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Abstract

This paper numerically studies the control effectiveness and energy expenditure of pulsed Co-Flow Jet (PCFJ)
applied on the widely used NASA hump. The 2D unsteady Reynolds averaged Navier-Stokes equations are
solved for the simulations. An unsteady velocity boundary condition is developed for the in-house FASIP (Flow-
Acoustics-Structure Interaction Package) CFD solver to simulate the pulsed CFJ. The pulsed jet simulation
is validated with the NASA tested case actuated by a synthetic jet for the NASA hump flows. The predicted
synthetic jet results are in good agreement with the experiment in terms of pressure coefficient (C,) distributions.
For the pulsed CFJ, a novel actuation model with continuous suction and pulsed injection is proposed to mimic the
zero-net-mass-flux pulsing process and calculate the power consumption. The pulsed CFJ and steady CFJ (SCFJ)
are compared for their control effectiveness and power consumption at their minimum momentum coefficient (C,,)
to fully attach the flow. The pulsed CFJ is simulated with two reduced frequencies (F*) of 0.74 and 1.67. All
the cases have identical CFJ injection and suction slot locations and sizes. Results show that the steady and
pulsed CFJ cases have the similar control effectiveness as their C,, distributions are virtually overlapped. The
PCFJ requires about 28% lower mass flow rate than that of the SCFJ. However, the PCFJ requires substantially
higher power consumption due to significantly increased total pressure loss for pulsed jet actuation.

Nomenclature

AoA Angle of attack
AFC Active flow control
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C Hump chord length

CFJ Co-flow jet

Cp Constant pressure specific heat

Cp Pressure coefficient, (P — Px)/(3po0U2)

C, Jet momentum coefficient, ni; V;/(3pscUZ S)
Ft Reduced frequency, f * C/Ux

LE Leading edge

m Mass flow

Ma Mach number

m Mass flow rate

m Non-dimensional mass flow rate, m/(UsopooS)
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P CFJ Pumping power

P. Power coefficient, P/(3pscU3,5)
RANS  Reynolds-Averaged Navier-Stokes
Re Reynolds number

TE Trailing edge

ZNMF Zero-net mass flux

c Subscript, stands for corrected
J Subscript, stands for jet

0 Subscript, stands for total

~ Air specific heats ratio

T Total pressure ratio

n Micro-compressor efficiency

1 Introduction

Active Flow Control (AFC) has the potential to break through conventional fluid mechanics limitations and
provides significant performance improvement to fluid systems [1]. AFC is to transfer external energy to the
controlled flow in order to improve the performance of the flow system. Prandtl’s rotating cylinder experiment
in 1934 was one of the earliest AFC studies to transfer mechanical energy to flow via the surface shear stress of
a rotating cylinder [2]. However, systematic studies of AFC have only occurred recently due to more and more
challenging applications of flow systems.

For all AFC systems, there are three measures of merit (MoM): 1) effectiveness; 2) power required (PR); and
3) power conversion efficiency (PCE). Effectiveness quantifies the performance enhancement, e.g., removal of flow
separation, drag reduction, lift increase, stall prevention, noise mitigation, etc. Power required quantifies the AFC
power needed to achieve the targeted effectiveness. Power conversion efficiency quantifies the efficiency to convert
the external power (e.g., mechanical, electric, chemical) to the power required by the controlled flow. It determines
how much total power will be consumed by the actual flow control system.

For an AFC to benefit industry realistic applications, all three MoM matter. The ultimate criterion for an AFC
is that the system efficiency gain should be greater than the AFC energy expenditure. However, the current AFCs
do not always have clear quantification of all the MoM, in particular for the PR and PCE, partially because they
may not always be easy to measure. For a zero-net-mass-flux (ZNMF) flow control, it is more straightforward
to measure the PR and PCE because it is a closed system. For a non-ZNMF flow control such as the one using
injection-only, namely an open system, the PR is difficult to measure because it depends on the path that the
mass flow source is supplied. The PCE measurement could be even more difficult because it also depends on the
actuators used and their integration with the system (e.g. aircraft). Similarly, for the flow control with suction-
only, the PR and PCE depend on the path that the flow is discharged to the sink. In other words, the PR and
PCE of the non-ZNMF flow control are path-dependent. A long path, in general, will suffer from a high energy
loss, in particular, if the path requires a flow turning perpendicular to the controlled flow plane.

