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Even though active flow control has attracted broad interest to improve flow performance by adding 
external energy, few studies investigate whether the energy consumed by the AFC can bring energy 
benefit to the system. This paper numerically demonstrates that co-flow jet (CFJ) active flow control 
can not only eliminate the flow separation and distortion of a serpentine duct (S-duct), but also 
leverage the energy state of the inlet system with the available work increased more than the CFJ 
energy consumed. The 3D Reynolds Averaged Navier-Stokes (RANS) equations with one-equation Spalart-
Allmaras turbulence model are used and validated with experiments for the simulation. The optimum 
configuration of the CFJ S-duct removes the flow separation and virtually eliminates the distortion by 
reducing DC60 from 41.7% to 0.67%. Benefited from the attached flow, the total pressure recovery is 
increased by 2.0%. An exergy analysis is conducted to assess the potential benefit of the system available 
work. A parameter, E I P R , is introduced to measure the merit of an AFC by calculating the ratio of exergy 
increase to the power required by the AFC. Attributed to the zero-net-mass-flux control, all the power 
consumed by the CFJ actuators are absorbed by the inlet system as exergy increase. At the same time, 
the system exergy is further increased by 22% more than the CFJ energy consumption due to removal of 
flow separation that reduces entropy increase.

© 2022 Elsevier Masson SAS. All rights reserved.
1. Introduction

Active flow control (AFC) has attracted broad interest recently 
to improve flow quality such as separation elimination by adding 
external energy to the flow. Since it consumes energy, an AFC is 
thus desired to have high effectiveness, which may include flow 
separation elimination, lift enhancement, drag reduction, etc. An 
equally important measure of merit is that the AFC should have 
low energy expenditure to benefit the system energy efficiency as 
a whole. However, AFC research community in general has mostly 
focused on the effectiveness, not enough on the AFC energy ex-
penditure and its impact on the system energy benefit. The reason 
may be because the AFC energy expenditure depends on the AFC 
flow path, the flow sources, and sinks. For some non-zero-net-
mass-flux AFC methods such as injection only or suction only, the 
AFC system is not a closed self-contained system, and the flow 
path and the sources/sinks are unknown. The energy expenditure 
hence could be difficult to estimate.

One way to measure AFC energy efficiency is to examine 
whether the available amount of work or energy state of the whole 
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system, namely Exergy, can be increased more than the consumed 
energy by the AFC. A desirable AFC is to have high effectiveness 
and low energy expenditure so that the system exergy can be 
leveraged by the improved flow quality. However, little research 
is done so far to evaluate the exergy of AFC and its impact on the 
system. Based on the previous work [1], this paper is to address 
this issue by applying co-flow jet (CFJ) active flow control to an 
aircraft serpentine duct inlet that is massively separated.

Serpentine ducts (S-ducts) are widely used in modern aircraft. 
Combined with boundary layer ingestion, a short S-duct is able to 
significantly reduce fuel consumption and ram drag [2,3]. For mil-
itary aircraft, S-ducts reduce radar cross-sectional visibility due to 
the buried engines [4,5]. However, a major challenge of S-ducts 
is the flow distortion caused by flow separation, which is often 
induced by the high wall curvature at the duct bend. The conse-
quences of inlet distortion can be serious, such as reducing com-
pressor stall margin and efficiency, exciting fan blade high cycle 
fatigue vibration, decreasing aircraft maneuverability, and reducing 
the engine life span.

To mitigate the flow separation inside S-ducts, passive flow con-
trol methods using vortex generators (VG) are studied numerically 
and experimentally [6–9]. For the CFD simulated vortex genera-
tors (VG), the engine face distortion and flow unsteadiness of the 
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Fig. 1. Sketch of a CFJ airfoil.

M2129 S-duct could be reduced by 80% [10]. Jirasek et al. [11]
conduct an optimization study of vortex generators and find the 
effectiveness mainly depends on the VG height and location in the 
flow separation zone. Yi et al. [12] optimize the vortex generators 
using the discrete adjoint approach, which is able to reduce the 
DC60 up to 97%.

Active flow control (AFC) has a high potential to improve flow 
performance by adding energy to the flow and has attracted a lot 
of interest for S-duct distortion mitigation. The fluidic-oscillating 
jets active flow control [13,14] are used on an offset diffuser to 
generate streamwise vorticity and reduce total pressure distortion. 
It is able to reduce the Aerodynamic Interface Plane (AIP) dis-
tortion by more than 60%. To reduce the required engine bleed 
mass flow, Harrison et al. [15] conducted a numerical and exper-
imental study to augment blowing flow with the flow entrained 
from the suction holes using an ejector-pump concept. It is able 
to reduce the engine-face distortion by 75%. This method is not 
a zero-net-mass-flux flow control and requires engine bleed that 
would affect the engine system efficiency. Rudin et al. [16] numeri-
cally apply steady suction upstream and steady/oscillatory blowing 
downstream in the diffusion region and achieve an improvement 
of 4.3% in total pressure recovery and 70% in DC60 reduction. 
Even though this method may potentially achieve zero-net-mass-
flux flow control, the energy expenditure may be high because it 
sucks the flow upstream where the pressure is low and blows the 
flow downstream where the pressure is high. Nonetheless, both 
the works in Ref. [15,16] do not study the energy expenditure of 
their AFC and the impact on the inlet-engine system.

