at each station. This is shown
for the forward shock position in Figure 9.

0.1751

0.150

0.1254

0.100 1

0.075

Cw

0.050 1

0.025 1

0.000 =

-0.025
0.0 0.2 0.4 0.6 0.8 1.0
X/Cax

— = X

— Ay === Avr —_— X —— X

FIG 9. Sweep Through Blade Passage at
T/CTU = 47.54

The results show the development of the individual
terms through the passage. The mechanical exergy
X, rises steeply over the forward portion of the blade
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as work is delivered to the fluid, but does not con-
tinue to increase through the full passage. It reaches
a maximum at approximately z/C,, = 0.57 and there-
after declines towards the trailing edge. The ther-
mal exergy flux X, follows a similar trend at an order
of magnitude smaller, and the anergy terms remain
small throughout, accumulating gradually rather than
at any single station. Of particular note is the coinci-
dence between the onset of the decline in X, and the
point at which the unsteady storage term Xv(t) departs
from zero and begins to fluctuate, at approximately
x/Cq, = 0.6. This station corresponds closely to the
location at which the passage shock meets the suc-
tion surface boundary layer, as observed in Figure 8a.
The coincidence suggests that the onset of exergy-
storage fluctuations and the decline in mechanical ex-
ergy are both linked to the shock induced turbulent
transition of the boundary layer.

As Table 5 showed X,, is the dominant form in which
work is delivered to the fluid, and the term in which the
largest difference between the two shock positions
appears, its decomposition is also swept through the
passage at both instants. This allows the effect of the
shock position and structure on the formation of X,
to be directly compared. The result is shown in Figure
10, where T/CTU = 47.54 is represented by the solid
line and T/CTU = 51.54 represents the dashed lines.
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FIG 10. X,, Sweep Through Blade Passage

Figure 10 shows the development of the components
of X, through the passage at both instants. The vis-
cous work term &, is negligible across the whole pas-
sage. The kinetic contribution & is on average slightly
higher when the shock lies further into the passage,
though the difference is small in comparison with that
in the pressure term, which carries the majority of the
change between the two instants. The behaviour of
&, differs markedly between the two positions. With
the shock at its forward position, the pressure work
rises steeply from the leading edge and reaches a
plateau by approximately x/C,, = 0.6, after which
it declines towards the trailing edge. With the shock
further into the passage (T/CTU = 51.54), the pres-
sure work is initially lower, falling to a minimum near
x/Cqy = 0.18 before rising, but continues to increase
over the whole passage without reaching a plateau.
The consequence is that although the rearward shock
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position yields the lower pressure work over the for-
ward portion of the blade, the sustained rise allows it
to exceed the total work produced once the flow has
travelled through the entire passage.

4. CONCLUSION

This work has demonstrated the application of the far-
field exergy balance to a scale-resolving simulation of
a 2.5D transonic compressor blade section. The work
done on the fluid by the blade was found to fluctuate
at a discrete frequency of 489Hz. Instantaneous
Mach number contours extracted at successive
troughs and at the intervening maximum confirmed
that this frequency corresponds to the oscillation
of the passage shock, which traverses between a
forward position characteristic of near-stall operation
and a rearward position within the passage, changing
structure as it does so to closer resemble the shock
system associated with peak-efficiency operation.
The fluctuations in total work are therefore directly
attributable to the motion and reconfiguration of the
shock and its interaction with the blade surface’s
boundary layer.

The exergy balance was then applied at the two
extrema of the shock oscillation. The far-field and
near-field sides of the balance were found to agree to
approximately 3.6% at both instants. The decompo-
sition showed that the majority of the work supplied
by the blade remains available as mechanical exergy
at a station immediately downstream of the trailing
edge, with the destroyed exergy amounting to be-
tween 1.5 and 2.2% of the total, corresponding to a
PER of 0.978 and 0.985 at the forward and rearward
shock positions respectively.

Finally, it was demonstrated that the balance can
be swept through the passage to resolve the de-
velopment of each contribution with axial position.
This identified the station at which the unsteady
storage term Xv(t) first departs from zero, coinciding
closely with the location at which the shock meets the
boundary layer, and allowed the difference in work
between the two shock states to be attributed to the
pressure work term and quantified as a function of
position through the passage.

The methodology established here provides the basis
on which the effect of passive flow control devices,
and specifically shock control bumps, may be as-
sessed within the SAFUMA program. Two areas
for further development have been identified in the
course of this work. The first is the evaluation of the
balance directly on the high-order DG representation,
rather than through the transformation of the solution
to a finite volume form as required here. The second
is the application of the balance within a moving
mesh framework, which would permit its use in
flutter-driven fluid-structure interaction studies. Within
the turbomachinery environment this would require
an adaptation to the implementation to account for
the presence of phase shifted periodic conditions
required for flutter simulations.
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