Synthetic jets [3, 4, 5, 6, 7, 8] generated by the periodic motion of a piston or diagram and plasma jets based
on plasma discharge [9, 10, 11, 12, 13] are zero-net-mass-flux flow controls, which require no external flow source.
However, both the synthetic and plasma jets, in general, provide low input momentum due to low energy conversion
efficiency from electric to fluid power, typically 3% ~ 10% [14, 15, 16] for synthetic jets and less than 1% for plasma
actuators [17]. The control effectiveness of synthetic and plasma jets is thus limited for high momentum flows.
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The flow control methods using fluidic actuators generally can provide high momentum with a high control
authority. An example is the widely used circulation control (CC) relying on jet injection and Coanda effect
[18, 19, 20, 21]. A CC airfoil is effective to enhance lift coefficient. However, CC airfoil is an injection-only flow
control method. The PR is path-dependent and a systematic study of PR for CC airfoil is not well documented
in published literature.

Pulsed fluidic jets attract a lot of interest [22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32| as they are able to achieve
the same control effectiveness of a steady jet with lower injection momentum coefficient and mass flow. This is
important for the non-ZNMF flow control such as the CC flow control that may introduce the mass flow from an
air-breathing engine. Minimizing the engine bleed mass flow is desirable for the overall engine system efficiency.

Pulsed jet is considered to have the advantage to enhance mixing due to the excited large vortex structures
[22, 23, 24, 25, 26].

However, few studies are conducted to address an important question: does the reduced mass flow of the pulsed
jet brings the advantage of reduced the energy consumption compared with the steady jet? The answer is not
obvious since a fluidic actuator power consumption is determined linearly by the mass flow rate and exponentially
by the required total pressure ratio. Lacking study on this question can be again attributed to the flow path
dependence issue previously mentioned. For the pulsed jet, it is even more unclear how to quantify the power
consumption, which is related to the jet mass supply process. In laboratory studies, the flow supply is often
introduced from a large high-pressure reservoir. The dynamic flow process or flow path is usually not the focus
and is rarely studied, in particular for the injection-only flow control. For a zero-net-mass-flux (ZNMF) fluidic
flow control system, the dynamic pulsed jet flow path needs to be considered to evaluate the power consumption.

Among various fluidic AFC techniques, Co-flow Jet is a zero-net mass-flux (ZNMF) flow control method re-
cently developed by Zha et al. [33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43]. It is demonstrated numerically and
experimentally that CFJ achieves significant improvements on airfoil lift augmentation, drag reduction, and stall
margin enlargement. In a CFJ airfoil, electric micro-compressors [44, 45] along with suction and injection ducts
are embedded inside the airfoil as shown in Fig. 1. The micro-compressor works as an actuator that draws flow
near the trailing edge (TE), pressurizes the flow, and ejects it as a jet near the leading edge (LE).

injection

/ suction
—— ey

micro-
compressor

co-flow jet airfoil
(a) 2D CFJ airfoil (b) 3D wing

Figure 1: Schematics of the CFJ airfoil and wing.

The purpose of this paper is two-fold: 1) develop a model to calculate the power consumption of pulsed co-flow
jet, which is not studied so far. 2) Using the NASA hump as an example to numerically study and compare the
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performance of pulsed CFJ (PCFJ) and steady CFJ (SCFJ), in particular, to understand their energy consumption.

2 Numerical Approaches

2.1 Governing Equations

The governing equations for the CFD simulation are the unsteady Reynolds averaged Navier-Stokes equations
(URANS) with one equation Spalart-Allmaras turbulence model [46], which are solved in a fully coupled manner
using an implicit unfactored Gauss-Seidel line iteration to achieve a high convergence rate [47]. The normalized
Navier-Stokes governing equations in generalized coordinates are expressed below:

0Q OE JF 0G 1 [OR 0SS 0T
—t ettt = |ttt = S, (1)
ot o0& 0n 0C Re|0¢ On OC
where Re is the Reynolds number. The conservative variable vector Q, inviscid flux E, viscous flux vector R are
given below, and the rest can be expressed following the symmetric rule.
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The S, in Eq. (1) is the source term for the S-A model,

S =5 [ [0 (corfu — B 1) (3)°]
otz | L (V) = L (v+2) Ve Vp| + Re | pfir (80)*| + pewt (1 = fiz) S5

Other auxiliary relations and coefficients for the S-A turbulence model can be found in [48, 46].