The Co-flow Jet (CFJ) active flow control [17–29] is demon-
strated to have high effectiveness and efficiency, where the effec-
tiveness means a high performance improved by the flow control, 
such as lift enhancement, drag reduction, separation removal; the 
efficiency indicates a low energy expenditure of the flow control. 
As sketched in Fig. 1, a CFJ airfoil draws a small amount of mass 
flow into the airfoil near the trailing edge, pressurizes, and en-
ergizes it using a micro-compressor system embedded inside the 
airfoil, and then tangentially injects the same mass flow near the 
leading edge in the main flow direction.

Recently, Xu et al. [29–31] investigate the separation mecha-
nism and energy expenditure of the CFJ. They observe that the 
CFJ is most effective and efficient to be applied in adverse pres-
sure gradients. It is desirable to have a sufficiently long distance 
between the injection and suction slot so that the CFJ and the 
main flow can have thorough mixing to minimize the energy ex-
penditure. Xu and Zha [1,32] apply CFJ to the M2129 S-duct and 
effectively mitigates the flow separation and distortion with var-
ious throat Mach numbers. The low energy expenditure of the 
co-flow jet is attributed to two factors: 1) injection at upstream 
where the main flow pressure is low and suction at downstream 
where the main flow pressure is high; 2) Zero-net-mass-flux flow 
control. These unique features distinguish CFJ from all other AFC 
such as those used in Ref. [15,16].

The purpose of this paper is two-fold: 1) apply co-flow jet flow 
control for the first time to an S-duct to demonstrate its high 
effectiveness, which includes eliminating the flow separation and 
distortion, and improving total pressure recovery; 2) assess the CFJ 
2

AFC’s energy expenditure and its impact on the inlet-engine sys-
tem via exergy analysis. To the authors’ knowledge, this is the first 
effort to analyze the energy benefit of active flow control for a 
thermal fluid engine system. The adopted exergy analysis method-
ology is not limited to the CFJ S-duct engine system. It is also 
applicable to general thermal fluid systems with AFC.

2. Parameters for co-flow jet S-duct

To facilitate the description of CFJ S-duct performance, a few 
important parameters are given below.

2.1. Jet momentum coefficient (Cμ)

The injection jet momentum coefficient Cμ is used to describe 
the CFJ strength as:

Cμ = ṁ j U j

0.5ρi U i
2 Ai

(1)

where ṁ j is the CFJ mass flow, U j is the mass-averaged CFJ in-
jection velocity, ρi and Ui denote the S-duct inlet density and 
velocity, and Ai is the inlet area of the S-duct.

2.2. Power coefficient (Pc)

The CFJ power required is determined by the CFJ total enthalpy 
rise from the suction duct outlet to the injection duct inlet [18]. 
The total enthalpy rise can be achieved by the embedded micro-
compressors. The power required by the CFJ can be expressed as:

P C F J = ṁ j H j2(Γ j

γ −1
γ − 1) (2)

where H j2 is the CFJ total enthalpy at the suction slot, Γ j is the 
total pressure ratio between the injection and suction. The actual 
power consumed also depends on the pumping system efficiency, 
ηC F J , as:

Pact = P C F J

ηC F J
(3)

The power required defined by Eq. (2) is an important measure 
of merit of active flow control. The pumping efficiency depends 
on the fluidic actuator design and manufacturing. For aerospace 
applications, the micro-compressor actuators with diameters of 5 
cm and above can achieve high efficiency of over 80% [27,33–35]. 
To focus on the fluid mechanics of CFJ AFC, the present work only 
studies the power required defined by Eq. (2).

Eq. (2) indicates that the power required by CFJ is linearly de-
termined by the mass flow rate and exponentially determined by 
the total pressure ratio. This relationship in fact applies to all the 
active flow controls that are based on fluidic actuators. Thus, Cμ

can not be used to represent the power consumption of active flow 
control [18,29]. For example, a high Cμ could have a substantially 
lower power consumption than a smaller Cμ if the large Cμ is cre-
ated by a high mass flow rate and low jet velocity, which requires 
a significantly lower total pressure ratio [29,36,37]. The power co-
efficient is defined as:

Pc = P C F J

0.5ρi U 3
i Ai

(4)

where P C F J is the CFJ required power defined in Eq. (2).
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2.3. Total pressure recovery (δ)

The total pressure recovery (δ) is used to evaluate the efficiency 
of an S-duct. The higher the δ, the higher the efficiency and lower 
the loss. As expressed by Eq. (5), it is the total pressure ratio be-
tween the aerodynamic interface plane (AIP) outlet and the S-duct 
inlet, where AIP refers to the engine face of the S-duct.

δ = Pt AI P

Pti
(5)

2.4. Distortion coefficient (DC60)

The distortion coefficient DC60 [38,39] is used to quantify the 
severeness of distortion at the S-duct AIP. It is computed based on 
the most distorted sector of 60◦ . The formulation of DC60 is the 
following,

DC60 = Pt AI P − Ptd

qAI P
(6)

where Pt AI P is the averaged total pressure at AIP, Ptd is the aver-
aged total pressure in the worst 60 degree sector of AIP, and qAI P

is the averaged dynamic pressure at AIP. Since Ptd is in the se-
vere distortion area with more loss, the value is expected to be 
lower than Pt AI P . The values used in the present paper for DC60
calculation follow the same data reduction routine used in the ex-
periment [40,41], where Pt AI P and Ptd are calculated based on 
the 72 probes for total pressure measurement with the locations 
described in the experiment.

