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Abstract

The overall architecture of gas turbines has been recently re-evaluated by investigating innovative cycles aimed at substantially
increasing the thermal efficiency. One attractive solution is the pressure gain combustion cycle and in particular the Constant
Volume Combustor (CVC) technology. The aim of this paper is to present the experimental results obtained analyzing an exhaust
system designed to integrate a CVC with a high-pressure turbine vane. In particular, the geometry of the CVC tested at the PPrime
Institute has been considered for the design of the new device. That CVC uses a mixture of air and liquid iso-octane, while an
isochoric, exothermic process is ensured by using two pairs of rotary valves. The newly-designed transition duct aims at greatly
reducing the flow fluctuations generated by the valves, and is positioned between the CVC and an existing converging-diverging
nozzle. Two windows are placed at the top and at the side of the duct to allow for performing particle image velocimetry analysis.
The current experimental campaign is inert as fuel injection does not take place. Two different test runs have been performed
by varying the inlet stagnation pressure of the combustion chamber. Obtained results demonstrate the ability of the duct to both
accelerate the flow field and reduce the time-dependent distortions generated by the exhaust valves. The presented results also pave
the way for a following reactive campaign, which is expected to prove the overall concept and to provide fundamental information
about the coupling between the CVC and the turbine.
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1 Introduction

The Pressure Gain Combustion (PGC) technology was ini-
tially introduced by Holzwarth [1], who suggested to exploit
the concept of isochoric combustion inside of Gas Turbine
(GT) cycles. The fundamental difference between the Brayton
and PGC cycles relies in the fact that in the latter case the stag-
nation pressure of the burnt gases increases during the com-
bustion process [2], thus reaching a higher theoretical thermal
efficiency value [3] and reducing the specific fuels consump-
tion if compared with conventional cycles, both in the propul-
sion and the power generation fields [4].

Component interaction has always been one of the most rel-
evant topics in GT design and operation [5]. Usually, vanes
and blades are designed based on the assumption of steady
inflow conditions, whereas PGC cycles are characterized by
pulsating combustor outlet flows. Therefore, increasing at-
tention has been paid to the study of the integration of PGC
modules with turbine stages to quantify the effect of a pul-
sating inflow condition on turbine efficiency. Fernelius ef al.
[6] experimentally evidenced the reduction of the efficiency
of an axial turbine working under a low-frequency axial flow
pulsation. It was also demonstrated that the fluctuation of the
incidence angle plays a major role in performance degrada-
tion. Pioneering recommendations for the design process of
turbine airfoils that work under pulsating conditions were pro-
vided based on experimental data [7, 8]. More problems arise
in the case of Pulsed Detonation Engines (PDE) [9] and Ro-
tating Detonation Engines (RDE) [10, 11], which are charac-
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terized by the occurrence of detonation processes along with
the combustion process. In fact, the beneficial effect on the
cycle efficiency associated with the pressure increase occur-
ring in the combustion chamber is limited by the development
of a pulsating outflow that is characterized by a supersonic
Mach number, which may be responsible for the un-starting
of the cascade that is positioned downstream of the Rotating
Detonation Combustor (RDC) [12]. To cope with that limi-
tation, Liu et al. [13, 14] designed a High-Pressure Turbine
(HPT) vane characterized by diffusive end-walls, which en-
sured the ingestion of the high-enthalpy flow coming from the
RDC. Moreover, the HPT vane and the end-walls have been
optimized to attenuate the total pressure fluctuations and max-
imize the efficiency [15-17]. In addition, cooling holes posi-
tioned in the diffusive part of the end-walls have been suc-
cessfully exploited as passive flow control systems aimed at
reducing secondary flows intensity [18].

A relevant experimental contribution to the RDC/HPT in-
teraction set of studies has been provided by Naples et al.
[19], who replaced the combustion core of the T63 (C20-
250) gas turbine with an RDC. They demonstrated that the tur-
bine efficiency is weakly affected by the pulsation of the flow
thanks to its high passing frequency (usually around 10 kHz)
and to the inertia of the flow, that does not react to incoming
solicitations with a comparable frequency. The presence of a
rotating oblique shock also plays a major role in the effective
integration of a RDC into a HPT stage [20]. It was proved that
if the oblique shock is not aligned with the stagger angle of the
vanes, a complex wave reflection system occurs [21] and total
pressure attenuation through the cascade happens [22]. In fact,
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an experimental study done by Bach et al. [23] demonstrated
that higher performance can be obtained when the stagger an-
gle is aligned with the oblique shock since this configuration
generated a lower amount of reflecting shocks, thus facilitat-
ing the starting of the vane passages. Subject of the analysis
was the NACA 0006 airfoil. In the case of PDEs, Glaser et
al. [24] integrated experimentally a series of can-annular Pul-
sating Detonation Combustors (PDCs) with a HPT stage [24].
In that case it was concluded that the sequential firing of PDC
tubes was the main reason of the reduced turbine performance.
In addition to the RDC technology, which is based on su-
personic detonation, the Constant Volume Combustion (CVC)
technology allows for increasing the total pressure of the mix-
ture across the combustion process by means of subsonic de-
flagration. The CVC process is conceptually similar to the one
occurring in internal combustion engines. In gas turbines, it
generates a pulsating flow characterized by high enthalpy and
very high turbulence levels that oscillates without shocks and
with limited tangential non-uniformities at the module exit
section. Therefore, it is very challenging to perform detailed
measurements at the exhaust of a CVC in order to investigate
the complex outflow for the integration with a HPT stage.
The current paper presents the results obtained through an
experimental campaign aimed at analyzing the flow field de-
velopment in a newly-designed CVC exhaust section, and is
supported by the EU-funded Marie Sklodowska-Curie Action
INSPIRE. The prototype machine selected for the current re-
search has been designed and tested at the PPrime Institute
[25] and consists of a chamber with a pair of inlet and outlet
rotary valves. First, fresh air is guided inside of the cham-
ber. Then, direct injection of liquid iso-octane takes place
and a spark-plug igniter is used to trigger the combustion with
closed valves. The combustion process can be considered iso-
choric and the total quantities of the medium significantly rise
after the exothermic process. Finally, the valves open and
the burnt gases are expanded at atmospheric conditions. The
exhaust system consists of a rectangular plenum mounted to
a circular converging-diverging nozzle. An extensive para-
metric experimental campaign performed by varying the op-
erating frequency, the exhaust plenum sizes, and the nozzle
throat diameter provided valuable results for the operation of
the CVC rig [26]. It was concluded that both the local spark
timing velocity and the residual burned gases characteristics
are crucial parameters for the combustion process, as it was
numerically confirmed by Large Eddy Simulations [27].
Efforts were made to investigate how the CVC can be in-
tegrated with a HPT stage. First, a 1D model tuned to repro-
duce the experimental data of the test rig was created, focusing
on the specification of the transient conditions downstream
of the exhaust valves [28-30]. Then, an unsteady numeri-
cal optimization procedure allowed for designing a transition
duct able to attenuate the pulsating outflow of the CVC before
reaching a HPT vane [31]. The unsteady numerical analysis
of the ensemble exhaust system of the CVC, which consisted
of the plenum, the transition duct and the vane, demonstrated
that newly-designed exhaust system guarantees 10.6 % of to-
tal pressure attenuation over 2.96 % of stagnation pressure
losses.
The transition duct designed by Gallis [31] et al. is then