2.2 Navier-Stokes Equations Solver

The in-house high order CFD code FASIP (Flow-Acoustics-Structure Interaction Package) is used to solve the
2D URANS equations. A 3rd order WENO scheme for the inviscid flux [47, 49, 50, 51, 52, 53] and 4th order
central differencing for the viscous terms [49, 53] is employed to discretize the Navier-Stokes equations. The
low diffusion E-CUSP scheme suggested by Zha et al [50] based on the Zha-Bilgen flux vector splitting [54] is
utilized with the WENO scheme to evaluate the inviscid fluxes. All the simulations in this study are conducted
as unsteady time-accurate simulations. The second order time accurate implicit method with pseudo time and
Gauss-Seidel line relaxation is used to achieve a fast convergence rate [47, 55]. Parallel computing is implemented
to save wall clock simulation time [55, 56]. The numerical results are time-averaged results after the flows and all
the aerodynamic forces become dynamically stable. The FASIP code is intensively validated for CFJ simulations
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[35, 37, 38, 39, 40, 41, 42, 56, 57, 58]. Particularly, the predicted power coefficient P, of CFJ agrees very well with
the experiment [40], which provides a solid support for the energy prediction in the present study.

For the synthetic jet simulation as a validation, an unsteady velocity inlet boundary condition is employed for
the subsonic pulsed injection jets. The velocity is specified to be normal to the inlet boundary surface with a
sinusoidal function defined by Eq. (3), where Vjcqi is the peak velocity of the synthetic jet and w is the angular
frequency. Two velocity components v and v are thus determined. The static pressure p on the inlet boundary
is extrapolated from the inner domain. For the pulsed co-flow jet, the velocity boundary is specified in the same
manner, but in a square wave function. During the CFJ-on duty period, V(¢) is set to be a specified constant
value. During the CFJ-off period, V (¢) is set to be 0.

V() = Vyearsin(wt) (3)

3 Numerical Validation

3.1 NASA Hump Geometry

The NASA hump is widely used as a benchmark case to validate numerical algorithms and turbulence modeling
[59] for flow control. The baseline hump configuration with no flow control is designed to have a converging section
followed by a rapid area expansion downstream of the throat as shown in Fig. 2, which creates a severe diffusion
and large flow separation.
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Figure 2: Geometry of the hump upper surface [60].

3.2 Baseline Hump with no Flow Control

The flow of the baseline hump is simulated with an initial mesh size of 408 x 108 in the stream-wise and transverse
direction, respectively. The mesh topology and boundary conditions used by Ramsey [59] are adopted [61]. Fig. 3
(a) is the Mach number contours displaying a large flow separation downstream of the baseline hump. Fig. 3 (b)
gives the corresponding C), and dp/0x distributions of the viscous results. The present numerical simulation is in
very good agreement with the experiment for the C), distribution and separation onset location at x/C=66.3%. The
measured onset point in the experiment is at 66.5%C. The predicted separation onset location is determined using
the skin friction distribution [61]. The mesh refinement study is also conducted by doubling the grid points in both
directions. The reattachment point is slightly over-predicted as reported by other research groups using RANS
models [59, 62]. The mesh refinement study indicates that the solutions are converged based on the initial mesh



Downloaded by Gecheng Zha on January 21, 2023 | http://arc.aiaa.org | DOI: 10.2514/6.2023-0658

size. The unsteady simulation uses a constant non-dimensional characteristic time step Af = 5x1073 with the
maximum L2-norm residual typically reduced by 2 orders of magnitude within less than 40 pseudo time iterations
per physical time step. Details of the residual convergence histories are presented in Ref. [61].
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Figure 3: Results of the viscous baseline hump.

