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Summary

The dynamic performance of the momentum and thermal boundary layer linked to the acoustic response
dictate the efficiency of heat exchangers and the operational limits of fluid machinery. The specific time
required by the boundary layer to establish or adapt to the free stream variations is vital to optimize flow
control strategies as well as the thermal management of fluid systems. The proper understanding of the wall
fluxes, separated flow regions and free stream response to transient conditions becomes the fulcrum of the
further improvement of fluid machinery performance and endurance. Throughout this dissertation the
establishment sequence and the main parameters dictating the acoustic response and the boundary layer
settlement are quantified together with their implication on the wall fluxes and boundary layer detachment.

Unsteady Reynolds Average Navier Stokes evaluations, Large Eddy Simulations, Direct Numerical
Simulations and wind tunnel experiments are exploited to analyze the transient behavior of attached and
detached flow aerodynamics. The core of the research is built upon URANS simulations allowing the
realization of multiple detailed parametric analyses. Thanks to its reduced computational cost, hundreds of
transient flow evaluations are carried out, enabling the determination of the establishment sequence, the
main flow features and relevant non-dimensional numbers. The URANS methodology is verified against
experimental and analytic results on the flow conditions of the study. The Large Eddy Simulations and
Direct Numerical Simulations allow further characterization of the near wall flow region behavior with
much higher resolution while providing an additional source of verification for the coarser numerical tools.
An experimental campaign on a novel full visual access linear wind tunnel explores the impact of mean
flow sudden accelerations on the boundary layer detachment and reattachment phenomena over an ad-hoc
wall mounted hump. The wind tunnel is designed based on the premises of: full visual access, spatial and
temporal stability of total and static pressure together with the total temperature and fast flow settlement,
minimizing the start-up phase duration of the wind tunnel. A wall mounted hump that mimics the behavior
of the aft portion of a low pressure turbine is inserted in the wind tunnel guaranteeing a 2D flow separation
phenomena. After steady state test article characterization series of sudden flow discharge experiments
reveal the impact of mean flow transients on the boundary layer detachment inception. Finally, taking
advantage of the knowledge on transient flow performance, optimum flow control mechanisms to abate
boundary layer detachment are proposed. The recommended control approach effectively prevents the
boundary layer separation while minimizing the energy requirement.
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Introduction

Many vital components of fluid mechanic machinery operate under transient mean flow conditions dictated by
their operating regime. Traditionally their performance is analyzed based on steady-state operation. However, in an
evolution towards new levels of performance and efficiency, researchers have found that the transient operation of
fluid machinery is one of the main areas that still requires more characterization.

The boundary layer transient growth was previously documented in fundamental and analytical studies of for
laminar flow conditions. Several authors proposed numerical solutions of the unsteady boundary layer development.
Stewartson [1, 2] studied the impulsive start of motion of semi-infinite flat plates. Rott [3] also looked into the theory
of time dependent laminar flows, describing the evolution of laminar boundary layers driven by free-stream flow
changes. In a similar analysis, Moore [4] carried a dimensionless evaluation of the flow establishment over a flat
plate. The response of the boundary layer to mean flow changes is dictated by the diffusion across its height. Starting
from the exact solution of the Navier-Stokes equations for 2-D incompressible laminar flow, Watson derived a model
that could predict the skin friction establishment time. Theoretically, Wen and Huang [5] highlighted the prime role
of the acceleration rate on the boundary layer transient evolution.

Schetz and Oh [6] analyzed the transient development of the near wall flow region driven by the impulsive start
of motion of the surrounding fluid. Taking advantage of the unsteady momentum integral equations and using an
ad-hoc boundary layer profile with the Howarth-Dorodnitzin transformation and Crocco Integral relations they
predicted the momentum and thermal boundary layer evolution.

Most of the heat transfer, supersonic and hypersonic research in aerospace components is empirically evaluated
in short-duration wind tunnels. Their use is optimal for this application due to the large temperature gradient that
can be instantaneously imposed between the flow and the test article, enabling high accuracy measurements. On
the other hand, the test duration is generally constrained to a few milliseconds due to the demanding upstream flow
conditions required for the experimental operation. In sudden flow release wind tunnels, the flow is set into motion
following a rapid valve opening or diaphragm burst causing pressure waves to travel across the test section. Mirels
[7, 8] analyzed the boundary layer growth during the flow start-up after the passage of a shock-wave. Similarly,
Holden [9, 10] experimentally studied the flow establishment of flows in the supersonic regime, describing that the
time to reach steady state is a function of the flow speed, Reynolds number, Mach number and the gas to wall
temperature ratio. In this line, Lewis [11] performed numerical evaluations that agreed with Holden's model and
provided predictions of the boundary layer development time. Also experimentally, Davies [12] described the
formation of a shock-induced boundary layer on a semi-infinite flat plate. Focusing on the starting phase of sudden
flow release wind tunnels, Smith [13] studied the starting process in a reflected shock tunnel. In their experiments a
relation between the mean flow evolution and the boundary layer transient development was clearly exposed. In a
similar research, Lam & Crocco [14] focused their analysis on the shock induced unsteady laminar compressible
boundary layer on a flat plate.

In the turbulent flow regime, Horlock and Evans [15] analyzed the influence of turbulence and ordered
unsteadiness in the free-stream on the boundary layer development. Additional terms related to the shear stress
and the kinetic energy in the edge of the boundary layer appeared to be of relevance on the 2D momentum integral
equations. The turbulent kinetic energy and shear stress at the boundary layer edge must be considered in order to
capture the influence of such transient turbulent structures on the near wall region. In this line, low-order models
were also applied to model the low-frequency motions observed in reflected shock-wave boundary layer interactions
by Touber & Sandham [16], using results of direct numerical simulation to determine the relevant parameters from
the 3-D momentum integral equations. In attempt to predict the turbulent boundary layer establishment time
Saavedra et al. performed and extensive parametric analysis on the development of the boundary layer under
sudden flow discharge based on URANS blowdown simulations [17]. Through the isolation of the independent effect
of each one of the driver parameters a correlation was derived to predict the boundary layer establishment time.
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Many analysis have been carried out in turbomachinery flows to uncover the effect of wake impingement on
downstream components [18] [19] [20] [21]. In particular, Moss et al. [22] experimentally described the heat transfer
along the suction and pressure side of turbine rotor airfoils in a rotating annular facility with and without stator
vanes. The effect of the impinging wakes on the heat flux along the rotor blade was highlighted, comparing the
results of stator and stator-less experiments. Thoroughly different heat flux evolutions were described in the rear
suction side blade driven by the presence of the stator wakes. In this regard, as new combustion approaches are
explored for propulsion concepts, like pulse detonation or rotating detonation combustors [23], new fluid machinery
components are developed [24],[25]. The performance of such units under pulsating conditions becomes a fulcrum
for future technology integration. Sousa et al [26] described the transient flow behavior experienced across internal
flow passages exposed to variable inlet flow conditions in supersonic flow conditions. The impact of transient mean
flows with the exhaust propulsive elements requires more understanding to ensure efficient energy usage and
optimal performance [27, 28].

In the field of boundary layer response to continuous flow fluctuations, Lighthill carried out analytical studies
on the laminar boundary layer reaction to mean flow variations, describing the main differences among subsonic
and supersonic mean flow regimes [29] [30]. Adding the energy equation in the methodology, the impact of free-
stream and wall temperature temporal evolution enabled the heat transfer rate characterization across laminar
incompressible boundary layers [31]. Uchida [32] revealed the influence of the dynamic pressure gradients travelling
along the pipe on the wall fluxes on laminar flows. Similarly, Mizushina et al. [33] experimentally characterized the
instantaneous profiles of velocity and turbulence intensity for pulsating flows. Based on their empirical investigation,
two main regimes were distinguished. At low frequencies the turbulence levels remained unaltered, but the mean
flow conditions suffered high variations. In contrast, for higher frequencies, the mean flow quantities were stable
while the turbulent characteristics suffered strong oscillations. Regarding the impact of free-stream fluctuations on
the wall heat flux, Moschandreou and Zamir [34] depicted the main role of Prandtl and Strouhal number on the heat
flux rate oscillation magnitude driven by the free-stream changes. The ratio between the thermal to momentum
boundary layer has a strong influence on the heat flux transient evolution, as also analyzed by Saavedra et al [35].

In the present investigation, the authors report a numerical study analyzing the effect of a sudden flow
acceleration on the development of the boundary layer. Based on direct numerical simulations (DNS), both the mean
properties and integral boundary layer properties are analyzed. Unsteady Reynolds-averaged Navier-Stokes (URANS)
calculations are also carried out to evaluate the capability of the kw- Transitional Shear StressTransport (SST) model
to capture the influence of mean flow transients on the near wall region and their impact on the wall fluxes
distribution.
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Detailed simulation on the boundary layer reaction to sudden flow acceleration

In order to verify the dynamic resolution of URANS solver and the turbulence closure selected, a
sudden flow acceleration from Mach 0.3 to Mach 0.6 will be compared to the results of a Direct Navier
Stokes simulation, [36, 37]. Based on Direct Numerical Simulations (DNS), both the mean properties and
integral boundary layer properties are analyzed. Taking advantage of the higher resolution analysis and the
3D boundary layer momentum integral equations a simplified integral model is developed to predict the
compressible turbulent boundary layer growth under free-stream transient behavior. Finally, taking
advantage of the transient boundary layer development model and current skin friction correlations, the
shear stress evolution along the transient can also be estimated.