modified to serve the needs of the experimental test rig op-
erated at the PPrime Institute. Downstream of it, a circular
converging-diverging nozzle is mounted to mimic the back-
pressure effect of the HPT vane. At this first stage of the anal-
ysis, neither injection nor ignition occur inside of the chamber,
thus neglecting the effects of the combustion process. How-
ever, the fast rotation of the valves is preserved generating
perturbations of total pressure inside of the duct. These flow
oscillations are the subject of this study. The instrumenta-
tion of the activity includes three fast response pressure mea-
surements located inside of the chamber, both upstream of
the transition duct and downstream of it. In addition, low
frequency Particle Image Velocimetry (PIV) analysis is con-
ducted at the meridional section of the transition duct. Two
levels of inlet stagnation pressure of the test rig are tested,
namely 2 bar and 4 bar. The transient acceleration inside the
connective component is captured and thoroughly described
for different moments of the cycle. This study allows for both
describing the complex aerodynamic behavior of the coupled
CVC/duct system and demonstrating the capability of the new
device to weaken the flow oscillations. It is also a fundamen-
tal step towards the upcoming analysis of the reactive case,
which paves the way for a highly detailed experimental inves-
tigation of the unsteady outflow from a CVC by using reactive
PIV.

2 Experimental Apparatus

In this section, the experimental rig and the instrumentation
of the test section are discussed. In particular, the test rig is
presented in Section 2.1. A detailed description of each part
and the functional purpose of every component is provided.
Section 2.2 focuses on the measurement techniques that are
used in this study. First, the pressure measurements are pre-
sented, then the PIV analysis of the perturbing exhaust flow
field follows. In the end, Section 2.3 describes the potential
uncertainty sources of the study.

2.1 Test Rig

The experimental test rig is displayed in Fig. 1a. The system
starts with the intake tank (1), which supplies air at a temper-
ature ~ 14 °C to the system. The stagnation pressure of the
air can be modified by a pressure dome regulator [26] posi-
tioned upstream of the intake plenum. Afterwards, there is
the inlet plenum (2), that leads the air inside of the combus-
tion chamber (3). The combustion chamber has a pair of inlet
and outlet rotary valves. Fresh air enters inside of the cham-
ber when the inlet valves are open and the exhaust valves are
closed. Then, the inlet valves close and direct injection of lig-
uid iso-octane occurs inside of the chamber. With the help
of a spark plug igniter an isochoric combustion takes place
as both inlet and outlet rotary valves are closed. Afterwards,
only the exhaust valves of the chamber open thus allowing the
combustion products to expand through the exhaust section to
atmospheric conditions. Finally, both inlet and outlet valves
open, the chamber is supplied with fresh air and the cyclic op-
eration of the CVC keeps repeating. The outtake system of the
CVC consists of a rectangular exhaust plenum (4) and of the



newly designed device (5). An isometric visualization of the
exhaust system is reported in Fig. 1b, where the laser source
for the PIV (6) and the camera (7) are visible. Moreover, the
cut-view reported in Fig. 1c shows that the exhaust system is
divided into a transition duct (i), a change area duct (ii) and a
converging-diverging nozzle (iii) that flows out at atmospheric
conditions.

Figure 1: Experimental Test Rig (a), Isometric View of the
Exhaust System (b) and Cut-View of the Exhaust System (c).

