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Abstract

Boundary layer separation significantly affects the aerothermal performance of low-pressure turbines in
flight vehicles at high altitude. In this investigation, we present the aft portion of the suction side of
a low-pressure turbine as a wall mounted hump, where the flow diffusion could lead to boundary layer
detachment at low Reynolds numbers and fully attached flow is present at higher Reynolds numbers. The
goal of the current research is to find an effective flow control approach to prevent the boundary layer
detachment and reduce dynamic head pressure loss with a minimum energy requirements.

Stability and sensitivity analysis on the flow is conducted. Assisted with all the information from
stability and structural sensitivity analysis, we perform an optimisation investigation to find the optimal
location and blow rate of the injection. The optimal location and blow rate inhibit the separated flow
regions exposed to transient mean flow conditions.

In this investigation, we prove the feasibility of finding an optimal flow control strategy that considers
the inherent transient behaviour of the flow by optimisation.
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1. Introduction

Unmanned flight vehicles for operations at a large envelope of altitude have met an uprising demand in recent years.
One specific challenge in the designing flight vehicle is the development of an engine that adapts a large range of
Reynolds numbers.

The operating Reynolds number during high-altitude cruise for the low-pressure turbines (LPT) in a flight vehicle
can drop drastically compared to the operating conditions at low altitude. However, the development of more compact
and versatile distributed-thrust engine has been constrained by the occurrence of flow separation in low-pressure turbine
airfoils.>2227 At low Reynolds numbers (below the order of 10°, based on the airfoil chord and inlet velocity), the
rear part of the suction side of the airfoil can experience flow separation which increases the pressure loss and reduces
the efficiency of the turbine blades, which, therefore affects the performance of the flight vehicle at high altitude.

Passive flow control techniques are mainly aimed at the use of geometrical elements to promote laminar to
turbulent boundary layer transition. Passive control techniques require no energy input or complicated actuation mech-
anisms, which makes it easier to implement. Lake et al.'® introduced the use of surface dimples to reduce the size
of the separated flow regions. Volino®® investigated on the effect of rectangular bars on the suction side surface to
promote the boundary layer transition and encourage the flow reattachment. However, the added geometrical elements
or a deformation based on the original configuration, alter the performance greatly at off-design conditions.

Comparing to passive control techniques, active flow control techniques are able to adjust the parameters in the
control strategies to adapt to different operating conditions. Greenblatt and Wygnanski'' documented the control of
flow separation by periodic excitation with a hydrodynamic approach, ranging from acoustic wave-based approaches
to flow injection and ingestion. The application of glow discharge plasma actuation on the boundary layer control has
been experimentally'? and numerically?* proven to enhance a fast flow reattachment.

Flow stability analysis®® predicts how small flow perturbations grow or decay with respect to an equilibrium
flow solution (the base flow), providing information about the onset of the physical mechanisms (reported as modes)
responsible for detachments can help to determine means by which to control it.

The linear stability community has developed tools to control the onset of unfavoured modes, which have been
popularised as adjoint-based sensitivity analysis. Sensitivity analysis identifies the regions of the flow that, if modified,
lead to the greatest damping (or amplification) of the feature responsible for the instability. The numerical study of
flow sensitivity relies on the use of adjoints.!” The importance of adjoints and sensitivity maps, together with the
mathematical tools required for the study of the sensitive flow regions, to different parameters, were first introduced
by Hill,'? and have been used extensively to examine the receptivity to internal and external modifications,® -2 and
also by the authors.?:%1%15 Having determined the most sensitive flow regions, it becomes relatively simple to apply
a flow control technique. Passive control introduces inactive objects (e.g. a small cylinder), which modifies the flow
to stabilise or modify the frequency of particular flow features.?® Useful active flow control may also be derived from
sensitivity maps to control undesirable instabilities.?’

In recent years, aerodynamic shape optimisation has become a valuable tool for the design of efficient lifting
surfaces and even entire aircraft.”? The advances in computing power and development of more accurate computational
fluid dynamics solvers have promoted optimal shape design.'* In most recent research, aerodynamic optimisation has
been successfully applied to optimal flow control strategies.’-2%3!