Description of numerical approach, Methods, Assumptions and Procedures

Numerical Domain

The analysis is focused on a flat plate geometry that allows the extrapolation of the results to a myriad
of configurations. Figure 1 depicts the numerical domain for the transient evaluation of the compressible
turbulent boundary layer evolution driven by sudden flow acceleration. The total length of the domain (L)
was equal to 128.5 times the height of the inlet boundary layer (6, = 8 mm). The global length of the
domain determines the acoustic response of the test geometry and constrains the establishment time of the
mean flow characteristics. For the Direct Numerical Simulations the finely resolved region ended at 100 &
(L"), and grid stretching was employed in the remainder of the domain to support the outflow boundary
condition (a sponge layer). The total height of the domain (H) was equal to 125 dy, ensuring minimal
influence of the boundary layer displacement thickness (8°) growth on the free-stream velocity, (H >150
8"). For the DNS, the mesh was finely resolved till 7 8o (H*), with grid stretching employed for the rest of
the domain in the wall-normal direction. The width of the domain (W) is 28 do. The DNS solutions are
averaged across the span wise direction to provide representative 2-D transient conditions throughout the
acceleration.

The computational mesh consisted of about 376 million points arranged in a 2026 X 326 X 569
structured mesh. The sponge layers at the top and end of the domain consisted of 25 points, with a stretching
factor of 1.2. An overlap layer of 9 points was used to enforce a periodic boundary condition in the spanwise
direction. Since the freestream flow conditions varied, so did the non-dimensional grid spacing. For the
flow conditions most challenging for numerical accuracy, the grid resolution in the resolved region was
Ax* = 32 in the streamwise direction and Az* = 32 in the spanwise direction. The resolution in the wall-
normal direction varied from Ay™ = 0.7 at the wall to Ay™ = 24 at the boundary layer edge. These
parameters correspond to the final boundary layer state; the values for the initial boundary layer state were
about half as large. The largest non-dimensional time step for the calculations was about At* = 0.3 with
an equivalent dimensional time step of 0.5 ps. The DNS were carried out on 4320 cores, with 360
subdomains (20 X 3 X 6) parallelized using MPI, and with 12 OpenMP threads per MPI rank. Data for
computing turbulence statistics were saved every 200 computational steps (every 0.1 ms) for the following
planes: x/8y = 100, y/6, = 0, z/8y = 14. For the 10 ms rise time, at total of 198000 time steps (99 ms)
were computed, while 300000 time steps (150 ms) were evaluated for the 25 ms rise time.
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Inlet Free Stream Boundary

H =125 5,
H=7 &,
e o Isothermal Viscous Wall “(-)utlet
=256,
L*=100 6,
W=105,
L=128.5 6,

Figure 1: Numerical Domain

Boundary conditions

In order to model the sudden flow acceleration in the numerical domain the static pressure level was
fixed at 16 kPa in the outlet, right boundary. The inlet of the domain was modeled as a pressure boundary
condition where the total temperature was kept constant at S00K. The free-stream flow acceleration was
imposed following total pressure transient profile, Po(t). The total pressure rise in the inlet was imposed
following the “smoother step function” [38] evolution (2.1), as depicted in Figure 2 a). The use of the
smoother step function guarantees the continuity of the signal through the pressure rise. For the first 36.4
ms of the simulation, t < ty, the total pressure was set at 17 kPa simulating the steady state conditions for
Mach 0.3 flow, where the Reynolds number based on the momentum thickness is 1202 at L". Then the total
pressure was raised to 20.5 kPa over 10 ms following the smoother step profile. Finally, the total pressure
was kept at 20.5 kPa up to t =100 ms to reach steady flow conditions at Mach 0.6. The steady flow
conditions at the initial and final status are summarized in Table 1. A second transient acceleration with a
rise time of 25 ms was evaluated to explore the impact of the acceleration rate and to verify the accuracy
of the developed model. The top wall of the domain was modeled as an adiabatic inviscid wall. (For the
DNS, extrapolation was used at the upper boundary.) While the plate was simulated as a viscous isothermal
surface at 300 K. A periodic boundary condition was imposed in the spanwise direction for the lateral
boundaries of the domain.

17 kPa t<t,
. \5 L \4 . \3
Py ()417 + 3.5(6 () —15(52) +10(52) ) kPa ty<t< ty+At @.1)
20.5 kPa >ty + At

DISTRIBUTION A: Approved for public release; distribution unlimited



11
Boundary Layer Establishment and Separation: Discovering the Dynamic Scales

a) b) c)
21 4+ A A
Py (kPa) 1 1
8o 8o
19
ts = 36.4ms 0.6 0.6
17
At = 10 ms 0.2 0.2
> e ———— e ————
35 45 0 U Toai Tgas

t (ms)

Figure 2: Inlet boundary conditions; a) Py transient profile, b) Initial momentum boundary layer, c)
Initial thermal boundary layer

An initial laminar boundary layer was imposed at the inlet with a height of 8 mm, §,. The momentum
boundary layer followed a Polhausen profile, eq. (2.2). Similarly, the thermal boundary layer was derived
from the momentum one taking advantage of the Crocco relation for temperature, eq. (2.3). Both
momentum and thermal boundary layer are depicted on Figure 2 b) and c) respectively.

U= Uy, (2 (810) —2 (810)3 + (810)4) (2.2)

1 2
T= Twall + (Tgas - Twall) (i) + E\/ﬁ (]/ - 1)M2Tgas <(i) - (i) > (23)
Table 1: Steady Initial and Final flow conditions
Po (kPa) P (kPa) To (K) M Reb
Initial 17 16 500 0.2968 1202
Condition
Final 20.5 16 500 0.6061 2162
Condition

Boundary layer trip

To resolve the impact of the sudden flow acceleration on a fully developed turbulent boundary layer a
trip model was employed to promote the transition of the initial laminar boundary layer. The artificial body
force term used here was similar to the one used by Mullenix et al. [39] and Bisek et al [40]. A counter-
flow body force was applied near the wall, 2.5 &y downstream of the inlet plane. For the RANS
computations, the source term imposed a 5 kN body force of with an angle o of 5 degrees over a rectangular
region of 1.25 x 0.125 §¢ cross section. The source term was continuously applied uniformly across the
span of the domain, as displayed in Figure 3. For the DNS, the trip had the following form:

Fy [ X — Xg\? Y = Yo\
Feme |- () - (57
T[xr:Vr x‘l" y‘l"

fy = Fcosa

fy = Fsina
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Where the non-dimensional values of the parameters are: Fy = 0.03, xo = 2.5, x,, = 0.17, y, =0,
¥ = 0.01, @ = 1°. The non-dimensional values are based on reference parameters of pp = 0.11 kg/m’,
Ugp = 131.9 m/s, §; = 8.0 mm.

Ay =0.125 &,

Figure 3: Tripping source term

Solvers
Direct Numerical Simulations

Regarding the numerical solvers, the three-dimensional compressible Navier-Stokes equations are
solved directly without modeling using the code HOPS (Higher Order Plasma Solver), developed by the
second author [37, 41]. The physical model consists of the perfect-gas, compressible-flow formulation. The
conservation of mass, momentum, and energy are formulated as:

ap 5} _

3t + 6_x] pu]-) =0 (24)
i 9 —

E(pui) + a—xl_(pujui - Eﬁ) = fl (25)
09 5}

E + a—xl_(ujﬁ - Eﬁui - Q]) = fiui +S (26)

where p is the gas density, u; is the velocity, Z;; is the total stress tensor, ¥ = p(€ + u,uy/2) is the
total energy of the fluid, € is the internal energy and Q; is the heat flux. The additional terms f; and S are
included to account for optional body force and energy sources.

The total stress tensor Z;; is given by the constitutive equation for a Newtonial fluid, and the heat flux
Q; follows Fourier’s heat conduction law.

ou; ou;j 2 0

qi= koo (2.8)

Where p is the pressure, y is the viscosity and k is the thermal conductivity. The transport coefficients
were evaluated using the correlations given by White [42]. The working fluid (air) was assumed to be a
calorically and thermally perfect gas such that € = ¢, T and p = pRT, where T is the temperature, c,, is the
specific heat and R is the gas ideal constant. The spatial derivatives were evaluated with sixth-order compact
differences, and stability was enforced with an eighth-order Padé-type filter. Near the domain boundaries,
the filter order was reduced in steps of two, with no filtering at the boundary itself. Similarly, the accuracy
of the spatial scheme was reduced to fifth-order and fourth-order accuracy near boundaries. Time marching
was carried out using a second-order implicit scheme. Further details on the numerical methods of the solver
are given in [41]. For validation of the numerical model the experimental results of Elena and Lacharme
[43], Alving [44] and Konrad [45] for the streamwise velocity profile of a turbulent boundary layer and the
Reynolds normal stress were used, as presented in [41] and [37].
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Unsteady Reynolds-Averaged Navier-Stokes Simulations

To assess the capabilities of Reynolds-averaged Navier-Stokes solvers modelling the free-stream
transient evolution impact on the near wall region the commercial software ANSYS Fluent ® was used. To
reduce the computational burden the simulations on this solver were carried out on a 2D version,
considering the center-plane of the domain. The plane was meshed following a blocking strategy with
ANSYS ICEM ®. In order to guarantee a proper geometrical discretization, a grid sensitivity study was
accomplished following the approach outlined by Celik et al. [46]. For this purpose, the axial flow velocity
just outside of the boundary layer and the boundary layer momentum thickness were acquired for all the
different grids. The different spatial discretization models were tested at the final steady state condition, P
= 20.5 kPa, To = 500 K, Twan = 300 K, P = 16 kPa. A summary of the different mesh properties is also
presented in Table 2.