3.3 The Hump with a Synthetic Jet

The pulsed jet simulation is validated in this section with the synthetic jet experiment conducted for the NASA
hump: CFDVAL2004 Case 3 [59]. The synthetic jet is located at x/C=0.65 with the jet slot zoomed in Fig. 6
(a). The case has the excitation frequency (f) of 138.5 Hz, peak blowing velocity (Vpeqr) of 27 m/s, and averaged
C,, of 0.11%. Fig. 4 shows the time history of the unsteady injection velocity normalized by the free-stream
velocity. It has the same frequency and peak blowing velocity as the experimental measurement [59]. Fig. 5 is
the instantaneous pressure contours of the hump flow actuated by synthetic jet, which shows that the pressure
waves propagate upstream and downstream of the jet slot. Fig. 6 (a) shows the computed time-averaged Mach
number contours of the NASA hump flow with synthetic jet. The unsteady velocity boundary condition is applied
near the jet exit as shown in the zoomed-in view. The Mach contours show that the synthetic jet with the given
strength is not able to attach the flow. Fig. 6 (b) compares the C), distributions between the predicted and tested
cases. The predicted C) overlaps with tested data in most of the locations except at 0.7 <z/C< 1.2, which is due
to the limitation of URANS to resolve the separated flow. The mesh refinement studies shown in Fig. 6 (b) do
not change the calculated results, indicating that the solutions achieve mesh independence.
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Figure 4: Time history of the unsteady synthetic jet velocity boundary, normalized by free-stream velocity
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Figure 5: Instantaneous normalized pressure contours of the hump actuated by synthetic jet (t=13.357)
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Figure 6: Results of the hump flow with synthetic jet.

4 Pulsed Co-flow Jet Flow Process Model

To develop a model evaluating the power of PCFJ, we need to first develop a model to describe the PCFJ
flow process. Since the flow must satisfy mass conservation, the suction process to supply the mass flow must be
included. There may be two models: A) Pulsed injection with a continuous flow suction. B) Pulsed injection with
a simultaneous pulsed suction. Model B requires a fluidic actuator (e.g. a micro-compressor) turn on and off at
the injection frequency. It would be very difficult to require a mechanical fluidic system to respond in a short time,
in particular, to establish the required high pressure for injection within that time. Model B is thus infeasible.

Method A with continuous suction and pulsed injection appears to be a feasible model that is close to an
achievable physical flow process. In Model A as illustrated in Fig. 7, the flow will be continuously pumped into a
reservoir that will have increasing pressure when the injection is at its closed period. When the injection is open,
the high pressure built in the reservoir will decrease by pushing the flow out as the injection jet. The pressure
inside the reservoir will oscillate at the same frequency as the injection jet. Actually, the CC airfoil using aircraft
engine bleed is similar to this process. The engine continuously withdraws a large amount of mass flow, which is
a reservoir for the CC flow control injection. Model A with pulsed CFJ and continuous suction is adopted in this
study.

As shown in Fig. 7, the present study simulates Model A with a pulsed velocity boundary condition (BC) at the
CFJ injection duct (red) and a constant static pressure boundary condition at the CFJ suction duct (blue) for the
continuous suction. The pulsed velocity varies following a square wave shown in Fig. 8, where “1” indicates the
injection valve is open and “0” indicates it is closed. Since the micro-compressor is not included but represented
by the boundary conditions in this study, the increase of total pressure ratio I' due to the mass flow accumulation
during the closed reservoir outlet is not simulated. In the present study, the time history of I" is shown in Fig. 9.
The solid lines in Fig. 9 is the simulated results during the injection showing the reservoir total pressure release.
The dash lines are imaginary showing the total pressure rise during the injection closed period. The total pressure
dynamic rise at injection closing is assumed to be symmetric to the total pressure dynamic decrease at the injection
opening in this study. In reality, they may not be symmetric. However, this assumption is not expected to have a
large effect on the results.
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Figure 7: Numerical treatment of the pulsed CFJ hump
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Figure 9: Time history of total pressure ratio in the present simulation

Since the total pressure ratio of micro-compressor varies periodically, the required power (P) will be calculated
as a time averaged value within one pulsed period. The work done by the compressor dW within dt time can be

expressed by:
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msﬁaxw%1—1mt (4)

dW =

where 7 is mass flow rate of micro-compressor, Hys is the total enthalpy at the suction slot, I'(¢) is the total
pressure ratio of the micro-compressor, and 7 is the pumping system efficiency, which is assumed 100% in this
study to represent the required power.