In this work, we investigate on the detachment recirculation at the wall mounted hump and the difference of
the recirculation bubble sizes at different Reynolds numbers. We identify the modes and structures that dominate the
unsteady flow behaviour of the recirculated flow region with stability analysis. In the optimisation investigation, we
find an optimal injection strategy within the designated range of parameters.

2. Methodology

2.1 Navier-Stocks Equations

In the present study, we use DLR-TAU code for the simulations. The DLR-TAU code is a compressible three-
dimensional Navier-Stocks solver. Spatial discretisation uses a finite volume approach. In this formulation, the mass
matrix M = fg dV simplifies to the computational cell volumes €. When the compressible Navier-Stokes equations
are selected, the right hand side ¥ (g) in (10) denotes the divergence of the viscous and convective fluxes:

F(g) = fv (F,~F.)
2 (1)

= (F,-F,) n,
0Q
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where F, are the inviscid, or Euler fluxes, and we have used using Gauss’ divergence theorem to replace the
divergence of the fluxes by the fluxes through the element faces 9. Convective fluxes are discretised using a second
order Van Leer Upwind scheme.

pu pv ow
o> +p  puv pouw
F, = puv oV +p pvw , 2)
puw ovw  pw?+p

puH pvH pwH

where p and H are the density and total enthalpy. Additionally, F, defines the viscous fluxes:

0 0 0
Txx Txy Txz
S
F, = Tyx Tyy Tyz s 3
Tex T2y Tzz

3 3 3
Zj:l VjT]j+KTX Zj:l VjT2j+KTy Zj:leT3j+KTz

where « is the thermal conductivity, T, T, and T, denote the gradients of temperature and the stress tensor 7 is defined
as 7 = u(Vi + (VHT) — 2/3ulV - ¥, with y the dynamic viscosity, ¥ = (u, v, w)” and I is the three-dimensional identity
matrix. In all cases, the Mach number is kept low such that compressible effects are minimum.

2.2 Transition Transport Model

In this work, we adopt a transition transport model, ¥ — Reg, model, for the investigation. The model holds two
transport equations, one for the intermittency y and the other for the Reynolds number based on momentum thickness
at the transition point, Rey,. The intermittency y represents the fraction of time the flow is turbulent at a fixed position
in the flow field. It is zero in case of laminar flow and one in case of turbulent flow. In the transition region, y varies in
between zero and one. The transport equation for Rey, is controlled by an empirical transition criterion, which is only
valid outside of the boundary layer. Inside the boundary layer, the information about transition onset is transported by
convection and diffusion terms.

M+V'(pu7)_v‘((ﬂ+&)Vy):Py_gy’ @
ot o,
6(/?269;) + V- (puReg) =V - (0or(ut + p1;)VReg,) = Pot. )

The production term of the intermittency equation is given by

7)7 = Flengthcalpg V’)/Fonset(l - Cel'y)’ (6)

where S is the magnitude of the stain rate and Fj,,g, is an empirical function that controls the length of the transition
area. It is defined by the second transport quantity Reg,. F,p is used to trigger the intermittency production. The
production term of the second transport equation for Rey, is given by

Py = cer§<Re;, — Reg)(1.0 - Fy), 7

where Re}, is obtained from an empirical transition criterion and Fy, is an empirical function. The destruction or
relaminarisation term of the intermittency equation is

8)/ = cuZ,OQ’yFlurb(ceZ’y - 1), (8)

where Q is the vorticity magnitude and F, is an empirical function that depends on the viscosity ratio. The constraints
for the intermittency equation are

ce1 =10, ¢ =05, c»n=500, cp=003 o,=10. )
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2.3 Linear Stability Theory

We consider a discrete approach to derive sensitivity fields.>2! The discrete method starts by discretising the governing
equations to subsequently derive the linearised system; as opposed to first linearising to then discretise (i.e. continuous
approach). An advantage of the discrete version is that, being purely algebraic, it does not require the derivation of
adjoint equations or adjoint boundary conditions since these are automatically included in the matrix system.