Table 2: Mesh sensitivity for 2D URANS simulations

Cell Count Ny Ny Ug (M/s) 0 (mm) GCI %
48600 270 180 260.9 2.6 33.8
83200 320 260 261.6 2.4 10.8
140000 400 350 261.94 2.34 1.8
235200 560 420 261.98 2.33 1.7
400000 800 500 261.95 2.34

The mesh with 140000 cells was selected for the transient evaluation given its accuracy compared to the
finer cases and its grid convergence indicator. To enhance correct near wall flow prediction the y* was
maintained below 0.5 along the entire plate. Due to the non-stationary flow behavior, and in order to resolve
quantitatively the aerodynamic structures and the wall fluxes evolutions Unsteady Reynolds-averaged
Navier-Stokes Simulations were evaluated. In this approach the turbulence closure was achieved through
the use of the Langtry-Menter four-equation Transitional SST model [47]. The working fluid was air,
modeled as an ideal gas. The Sutherland law was implemented to include the effect of the temperature on
the molecular fluid viscosity. Second-order upwind schemes were adopted for the flow and turbulent kinetic
energy, while second order implicit schemes were used for the transient formulation. This methodology
was previously verified against experimental results on flat plate accelerated flow, presented in [48].

Table 3: DNS vs URANS for steady flow conditions
Flow Conditions
Py (kPa) To (K) Tw(K) P (kPa) 0 (mm)

DNS 17 500 300 16 2.8

URANS 17 500 300 16 2.89
DNS 20.5 500 300 16 2.24
URANS 20.5 500 300 16 2.34

Figure 4 a) and b) compare the axial velocity and density boundary layer profiles for URANS and DNS
simulations at the initial and final steady flow conditions of the evolution. The URANS results slightly
depart from the DNS profiles near the wall region, which falls within the accuracy of the URANS models
on predicting the near wall region under this low Reynolds number environment. In terms of the momentum
boundary layer thicknesses the integral values obtained are displayed in Table 3; the URANS have only a
5% deviation from the DNS results. Figure 4 c) depicts the shear stress profiles at initial and final conditions
for both solvers. For the initial steady flow condition URANS transitional model predicts an earlier fully
developed turbulent boundary layer and the magnitude of shear stress along the plate does not deviate much
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from the DNS. However, for the final flow condition at higher Reynolds number the URANS also predict
an earlier complete transition but the axial shear stress magnitude deviates about 30% from the Direct
Numerical Simulation results. In addition to the turbulent simulations laminar evaluations were carried out
to compare the impact of sudden free-stream variations over laminar and turbulent boundary layers.

a) b)
Initial Conditions
—DNS ---URANS
Final Conditions
---DNS URANS
9)
15
o N
!
51/ =
40 160 280 0.12 015 0.2 0.6
u (m/s) p (kg/m?) x (m)

Figure 4: Steady State Comparison DNS vs URANS

Boundary layer and wall fluxes evolution after sudden flow acceleration

Figure 5 represents the evolution of the gas density across the center-plane of the domain for several
time steps along the flow acceleration. The first image corresponds to the conditions prior to the total
pressure rise. The boundary layer transition is enhanced by the tripping near the domain inlet and fully
developed turbulent boundary layer flow is present in the second half of the domain. The second time step
depicts the density contour at half of the total pressure rise. Due to the passage of the pressure waves slightly
larger density is present near the plate leading edge. This phenomenon is further enhanced once the final
total pressure is set at t=46.4 ms. As a consequence of the delay on the arrival of the expansion waves from
the outlet, the density at the front of the domain is up to 15% larger than at the trailing edge of the plate.
Finally, the domain establishes at the final condition as depicted for t = 99 ms.

Figure 6 a) depicts the axial free-stream velocity (u.) temporal evolution at y = 7§, at the end of the
resolved region, L. The results from DNS, URANS and the laminar simulation fall on top of each other,
depicting the same acoustic response in the three numerical setups for the imposed transient. Similarly,
Figure 6 b) displays the flow acceleration parameter, (k), at the same location. The acceleration parameter:
L Diw 3.1)

- pu?, dx

represents the acceleration rate progress along the transient right at the end of the resolved region. This
factor is commonly used for the prediction of flow relaminarisation [49, 50]. There are two different phases
present in the acceleration. At first, following the arrival of the initial pressure wave the acceleration
parameter displays negative magnitude. Figure 7 represents the propagation of the characteristics along the
domain following the total pressure raise at the inlet. As the total pressure increases in the inlet to initiate
the acceleration a pressure wave is released. The pressure wave travels along the domain at the speed of
sound (c) plus the actual free-stream velocity (u). As the pressure wave cruises over the plate it accelerates
the flow, and consequently faster flow is present behind it, driving a negative acceleration parameter. Once
the pressure front reaches the domain outlet it is reflected as an expansion wave that travels upstream at ¢
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— u. The arrival of the expansion wave at the observation plane is represented by the increment of the
acceleration parameter. The peak of acceleration parameter takes place for the final phases of the
acceleration after the final steady state total pressure is set at the inlet. Figure 6 c) shows the local free-
stream flow temporal acceleration throughout the transient. The maximum local acceleration takes place at
t = 44 ms, right at the inflexion point on the acceleration parameter, when compression and expansion
waves meet at the edge of the finely resolved region.

The impact of the free-stream flow conditions is directly reflected in the near wall region as represented
in Figure 8 a) and b) for the wall shear stress and heat flux respectively. Figure 8 a) depicts the evolution
of the axial wall shear stress at the end of the finely resolved region. Both turbulent simulations display
similar trends, although as already discussed in the comparison for steady conditions the ko-SST model
over predicts the wall flux magnitude at this low Reynolds number. There are two different phases present
on the evolution of the heat flux, at first once the flow starts to react to the acceleration at L*, t > 37.8 ms,
the wall shear stress rapidly increases as a consequence of the free-stream velocity change and the boundary
layer height reduction. Then for t > 49 ms the slope of the shear stress growth starts to decay. Finally, the
drag approaches its final steady state in a logarithmic way. Figure 9 a) depicts the evolution of the
momentum boundary thickness throughout the transient. The boundary layer suffers an initial rapid
shrinkage driven by the passage of the compression waves, leading towards a minimal thickness at t ~ 48.5
ms. The shrinkage is a consequence of the flow inertia, as the flow accelerates it pushes the low momentum
flow inside of the boundary layer against the wall, reducing the overall boundary layer height and boosting
the skin friction. After the minimum thickness the boundary layer height gradually approaches its final
status. The overall change on the axial shear stress increase rate is driven by the interaction of the boundary
layer thickness and free-stream velocity temporal evolution.
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—1TTT—T T
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Figure 5: 2D contour of Density along center plane for several time steps along the transient
evolution
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Figure 6: Temporal Evolution of Free-stream flow conditions through the transient for DNS, laminar
and URANS simulation; a) Axial free-stream velocity, b) Flow acceleration parameter, c) Local flow
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Figure 7: Acoustic propagation of total pressure waves generated at the inlet

In terms of the heat flux, as depicted in Figure 8 b) there is an intermediate phase on the temporal
evolution driven by the reduction of the free-stream gas temperature. Throughout the simulation a constant
total temperature is imposed at the inlet, consequently as the Mach number rises the static temperature of
the flow is reduced. The change on the free stream temperature is convected downstream at the mean flow
velocity and then diffused across the thermal boundary layer. For the laminar boundary layer temporal
evolution there are also two clear trends after the acceleration outset. During the first segment of the local
acceleration, t<44 ms, the wall fluxes magnitude increase following the reduction of the momentum
boundary layer thickness and the increase on the local free-stream acceleration. While for t>44 ms the shear
stress follows a gradual decay towards the final steady state condition. The laminar boundary layer actually
overshoots the final value of wall fluxes during the transient driven by the sudden mean flow velocity
change, depicting a stronger influence of the acceleration on the shear stress and heat flux. The laminar
boundary layer also displays a slower adaptation or larger establishment delay to the final conditions as the
propagation of the information across the near wall region is promoted only by the molecular diffusion.
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Figure 8: Impact of mean flow sudden acceleration on wall fluxes for DNS, laminar and URANS
evaluations; a) Heat flux evolution, b) Stream-wise wall shear stress

Figure 9 b) represents the temporal evolution of the flow momentum contained inside of the boundary
layer thickness. The definition used here for the boundary layer thickness is the height at which the local
axial velocity is 99% of the free-stream one. Regardless of the boundary layer status, either turbulent or
laminar, the flow momentum in the near wall region is boosted along the flow acceleration.
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Figure 9: Near wall flow region temporal evolution through the flow acceleration for DNS, laminar
and URANS simulations, a) Boundary layer momentum thickness, b) Integral flow momentum inside of
the boundary layer along the transient