2.5. Compressor isentropic efficiency (η) and actual work (W )

To facilitate the exergy analysis of the engine system, the isen-
tropic efficiency of the engine compressor downstream of the S-
duct is given below:

η = W s

W
= ṁH01[( p3

∗
p1

∗ )
γ −1
γ − 1]

W
(7)

where ṁ is the compressor mass flow, H01 is the total enthalpy at 
the AIP, W s and W are the compressor isentropic work and actual 
work respectively to increase the total pressure from p1

∗ at the 
AIP as the compressor entrance to p3

∗ at the compressor outlet.
The actual work required by the compressor then can be ex-

pressed by:

W = ṁH01[( p3
∗

p1
∗ )

γ −1
γ − 1]

η
(8)

3. The numerical algorithm

The in-house high order accuracy CFD code Flow-Acoustics-
Structure Interaction Package (FASIP) is used to conduct the 
numerical simulation. The 3D Reynolds Averaged Navier-Stokes 
(RANS) equations with one-equation Spalart-Allmaras [42] turbu-
lence model is used. A 3rd order WENO scheme for the inviscid 
flux [43–45] and a 2nd order central differencing for the viscous 
terms are employed to discretize the Navier-Stokes equations. The 
low diffusion E-CUSP scheme used as the approximate Riemann 
solver suggested by Zha et al. [46] based on the Zha-Bilgen flux-
vector-splitting scheme [47] is utilized with the WENO scheme 
to evaluate the inviscid fluxes. Implicit time marching method 
using Gauss-Seidel line relaxation is used to achieve a fast con-
vergence rate [48]. Parallel computing is implemented to save 
wall clock simulation time [49]. The FASIP code is intensively 
3

validated for various CFJ flow control simulations including air-
foils [18–21,25,26,50], E-plane [24], control surface [28], and NASA 
hump [29–31].

4. Results and discussions

4.1. Baseline serpentine duct

4.1.1. Baseline geometry
The AGARD baseline serpentine duct (S-duct) tested and stud-

ied in [40,51] shown in Fig. 2 is used in the present study. The 
throat is located at the origin point of the axial axis. The S-duct is 
2.001 ft in length and the throat is 0.4225 ft in diameter, which 
is located at the end of the inlet constant-area section. The out-
let diameter is 0.5 ft with a diverging area ratio of outlet to throat 
of 1.4. The engine face, or the aerodynamic interface plane, is lo-
cated 1.6 ft downstream of the duct throat. In the experiment, a 
center body (not shown) is located at the outlet and extended up-
stream to the AIP, occupying a cross-sectional area of 7% of AIP. 
The center-body is not simulated in the present study, similar to 
the practice adopted by other researchers [10–12] because its in-
fluence on the upstream flow distortion of the S-duct is observed 
to be minimal. The duct inlet boundary conditions for the simu-
lation are adopted from the AGARD test cases, which have a total 
pressure of 101,216 Pa, total temperature of 293 K, and Reynolds 
number (Re) of 1.85 million (based on throat diameter). The inlet 
velocity is imposed to be normal to the inlet surface.

4.1.2. Numerical validations
The 3D mesh topology is shown in Fig. 3. The plots on the left 

bottom of Fig. 3 are the 2-D mesh slides at the symmetry plane, 
which show that the grids of CFJ injection and suction ducts are 
one-to-one connected with the main-duct mesh. Only half of the 
S-duct is simulated due to the symmetric geometry and steady-
state flow. The S-duct bend section has a more refined mesh. A 
butterfly grid topology is used for the duct cross-section as shown 
in Fig. 3 (right). The overall mesh size is 2.0 million points with 
105 × 281 × 68 points in the streamwise, circumferential and 
radial directions respectively. The outlet boundary condition uses 
a specified static pressure that matches the experimental throat 
Mach number. The no-slip wall boundary condition is enforced on 
all the duct walls. A symmetry boundary condition is applied on 
the S-duct symmetric plane.

The plot on the left of Fig. 4 shows the Mach number con-
tours of the baseline S-duct at the symmetric plane with the throat 
Mach number (Mth) of 0.79. The plot on the right of Fig. 4 shows 
the distribution of total pressure recovery at AIP. Massive flow sep-
aration occurs at the duct bend section, which causes significant 
total pressure loss and distortion at the bottom of AIP. The pre-
dicted total pressure recovery (δ) is 95.9%, which is in excellent 
agreement with the experimental value of 95.7%. The predicted 
distortion coefficient DC60 at AIP is 41.7%, which is also in good 
agreement with the experiment and has a deviation from the mea-
sured value of 40.4% by about 3.2%.

Fig. 5 shows the wall static pressure distribution along the axial 
direction, where θ of 0◦ and 180◦ are the circumferential angles 
representing the top wall surface and the bottom wall surface of 
the duct on the symmetric plane.