The methodology may be implemented in compressible or incompressible flow solvers. Here we select, without
loss of generality, a compressible version of the Navier-Stokes equations, where conservative variables are utilised:
q = (o, pu, pv; pw; pe)’, where p denotes the density, u, v and w are the velocity components and e denotes energy. We
start by considering a spatially discretised time varying and non-dimensional system

aq
ME =F(q). (10)

where 7 (g) is a discrete non-linear operator, M is the mass matrix resulting from the spatial discretisation.

To perform linear instability analysis the state variable ¢ is decomposed into its steady state contribution, g, and
a small perturbation, ¢’ such that ¢ = § + q’. We proceed by inserting this decomposition into Eq. (10) and linearise
the non-linear discrete system using Taylor series (around q). Subtracting the base flow equation and neglecting second
order terms O(g’?), we obtain a linearised and time varying system for the perturbation field

’

oq . _
ME—J(q)q an

with J(q) = %;q) denoting the Jacobian matrix. Eq. (11) may be advanced in time to simulate the growth or decay
q
of perturbation upon the base flow §."® Alternatively, it is possible to solve the above perturbation equation in the

frequency domain by introducing the ansatz, ¢’ = §e”’, which leads to a generalised eigenvalue problem
J(@G=0oMq. (12)

The eigenvector § is the direct mode associated to the complex eigenvalue, o = o + io;, whose real and
imaginary components represent the perturbation growth rate and angular frequency.

2.4 Sensitivity Analysis

The localised regions of sensitivity denote the spatial separation between direct and adjoint modes, which is related
to the non-normality* of the Navier-Stokes equations. The regions where the direct and adjoint modes overlap define
the structural sensitivity to localised feedback or wavemaker regions,® and relates to the origin of absolute instabili-
ties. These sensitivity maps provide information on the flow regions where a generic force-velocity coupling causes
the largest drift in the eigenvalues and hence provides useful information on control strategies to attenuate these in-
stabilities.>® 17 Other flow sensitivities, e.g. to base flow modification or steady forcing,>>1%2:2%> have been defined
in the literature but are not considered here. Generally speaking, sensitivity analyses define the “sweet spots" for the
location of passive control mechanisms and the regions where small modifications lead to the largest modification of
the eigenmode behaviour (e.g. enhancing its stability).

The structural sensitivity maps can be calculated by solving the eigenvalue problem with the adjoint of the
Jacobian matrix of the system.

O-adeqadj = ;Zldj(q)Qadj’ (13)
in which,
Faaj = M TM. (14)

When considering the Navier-Stokes equations without non-linear terms, the resulting system, characterised by
its Jacobian matrix is symmetric and consequently self-adjoint. In these cases the direct and adjoint modes are identical.
When non-linearities are included in the problem, the Jacobian matrix is not self-adjoint, which makes them different.
Then it is possible to find the spatial regions where direct and adjoint modes overlap to obtain the wavemaker region,
following equation 15.

S=11G"11- ll4ll- 5)



DOI: 10.13009/EUCASS2019-492

OPTIMISATION IN ACTIVE FLOW SEPARATION CONTROL IN LOW-PRESSURE TURBINES

3. Numerical Results

In this section, we discuss the results from the flow simulations, stability and sensitivity analysis and optimisation.
Regarding boundary conditions, a steady actuation with total pressure and total density is imposed at the inlet and the
injection inlet. The lower wall with the mount hump is set to be a transition wall. A static pressure is imposed on
the exit. Since DLR-TAU is a three-dimensional solver, it only deals with three-dimensional mesh. The two spanwise
boundaries are set to be symmetry plane for two-dimensional simulation. All the other wall, including the upper wall
of the channel and the walls in the injection chamber, are slip walls.

Boundary name Boundary Condition Notes
Inlet actuation Py, po
Exit exit-pressure outflow P
Lower wall transition
Upper wall slip wall
Symmetry plane symmetry plane
Injection inlet | reservoir-pressure inflow | Py, po
Injection walls slip wall

Table 1: Boundary conditions.