Figure 10 a) and b) represent the axial velocity profiles in inner and outer units for several time steps
along the transient acceleration. All the profiles collapse in the viscous sublayer, depicting a negligible
effect of the acceleration parameter on the inner boundary layer status during the phases of stronger
acceleration. On the other hand, inside of the logarithmic region the profiles depart from each other,
indicating that the distribution of hairpin-type vortices might be affected by the flow acceleration, and
probably preventing the application of a universal von Karman constant under these circumstances, [51,
52]. In the outer stream wise velocity profiles all the time steps collapse for the near wall region y/ §, <
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0.2. However, the profiles at t = 0.0485 s and 0.053 s depict slightly higher velocities than the other profiles
at 0.2 < y/ §y < 2 suffering the influence from the mean flow acceleration.
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Figure 10: Boundary layer profiles during the sudden flow acceleration a) Inner unit axial velocity,
b) Stream-wise velocity profile in outer units, c) Density d) non-dimensional temperature

Figure 10 c) and d) depict the profiles of density and referenced temperature along the wall normal
direction at the end of the finely resolved region, x = L*. The changes on the referenced temperature profiles
are mainly driven by the evolution of the boundary layer thickness along the flow acceleration. The profiles
at t = 0.0485 s and 0.053 s depict the smaller thermal boundary layer thickness of the transient, which is
consistent with the evolution of the momentum boundary layer thickness considering the Reynolds analogy.
However, in the density profiles representation further differences are observed when comparing different
phases of the acceleration. The shifts on the density profiles are motivated by the travelling compression
and expansion fronts carrying out the total pressure changes and its natural reflections at the domain outlet.

Figure 11 represents the normal velocity profiles obtained at L* during several time steps along the
acceleration. At stable free-stream conditions the integral normal flow velocity along the boundary layer
has positive magnitude as a consequence of the axial growth of the displacement thickness. However,
during the sudden flow acceleration for the profiles at maximum acceleration rate (t=0.044 and t = 0.0485),
the integral value of the normal velocity component is negative. Which remarks that the due to the passage
of the compression wave passage the flow is being pushed towards the wall shrinking the boundary layer
size.
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Figure 11: Wall normal velocity at different instances during the transient
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Transient performance of separated flows

The aerothermal performance of the low pressure turbine in UAVs’ is significantly abated at high
altitude, due to boundary layer separation. During past years different flow control strategies have been
proposed to prevent boundary layer separation, such as dielectric barrier discharges, synthetic jets, vortex
generators. However, the optimization of the control approach requires a better characterization of the
separated regions at several frequencies. The present chapter analyzes the behavior of separated flows, and
specifically reports the characterization of the inception, reattachment and separation length, that allows
the development of more efficient methods to enhance or abate flow separation under non-temporally
uniform inlet conditions. The development of separated flows under sudden flow accelerations or pulsating
inlet conditions were investigated with series of numerical simulations including Unsteady Reynolds
Average Navier Stokes and Large Eddy Simulations. The present research was performed on a wall
mounted hump which imposes an adverse pressure gradient representative of the suction side of low
pressure turbines. The use of a smooth wall curvature geometry rather than a backward facing step unlocks
the separation inception. The heat transfer and wall shear stresses were fully documented, as well as the
flow velocity and temperature profiles at different axial locations to characterize the near wall flow
properties and the thermal boundary layer. Through a sudden flow acceleration the dynamic response of the
shear layer detachment as it is modulated by the mean flow evolution is investigated. Similarly, the behavior
of the recirculation bubble under periodic disturbances imposed by sinusoidal inlet total pressure signals at
various frequencies ranging from 10 to 500 Hz is studied. During each period the Reynolds number
oscillates between 40000 and 180000 (based on a characteristic length of 0.1 m). Finally, as a first step into
the flow control approach adding a slot in our geometry to allow flow injection and ingestion just upstream
of the separation inception. Exploring the behavior of the separated region at different slot pressure
conditions the envelope for its periodic actuation was defined. Thanks to that analysis, it was found that
matching the actuator frequency with the frequency response of the separated region the performance of
the actuation is boosted. The uprising use of UAVs and the breakthrough of the distributed thrust is promoting the
design of ultra-compact and versatile gas turbine engines[53, 54]. The cruise operation of such power plants at high
altitudes is narrowed because of the small Reynolds number through the low pressure turbine stages. At reduced
Reynolds numbers <100000 (based on blade axial cord) the rear part of the blade suction can suffer flow separation,
which dramatically lowers the stage efficiency [55]. Due to the flow separation, the flow capacity of the low pressure
turbine stage is significantly reduced while the viscous loses are boosted [56]. This burdensome performance prevents
its operation at higher altitudes and reduces the overall airframe range.

Many studies have been performed on the control of flow separation through passive and active
techniques on the quest towards compact LPT stages integrations [57]. Gurney flaps concepts were
proposed by Byerley et al. [58] to control the laminar flow separation on turbine blades. The flaps mounted
on the pressure surface near the trailing edge, turn and accelerate the flow through the passage directing it
towards the suction side. Preventing the flow separation, by reducing the adverse pressure gradient at low
Reynolds conditions. Lake et al. [59] introduced the use of surface dimples to reduce the size of the
separated flow regions. While, Volino [60] studied the effect of rectangular bars on the suction side surface
to promote the boundary layer transition and encourage the flow reattachment. However, the passive flow
control devices alter the performance of the vanes at higher Reynolds numbers, reducing the overall stage
efficiency at lower altitudes. Consequently, low Reynolds tailored vane designs might be non-suitable for
takeoff, climbing or landing environments. Which leads towards the integration of active flow control
approaches to mitigate the flow separation when needed. Greenblatt and Wygnanski [61] documented the
control of flow separation by periodic excitation through hydrodynamic excitation methods. Ranging from
acoustic wave based approaches to flow suction or ingestion. The application of glow discharge plasma
actuation on the boundary layer control has been experimentally [62] and numerically [63] proven.
Determining its effectiveness promoting the transition in the shear layer, enhancing a fast flow
reattachment.
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On the other hand, single dielectric barrier discharge plasma actuators, (DBD), have been widely used
for the suppression of the flow separation [64] [65]. Huang et al. [66], used DBDs on a low Reynolds
number environment in a linear cascade. Similarly, Goksel et al. [67] looked into the efficiency impact of
pulsed plasma actuators at various Reynolds numbers. The lower the Reynolds number, the most effective
the control because of the increasing momentum coefficient. Porter et al. [68] detailed the effectiveness of
the DBD plasma actuators tripping the boundary layer transition, which could alleviate and avoid the flow
separation regardless of the actuator orientation. Based on surface pressure measurements, Post and Corke
[69] analyzed the influence of plasma induced streamwise vortices and 2D axial jets on the airfoil suction
surface at stall conditions. The plasma actuation enhanced the flow reattachment, boosting the lift to drag
ratio at points beyond airfoil stall. In a similar way, Gaitonde et al. [70], applied asymmetric dielectric-
barrier-discharge on stalled NACA symmetric airfoils. Evidencing the effectiveness of the streamlined
actuation on the generation of wall jets that avoid the flow separation. Dielectric barrier discharges were
also used by Rethmel et al. [71]. Generating coherent spanwise vortices that relocate momentum from the
free stream into the near wall region, energizing the per se low momentum flow and endorsing the flow
reattachment.

Many others authors propose the use of pulsed jets for the control of flow-separated regions based on
the injection of flow from a higher pressure environment. Volino [72] used oscillating jet vortex generators
to control the flow separation in the rear suction side of a low pressure turbine blade. The jets were injected
into the suction side through spanwise orifices. Its effectiveness was demonstrated at a variety of
frequencies and amplitudes. Similarly, Bons et al. [53] and Sondegaard et al [73], assessed the efficient
control of laminar flow separation based on pulsed jets. Where the maximum effective frequencies were
limited by the settlement time of the boundary layer as it reattaches. The presence of unsteady flow
conditions on the low pressure turbine will affect the behavior of the flow separated regions and its reaction
to any flow control approach. In this regard, Schobeiri et al. [74] provided experimental data describing the
evolution of inception and separated flow region as a consequence of unsteady mean flow conditions.
Where the wake passing had a strong influence on the recirculation bubble, modulating its extension. In a
similar way, Wissink [75], numerically investigated the effect of incoming wakes on a low pressure turbine
cascade with DNS simulations. Where also the influence of the incoming flow disturbances on the separated
flow region was highlighted.

In this section, a research on the dynamic response of flow separated regions and its control based on
a wall mounted hump domain is presented. The use of a smooth wall curvature geometry unlocks the
separation inception, which then becomes on a relevant variable to determine the most effective near wall
flow control. Wall mounted humps have been previously used under such circumstances on wind tunnel
experiments at high Reynolds numbers [76]. Similarly, turbulent flow separation control experiments over
wall mounted humps using dielectric barrier discharge have been documented [77-79]. In fact, He et al.
[77] compared the experimental results with URANS analysis validating the use of several turbulent models
resolving such flow structures. Through URANS and LES simulations, the dynamic response of the flow
separated regions to mean flow periodic excitations or sudden flow accelerations were studied. Which
reveal the strong dependence of the recirculation bubble on the mean flow velocity variations.