The geometry of the duct used in this experimental activ-
ity (referred to as "Man", manufactured) differs from the one
originally designed by Gallis ef al. [31] (referred to as "Opt",
optimized). The meridional profile of the Opt transition duct
is reported in Fig. 2a and is the result of a numerical activity
which had as a goal the integration of the CVC exhaust with
a HPT vane [31]. The optimization process allowed for de-
signing a meridional profile that alleviated the time-dependent
fluctuation of the exhaust flow field. However, the profile of
the Man transition duct reported in Fig. 2a is quite different. In
fact, due to the PIV measurements requirements it is necessary
to have a flat window in the upper part of the exhaust wall. For
that reason, the manufactured transition duct of Fig. 2a keeps
the same area ratio of the optimized case (see Fig. 2b), but
with a flat upper end-wall.

Also, the Opt transition duct was designed to connect the
exhaust plenum of the CVC with the LS89 annular cascade
[32]. The cascade is omitted from the experimental campaign
and a duct with a variable area distribution (referred to as (ii)
in Fig. 1c) is used to transform the rectangular section to a
circular one and connect it with a converging-diverging noz-

zle (referred to as (iii) in Fig. 1c). The geometrical features
of the nozzle are the same as of the previously performed ex-
perimental analysis [26]. Its design is based on the ISO-9300
norm [33] with a throat diameter of 20 mm, which corresponds
to an area that is equivalent to the one of the LS89 annular cas-
cade used for the optimization by Gallis ez al. [31].

Finally, the present experimental case is inert while the Opt
geometry was obtained considering a reactive case and the hot
exhaust gases from the CVC. The combustion process is not
included in this analysis that aims at studying the aerodynam-
ics of the Man device, which are not known from previously
performed numerical activity. However, the CVC cyclic ro-
tation of the inlet and exhaust valves is maintained as well
as the filling-emptying process of the chamber. As a result,
highly oscillating airflow passes the exhaust section due to the
fast valves rotation.
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Figure 2: Comparison of Optimized and Manufactured Tran-
sition Duct Profiles (a) and Area Ratio Evolution (b).

In this experimental work two cases are investigated, in
which the incoming air has total pressure of 2 bar and 4 bar
resulting in test rig pressure ratio (Eq. 1) of 0.51 and 0.25
respectively. Since the outflow of the CVC is significantly
pulsating, the outlet velocity is not constant. As a result, a ref-
erence Reynolds number is used for the two cases, in accor-
dance with Equation 2. In this expression, the speed of sound
of the medium at the upstream tank (1 in Fig. 1a) of the test rig
is computed. As characteristic length is used the length of the
transition duct Ly. Moreover, the effective cycle of the valves
is set to 25 Hz for both cases. In Table 1, the characteristic
numbers of the two experimental sets are enlisted.

Tig = 55— (D
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Case | P in | Tt in fcycle Tlrig Reig
a | 2bar | 14°C [ 25Hz | 0.51 | 3.2-10°
b dbar | 14°C | 25Hz | 0.25 | 6.47- 10°

Table 1: Conditions of Two Experimental Sets.

2.2 Measurement Equipment

The instrumentation of the test rig includes fast response pres-
sure measurements and PIV analysis. Concerning the pressure
measurements, three sensors are employed in this study whose
sampling frequency is 100 kHz. A Kistler 4011 recessed sen-
sor is implemented inside of the combustion chamber. The
goal of this sensor is to monitor the pressure fluctuations up-
stream of the exhaust section. Afterwards, the focus of the
analysis is on the newly-manufactured exhaust section. Two
sensors locations P; and P> can be seen in Fig. 1c. A Kistler
4007 recessed sensor is placed upstream of the transition duct,
while a Kistler 4049 flush-mounted sensor is positioned down-
stream. These two sensors track the pressure values upstream
and downstream of the accelerating region. Overall, these
three sensors help providing the magnitude of the pressure
fluctuations upstream of the exhaust valves, upstream of the
transition duct, and downstream of it. Also, the static pressure
measurement at P; location can state whether the downstream
nozzle is choked or not. In fact, due to the low velocity at
the P; location, which is positioned before the geometrical re-
striction of the transition duct, it can be assumed that the static
pressure level is very close to the stagnation pressure down-
stream of the exhaust valves.

Concerning the PIV analysis, the laser source (6) and the
camera (7) can be identified in Fig. 1a and Fig. 1b. The
low frequency PIV system uses Quantel Evergreen to gener-
ate a laser sheet of 2 - 100 mJ/pulse at 25 Hz. The Imager
SCMOS camera with a resolution of 2560 x 2160 pixels of
6.5 um x 6.5 um size captures the oscillating outflow. Silicon
oil droplets are used for the seeding purposes. In fact, seed-
ing takes place at the intake plenum (1 in Fig. 1a). In Fig. 1b,
the two glass windows are displayed. The upper window en-
sures the penetration of the laser sheet, while the lateral win-
dow allows for optical access inside of the transition duct. In
Fig. Ic, the Field of View (FOV) is presented. The goal of the
PIV is to analyze the transient acceleration of the exhaust flow
through the transition duct. In addition, it can be highlighted
that the laser sheet scans the middle of the transition duct in-
cluding Py and P, sensors. Moreover, the Programmable Tim-
ing Unit (PTU X) coordinates the synchronization between
the laser sheet and the camera. After the end of the exper-
iments, the DaVis commercial software [34] is used for the
post-processing of images. An interrogation window 16 x 16
pixels with 25 % overlap is applied.

The rotational speed of the pair of both inlet and outlet

valves is set at 750 rpm (12.5 Hz). Nevertheless, during one
rotation, the valves open and close twice. As a result, the ef-
fective frequency of the cycle is 25 Hz (40 ms). In Fig. 3, the
valves lift law is illustrated. The blue dashed curve describes
the lift law of inlet valves (In-Valve), while the red dashed
curve (Ex-Valve) shows the lift law of the exhaust valves for
one full valve rotational period. Since the experimental ac-
tivity is non-reactive, the cycle variability between two con-
secutive cycles is negligible. For every different moment of
the cycle, the exhaust flow field in the transition duct is ex-
pected to be almost identical from cycle to cycle. Thus, it is
allowed to be performed ensemble averaging technique on the
PIV measurements.