Hence, the time-averaged power required (P) for the pulsed jet can be defined:

1 (T 1 (T Hpy y=1
P:/dW:/ L)~ —1)dt 5
T/, T/, 77(() ) (5)

where T is one pulsed period.
The time-averaged power coefficient (P.) is defined as:
— P

P (6)
%prerEefST’ef

where p,..; and U,y denote the reference density and velocity at the inlet, and S,y is the reference area defined
as the product of chord length and hump span in this study.
Similarly, the instant momentum coefficient (C),(t)) and time-averaged momentum coefficient (C),) are expressed

by Eq. (7) and Eq. (8) respectively.

Vi) Ap(t)Vi(t)®
%prerref2Sref %p’/‘erref2Sref

Cu(t) = (7)

T
Go-7 | ca (®)

where Vj is the mass-averaged injection velocity, p(t) is the density of jet flow and A is the area of injection slot.

5 Results

This section compares the flow control effectiveness and energy efficiency between the steady CFJ and pulsed
CFJ. Three cases are presented, a steady case and two pulsed cases at the reduced frequency of 0.74 and 1.67 used
by [7, 63]. The pulsed CFJ cases are simulated at a duty cycle (DC) of 0.5. The presented cases all have the same
CFJ configuration, which is adopted from the previous study [64]. The CFJ injection slot is located in the APG
(adverse pressure gradient) region at 67.5%C with a slot-size of 0.5%C and suction duct is located at 90%C with
a slot-size of 0.7%C. The goal is to compare the required P, for all cases with the minimum C), that can achieve
the attached flow. The results of pulsed CFJ are time averaged by 500 periods.

Fig. 10 shows the instantaneous pressure contours of the hump flow with steady and pulsed CFJ actuation.
The steady CFJ case in Fig. 10 (a) shows that the pressure has a favorable pressure gradient till 2/C=0.65 in the

10
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hump converging region and is followed by a pressure rise in the diffusion region. Pressure wave propagation is
observed in Fig. 10 (b) and (c) excited by the pulsed actuation, and the low frequency case has a smaller number
of pressure waves than the high frequency case. Fig. 11 compares the time-averaged Mach contours among the
three cases. Full flow attachment is achieved by all the cases as indicated by the streamlines. The two pulsed
CFJ cases require a 4.7% and 10.5% lower C,, than the steady CFJ, respectively. Fig. 12 shows the time-averaged
pressure coefficient (Cp) distributions. The pressure plateau observed in the baseline case due to flow separation
is completely removed. All three cases achieve the same control effectiveness since their C), are virtually identical.
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Figure 10: Instantaneous pressure contours of steady and pulsed CFJ cases.
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Figure 11: Time-averaged Mach number contours of steady and pulsed CFJ cases.
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Figure 12: Comparisons of the time-averaged C, distribution

Fig. 13 shows the time histories of the injection velocity, injection mass flow rate, injection jet momentum
coefficient, and total pressure ratio (only half cycle when the jet is on) of the steady (dashed-dot line) and pulsed
CFJ (solid and dashed lines). The pulsed injection is clearly indicated by the square wave of jet velocity. Fig.
13 (a) and (b) demonstrates that the pulsed CFJ cases have their peak velocity and peak mass flow rate higher

12
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than the steady jet, but the time-averaged mass flow rate is about 28% lower as presented in Table 1. The pulsed
jet velocity is implemented by numerical boundary condition and is therefore a perfect square-wave. The mass
flow rate is determined by the jet density and velocity that are varied non-linearly. Thus the mass flow rate does
not have a square wave, in particular at the higher frequency. The high frequency case has a higher peak mass
flow rate due to the increased density caused by the larger total pressure ratio I' as shown in Fig. 13 (d). The
total pressure ratio I' of the pulsed CFJ is significantly higher than that of the steady case as indicated in Fig.
13 (d), which yields a power coefficient P, about 5 and 8 times higher than that of the steady CFJ as given in
Table 1. This is because delivering a certain mass flow in a shorter time period requires a much higher I', which
exponentially increases the power coefficient P, as indicated by Eq. (4) [64].