Many flow operated devices are exposed to flow separation and reattachment in a variety of a
geometrical locations. The flow separation may be induced by rear flow facing steps[80, 81], positive
pressure gradients [82-84], shock boundary layer interaction[85-87] or induced by unsteady flow
impingement [74, 75, 88]. Particularly, many industrial heat exchangers exploit the mixing induced in the
separated shear layer to magnify the heat transfer rate. In quest towards the performance improvement on
the heat exchangers operation as well as aerodynamically driven process a proper understanding of the flow
separation is required. Many authors have proposed different techniques on the flow separation control with
two coupled objectives: heat transfer enhancement and minimization of aerodynamic loses. [61, 76, 89-91]
[92]. However, it is generally found that the flow control approaches rely on passive devices, random
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periodic excitations or pulsating frequencies only found after optimization analysis. Following this
principles the energy required to perform the flow control may exceed the actual requirement for effective
flow control. Aiming a performance increase not only in terms of heat transfer enhancement or aerodynamic
footprint, but also on an efficient and effective flow control the dynamic scales of flow separation are
investigated.

The flow over a backward facing step has been extensively documented in both empirical and
numerical studies.[93] [94] [95]. The investigation of the turbulent shear layer over a back-ward facing step
has been conducive to the reattached boundary layer flow characteristics as well as the features flow
reattachment [96]. The flow features for different expansion ratios were disclosed by Biswas et al [97],
where a strong wo-dimensional behavior was recognized. Similarly the analyses of several Reynolds
number was conducive to the understanding of the different separated region geometrical scales. The
research on the unsteadiness and the convective instabilities over the backward-facing step conducted by
Kaiktsis et al. [98] revealed the characteristics of the disturbances propagation. It was found that the small
disturbances were transmitted downstream with significant amplification with a local convective speed.
Additional excitations into the shear layer region were only found to be altering the flow separation
characteristics only at high frequency rates. Which is a symptom of the magnitude of the dynamic scales
which control the shear layer region. Similarly, based on LES simulations the effects of periodic
perturbations inside of the detached shear layer behind a rear facing step have been qualified. Where again,
the Strouhal number has been proven to notoriously affect the interaction between the shear layers
instabilities.[95] Based on DNS simulations, Kaiktsis et al [98] indicated that the 3 dimensionality onset
takes place in the thresholds between primary and secondary recirculated regions. Which emphasizes the
presence of secondary instabilities in the shear layers being triggered by the corner vortex. Combined heat
transfer and aerodynamic measurements performed by Vogel and Eaton [99] explained the heat flux
distribution downstream of a backward-facing step and its coupled nature with the fluid dynamic structures.
Where fluctuating momentum and thermal boundary layer profiles had a strong influence on the transient
evolution of the heat transfer rate along the reattachment region. Hence, the efficient enhancement of the
heat transfer rates could only be guaranteed by a deep understanding of the aerodynamic scales.

Methods assumptions and procedures

The experiments were carried out on the Purdue Experimental Turbine Aero-thermal Laboratory blow
down linear wind tunnel [100]. The linear wind tunnel layout is presented in Figure 12 a), 56 cubic meters
of dry compressed air are stored at 150 bar. Two different lines divert from the air storage, the first one is
directly delivered to the test cell and discharges the flow in the mixer. The second line goes through a heat
exchanger driven by a gas natural burner that provides non-vitiated air at higher flow temperatures. The
heated supply is then combined with the cold stream in the mixer. The mass flow ratio between cold and
hot flow settles the actual flow temperature. The mixed stream is then delivered to the facility through a
calibrated critical venture that provides high accuracy mass flow measurements.

During start-up procedures and while achieving uniform flow conditions, the air is vented through a
purge line. Once the facility operates at steady conditions, the butterfly valve upstream of the linear wind
tunnel settling chamber is open and the purge valve is closed. Finally, the flow is discharged in the vacuum
tank through a sonic valve. The use of the sonic valve allows the settlement of the downstream static
pressure independently of the vacuum tank conditions. Taking advantage of the sonic valve and varying the
mass flow ratio between the cold and hot line, Reynolds and Mach number are independently adjusted.
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Figure 12: Experimental apparatus: a) Facility layout, b) test section, c) flow separation domain
integration in the linear test section, d) e) test section, f) Wall mounted thermocouples and surface taps
distributed along the test article

The operational envelope of the linear wind tunnel is presented in Figure 12 b). During subsonic
operation, the upper limit in Reynolds is constrained by the maximum operational pressure and the
maximum massflow that can be flowed through the upstream piping. To explore lower Reynolds the wind
tunnel is connected to the vacuum tank and the downstream pressure is lowered until 0.01 bar. The linear
test section can operate in supersonic and hypersonic conditions by introducing a convergent-divergent
nozzle following the area contraction of the flow conditioning system. At hypersonic flow conditions, the
upper limit of the Reynolds number is constrained by the condensation of Nitrogen. Figure 12 c) depicts
the Purdue Experimental Turbine Aerothermal Laboratory linear test section. Figure 12 d) represents the
sketch of the 3D flow separation domain integrated in the linear wind tunnel. To minimize the light and
laser reflection from the test article the aluminum surface was coated with Cerakote red ceramic paint.
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Figure 12 e) shows the coated test article installed in the test section. For simple flow visualization cotton
tufts were installed over the hump rise, fall and side slots during some experiments. Figure 12 f) depicts the
location of the total pressure and temperature probes. A total pressure rake with 5 heads and two total
pressure Kiel probes were used to monitor free stream evolution during the experimental campaign. The
total pressure readings were monitored with a Scanivalve MPS pressure scanner at a sampling frequency
of 850 Hz. 1/16th tubing connections with a length of 0.15 m were used to guide the pressure signal to the
transducers. The length and size of the tubing connections were selected to enhance the highest pressure
frequency resolution. Several exposed k-type thermocouples were distributed along the test section
centerline to identify the total temperature evolution.

Figure 12 g) represents the location of the pressure taps and wall temperature thermocouples along the
test article surface. In total, 15 wall mounted thermocouples were distributed across the flow separation
domain. On the other hand, 5 thermocouples were mounted on the back of the test article to monitor its
temperature evolution and provide the back reference temperature for heat flux computation. The sensing
element was glued with Kapton tape to the surface. The entire unsteady surface-temperature data acquisition
was done at a sampling frequency of 1 kHz. A total of 78 pressure taps were perforated along the test article
to monitor the evolution of the wall pressure during the experiments. The surface taps were distributed in
4 different regions. A cluster of 4 points identified by the indicator [-# was installed near the centerline of
the domain on the leading edge of the test article. 6 taps were installed near the left boundary identified
with the indicator L-# while 7 taps were perforated near the right boundary of the hump, R-#. Finally, 61
surface taps were distributed in three different groups near the center of the domain. 28 pressure taps were
dispersed from the hump summit up to the trailing edge of the domain at half span of the test article. The
rest of the surface taps were collocated 5% of the span away from the center. Additionally, 10 wall pressure
readings were installed on the upper side of the domain scattered among the instrumentation inserts to
monitor the evolution of the static pressure on the opposite surface. The wall pressure was recorded with a
Scanivalve MPS unit with a 15-psi range. The surface taps were connected to the pressure scanner through
0.1 m long and 1/16" diameter nylon tubing. The pressure taps were scanned with a sampling frequency of
850 Hz. However, during the transient performance experiments, only the centerline pressure taps were
monitored to boost the sampling frequency up to 2.5 kHz.

In addition to the pressure and temperature measurements, the stream-wise velocity component were
also monitored with a mono-dimensional hotwire, with a wire diameter of 6.3 pm. The experimental
assessment of the flow separation performance under mean flow unsteadiness is divided in two phases.
During the first part of the campaign, only steady conditions were acquired. Aiming the characterization of
the domain at different flow conditions. The second phase of the experimental campaign was focused on
the effect of mean flow transients on the performance of separated flow regions. The mean flow variations
were imposed by the fast acting valve located upstream of the settling chamber. The actuator of the valve
was boosted to guarantee the fast aperture and closure of the valve (approximately 50 ms), allowing the
sudden flow discharge into the settling chamber.

Steady state performance of flow separation domain

Figure 13 a) represents the static pressure distribution along the Flow Separation Domain for multiple
Reynolds/m, ranging from 1.1x10° up to 5.2x10° Table 4 presents a summary of the mean flow
experimental conditions: dynamic pressure at the test section inlet, total temperature, Mach number, and
mass-flow through the test section. The flow downstream of the test section was directly discharged to
atmospheric conditions.

Figure 13 b) depicts the reattachment location over the range of explored Reynolds numbers. The

reattachment location was identified by the end of the plateau on the wall pressure distribution. The
uncertainty associated to its measurement is the maximum distance to the nearest surface tap either in the
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upstream or downstream direction. Figure 14 a) represents the pressure coefficient (c,) distribution along
the test article when operating at attached flow conditions, Re\m 7.4x10°. 3D URANS numerical results are
compared against the experimental profile. Where the reference pressure, Prr, is the outlet static pressure.
In case of attached flow conditions there is an excellent agreement between the numerical and experimental
results. Figure 14 b) depicts the pressure coefficient variation along the hump. The shape of the domain
imposes an expansion, reaching a maximum gradient of 65 % at the pinnacle of the domain while the largest
diffusion during the hump fall is near 40 %.