The aforementioned frequency of the PIV system is 25 Hz.
Consequently, a single PIV sample is allowed per cycle.
Therefore, a repetitive process is needed to capture the evo-
lution of a periodic exhaust field. The CVC test rig operates
in total for 200 cycles (8 s). Therefore, each cycle is split into
20 segments of constant time step of 2 ms. The 20 different
time delays of the PIV process are illustrated with dashed ver-
tical lines in Fig. 3. As a result, for every of the 20 time splits
of the cycle, 200 PIV samples occur. By averaging for each of
the 20 time delays the 200 PIV samples, the ensemble aver-
aging of the cycle is achieved. For example, the experimental
test rig operates for 200 cycles and the PIV system monitors
the exhaust field at 25 Hz with a time delay of 25 % of the
cycle. As a result, 200 different PIV fields for the first time
delay of 25 % are sampled at the end of the experimental test.
By averaging these 200 different PIV events, the ensemble
average PIV field for the 25 % of the cycle is accomplished.
Similarly, an experimental test is performed again for 200 cy-
cles, but the PIV time delay is set to 30 % of the cycle. In the
end, the ensemble average PIV field of 30 % of the cycle is
performed by averaging the new 200 different PIV fields. By
proceeding repetitively to the remaining 18 time delays, the
ensemble average PIV field for 20 different cycle moments is
reconstructed. In total, 20 different experimental tests are per-
formed for each case. Thus, 4000 PIV samples are recorded
for each case of Table 1.

2.3 Uncertainty of Measurements

The fast-response sensors used for the pressure measurements
are piezoresistive. The uncertainty level specified by the man-
ufactured (Kistler) is at 0.2 % of the measurement value. In
parallel, it is important to investigate the uncertainty sources
of the PIV measurements in order to define the level of accu-
racy of the study. In PIV analysis, uncertainties arise mainly
due to system components (e.g. installation and alignment,
timing and synchronization, particle tracing capabilities, il-
Iumination), due to the flow, and due to the evaluation tech-
niques [35]. The uncertainty quantification can been seen in
Equation 3. In fact, the uncertainty of velocity vector (8v)
is split into the uncertainty due to the particle displacement
((8v)ax), due to laser pulse separation ((8v)a,) and due to
magnification ((6v)y). The error arose by the temporal dif-
ference of the two laser emission (Af;) is usually in the order
of 1 ns. The analysis utilizes Af; in much higher order of mag-
nitude ([7 — 15] ws). Therefore, this type of uncertainty can be



considered negligible. In parallel, the contribution of uncer-
tainty due to the magnification can be considered almost zero
as well, since the magnification field is considerably larger
than the dimensions of micro-fluid applications.

8V = (8v)ax + (8v) + (8v)ur 3)

As a result, the uncertainty originated by particle displace-
ment can solely characterize the uncertainty of the velocity
vector measurements. Hence, let us consider a defined vector
field grid, and j a specific location of this grid. For every time
moment of the cycle ¢, the ensemble average velocity vec-
tor (¥;(¢)) is derived by averaging a certain number of time
instances (Ng4) of this specific vector (Eq. 4). For the cur-
rent experimental campaign, the N4 is equal to 200. Simi-
larly for the same grid location, the standard deviation of the
recorded vectors that constitute the ensemble average vector
can be computed (Eq. 5). As a consequence, the uncertainty
of the ensemble average velocity vector v at the specific loca-
tion of the grid j for the every time moment of the cycle ¢ is
given by Equation 6 [34].

1 Nea
vj(t) = Nex ; vij(1) 4)
1 Nea
olv;(t)] = Nia 71["171(0 (1)) (%)
8v;(t) = o[7;(1)] NLM ©)

By sequentially performing these computations on every
grid point j, the uncertainty velocity vector profile can be
specified for every time moment of the cycle . The ensemble
averaging process offers 20 different velocity profiles, con-
sequently 20 different uncertainty velocity profiles as well. A
useful statistical evaluation can be the cycle assessment of this
property. As a result, for every grid point j, the cycle average
uncertainty of the velocity vector v for a period T is given
by Equation 7. In accordance, the standard deviation of the
uncertainty during the cycle can be computed by Equation 8.

.1 T
&= /O Sv;(1)dr )
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Hence, after the post-processing of the velocity vector pro-
files it is possible to retrieve the cycle average and cycle stan-
dard deviation behavior of the velocity vector uncertainty pro-
file. In particular, there are two sources that generate signifi-
cant uncertainty levels in the flow field. First, the oil used for
lubrication purposes of the valves passes through the exhaust
system and is accumulated close to the upper straight end-
wall of the duct. Similarly, accumulation of lubricating oil
can occur at the start of the lower end-wall contouring of the
transition duct. As a result, when the laser scans these loca-
tion, excessive illumination can happen imposing difficulties

on the cross-correlation of those zones. In parallel, on both
upper and lower end-walls, fillet radius is used at the right side
of the transition duct’s entrance, as it can be seen in Fig. 1b.
This fillet modification propagates along the transition duct’s
length. These curved parts of the transition duct are absent by
the PIV field, as the laser sheet scans the FOV at the middle
cross-section of the transition duct (see Fig. 1c). Nevertheless,
parasitic reflections may arise from these zones, which are in
the background of the analyzed flow field, interfering with the
resulting vector field.