Overall, the comparison between pulsed CFJ and steady CFJ demonstrates that the pulsed jet requires lower
mass flow rate to attach the flow, but it requires much higher power consumption.
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Figure 13: Time histories of various jet parameters of pulsed and steady CFJ cases.
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Table 1: Comparison of time-averaged jet parameters

Cases Ft Inj Suc m C, P.
Steady CFJ - 67.5%C 90%C 0.0046 0.85% 0.003
Pulsed CFJ 0.74 67.5%C 90%C 0.0033 0.81% 0.014
Pulsed CFJ 1.67 67.5%C 90%C 0.0034 0.76% 0.024

Fig. 13 (d) indicates that the high frequency PCFJ case with F'* of 1.67 has its total pressure ratio (I') vary
in a mostly monotonic pattern as assumed in the PCFJ model in Fig. 9. The total pressure ratio I' starts with a
high value at the beginning of a jet-on period and gradually decreases until the end of the jet-on period. However,
the I' of the low frequency PCFJ case varies wavily with a peak right before the end of the jet-on period. Such a
different I' variation between the high and low frequency PCFJ cases can be explained by the instantaneous total
pressure (p;) and Mach number (M) contours inside the CFJ injection duct as shown in Figs. 14, 15, 16, and 17
for the low and high frequency case respectively. Fig. 14 (a) shows that at the beginning 1/10T period of the
jet-on period, a high p; occurs at the inlet of the injection duct. Since the rest of the flow inside the duct is still
at low p; status and the total pressure is quickly relieved as shown by the first drop in Fig. 13 (d). However, the
flow at the exit of the injection slot is still at a low momentum state from the previous jet-off period (Fig. 14 and
15 (b) and (c)). It thus becomes a blockage for the flow pushed from the compressor outlet and increases the total
pressure at the compressor outlet shown as the second peak in Fig. 13 (d). At the time 4/10T and 5/10T, the
injection slot momentum is established by the push from the first wave of the high p;. The injection duct blockage
diminishes and the total pressure at the compressor outlet quickly drops at the end of the jet-on period.

For the high F'* case, the high p; flow from the last jet-on period still has a high momentum at the injection
slot and no severe blockage is built at the exit as shown in Fig. 16 (a), (b), and (c). The total pressure at the
compressor outlet thus monotonically decreases.
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Figure 14: Instantaneous total pressure contours inside the injection duct for the jet-on period, C,,=0.81%,
Ft=0.74.
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Figure 15: Instantaneous Mach number (M) contours inside the injection duct for the jet-on period, C,=0.81%,
Ft=0.74.
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Figure 16: Instantaneous total pressure contours inside the injection duct for the jet-on period, C,=0.76%,
Ft=1.67.
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Figure 17: Instantaneous Mach number (M) contours inside the injection duct for the jet-on period, C,=0.76%,
Ft=1.67.
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6 Conclusions

This paper numerically studies the control effectiveness and energy expenditure of pulsed Co-Flow Jet (PCF.J)
applied on the widely used NASA hump. The 2D unsteady Reynolds averaged Navier-Stokes equations are solved
for the simulations. An unsteady velocity boundary condition is developed for the in-house FASIP (Flow-Acoustics-
Structure Interaction Package) CFD solver to simulate the pulsed CFJ. The pulsed jet simulation is validated with
the NASA tested case actuated by a synthetic jet for the NASA hump flows. The predicted synthetic jet results
are in good agreement with the experiment in terms of pressure coefficient (C)) distributions. For the pulsed CFJ,
a novel actuation model with continuous suction and pulsed injection is proposed to mimic the zero-net-mass-flux
pulsing process and calculate the power consumption. The pulsed CFJ and steady CFJ (SCFJ) are compared for
their control effectiveness and power consumption at their minimum momentum coefficient (C},) to fully attach the
flow. The pulsed CFJ is simulated with two reduced frequencies (F'*) of 0.74 and 1.67. All the cases have identical
CFJ injection and suction slot locations and sizes. Results show that the steady and pulsed CFJ cases have the
similar control effectiveness as their C, distributions are virtually overlapped. The PCFJ requires about 28% lower
mass flow rate than that of the SCFJ. However, the PCFJ requires substantially higher power consumption due
to significantly increased total pressure loss for pulsed jet actuation.
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