Table 4: Experimental matrix

Re/m (1/m) Inlet Dynezrll)lg;:. Pressure Togo Mach M(eigls())w
1.1 x10° 140.8 290 0.045 0.75
1.5x 10° 250 290 0.059 1.00
1.9 x 10° 390 290 0.074 1.25
2.2x10° 560 290 0.089 1.50
2.6x10° 765 290 0.104 1.75
3.0x10° 1000 290 0.119 2.00
3.7x10° 1570 290 0.148 2.50
4.5x10° 2260 290 0.178 3.00
52x10° 3070 290 0.207 3.50
7.4x10° 6000 290 0.289 4.90
9.4x10° 465 290 0.081 1.00
1.7 x 10° 1420 290 0.141 1.75

Figure 15 a) represents the static pressure contour over the test article at Re/m 2.2x10°. As the flow
accelerates through the hump rise, the static pressure decays reaching its minimum over the hump summit.
The recirculated flow region extends across 50% of the span of the test section displaying a constant level
of static pressure. Then its size is gradually strained towards the center as the flow from the sides is entrained
by the pressure gradient. The flow separation process follows the expected 2D flow separation behavior.
However, the flow reattachment process is driven by 3D flow features, including the absorption of the flow
near the lateral walls and the lift-up of the recirculated flow. Figure 15 b) represents the static pressure
distribution along the wall-mounted hump at three different span locations, 45%. 50% and 55%. The
agreement among the three span locations depicts the uniformity of the test article performance across its
center.
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Figure 14: Test article performance at high Reynolds environments

Figure 16 and Figure 17 represent the hotwire traverses for conditions 1.5x10° and 2.6x10° respectively.
Figure 16 a) depicts the stream-wise velocity profile at mid-span 210 mm downstream of the test article
leading edge. The experimental results are compared against 3D-URANS simulations at the same axial
location. Figure 16 b) represents the turbulence intensity at each one of the interrogated heights compared
to the Turbulent Kinetic Energy numerical profile. The CFD prediction matches within the experimental
uncertainty the velocity profile across the upper segment of the test section. Although, there is a mismatch
on the axial velocity profile near the recirculated flow region prediction. The mono-dimensional hotwire
sensor traversed across the test section height cannot accurately determine the flow velocity along the
recirculated flow region. On the other hand, the turbulence intensity profile can also be a good indicator for
the flow behavior under detached flow conditions. In this sense, based on the turbulence intensity profile
when compared to the turbulent kinetic energy distribution, the current computational methodology can
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predict the experimental trend. However, the predicted extension of separated flow region is larger than the
experimental one. The peak of maximum turbulence intensity identifies the trace of the detached shear layer
and its convection downstream.
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Figure 15: 3D Flow behavior at Re/m 2.6x10°, a) Static pressure contour, b) Static pressure
distribution along the test article center at various span locations
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Figure 16: Hotwire Traverse at Re/m 1.5x10°

Similarly, Figure 17 compares the hotwire axial velocity measurement and turbulence intensity to the
numerical prediction based on the ko transitional SST turbulence model. As described for the operation at
1.5x10° conditions, the agreement between experimental and numerical results in the free stream flow is
excellent. However, based on the extension of the recirculated flow region, the numerical model predicts a
higher distortion on the axial velocity distribution due to the boundary layer separation. Although there is
a mismatch on the actual extension of the recirculated flow region, the trend predicted by the numerical
approach matches the experimental turbulence intensity distribution.
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Figure 17: Hotwire Traverse at Re/m 2.6x10°

Figure 18 represents the static pressure along the wall-mounted hump operating at Re/m 1.5 x 10°. The
experimental results are compared against 2D and 3D Unsteady Reynolds Averaged Navier Stokes
Simulations with the ko SST Transitional turbulent model. Both 2D and 3D URANS cases are able to
capture correctly the detachment inception of the boundary layer over the diffusion section of the hump.
The origin on the pressure plateau on both CFD predictions matches the experimental results. However,
both numerical models over-predict the extension of the recirculated flow region. In this line, the 3D case
predicts an earlier reattachment compared to the 2D evaluation thanks to the influence of the 3D flow
features, such as the lateral flow entrainment.
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Figure 18: Unsteady Reynolds Average Navier Stokes prediction of separated flow regions compared
against experimental results operating at Re/m 1.5x10°

Experiments with larger temperature gradients between mean flow and test article (Re/m 9.4x10° and
1.7x10°) were performed to compare the prediction of heat transfer distribution along separated flow
regions with the current numerical methodology. Figure 19 represents the temporal evolution of the total
pressure, total temperature and free stream axial velocity during the heat transfer experiments. There are
peaks on the total pressure and axial flow velocity driven by the flow aspiration while purge and linear
butterfly valves are simultaneously open during the start-up and shutdown of the experiment. However,
during the core of the experiment the total pressure and axial free stream velocity depict steady mean flow
operation. On the other hand, caused by the wind tunnel hardware warm-up, the total temperature in the
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test section is continuously rising. Only after 1 minute of operation the slope of the temperature seems to
decay and more stable conditions are achieved, at t = 60 s for 9.4x10° and at t = 85 s for 1.7x10°. Figure
20 a) and b) represent the temporal evolution of three wall-mounted thermocouples over the hump surface
for 9.4x10° and 1.7x10° operation respectively. The thermocouple at x=70 mm displays the larger
temperature rise driven by the smaller boundary layer thickness at its axial location, while the ones at
x=190mm and x = 370 mm are within the recirculated flow region and downstream of the reattachment
point respectively.
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Figure 19: Hot flow experiments mean flow conditions

Taking advantage of the transient evolution of the wall temperature readings at the hump surface, the
heat transfer coefficient is derived following the approached outlined by Saavedra et al. in [101]. Assuming
1-D heat flux conduction the heat flux is computed from the wall temperature readings on both sides of the
test article. Then based on the flow total pressure and temperature temporal evolution together with the
slope of the heat flux with respect to the wall temperature progression, the adiabatic wall temperature is
retrieved. Afterwards, the heat transfer coefficient is computed from the ratio between the heat flux and the
difference between the adiabatic and the actual wall temperature.

Figure 21 represents the heat transfer coefficient along the test article centerline for both operational
conditions and its comparison against 3D Unsteady Reynolds Average Navier Stokes results (km
transitional SST). Throughout the initial attached flow region the CFD simulations predicted similar heat
transfer levels and the results follow the trend marked by the experiments. The numerical evaluations were
performed assuming the development of the boundary layer from the leading edge of the domain and with
an inlet turbulence level of 3.8 %, matching the wind tunnel turbulence level of the facility. The predicted
heat transfer coefficient throughout the hump fall also under-estimates the experimental heat transfer
coefficient. Where again the over-prediction of the recirculated flow region extension is reflected on the
axial distance difference between the peaks of maximum heat transfer downstream of the hump summit.
Closely upstream of the reattachment location the heat transfer is maximum due to the reattached flow
impingement, [99]. The experimental trend at Re/m 9.4x10° shows a reattachment location x € [210 - 235]
mm while the numerical simulation predicts the reattachment around x=245 mm. Similarly, for operation
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at Re/m 1.7x10° the reattachment happens nearby x = 200 mm or even further upstream, while the URANS
reattachment prediction is at x =230 mm.
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Figure 20: Wall temperature evolution at different axial locations along the hump surface for hot flow

conditions
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Figure 21: Heat transfer coefficient distribution along the hump surface operating at two different
Reynolds numbers, comparison between experimental and numerical results

Flow separation performance under sudden flow discharge

After characterizing the performance of the test article under steady state operational conditions the
impact of sudden mean flow changes on the boundary layer detachment is explored. Figure 22 represents
the evolution of the mean flow properties during sudden flow discharge at Re/m 1.9x10° and 2.6x10° mean
flow nominal conditions. The air stream was vented through the purge line during the start-up of the facility
while the critical flow Venturi reached stable operation. Once the massflow was stable, the butterfly valve
was actuated and the flow was discharged to the linear wind tunnel settling chamber. Figure 22 b) represents
the total pressure evolution at the test section inlet for both experiments. Figure 22 c) depicts the transient
evolution of the total flow temperature during the experiment. Which is characterized by the sudden
temperature drop once the flow is released into the test section. Similarly, Figure 22 d) represents the
stream-wise velocity evolution at the inlet of the test section. The represented velocity is derived from the
local total pressure probe and static pressure readings in the upper wall of the test section at the inlet. The
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purge line was re-opened and the butterfly linear test section was closed to set stagnant flow conditions
before the sudden flow discharge at Re/m 2.6x10°.
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Figure 22: Sudden flow discharge experiment 1.9x10° and 2.6x10° conditions, massflow, total
pressure, total temperature and axial free stream velocity

P (kPa)
100.5 t=-0.07 s ‘ t=0.03 s

100 |+« coveomememsse s mamsimn s v 00 of [ L b emnns oo e e ot e o ®

99.5
P (kPa)

100.5 t=0.13s t=0.18 s

100 | ° 7, aeeteresanatfntene s s et
ot

99.5
P (kPa)

100.5 t=0.23 s t=0.28 s

100 - ° './,._,a—vvinlu’....-d.. ae o ©t ,/"-l&-~‘"-ty-. ..