3 Experimental Results

The results of the experimental campaign are presented in
Section 3. In Section 3.1 the pressure traces at the cham-
ber, upstream and downstream of the transition duct for the
two cases are discussed. The results of the PIV analysis are
included in Section 3.2, then a performance comparison be-
tween the two cases takes place in Section 3.3.

3.1 Pressure Measurements

In Fig. 3, the evolution of static pressure both upstream and
downstream of the transition duct is reported for case a and
case b (see Table 1). The signals of these three sensors are de-
rived after applying a Phase-Locked Averaging (PLA) analy-
sis utilizing the rotation period of the valves (80 ms) instead of
the cycle (40 ms) period. However, due to the lack of combus-
tion, the dynamics inside of the chamber and in the transition
duct do not change during every cycle. Thus, the PLA signals
of 0—40 ms ([0 — 1] of /T, in Fig. 3) are identical with the
time window of 0 — 80 ms ([1 — 2] of 1/ T,y in Fig. 3) for the
three sensors for both inlet conditions.

Starting from the first case of Fig. 3a, when both valves are
closed the chamber is highly pressurized, while the locations
of the transition duct approaches the atmospheric pressure.
The gaps of inlet and outlet valves allow a very small portion
of leaking air for exiting the chamber and expanding inside of
the transition duct. As the exhaust valves open (0 — 30 % of
cycle), the pressure inside of the chamber drops, while an in-
crease of pressure level is observed for the P; and P> sensors.
In fact, the chamber pressure level approaches the one of the
transition duct at the 30 % of cycle. Later, the intake valves
open (30 — 55 % of cycle), while the exhaust valves remain
open as well. The penetration of air inside of the chamber
significantly increases the pressure inside of it. Similarly, the
pressure upstream and downstream of the transition duct in-
creases. The transition duct pressure value reaches its maxi-
mum at 50 % of cycle, as the exhaust valves are about to close
(55 % of cycle). As the outtake valves are closed (55 —70 %
of cycle), the effect of the opening of the inlet valves is evident
only to the chamber, in which the pressure is still increasing.
On the contrary, a constant decay is observed for the pressure
sensors of the transition duct. When the intake valves close at
70 % of cycle, the chamber pressure maintains a high level,
while a negligible decay is observed due to the leakage of the
exhaust valves. On the other hand, the air in the exhaust sys-
tem is still being discharged to atmospheric conditions. After
85 % of the cycle, the pressure levels across the transition
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Figure 3: PLA Pressure Traces at Combustion Chamber, Upstream and Downstream of Exhaust System for Case a & b.

duct approach the atmospheric value by expanding the leak-
age flow from the chamber though the exhaust valves. An
identical repeated cycle can be observed for the next periodic
time frame of 100 — 200 % of the cycle.

Likewise, the pressure traces for the case b are displayed
in Fig. 3b. There are four main differences between the two
cases. First, the level of pressure for all the sensors is obvi-
ously higher for the second case. In fact, the higher stagna-
tion pressure in the supply system of the test rig increases the
level of static pressure of all the components. A second dif-
ference can be observed in the morphology of the decay of
transition duct sensors. In Fig. 3b, P; and P, do not reach the
atmospheric pressure during the common valves closing time
window (70 — 100 %), as happened in case a. On the contrary,
a constant decay is observed. This difference is explained by
the fact that there is still air inside the exhaust system that
needs to be discharged. For the case a, the majority of the air
in the exhaust system is already expanded before of the com-
mon closing valves time window. Thus, the level of pressure
approaches the atmospheric value and the exhaust system ex-
pands the leakage flow by the exhaust valves. On the contrary,
in the case b the common closing valves time window is not
wide enough to completely empty the exhaust system.

Later, a misleading conclusion can be derived, since the
chamber pressure exceeds the supplying stagnation pressure
(2 bar) in Fig. 3a. Nonetheless, the significant dynamics in-
side of the chamber due to the opening and closing of inlet and
outlet exhaust valves oscillate the pressure. Hence, perhaps
the amplitude of the oscillation surpasses the stagnation pres-
sure, but in average the pressure inside of chamber is lower
than the inlet supplying total pressure. However, in Fig. 3b
the chamber’s pressure do not exceed the inlet total pressure.
For the two different cases, the different pressure ratios (Ta-
ble 1) lead to different oscillating massflow rates and total
pressure losses. Thus, it is necessary to characterize the os-

cillation of pressure for the three sensors. The time-average
pressure value (Eq. 9) and the standard deviation (Eq. 10) of
pressure signals derived by the PLA of Fig. 3 are normalized
with the help of inlet total pressure for the two cases respec-
tively. The results can be seen in Table 2. The elevated inlet
supplying pressure and the further reduced test rig pressure
ratio of case b induces more losses in the inlet supply system
providing the chamber with less pressure comparing to case a.
In addition, the transition duct is able to reduce the standard
deviation of the pressure from inlet (sensor 1) to outlet (sensor
2) for a cycle for both cases.

P L pdr ©
Pt, in
oipy = 2P (10)
Pt, in
Case | Sensor P G(AP)
cc 98.39 % 17.98 %
a 1 61.1 % 10.29 %
2 60.73 % 9.83 %
cc 82.31 % 18.08 %
b 1 44.58 % 11.35%
2 44.09 % 11.05 %

Table 2: Statistical Analysis of PLA Pressure Evolution of
Case a and b.