3.1 Flow Simulation

The numerical domain used to model wall mounted hump is displayed in figure 1. Where the outlet of the domain
is located five axial cords downstream of the test article. The inlet boundary of the domain is treated a total pres-
sure boundary condition where total pressure and temperature are prescribed together with the turbulent intensity and
turbulent length scale. While the outlet is modeled as a back pressure boundary where the static pressure level of
the simulation is imposed. The top surface is treated as an adiabatic slip line, while the bottom surface is a viscous
isothermal wall. The actual total and static quantities imposed in the numerical evaluations are summarized in table 2.

L,

Figure 1: Mesh.

No. | Inlet Py (Pascal) Inlet Ty (K) Exit P (Pascal) Inlet pg (kg/m>) Re
1 100010 500 100000 0.6969 13980
2 100050 500 100000 0.6972 31261
3 100100 500 100000 0.6976 44214
4 100500 500 100000 0.7003 98928
5 101000 500 100000 0.7038 140016
6 101649 500 100000 0.7084 180000
7 105000 500 100000 0.7317 315013
8 110000 500 100000 0.7666 448759

Table 2: Case list.

The performance of the test article was evaluated at a wide range of Reynolds numbers (based on the chord length
and the mean velocity at the inlet) ranging from 13980 up to 448759. The detachment and reattachment locations for
each one of the Reynolds explored are shown figure 2.
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Figure 2: Detachment and reattachment locations against inlet total pressure

As previously identified for this geometry, the boundary layer detachment inception is insensitive to the Reynolds
number and the recirculated flow region starts always in the same location. On the contrary, the reattachment location
is determined by the actual Reynolds number. As the inlet Reynolds number decreases the near wall region has less
flow momentum to overcome the adverse pressure gradient and its capability to reattach weakens. Consequently, the
reattachment location moves upstream as the Reynolds number increases. The correspondent axial velocity contours
for each one of the inlet total pressures are shown in figure 3. Where the reduction of the recirculated flow region with
Reynolds number can also be identified.

3.2 Stability and Sensitivity Analysis

In an attempt to identify the modes and structures that dominate the unsteady flow behaviour of the recirculated flow
region an stability analysis is performed. Our goal is to detect the structures that dictate the formation and growth of
the detached flow bubble. Once identified, we could introduce flow actuation to alter the performance of separated
flow region in an effective manner. Specifically, we carry out stability analyses with inlet total pressure Py = 100500
without injection, correspondent to a Reynolds number of 98928. The eigenvalue spectrum is shown in figure 4. An
unstable mode is identified at o~ (4.272, 0). This mode seems to dominate the growth of the separated flow region and
lift off of the momentum boundary layer from the surface. The mode structure is shown in figures 5. Figures 5 a and b
represent the axial and normal velocity components representative for the most unstable mode. While figures 5 c and d
represent the density and structural sensitivity map respectively. The axial and normal velocity and density identify the
maximum strength of the mode right at the boundary layer detachment inception. While the sensitivity contour depicts
region of influence of the boundary layer detachment mechanism. These results suggest that for an effective mitigation
of the boundary layer detachment the actuation should be located at the origin displayed in the axial velocity contours.

The rest of the modes in the domain do not depict and unstable growth, however the mode at o = (—0.5436, 2.366)
results of interest due to its proximity to the unstable threshold. The velocity, density and sensitivity map correspondent
to this mode are displayed in figure 6. The origin of this mode is also located slightly downstream of the hump summit,
close to the separation inception and its region of influence extends across the recirculated flow region. Hence any
alteration of this mode could eventually affect the growth of the recirculated flow region.

The stability analysis seem to conclude that an effective actuation to prevent the detachment of the boundary
layer or reduce the extension of the flow region must right downstream of the hump summit. In this work, we propose
to control the detachment by injecting further flow momentum to energize the near wall region and overcome the

adverse pressure gradient.
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(e) Py = 110000.

Figure 3: u, with different inlet total pressure.