The mesh refinement results are also presented in Fig. 5, where 
S×2, W×2, and C×2 stand for the doubled mesh sizes in stream-
wise, radial, and circumferential directions respectively. A very 
good agreement is achieved between the predicted results and the 
experiment. The deviation from the experiment is slightly more on 
the bottom surface, which has the flow separation due to the S-
duct bend. The mesh refinement studies generate little difference 
for the pressure distribution as shown in Fig. 5. The total pressure 
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Fig. 2. Side-view of the baseline S-duct.

Fig. 3. Mesh topology of the CFJ S-duct.

Table 1
Simulation results of the baseline S-ducts with mesh refinement studies.

Cases Mesh size Re δ (%) DC60 (%)

EXP - - 95.7 40.4
Baseline mesh 105 × 281 × 68 1.85 × 106 95.9 41.7
Streamwise × 2 210 × 281 × 68 1.85 × 106 95.8 40.8
Circumferential × 2 105 × 562 × 68 1.85 × 106 95.6 42.5
Radial × 2 105 × 281 × 136 1.85 × 106 95.7 40.6
recoveries of the refined meshes shown in Table 1 all have a less 
than 0.2% deviation from the experiment. These results show that 
the present simulation with the baseline mesh size is converged 
based on the mesh size. The predicted distortion of the mesh re-
finement study has a maximum 5% deviation from the experiment, 
which is acceptable as distortion is more sensitive to local sepa-
rated flow structure that is difficult for a RANS model to predict 
accurately.

4.2. Co-flow jet serpentine duct

4.2.1. Geometry of the CFJ S-duct and BCs
A co-flow jet S-duct configuration is shown in Fig. 6 to illus-

trate how CFJ is implemented with the S-duct. The CFJ is created 
4

by placing an injection duct (in blue) at the start of the duct turn-
ing immediately downstream of the throat and a suction duct (in 
orange) downstream of the S-duct bend. The micro-compressor is 
not simulated but is numerically treated by applying the exact 
compressor boundary conditions, which have the total pressure, 
total temperature, and flow angle specified at the injection duct 
inlet. At the compressor inlet (suction slot outlet), static pressure 
is iterated to match the compressor outlet mass flow. A specified 
Cμ is achieved by iterating the injection total pressure. The same 
mass flow rate of injection and suction is achieved via iterations 
of the suction outlet static pressure. The injection jet enters the 
duct tangentially to the local wall surface. This CFJ compressor BC 
has been extensively validated in CFJ airfoils [18–21,27], CFJ con-
trol surfaces [28], and CFJ micro-compressor with ducts [33–35]. 
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Fig. 4. Mach contour of the baseline S-duct and total pressure recovery at AIP.
Fig. 5. Wall static pressure distributions.

Compared with the actuator disk boundary condition to mimic the 
compressor pressure rise, the advantages of the BC used in this pa-
per are: 1) It accurately simulates the compressor inlet and outlet 
conditions; 2) It does not impose the actuator disk parameter jump 
condition, which is often treated as a discontinuity and may cause 
numerical instability, in particular when the pressure rise is large. 
The disadvantage of this BC is that it is more time-consuming be-
cause it involves two layers of iteration when Cμ is specified.

To make the injection and suction slots smoothly merged with 
the S-duct wall, the bottom wall surface is translated slightly out-
ward by a concentric circle with the radius increased by 0.5%Ri . 
A circumferential-bull-horn-shaped geometry (shown in Fig. 6 (b) 
left) is adopted for the CFJ injection and suction slots to mini-
mize the separation caused by the CFJ duct wall on both sides. 
The circumferential width of the CFJ slot is measured by its cir-
cumferential angle (β) as shown in Fig. 6.

Various trade studies of different injection locations, suction 
locations, and sizes are conducted. Three representative configu-
rations of the CFJ S-ducts with two circumferential angles (β) of 
suction slots and two suction locations are presented herein. The 
injection location is fixed at 0.47 X/Ri where the adverse pressure 
gradient begins as shown in Fig. 4 and 5. CFJ is more effective and 
5

Table 2
Geometrical parameters of CFJ S-ducts, locations (Loc) and circumferential width 
(β).

Cases Inj Loc (X/Ri ) Suc Loc (X/Ri ) Inj β (◦) Suc β (◦)

1 0.47 6.63 100 90
2 0.47 3.29 100 90
3 0.47 3.29 100 120

efficient to be used in adverse pressure gradient (APG) [29–31]. 
The CFJ’s high effectiveness in APG is due to the enhanced turbu-
lent diffusion [29]. The high efficiency is because the lower entropy 
generation in APG reduces the loss and power required by the 
micro-compressor [30,31]. More details of the geometrical param-
eters are given in Table 2.

The relative positions of the injection and suction slots with 
their circumferential widths are demonstrated in Fig. 7. Case 1 and 
2 have different axial suction locations, but have the same circum-
ferential width β angle of the injection slot of 100◦ . The suction 
slots β angles of Case 1 and 2 are 90◦ and are also located at 
different streamwise locations. Due to the different streamwise lo-
cations and diameters, the circumferential widths covered by the 
injection and suction slots are roughly the same as shown in Fig. 7
on the left and in the middle. Case 1 has the suction located more 
downstream at X/Ri =6.63 than that of Case 2 at X/Ri =3.29. This 
makes the suction slots of Case 1 and Case 2 located at different 
transverse positions. Even though Case 2 has the same circumfer-
ential angle of 90◦ as Case 1, the circumferential width of the Case 
2 suction slot is actually slightly smaller than that of Case 1 due 
to the smaller diameter. The comparison of Case 1 and 2 is pri-
marily to show the streamwise location effect of the suction slot. 
Case 3 has the same suction axial location as Case 2, but the cir-
cumferential width angle β is increased by 30◦ to show the effect 
of the suction slot width. The momentum coefficient (Cμ) of 0.46 
is used for both Cases 2 and 3. Case 1 has a slightly higher Cμ

of 0.49 to reach the same power coefficient (Pc) as Case 2. This is 
to achieve the comparison of control effectiveness with the same 
energy consumption.