The fourth difference lies on the performance of the exhaust
nozzle. As already mentioned, it can be assumed that the pres-
sure trace of P; is quite close to the total pressure trace due to
the low Mach number value of the flow. Thus, this sensor
gives a reliable estimation of the stagnation pressure upstream
of the exhaust nozzle. As it is evident, the estimated stagna-



tion pressure of the exhaust nozzle varies in time. Considering
that the gas is expanded to the atmospheric pressure, the pres-
sure ratio of the exhaust nozzle varies as well (Eq. 11). Since
no heat addition or work extraction occurs in the test rig, the
temperature of the medium can be considered constant. In ad-
dition, no combustion takes place and the composition of gas
is kept the same. As a result, the specific heat capacity ratio
() of the medium is unaltered, and the constant critical pres-
sure ratio of the exhaust nozzle is given by Equation 12. Since
the varying pressure ratio of the exhaust nozzle is known, the
moments of the cycle in which the nozzle is choked can be
specified. Based on the obtained data, it is concluded that the
low level of supplied pressure of case a is not enough to bring
the pressure ratio of the nozzle below the critical. On the con-
trary, in case b the nozzle is choked during ~ 34 % of the
cycle. The latter case is close to the time window of the re-
active case (= 50 % of cycle) found by a numerical study of
Gallis et al. [29].

P P
Tozte = 5~ (an
t,
+1 =
ncr_(yz )7 (12)

3.2 PIV Measurements

PIV analysis is able to shed light on the phenomena occurring
in the transition duct. In Fig. 4, PIV flow fields in the exhaust
system are portrayed for the time moments 25 — 50 % of the
cycle for the case a. These time instances are selected as they
provide the most interesting information about the flow field
inside of the transition duct. In fact, it is the time window in
which the exhaust valves are open and the intake valves start
to open as well. The analysis finishes just before the closing
time of the exhaust valves. A similar representation of the
varying exhaust flow field of the transition duct for the exact
same cycle moments for case b can be found in Fig. 5.

At 25 % of cycle for case a, the exhaust valves are com-
pletely open, while the intake valves are closed. The effect
of the exhaust valves can be observed in the inlet of the FOV,
where a vortex is generated inside of the plenum by the ex-
pansion of the flow. The flow crosses the valves and generates
a vortex that is placed upstream of the transition duct and par-
tially of the FOV as well. The concentrated white "cloud" on
velocity field implies the presence of a vortex. In particular,
this structure is a counterclockwise vortex. On the next time
step (30 % of cycle), the vortex can be seen moving towards
the down wall at the start of the transition duct. At 35 % of
cycle, it can be detected in a lower position and closer to the
start of the transition duct. At 40 % of the cycle, the vortex is
pushed towards the initial part of the lower wall of the transi-
tion duct and starts to decrease its intensity due to the open-
ing of the inlet valves. The effect of intake system is evident
after 40 % of the cycle, when the static pressure of the tran-
sition duct sensors rises. When the exhaust valves are ready
to close (45 — 50 % of cycle), the effect of the exhaust valves
is no more visible as the vortex disappears. Also, there is no
indication of a newly-generated vortex and the inlet velocity
profile is quite uniform. It can be here reported that the ve-

locity field inside the transition duct remains uniform in the
55— 100 % of cycle interval. As the valves are closed no ef-
fect is noticed. Although, a constant deceleration of the flow
field is observed till the moment of the opening of the exhaust
valves (100 % of cycle). Afterwards, the transition duct expe-
riences an acceleration till the 120 % of cycle, when the cycle
repeats again.

Similarly, the analysis can be extended for the same time
moments for case b in Fig. 5. A first conclusion is that the
transition duct accelerates more the outflow with respect to
case a. A vortex can be identified again at 25 % of cycle.
Conversely to case a, the vortex has a clockwise rotation. At
the next time step, the vortex enters inside of the FOV, while
a great acceleration can be detected in the middle lower end-
wall of the transition duct. The vortex recedes at 35 % of
cycle, while in the next moment the effect of the inlet valves
is visible. The vortex is pushed downstream towards the upper
wall of the transition duct, while the maximum outlet velocity
speed is achieved (= 130 m/s). As the exhaust valves close,
the vortex is located at the start of the upper wall, while its
size is decreased. At 45 % of cycle, it is entirely inside the
FOV. Later, the velocity field is more uniform and a constant
deceleration is observed after the closing of the exhaust valves
(55— 100 % of cycle). With the opening of the outlet valves
(100 % of cycle), the flow field inside of the transition duct is
accelerated till the 120 % of period. Later, a new cycle starts
again.

The two cases exhibit two different types of vortices with
two different trajectories. The sudden expansion by the ex-
haust valves opening (25 — 40 % of cycle) generates a vortex
which only its half is firstly evident, while its subsequent tra-
jectory uncovers all its entity. The reason why the two cases
exhibit different sign of rotation of this vortex cannot be di-
rectly answered. First of all, the exhaust valves constitute
three equal time-varying flow cross section in vertical direc-
tion (y— axis) [29]. Nonetheless, downstream of the exhaust
valves the area restriction of the transition duct is not equally
distributed (see Fig.2a y— axis). The restriction occurs only
to the upper part of the duct. Thus, the pressure distribution
at the entrance of the transition duct is not expected to be uni-
form at the vertical direction (y— axis). Consequently, the
three equal time-varying flow cross sections of the exhaust
valves do not experience the same pressure gradient. There-
fore, they provide the exhaust plenum and subsequently the
transition duct with different massflow rates. This imbalance
of pressure gradient for two cases generates different sign of
rotation. Nonetheless, the reasons for clockwise or coun-
terclockwise rotation would potentially be uncovered either
through similar experimental visualizations, including the up-
stream portion of the plenum, or with advanced transient CFD
analysis, including the valve bodies.