4. Optimisation

4.1 Algorithms and Optimisation Model

In this investigation, we seek to find an optimal location and blow rate to eliminate the recirculation bubble and to
maximize the total pressure recovery. the optimization problem is modelled as:

min: Pl(xp, Rp),

(16)
subject to: M(;;—z =F (9,
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Figure 4: Eigenvalue spectrum, Py = 100500.
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Figure 5: Eigenmode and its sensitivity map corresponds to o = (4.272,0).
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Figure 6: Eigenmode and its sensitivity map corresponds to o = (—0.5436,2.366).

in which, P/ is the dynamic pressure loss, x;, is the xaxial location of the injection, R, = (P"L”j”"” 1) X 100% is the
blow rate of the injection, in which, P, jecrion 1s the total pressure at the injection inlet, and Py is the total pressure at
the inlet of the channel. The dynamic pressure loss, P/, is defined by

L o2p L2 12
3pU"P, 5pu” P 1
fﬂlsxir 2P0 fﬂln_;’ecrian Pt fn,n,e, 3pu"Po

Lou2

1 2 2
Louy U Lou
fQExir 2P fﬂlnjem‘on 2P fnlnler 2P

Pl = an

L ou?
5 PU
fﬂ/nle: 2F
nler

where the massflow average total pressure is compared to the inlet massflow average total pressure. In addition, to
focus the figure of merit on the aerodynamic viscous loses the injected fluid is subtracted from the outlet massflow
average quantity.

In this investigation, we adopt a genetic algorithm for the optimisation. The algorithm starts with an initial
population (a set of potential solutions), which consists of a number of individuals with combinations of different
genes. A gene is a member in a parameter array of an individual. By calling a cost function, the fitness of each
individual is evaluated, and the best individuals are selected. After crossover and mutation of genes, new generations
with higher fitness are obtained. After a certain amount of iterations, an optimal solution is reached. The procedure
of a typical genetic algorithm is shown in Fig. 7. Prior to the optimization, the number of maximum generations,
the number of populations, the number of genes, the possibility of crossover and the possibility of mutations, must be
specified. The number of genes determines the degrees of freedom to alter each one of the geometries under analysis.
While the crossover and mutation possibility identify the variability between successive individuals. The parameters
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Table 3: Parameters selected for the Genetic Algorithm.

Name Representation Value
Ng Number of maximum generations | 500

Npop Number of population 100
N, Number of genes 2
P, Possibility of crossover 0.6
P, Possibility of mutation 0.6

Table 4: Design of experiment.

Parameter ‘ Number of levels ‘ Minimum ‘ Maximum
Xp 7 0.138 0.175
R, 9 0 5

retained for our optimisation are summarised in Table 3.

best
individuals

l

convergence
criteria

fitness
evaluation

selection
Crossover
mutation

Figure 7: Flow chart of a simple genetic algorithm.

4.2 Surrogate Modelling

To reduce the cost of the overall optimization the use of a surrogate model is adopted. The surrogate model reduces
the cost of evaluating the cost function, reducing the impact of uncertainty in evaluation and for easier parallel off-line
evaluation. RBF (Radial Basis Function) interpolation is a popular method for constructing surrogates suitable for
highly non-linear data using irregular distributions of sample points, which can be adapted to the function being mod-
elled. RBFs have seen increasing use for aerospace applications requiring an interpolation or approximation method,
including mesh motion, fluid-structure interaction, and domain element parametrisation, in addition to aircraft data
interpolation, owing to the meshless and general nature of the formulation, and tolerable properties of the interpolation
kernel.'®

A Radial Basis Function (RBF) method is a linear combination of a series of basis functions, whose argument is
the Euclidean distance between the interpolation point p = (p1, p2, p3) and all the other points in the known data set.
The model has the form:

N
PI(p) = > wigllp - pil (18)
i=1

where p is the interpolation point, ¢ is the chosen basis function, w; is the weight coefficient for each basis function,
and || e || represents the Euclidean norm. Any function ¢ that satisfies the property ¢(p) = ¢(||pl|) is a radial function,
and can be used as a basis function in RBFs. In this work, we select as many RBFs as the number of sampling points
for the construction of the surrogate model (see next sections). As applied to the current investigation, o g(p) is the
growth rate (real part of the eigenvalue) governed by the geometry parameter array p = (xp, Rp).

The surrogate model is assisted with a uniform full factorial design of experiment for higher precision. We select
7 and 9 levels for optimisation parameters x;, and R}, respectively. The details of the design of experiment is shown in
table 4.