4.2.2. Flow control results and discussions
Fig. 8 shows the Mach number contours and streamlines at 

the symmetric plane for the three CFJ S-ducts. Compared with the 
baseline S-duct separated flow shown in Fig. 4 (left), all these three 
CFJ cases have the flow separation removed. The high-energy jet 
through the injection slot energizes the main flow boundary layer 
to overcome the adverse pressure gradient at the S-duct bend.

Comparing the injection and suction axial location in Table 2
with the pressure distribution on the bottom wall in Fig. 5 (b), it is 
shown that the injection slot of all the three CFJ S-ducts is located 
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Fig. 6. CFJ S-duct configuration. (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)

Fig. 7. Locations and sizes of the CFJ injection and suction slots.
6
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Fig. 8. Mach contours of the CFJ S-ducts at symmetry plane.
at the lowest pressure position X/Ri =0.47. The adverse pressure 
gradient (APG) rapidly increases from this point to X/Ri =2 and 
becomes mild downstream. The CFJ S-duct Case 1 has the suction 
located downstream at X/Ri =6.63 in the deep separation region as 
shown in Fig. 4. Whereas, the CFJ S-duct Case 2 and 3 have the 
suction located significantly more upstream at X/Ri =3.29 where 
the separation starts. The pressure rise between the injection loca-
tion and suction location of CFJ S-duct Case 2 and 3 is large, but 
is mild between the suction locations of CFJ Case 1 and 2. In other 
words, the pressure difference between CFJ S-duct 1 and 2 is not 
large, but the flow separation severeness is very large.

Fig. 8 indicates a low Mach number zone at the duct bend in 
Case 1 with the suction location at 6.63 X/Ri , but the flow is 
not separated. The suction location 3.29 X/Ri for Cases 2 and 3 
is slightly downstream of the onset of flow separation as shown 
in Fig. 4, which is the location that most effectively energizes the 
flow boundary layer [29–31]. Case 1 placing the suction at 6.63 
X/Ri in the fully separated region is not efficient and requires 
higher energy consumption to barely remove the flow separation. 
The comparison in Fig. 8 indicates that the coupling effect of the 
injection and suction is important.

Fig. 9 compares the normalized total pressure contours at four 
same streamwise locations for the baseline S-duct and CFJ S-duct 
Case 1, 2, and 3. A high-energy flow with high total pressure is 
injected into the flow by CFJ as highlighted by the red rectangle. As 
flow approaches downstream, the high-energy jet mixes with the 
retarded flow at the duct bend and energizes the boundary layer. 
Different behaviors of the jet mixing are observed for the three CFJ 
cases. The high-energy injection jet in Case 1 as shown in Fig. 9 (b) 
is significantly dissipated before approaching the suction slot. The 
boundary layers of the Cases 2 and 3 are further energized by their 
suction located more upstream and are able to enhance the energy 
transfer and remove the low momentum flow as shown in Fig. 9
(c) and (d).

The performance of CFJ cases (1-3) and the baseline S-duct 
at AIP is summarized in Table 3, where δ is the total pressure 
7

recovery and Γ j is the required total pressure ratio of the CFJ 
micro-compressor actuator. 	δ is the improvement of total pres-
sure recovery in percentage, and 	DC60 measures the reduction 
of distortion coefficient in percentage. mr is the ratio of the CFJ 
total mass flow rate to the mass flow rate of the S-duct.

Fig. 10 compares the AIP total pressure recovery (δ) contours 
of the CFJ S-ducts (right) and the baseline case (left). As shown in 
Table 3, the CFJ Case 1 duct substantially decreases the AIP distor-
tion from 41.7% to 5.4% and increases the total pressure recovery 
from 95.9% to 97.6%. This is because the CFJ Case 1 removes the 
flow separation as shown in Fig. 8 and 9. Cases 2 and 3 are able 
to further drive down the distortion to 1.8% and 0.67% respectively. 
Case 3 essentially eliminates the flow distortion while increasing 
the total pressure recovery.

As shown in Table 3, the particularly encouraging result is that 
the optimal CFJ Case 3 is achieved solely by manipulating the 
CFJ configuration with the momentum coefficient Cμ and the CFJ 
power coefficient reduced compared with the CFJ Case 1. Com-
paring the results of CFJ Case 1 and 2 in Tables 3, CFJ Case 2 
improves both the AIP distortion and total pressure recovery with 
the same CFJ power by moving the suction slot from the deep sep-
aration region to slightly downstream of the baseline separation 
onset location. Compared with CFJ Case 2, CFJ Case 3 further re-
duces the distortion and improves the total pressure recovery with 
even reduced CFJ power by increasing the suction slot circumfer-
ential angle. Table 3 also shows that the flow actuated by the CFJ 
Case 3 is 1.82% of the total inlet mass flow. Since CFJ is a ZNMF 
flow control, it has the advantage that the amount of the flow ac-
tuated by CFJ does not increase or decrease the mass flow of the 
inlet-engine system.