99.5
P (kPa)

100.5 t=0.33 s t=0.38 s

100 | ° e TR : AT e e e

99.5
P (kPa)

100.5 t=0.58's t=1s

100 | ° JUCE TR P

99.5 e “ P Uncertainty 50 Pa

0.1 0.3 0.5 0.1 0.3 0.5
x (m) X (m)

Figure 23: Surface pressure evolution during 1.9x10° sudden discharge experiment
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Figure 23 illustrates the wall pressure distribution along the hump centerline for several time steps
along the transient evolution. The pressure was monitored at 2.5 kHz and then a low pass filter at 400 Hz
was applied to the transient signal at each axial location. Prior to the valve aperture, t = - 0.07 s, the entire
test section has stagnant flow and the surface taps display the atmospheric pressure. Once the valve is open,
the passage of the initial compression waves is felt as a local rise of the static pressure along the test article
axis, t = 0.03 s. After the main pressure wave has travelled through the settling chamber and arrived to the
test section, the flow is set into motion, t = 0.13 s. As the inlet flow velocity increases, the pressure
distribution exerted by the hump geometry appears, reducing the static pressure towards the hump pinnacle
followed by the diffusion along the fall. The dynamic pressure at the domain inlet gradually increases as
the mean flow approaches the nominal flow velocity, driving stronger expansion and diffusion across, t =
0.18 s and t = 0.23 s. For later time steps, t= 0.28 s the mean flow conditions have already achieved their
nominal values and a pressure plateau appears through the diffusion segment of the hump. Which illustrates
the boundary layer detachment and the generation of the recirculated flow region. Following the boundary
layer initial detachment, the recirculated flow region grows, t = 0.33 s, until it achieves its final extension,
t > 0.38 s. During the first instances of the sudden flow release although the hump is already imposing the
diffusion through its descent, the boundary layer does not detach.
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Figure 24: Stream-wise velocity transient evolution during Re/m 1.9x10° sudden

The near wall region receives a momentum boost in terms of boundary layer height reduction driven
by the flow inertia,[ 102]. Under such circumstances, the boundary layer is able to overcome the adverse
pressure gradient. Once the acceleration rate of the flow decays and the momentum boost vanishes, the
boundary layer detaches from the wall and the recirculated flow region is generated. Figure 24 represents
the temporal evolution of the stream-wise velocity component at various normal distances from the wall,
190 mm downstream of the test article inlet and 60 mm downstream of the hump summit. The profiles
above the recirculated flow region, (y=72.9, 92.9 and 112.9 mm) follow the same trend, depicting the
evolution of the mean flow velocity during the sudden discharge experiment. Following the arrival of the
initial compression wave the flow velocity suddenly increases. Then it reaches a uniform value at t = 0.140
s to suffer a second increase towards the final flow velocity. The flow acceleration trend is promoted by the
passage of the latest compression wave and the arrival of the expansion waves from the test section outlet.
The measurements were obtained with a mono-dimensional hotwire probe. Hence the magnitude of the
axial velocity component within the recirculated flow region (y<35 mm) does not reflect only the stream-
wise velocity but also the influence of the transversal components. However, relevant information can be
extracted from the transient trends about the development of the recirculated flow region by looking at the
local flow unsteadiness.
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Figure 25: Local axial velocity unsteadiness during Re/m 1.9x10° Sudden

Figure 25 represents the stream-wise velocity component deviation from the average local velocity.
The averaged local velocity is obtained applying a low pass filter at 20 Hz to the transient signal. This
indicator is a measure of the temporal evolution of the local unsteadiness or flow turbulence at each normal
location. For mean flow conditions, 92.9 mm, the local stream-wise unsteadiness remains within the wind
tunnel inlet turbulence level, 4 %. However, this indicator displays larger magnitudes for the profiles nearer
to the wall due to the flow recirculation. Interestingly, during the initial phases of the sudden flow discharge
the local unsteadiness is one order of magnitude smaller than for the nominal flow operation, which is in
agreement with wall pressure distribution transient evolution. Revealing the abatement of the boundary
layer detachment during the transient acceleration phase.
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Figure 26: Surface pressure evolution during 2.6x10° sudden discharge experiment

In order to explore the impact of larger magnitude accelerations, a sudden flow discharge experiment
at a higher flow velocity was performed, Reynolds\m 2.6x10% The transient evolution of the mean flow
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properties, massflow, Po, To and inlet free stream axial flow velocity are represented in Figure 22. Figure
26 depicts the wall pressure distribution along the hump centerline for several time steps along the condition
start-up. As the flow is set into motion, £>0.1 s, the hump imposes the flow expansion and diffusion across
the centerline of the domain. Which is illustrated by the progressive reduction of static pressure towards
the hump pinnacle. Driven by the sudden flow discharge the boundary layer is able to overcome the adverse
pressure gradient and there is no presence of flow separation during the start-up, t<0.3 s. As the acceleration
rate dilutes the boundary layer detaches and a plateau on the pressure evolution is noticed for t>0.35. The
recirculated flow region gradually increases its extension up to its establishment, t > 0.4. Figure 27
illustrates the stream-wise velocity component deviation from the average local velocity. The transient local
unsteadiness above the recirculated flow region depicts values in agreement with inlet turbulence level.
Along the recirculated region when operating at nominal conditions the mean local unsteadiness is around
50 %, in agreement with the values obtained for the steady traverses under operation at 1.5x10° and 2.6x10°.
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Figure 27: Stream-wise velocity transient evolution during 2.6x10° sudden

However, during the initial phases of the sudden discharge, t < 0.3 s the local unsteadiness remains
below 6 %. Indicating the absence of massive flow separation along the diffusion section of the hump.
Which evidences the momentum boost received by the near wall flow region. Figure 28 represents the
transient evolution of the stream-wise velocity component at various normal distances from the wall, 60
mm downstream of the hump summit. The mid-span velocity (y > 52.9 mm) display identical evolution,
the flow accelerates following the arrival of the compression waves up to t = 0.3 s, where it reaches a
maximum value and then gradually adjusts to the nominal operating condition, t >0.4 s.

120% . r
xXv —Xv —@y=929mm
xv 80%_--@y=16.9mm I
........ @y=129mm
- -@y=89mm
40%
0 0.25 0.5 0.75 1

Figure 28: Local axial velocity unsteadiness during 2.6x10° Sudden
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Figure 29: Stream-wise velocity profile at several time-steps along the sudden flow discharge 2.6x1(0°,
experimental profiles (1-D Hotwire) vs. URANS numerical prediction

Figure 29 represents the axial velocity profile across the height of the test section 60 mm downstream
of the hump summit for several time steps along the transient. The experimental velocity profile is compared
against the results of a 3D URANS blow-down simulation. The sudden flow discharge in the numerical
simulation was imposed with a smoother-step profile evolution that mimicked the pressure rise over 100
ms. The use of a smoother step profile enhances the numerical stability of the simulation although it
generates some disagreements on the initial release of pressure waves at the inlet. Following the arrival of
the initial pressure waves the flow is set into motion t = 0.124 s. The numerical profile follows behind the
initial flow acceleration, t < 0.186, due to the differences on the inlet total pressure prescription. However,
for t > 0.186 the core flow velocity evolution is almost identical to the experimental one. The numerical
blow down simulation reflects attached flow performance for t <(0.272 at the probe axial location. Similarly,
the local unsteadiness in the experimental profile remains at moderate levels up to that point. Afterwards,
for t >0.27 there is a portion of the velocity profile that reveals reversed flow performance in the numerical
simulations and larger profile deviations in the experimental results. The growth of the reversed flow region
extends above the region of larger unsteadiness and lower velocity magnitude monitored by the hotwire, as
already illustrated for steady state performance in Figure 16 and Figure 17.
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Conclusions

Transient flow behavior impacts momentum and thermal boundary layer development in all fluid-
mechanic machinery. The near wall region can suffer from inertia, turbulence mitigation, or turbulence
enhancement driven by sudden changes or oscillatory behavior of the free-stream conditions. This
phenomenon is of particular relevance for short duration wind tunnels where the flow is set into motion by
shock waves and only a few milliseconds of testing are available. In a similar way, the confined flow inside
of turbomachinery passages or heat exchangers suffers from mean flow oscillations driven by upstream
components. Free-stream flow changes, in particular sudden flow accelerations affect the development of
the boundary layer and impact the evolution of the wall fluxes.

During transient flow conditions or periodic flow perturbations, the flow momentum near the wall
region can be benefited from the unsteady flow behavior and delay or prevent the boundary layer
detachment. The flow separation is induced by the lack of momentum on the near wall region when exposed
to adverse pressure gradients. This dissertation analyzed the behavior of separated flows, reporting the
inception and separation length, under non-temporally uniform inlet conditions through Unsteady Reynolds
average Navier—Stokes (URANS), large Eddy simulations (LES) and experiments in a linear wind tunnel.
The investigation is focused on ad-hoc wall mounted hump that mimics the performance of a low pressure
turbine airfoil. Where the flow is attached for high Reynolds number but the boundary layer detaches for
low Reynolds conditions. Through sudden flow accelerations, the dynamic response of the shear layer
detachment was also assessed. While based on periodic inlet total pressure fluctuations the performance of
flow separation under continuous flow oscillations was explored.

Based on the sudden flow discharge analysis, at similar Reynolds conditions, the presence of flow
acceleration energizes the near wall flow preventing the flow separation. On the contrary, in case of mean
flow deceleration, the boundary layer is more predisposed to detach and the length of the separated region
increases. In this line, the strong influence of the mean flow temporal evolution on the separation onset was
remarked. Under periodic disturbances, once the excitation rates approach the domain frequency response,
the mean flow quantities tend to an average condition. However, the boundary layer flow can perceive the
influence of the pressure and expansion waves propagating across the domain, modulating its reaction when
exposed to adverse pressure gradients.