In Fig. 6a, the cycle average uncertainty velocity vector
profile of the case a is portrayed, while the standard de-
viation is seen in Fig. 6b. It is evident that the lubricat-
ing oil deposition at upper end-wall (y/Lroy > 0.6) signifi-
cantly increases the level of uncertainty. Moreover, the back-
ground curved walls close to the exit of the transition duct
(x/Lpov € [—1,-0.6], y/Lrov € [0.52,0.6]) generate para-
sitic reflections increasing the error of velocity measurements.
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Figure 5: Velocity Field of Transition Duct at 25 %, 30 %, 35 %, 40 %, 45 % & 50 % of the cycle for Case b.

Similar remarks can be found for the case b (Fig. 7). The more location is quite high, since cross-correlation is unable to take
accelerated flow field increases the maximum cycle average place, as it is indicated at the velocity fields of Fig. 5. The PIV
uncertainty levels, while oil deposition at the start of lower analysis cannot provide velocity vectors in this zone. Hence,
end-wall (x/Lroy € [—0.154,0], y/Lroy € [0,0.05]) results the variation of the velocity vectors at this location is very low
in null values of uncertainty. In reality, the uncertainty at this through time. Following Equations 4-8, the uncertainty of a
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correlation window that provides constantly low level of ve-
locity will provide low level of uncertainty. At Table 3, the
spatial average of cycle average and standard deviation of un-
certainty velocity vector of the flow field for the two cases is
presented. In general, the velocity field is characterized by
low cycle average uncertainty for both cases, that in average
does not exceed the 1 m/s.

Case (67AV) o (0v)
a 0.53m/s | 0.246 m/s
b | 0.628 m/s | 0.371 m/s

Table 3: Spatial Averaged Uncertainty Levels of Fig. 6 and 7.

3.3 Performance Evaluation

To evaluate the effectiveness of the transition duct in weaken-
ing the undesired fluctuations from the CVC, the PIV sample
for the 25 % of cycle for case b is portrayed in Fig. 8 as an ex-
ample. The inlet and outlet non-dimensional velocity profiles
are illustrated in Fig. 8a, while the sample of PIV is placed
in Fig. 8b. The sudden change of sign for the inlet velocity
profile at j#y"i ~ 0.5 can be observed. This change is justified
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.
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0 12 23 3.5
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by the vortex standing in the inlet of FOV. On the other hand,
the outlet velocity profile is quite uniform. A metric to de-
fine the uniformity of the inlet and outlet velocity profile is
the coefficient of variance (COV,, ). The mean local velocity
(Eq. 13) at a specific axial location x; (inlet or outlet) is com-
pared with the standard deviation of the vertical distribution
(y—direction) of the velocity for the same axial location. This
metric is given in Equation 14 and represents a useful property
to quantify the deformation of the velocity with respect to the
average value for a specific axial location.

_ 1 ym{L’(
= [ ut)dy (13)

Ymax — Ymin J ymin

ofu(xi,y)]

COVy,y = (14)

Moreover, the turbulence level for the inlet and outlet of
the transition duct can be specified. For that purpose, the tur-
bulence kinetic energy (TKE) is normalized in accordance
with the spatial average inlet velocity, as indicated in Equa-
tion 15. The temporal variation of spatial average inlet ve-
locity of Equation 13 is used for this purpose. This prop-
erty indicates how much turbulent is the inlet and outlet of
the transition duct with respect the spatial average inlet veloc-
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ity. The results of this analysis are shown in Table 4. For the
25 % of cycle instant currently shown, the outlet of transition
duct achieves to drop the COVy, ,, by one order of magnitude,
from 9.72 at the the inlet of the duct to 0.13. In conclusion,
the transition duct accelerates the flow and generates a mostly
uniform velocity profile for this specific instant.

~  TKE
k= (15)
2Uin
Location u COVy, y k
Inlet 7.45m/s 9.72 74.31
Outlet 106.36 m/s 0.13 30.35

Table 4: Performance Evaluation of the Transition Duct for
25% of Cycle for Case b in correspondence to Fig. 8.

This analysis can be extended to all the PIV samples. In
Fig. 9, the spatially-averaged velocity, static pressure, COV,, y
and k for the case a are presented. In Fig. 9a, the average in-
let and outlet velocity of the transition duct are inserted. In
parallel, the pressure distribution of the inlet and outlet pres-
sure sensor of the transition duct are included. In Fig. 9b, the
COV,, y at inlet and outlet is reported. The same graphs are
reported for the case b in Fig. 10. It can be observed that by
increasing the inlet total pressure, the average outlet velocity
level is increased. For the case a the COV,, , of inlet does
not extremely differ by the one of outlet. On the contrary, a
significant difference is observed between the inlet and outlet
COV,, , for the case b, especially in the first time instants. As
illustrated by the results of the PIV analysis, the increase of
the inlet total pressure causes the flow field inside of the tran-
sition duct to accelerate further. It is interesting to notice that
for the case b at every moment the outlet COV,, , is lower than
the inlet. This means that the transition duct subtracts the ve-
locity spatial non-uniformities at every instant. For the case a

similar results are found.