To understand the flow structures that bring the advantages of 
Case 3 over Case 2, Fig. 11 shows the wall static pressure con-
tours and the near-wall streamlines of the two cases. The low 
energy zone observed in Fig. 10 (b) results from the low energy 
flow (marked as Flow 1) migrating from the side wall at the en-
trance to the bottom of the AIP as shown in Fig. 11 (a), which is 
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Fig. 9. Total pressure contours along stream-wise of the baseline and CFJ S-ducts.

Table 3
Performance of CFJ and baseline S-ducts at AIP.

Cases Cμ δ (%) 	δ (%) DC60 (%) 	DC60 (%) Γ j Pc mr (%)

Baseline - 95.9 - 41.7 - - - -
CFJ-1 0.49 97.6 1.7 5.40 -87.1 1.61 0.23 1.94
CFJ-2 0.46 97.8 1.9 1.80 -95.7 1.63 0.23 1.82
CFJ-3 0.46 97.9 2.0 0.67 -98.4 1.60 0.22 1.82
driven by the swirl caused by the pressure and density gradient of 
S-duct. This phenomenon is also observed by Yi et al. [12]. As the 
CFJ suction slot (β) is increased from that of Case 2 to Case 3, the 
widened suction slot is able to withdraw most of the low energy 
flow migrating from the entrance as shown in Fig. 11 (b).

In terms of energy consumption, the CFJ power coefficient Pc

required by Case 3 is the lowest, reduced by 4.5% compared with 
Case 1 and 2. Fig. 12 compares the contours of Mach number and 
8

entropy increase of Case 2 and Case 3 on the symmetric plane. 
The wider suction duct of Case 3 decreases the velocity inside as 
shown in Fig. 12 (a) and (b). The decreased velocity mitigates the 
viscous effects inside the suction duct and reduces the entropy in-
crease near the duct wall especially at the duct turning section as 
shown in Fig. 12 (c) and (d). The lower total pressure loss of Case 
3 reduces the power consumption of the CFJ micro-compressor. 
Overall, from both the aspects of control effectiveness and energy 
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Fig. 10. Total pressure recovery distribution at AIP of CFJ S-ducts.
efficiency, Case 3 has the best performance among the three cases 
and is thus regarded as the optimum CFJ S-duct configuration in 
the present study.

4.3. Analysis of system exergy benefit

Based on the results achieved above, this section analyzes the 
exergy benefit of the co-flow jet active flow control for the S-duct 
inlet-engine system due to the flow separation elimination. From 
the aircraft system point of view, a high exergy inlet with more 
available work can reduce the energy consumption of the engine 
downstream.

Exergy (E X ) defined by Eq. (9) expresses the maximum avail-
able work of a thermal flow process [52], which is the S-duct 
herein.

E X =ṁ[(H1 − Hi) − Ti(S1 − Si)]
=ṁ(H1 − Hi) + [−ṁTi(S1 − Si)]
=E X H + E X S (9)

where ṁ is the mass flow rate of the S-duct, H is the mass-
averaged total enthalpy, T is the mass-averaged static temperature, 
S is the mass-averaged entropy, E X H = ṁ(H1 − Hi) is the exergy 
9

due to the system total enthalpy change, and E X S = −ṁTi(S1 − Si)

is the exergy due to the entropy change. The subscripts i and 1
denote the location of the S-duct entrance and AIP respectively. 
Eq. (9) indicates that the system available work will increase if the 
total enthalpy of the system is increased. If the system has high 
entropy increase due to poor flow conditions such as flow sepa-
ration, the system’s available work will be decreased. The entropy 
change term S1 − Si can be expressed by the thermodynamics re-
lation:

	S = cpln(
T1

∗

Ti
∗ ) − Rln(

p1
∗

pi
∗ ) (10)

where T ∗ is the mass-averaged total temperature and p∗ is the 
mass-averaged total pressure. Substitute Eq. (10) to Eq. (9), we 
have

E X =ṁ[(H1 − Hi) − Ti(cpln(
T1

∗

Ti
∗ ) − Rln(

p1
∗

pi
∗ ))]

=E X H + E X S

=E X H + E X T + E Xp (11)

where E X T = −ṁTicpln( T1
∗
∗ ), and E Xp = ṁTi Rln(

p1
∗
∗ )
Ti pi
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Fig. 11. Wall static pressure distribution of the CFJ S-ducts.
Eq. (11) indicates that the exergy is resulted from three sources: 
change of total enthalpy (E X H ), entropy variation due to total tem-
perature increase (E X T ), and entropy variation due to total pres-
sure loss (E Xp). As shown in Eq. (9), exergy has the same unit as 
power.

Fig. 13 shows the control volume of the CFJ S-duct. The micro-
compressor (MC) adds external work (e.g. electric power) to the 
control volume and increases the total enthalpy of the control vol-
ume.