To assess experimentally the impact of mean flow transients on the flow detachment and reattachment
process a modular wind tunnel tailored to fundamental and low technology readiness level, 1-2, was
designed and commissioned. The working section, 70x230 mm cross section and 550 mm long, has full
visual access and can operate in sub-atmospheric and over-pressure conditions. The test section is defined
by windows, allowing complete imaging resolution and enabling the use of a myriad of optical techniques
to characterize the near wall region. The test conditions in the working section can vary from Reynolds/m
[1x 10° - 1.9 x 10*] and Mach [0.005 - 6.5]. The design of the flow conditioning system was optimized
with 3D Unsteady Reynolds Average Simulations to guarantee its performance. Delivering uniform flow
conditions with a minimal response time to the upstream flow changes. Taking advantage of this facility,
aero-thermodynamic measurements over the designed wall mounted hump were carried out to monitor the
temporal evolution of boundary layer detachment and reattachment. The inlet flow conditions to the test
article were interrogated with total pressure, total temperature and hotwire traverses. The transient growth
of the recirculated flow region under the mean flow transients was monitored by means of wall pressure
readings and hotwire traverses. Driven by the sudden flow release, the near wall region can overcome the
adverse pressure gradient. As the flow acceleration dilutes, the boundary layer detaches and the separated
flow region grows. The experimental results are compared to 2D and 3D transient Computational Fluid
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Dynamic simulations. Which proof the capability of Unsteady Reynolds Average Navier-Stokes models
predicting the dynamics of this phenomena although over-predicting the extension of the separation.

Once the boundary layer detachment phenomena under mean flow transients was characterized, flow
control strategies based on flow injection and absorption were analyzed. To investigate the impact of flow
control on the flow separation dynamic response a slot was included in the geometry. Allowing the
exploration of the recirculated flow region behavior under flow aspiration and injection. Low-frequency
excitation effectively abates the flow separation near the actuation extremes. However, it fails to prevent
separation along the mean levels of the actuation envelope. As the frequency of actuation increases, the
cyclic injection-ingestion effectively prevents the separation onset throughout the entire period. In addition,
the thermal and axial velocity profiles tend to an average status, which reduces the heat transfer rate from
the core flow to the wall. The actuation performance is boosted when the actuator frequency matches the
frequency response of the separated region.
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List of Symbols, Abbreviations and Acronyms

A

c

cf

C
CCF
cd
cp

d

o)

6 *

A
DBD
f
FFT
FSD

GCI

HP
htc

RMS
RMSE
RMSD

SST
St

Area

Speed of sound

Skin friction

Covariance

Cross Correlation factor

Drag coefficient

Heat capacity

Model order

Boundary layer thickness
Boundary layer displacement thickness
Increment

Dielectric Barrier Discharge
Frequency

Fast Fourier Transform

Flow Separation Domain
Required precision

Grid Convergence Index
Domain height

High Pressure

Heat transfer coefficient
Acceleration parameter
Number of independent variables
Length

Leading Edge

Large eddy simulations

Low Pressure

Mach number

Dynamic Molecular viscosity
Kinematic Molecular Viscosity
Contraction Ratio

Boundary layer momentum thickness
Pressure

Period

Purdue Experimental Turbine Aerothermal Laboratory

Prandtl number

Heat flux rate

Reynolds Average Navier Stokes
Reynolds number

Density

Root Mean Square

Root Mean Squared Error
Root Mean Squared Deviation
Standard deviation

Shear Stress Transport
Strouhal number

Wall Shear Stress

Time

Temperature
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TE Trailing Edge (-]
TRL Technology Readiness Level (-]
Tu% Turbulence Intensity [-]

u Free stream velocity [m/s]
W Wire [-]
XV Axial Velocity [m/s]
X Axial Distance [m]
y Normal distance [m]

Subscripts and superscripts

Subscripts

0 Stagnant

ax Axial

dyn Dynamic

exc Excitation

0 Obstacle

r Reattachment

ref Reference

th Thermal

o0 Free stream conditions\
B Massflow Averaged

Superscripts

+ Wall Units

* Observation location
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Appendix, Uncertainty Evaluation

In order to quantify the uncertainty of the measurements all primary variables used in their derivation
factors are taken into account. The main sources of uncertainty in the methodology are summarized in Table
5. All error evaluations are given at 95% confidence level.

The absolute uncertainty of each derived quantity is estimated based on the variable mean value and
impact of the uncertainty of each one of the prime factors used to derive that quantity. For example, Table
6 represents the Venturi massflow uncertainty. The massflow through the critical Venturi depends only on
3 prime variables: total pressure, total temperature and discharge coefficient (obtained from Venturi
calibration). Based on the mean value for each one of these quantities the mean massflow is obtained. Then
additional evaluations of the massflow computation are repeated including the uncertainty of each one of
the prime variables. Considering the mean value of the total pressure plus its uncertainty the massflow is
re-evaluated keeping the other quantities at its mean value. The outcome of that calculation reflects the
massflow uncertainty associated to the total pressure uncertainty reading. The same procedure is repeated
for each one of the prime variables and the global uncertainty is the square root of the sum of squares of
the individual uncertainties. Finally, the sensitivity of the derived variable to each one of the independent
variables can also be obtained when dividing the outcome variation by the original independent absolute
uncertainty. Similar procedures are followed for the uncertainty derivation on Reynolds number, Table 7;
flow velocity derived from PO, TO and P, Table 19; hotwire flow velocity, Table 20; heat flux, Table 21;
and heat transfer coefficient, Table 22.

Table 5: Transducers s absolute uncertainty

Variable/Sensor Uncertainty  Unit

Venturi T 1 K
Venturi Pressure 1723 Pa
Test Section 50 Pa
Pressure
Test Section T 0.3 %
Venturi C(I;lhbratlon 0.0178
hotwire Voltage 10 A%
hotwire o 0.001

Table 6: Massflow uncertainty

m with Am

Mean # Unit Abs. Uncer. Uncer. (%) Sensitivity
Po 626328 Pa 1723 1.52 0.28 100.1
To 270 K 1 1.51 0.19 50.0
cr 1 0.0178 1.54 1.78 100.0
m 1.51 kg/s 1.50
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Table 7: Reynolds uncertainty
ARe

Mean # Unit Abs. Uncer.  Re with Uncer. (%) Sensitivity
0
Po 101885 Pa 50 1148340 4.38 8922
P 11325 Pa 50 1050066 4.55 9228
To 275 K 1 1095043 0.47 128.1
Re 1100168 3.07
Table 19: Stream-wise velocity uncertainty
Mean # Unit Abs. Uncer.  xv with Uncer. ?OI/? ;3 Sensitivity
0
Po 101885 Pa 50 30.11 2.12 4325
P 11325 Pa 50 28.96 1.78 3602
To 275 K 1 29.54 0.18 49.95
xv 29.48 m/s 2.77
Table 20: Hotwire stream-wise velocity uncertainty
. xv with ARe e
Mean # Unit Abs. Uncer. Uncer. (%) Sensitivity
Po 100598 Pa 50 33.48 0 0
P 99674 Pa 50 33.47 0.03 59.98
To 283.62 K 1 33.60 0.37 2.09
wire £ 13.10 Q 0.01 33.44 0.11 140.62
Olh 9x10™ 1/K 510” 34.93 0.11 1.93
\% 0.72 \% 107 33.48 0.00 21.83
Ny 0.71 2.610° 31.79 5.04 131.86
An 5.2x10” 2.010°8 31.77 5.11 134.93
xv 33.48 m/s 7.19
Table21: Heat flux calculation uncertainty
Mean # Unit Abs. Uncer. ¢ with Uncer. (%/g) Sensitivity
Ald 0.05 m 2x 10 5745.4 0.01 2.86
Al x 180 W/(mK) 7.2 5758.3 0.21 5.31
Alp 2700 Kg/m® 100 5755.5 0.16 4.43
Al ¢, 897 J/(kgK) 10 5748.7 0.05 4.43
ced 4x10* m 5x10” 6214.4 8.15 65.20
Ck K 1.3 W/(mK) 0.1 6031.7 4.97 64.56
Ck P 1335.98 Kg/m® 45 5751.2 0.09 2.66
Ck Cp 990 J/(KgK) 25 5750.1 0.07 2.77
Tyl 340 K 1.5 5750.1 0.07 161
q 5746.1 W/m? 9.55
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Table 22: Heat transfer coefficient uncertainty

htcg,, with

Ahtc

Mean # Unit Abs. Uncer. Uncer. (%) Sensitivity
Ald 0.05 m 2x 10 83.45 0.01 2.86
Al x 180 W/(mK) 7.2 83.63 0.21 5.31
Alp 2700 Kg/m® 100 83.59 0.16 4.43
Alc, 897 J/(kgK) 10 83.49 0.05 4.43
ced 4x10™ m 5x10” 90.26 8.15 65.20
Ck K 1.3 W/(mK) 0.1 87.60 4.97 64.56
Ck P 1335.98 Kg/m? 45 83.53 0.09 2.66
Ck Cp 990 J/(KgK) 25 83.51 0.07 2.77
Twan 340 K 1.5 81.41 2.45 556.42
htcay, 83.45 W/(m’K) 9.86
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