10
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4.3 Optimisation Results

In order to explore the impact of the flow injection along the downstream section of the hump we introduced a cavity
inside of the geometry with an outlet along the hump downstream surface. The numerical domain is depicted in figure
8. The main flow boundary conditions remain unaltered and a small cavity with an outlet parallel to the ground level
is introduced along the hump. The massflow injection through the slot is controlled by prescribing the total pressure at
the bottom surface of the injection cavity.

n e o 7 . L L/ T AL /-

0.04 LS LA At ] /7
y ~ ) 7 7 /7 e

, 7 A/ /7

0.035

0.03
0.025
0.02

0.015

0.01

0.005

Figure 8: Injection mesh.

The objective of the optimisation is to reduce the pressure loses at the outlet of the domain through the mitigation
of the recirculated flow region through flow injection. The location of the injection and inlet total pressure to the
cavity are the main control parameters for the algorithm. The results of the surrogate model are shown in figure 9.
The identified optimal configuration resides on actuation at x, = 0.138 with a blow rate R, = 5%. The flow field
correspondent to such structure are shown in figure 10.

I Pressure loss

— 0.21

1 0.18

4 0.15

0.12

Blow rate

. 0.09

0.06

1 | | 1 0.03

0.14 0.15 L 0.16 0.17
Injection location

Figure 9: Surrogate model.
The optimization results further support the stability analysis performed where the optimum point of actuation

sits in the furthest upstream boundary of our design space, slightly downstream of the hump summit and right before
the boundary layer detachment. As identified through the most unstable mode description, the actuation at this location

11
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Figure 10: u,, optimal design.

heavily influences the boundary layer detachment process and once the injection pressure ratio provides enough mo-
mentum boost, the flow is able to remain attached and the viscous loses are mitigated. Considering the manufacturing
complexity the identified optimum injection location also results in the most complicated design where the thickness
between the hump summit and injection slot will be minimum. However, taking advantage of the surrogate model,
figure 10, we can also identify further downstream location that could have still a deep impact on the pressure loses
reduction.

Another interesting fact to notice on the surrogate model results, as shown in figure 9, is the strong transition in
the dynamic pressure loss in some area where the location of the injection and the blow rate change by a small amount.
Which highlights the strong sensitivity of the injection location and pressure on their ability to modulate the modes
driving the separation. For illustration purposes, the results for various cases with small variations on the injection
location and pressure ratio are shown in figures 11 and 12. These figures show the influence of small changes in both
blow rate and location of the injection to the dynamic pressure loss. We can see that, when the dynamic pressure
loss is low, the detachment is mainly controlled or influenced by the injection location. Additionally, based on these
results, we can assume that there exist critical values for both the injection location, x;, and blow rate, R}, that strongly
modulate the detachment and reattachment process and can have a strong impact reducing the dynamic pressure loss.

5. Conclusions

In this manuscript we analysed the boundary layer detachment phenomena in an expansion diffusion process as the
one present in the aft portion of the suction side in a low pressure turbine. We used an ad-hoc wall mounted hump to
characterize the boundary layer detachment and reattachment process at a wide variety of Reynolds numbers, 13980-
448759.

We identified the eigenmodes associated to the boundary layer detachment through BiGlobal stability analysis
together with the modes that had deeper influence on the growth and distribution of the recirculated flow region. The
velocity contours and sensitivity maps identified that any modification introduced downstream of the hump summit
could be able to alter the development of the mode driving the separation and deeply impact the recirculated flow
region growth.

To characterize the impact of flow injection on the boundary layer detachment we introduced a cavity in the
downstream surface of the hump that could discharge flow into the near wall region. Through a genetic algorithm
optimization that also exploited a surrogate model we were able to confirm the results of the sensitivity analysis and
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Figure 11: Influence of the blow rate R, to the pressure loss near the jump.
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Figure 12: u,, optimal design.
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the optimum location of injection was identified right at the origin of the most unstable mode. When introducing flow
injection at sufficient pressure rate at that axial location the boundary layer detachment process could be completely
mitigated and the pressure loss was minimal. In addition, the results of the surrogate model characterise the envelope
of injection performance at various location describing not only the optimum but also suitable configurations for drag
reduction with similar impact and easier practical implementation.
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