Based on thermodynamics first law

dE = dQ − dW (12)

where E is the energy of the system, Q denotes the quantity of 
heat supplied to the system, and W denotes the amount of ther-
modynamic work done by the system to its surroundings. For the 
control volume of Fig. 13 with the assumption of adiabatic flow, it 
receives external work from the micro-compressor, thus

dW = −P C F J (13)

where P C F J is the micro-compressor power consumption defined 
by Eq. (2).

Since the CFJ is a ZNMF active flow control, the mass conserva-
tion of the control volume of Fig. 13 has

ṁi = ṁ1 = ṁ (14)

with the adiabatic process,

dE = −dW = ṁ(H1 − Hi) = P C F J (15)
10
The exergy Eq. (9) for CFJ S-duct then can be written as:

E X
C F J = P C F J + [−ṁTi(S1 − Si)] = P C F J + E X S

C F J (16)

For the baseline S-duct with the adiabatic flow, H1 = Hi , and 
E X H = 0. Therefore,

E X
baseline = E X S

baseline (17)

Eq. (16) indicates that the CFJ S-duct will absorb all the work 
provided by the micro-compressor to its exergy. If the flow con-
dition is improved such as the removal of flow separation, the 
entropy increase will be reduced compared with that of the base-
line S-duct. In that case, the system not only fully recovers the 
energy consumed by the CFJ and improves the flow condition, but 
also gains extra exergy due to the reduced entropy increase ben-
efited from the improved flow conditions. The significance is that 
the total energy cost of the AFC will be fully translated to benefit 
the downstream engine system with extra energy gain except for 
the loss due to the irreversibility of the thermal flow process.

Fig. 14 shows the total temperature contours at various stream-
wise locations. The total temperature of the baseline S-duct re-
mains constant throughout the duct, but the total temperature of 
the CFJ S-duct is increased in the area of CFJ applied due to the 
work transferred from the CFJ micro-compressor via flow mixing. 
Even though the CFJ reduces the S-duct total pressure distortion 
significantly, the added energy appears to create a total tempera-
ture distortion in a small region of the AIP. The effect of such total 
temperature distortion on the downstream engine is not expected 
to be significant but needs to be studied in the future.



K. Xu and G. Zha Aerospace Science and Technology 128 (2022) 107746

Fig. 12. Mach number and normalized entropy contours at symmetric view of the suction duct in Case 2 and Case 3.
Fig. 13. Sketch of the work transfer between the CFJ micro-compressor (MC) and 
S-duct.

Eq. (18) uses an overline to denote the normalized exergy by 
the free-stream velocity, density, and reference area in the same 
way as the power coefficient (Pc) in Eq. (4).

E X = E X

0.5ρi U 3
i Ai

(18)

Using the same way, we can normalize E X S , E X H , E X T and E Xp .
The energy benefit of the S-duct with CFJ is the exergy dif-

ference between the CFJ and baseline S-duct as expressed below 
based on Eq. (16) and (17),

	E X = E X
C F J − E X

baseline =
P C F J + 	E X S = P C F J + 	E X T + 	E Xp (19)
11
Following Eq. (18), we also have the normalized 	E X H , 	E X S , 
	E X , 	E X T , 	E Xp , E X

C F J and E X
baseline .

	E X stands for the gain of the system available amount of 
work or gain of the exergy, which is obviously at the expense of 
the CFJ flow control energy consumption. The question of interest 
is whether such an exergy gain is greater than the cost of the CFJ 
energy consumption. The ratio of exergy increase to the power re-
quired (E I P R) of AFC defined below based on Eq. (19) can be used 
to measure the gain:

E I P R = 	E X

P C F J
= 1 + 	E X S

P C F J

=1 + 	E X S

Pc
= 	E X

Pc
(20)

If E I P R > 1, it means the system exergy is increased more than 
the AFC energy consumption attributed to the improved flow con-
dition that reduces the entropy increase. If E I P R = 1, it meas the 
system exergy gain breaks even with the AFC energy consumption 
with no flow quality improvement. If E I P R < 1, it means the sys-
tem exergy has a loss due to the AFC energy consumption with the 
flow condition deteriorated.

The general motivation of AFC is to improve the flow condition 
of a flow system with exergy gain. A desirable AFC for durable 
mission usage should have the following features: 1) low E X H , 
meaning a low external energy source is required. For the CFJ 
S-duct case, it is a low CFJ power P C F J ; 2) high E I P R with a 
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Fig. 14. Total temperature contours along stream-wise of the baseline and CFJ S-ducts.
value greater than 1, meaning that the system gains exergy bene-
fited from the flow conditions improved by the AFC, the larger the 
E I P R , the more energy-efficient is the AFC. As shown by Eq. (20), 
both a high 	E X S and low Pc contribute to a large E I P R , which 
indicates an efficient AFC and flow system as a whole.

Table 4 compares the exergy of the baseline S-duct and the 
three CFJ cases with their E I P R . The negative sign of all the E X

in Table 4 means that all the S-duct systems have no available en-
ergy to do work due to the entropy increase from flow energy loss. 
For the baseline S-duct, the negative exergy is determined by the 
entropy rise due to total pressure loss since the total temperature 
is constant for the adiabatic flow. However, all the three CFJ cases 
have net exergy gain with E I P R greater than 1 from 1.05 to 1.22.