Similarly with the velocity analysis (Fig. 9a and Fig. 10a)
and COV,, , analysis (Fig. 9b and Fig. 10b) for the two cases,
the study can be extended to the PLA evolution of turbulence
in Fig. 9c and Fig. 10c. For both cases, turbulence level rises
when the exhaust valves are open. Nonetheless, when the ex-
haust valves close, the turbulence level is relatively low for
both inlet and outlet of the transition duct. Similar to the re-
sults of COV,, , the further reduced test rig pressure ratio of
case b increases the turbulence level even more comparing to
case a when the exhaust valves are open. This remark is also
in accordance with the more intense presence of the clockwise
rotating vortex at the inlet of the transition duct, as illustrated
in Fig. 5.

After specifying the effect of the transition duct in the spa-
tial resolution of the oscillations in the flow field, the time-
dependent analysis is followed. For this purposes, the time-
dependent coefficient of variation of the spatially-averaged
(COV;) inlet and outlet velocity profiles are calculated by
Equation 16. In addition, the damping coefficient (Dg,) of
the transient spatially-averaged inlet and outlet velocity pro-
files is computed following Equation 17. The inlet and outlet
COV, illustrates what is the unsteadiness in time for these two
locations. In addition, the damping coefficient of Equation 17
uncovers how much this temporal unsteadiness is attenuated
or excited trough the transition duct.

o (i
cov, = # (16)
7Jo wdt
. R i R, m—R,
g — ange () De = In . Out a7

%foTﬁ dt Rv7 Out
In Table 5, the results of the aforementioned analysis are
presented. For both the cases, the outlet of the transition duct

is characterized by a lower COV; value. In fact, for both the
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Case COVt, inlet COVt7 outlet l)RV
a 46.1 % 39.6 % 20.1 %
b 43.4 % 253 % 43.4 %

Table 5: Performance Evaluation of the Transition Duct.

cases the damping factor is positive. This means that the ve-
locity fluctuation is attenuated in time. By comparing the two
cases, it can be deduced that the COV; of velocity for the inlet
section is almost at the same level. Nevertheless, the tran-
sition duct is able to reach a lower COV, for the case b. In
fact, the attenuation of the temporal variation of the velocity
is more than doubled when test rig pressure ratio decreases.
In conclusion, the reduction of test rig pressure ratio greatly
increases the COVy, , at the inlet, but low steady levels are
achieved at the outlet (Fig. 9b and Fig. 10b). In parallel, the
outlet COV; is decreased, and a double attenuation of the tem-
poral velocity perturbation is observed. Thus, the transition
duct performance is superior for the case b. The reason for
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the better performance for the latter case is that the design of
the transition duct was numerically conducted for a reactive
case, in which the pressure ratio was closer to case b [31]. In
conclusion, the transition duct achieves to successfully sub-
tract the space-time variation of the velocity coming from the
CVC at the two investigated test rig pressure ratios, at least in
non-reactive conditions.

4 Conclusions

In the present study, the results of a non-reactive experimental
campaign of a newly manufactured CVC exhaust system are
described for test rig pressure ratios of 0.51 (a) and 0.25 (b).
Even though neither injection nor ignition take place, the inlet
and outlet rotary valves are set to an effective cycle frequency
of 25 Hz, thus allowing the CVC chamber to experience a re-
alistic filling-emptying process. As a result, a pulsating mass-
flow of air is periodically expanded through the new exhaust
system, which consists of a rectangular plenum, a transition



duct, a change area duct, and a circular converging-diverging
nozzle. The instrumentation of the campaign includes fast re-
sponse pressure probes and low-frequency PIV.

The static pressure measurements taken both upstream and
downstream of the transition duct exhibit similar behavior for
the two different test rig pressure ratios. For the high test rig
pressure ratio, the transition duct only discharges the leakage
flow by the exhaust valves when they are closed. Thus, it can
approach the atmospheric pressure, while the nozzle remains
fully subsonic. On the contrary, during the low pressure ratio
tests the transition duct cannot reach the atmospheric pressure
and the nozzle is choked for the 34 % of the cycle. The PIV
results uncovered the presence of a vortex at the inlet of the
transition duct for the moments when the exhaust valves are
wide open. For the case of high pressure ratio, the rotation
of the vortex is counterclockwise, whereas clockwise rotation
is observed for the case of low pressure ratio. Nevertheless,
the newly designed exhaust system is able to provide outflow
without any spatial velocity deformation.

In conclusion, the newly manufactured transition duct can
reach up to 20 % of attenuation of the transient spatial average
velocity for the case a, and 43 % for the case b. In parallel,
for the overwhelming majority of the time moments for both
pressure ratios, the transition duct provides outflow with less
coefficient of variance of local velocity distribution profile. As
a consequence, the newly designed component alleviates the
space-time fluctuation of the velocity flow field for two dif-
ferent conditions. Hence, if the transition duct connects the
CVC to a subsequent HPT vane, the flow at the inlet of the
stage would have significantly less velocity unsteadiness com-
pared to the CVC exhaust. These findings are also relevant for
the upcoming experimental analysis of the exhaust system in
reactive conditions by the CVC using PIV.
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Nomenclature

Roman letters

ov Uncertainty of Velocity Vector [m/s]
Sv Cycle Average Uncertainty of Velocity Vector [m/s]
Aty Laser Pulse Separation Time [ ]
A Area [m?]
CoVy, Spatial Coefficient of Variance of Velocity [—]

COV;  Temporal Coefficient of Variance of Spatial Average
Velocity [—]

Dy, Damping Factor [—]
k Non-Dimensional Turbulent Kinetic Energy [—]
Ly Transition Duct Length [m]
P Total Pressure [Pd]
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Greek letters
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T

u

Superscripts
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Subscripts
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Acronyms
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PGC
PIV
PLA
RDE
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