The net exergy gain comes from 	E Xp due to smaller entropy 
rise with attached flow and higher total pressure recovery achieved 
by the CFJ. However, the mixing process with the rise of total tem-
perature also enhance entropy generation, and therefore 	E X T sig-
nificantly decreases the exergy gain. Overall, the increase of 	E Xp
12
outperforms the reduction of 	E X T and results in a net exergy in-
crease with E I P R > 1.

To have a qualitative understanding of the CFJ S-duct benefit 
to the inlet-engine system, we assume that the downstream of 
the S-duct is a jet engine axial compressor, which will have an 
isentropic efficiency (η) as expressed in Eq. (7). Assuming that the 
required compressor outlet total pressure p3

∗ and the compres-
sor efficiency (η) are the same for the baseline S-duct and the CFJ 
S-duct, the compressor actual work Eq. (8) indicates that the com-
pressor downstream will require less work with the CFJ S-duct due 
to higher p1

∗ benefited from the higher total pressure recovery. 
Furthermore, because the total pressure distortion at AIP is basi-
cally eliminated, the compressor efficiency will be increased and 
the compressor work will be reduced more. The amount of the 
compressor work reduced is caused by the upstream CFJ S-duct 
exergy increase, which is attributed to the CFJ active flow control. 
The other important benefit of eliminating the flow separation and 
distortion is to mitigate the high cycle fatigue of the compressor 
or fan blades downstream and avoid stall of the fan/compressor.
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Table 4
Exergy and power consumption of the baseline and CFJ S-ducts.

Cases E X E X T 	E X T E Xp 	E Xp 	E X S Pc E I P R

Baseline -0.443 -0.003 - -0.440 - - - -
CFJ-1 -0.212 -0.191 -0.188 -0.240 0.200 0.012 0.226 1.05
CFJ-2 -0.196 -0.186 -0.183 -0.223 0.217 0.034 0.218 1.16
CFJ-3 -0.186 -0.183 -0.180 -0.213 0.227 0.047 0.213 1.22
4.4. Potential application considerations

In actual applications, the CFJ micro-compressor actuators may 
decrease the engine system weight compared with using engine 
bleed for the flow control. This is because the micro-compressors 
have higher power density (kw/kg) due to much higher RPM (e.g. 
100k) than those of aircraft engine compressors and fans. The 
weight introduced by the micro-compressors will be less than in-
creasing the engine size and power for the bleed. The system 
complexity is also expected to be reduced because the micro-
compressors can be controlled locally without the long ducts 
transporting the engine bleed air.

CFJ is shown to be reliable and robust to have a broad range of 
working conditions such as variation of angle of attack [50], flight 
Mach number [32], etc. At different flight conditions, the CFJ can 
be controlled by varying its jet strength Cμ , which is controlled by 
the power (i.e. RPM) of the CFJ micro-compressor actuators. As an 
example with the throat Mach number varying from 0.42 to 0.79, 
our previous study [32] indicates that the CFJ S-duct can eliminate 
the flow separation in all conditions and maintain a low distortion 
coefficient of less than 1%.

The annular injection and suction slots will not be continuous 
circumferential open groove. This is because CFJ is usually gener-
ated by embedding a series of micro-compressors circumferentially 
[27]. Each micro-compressor has its own duct. The duct walls will 
be used as the supporting struts to enhance the structure strength 
and integrity. Overall, a S-duct inlet is to diffuse the flow and is 
not a highly loaded component, thus structure integrity would not 
be a serious challenge.

5. Conclusions

This validated numerical study demonstrates for the first time 
that the CFJ AFC is effective and energy efficient to improve the 
flow quality of a S-duct inlet and increase the efficiency of the 
inlet-engine system as a whole. It can not only eliminate the flow 
separation and distortion, but also leverage the exergy state of 
the inlet system with the available work increased more than the 
CFJ power consumption. Three cases of the CFJ configuration trade 
study with two suction locations and slot widths are presented. 
The optimum configuration of the CFJ S-duct virtually eliminates 
the distortion by reducing DC60 from 41.7% to 0.67%. At the same 
time, the total pressure recovery is increased by 2.0%.

To effectively use CFJ for a S-duct, the overall coflow jet should 
be immersed in the adverse pressure gradient region. Both the CFJ 
injection slot size and location affects the AFC control effectiveness 
and efficiency. Placing the suction slot at the separation onset loca-
tion is more efficient than placing it in the deep separation region. 
A wider suction slot with a circumferential angle of 120◦ is more 
effective than a narrower one of 90◦ to remove the low momen-
tum flow migrating from the inlet entrance side wall.

A parameter, E I P R , is introduced to measure the merit of an 
AFC by calculating the ratio of exergy increase to the power re-
quired by the AFC. The larger the E I P R , the more efficient of the 
AFC system. If E I P R is greater than 1, the system recovers all the 
AFC energy consumption and also gains efficiency benefited from 
the improved flow quality such as removal of flow separation. At-
tributed to the zero-net-mass-flux control, all the power consumed 
13
by the CFJ actuators in this study are absorbed by the CFJ S-duct 
system as exergy increase. Benefited from the removed flow sep-
aration at the same time, the system exergy is further increased 
with E I P R = 1.22, which means the inlet-engine system does not 
only fully recover the CFJ energy expenditure, but also has a net 
exergy gain of 22% more than the CFJ energy consumption.
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