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Abstract

This paper simulates the integration of a 3D Co-Flow Jet (CFJ) airfoil with a quasi-micro-compressor repre-
sented by compressor boundary conditions to study the cruise performance with a variation of Mach numbers.
The purpose is to understand how the micro-compressor will operate at different Mach numbers in order to
design the CFJ airfoil system with high cruise efficiency. The Mach numbers studied are 0.17, 0.25, and 0.46 to
represent a range of cruise conditions for electric airplanes. The airfoil is designed for optimum cruise efficiency,
meeting the mission requirements from given geometric dimensions. The micro-compressor is designed to satisfy
required total pressure ratio and the dimension of the airfoil with a maximized mass flow rate. At Mach numbers
0.17 and 0.25, micro-compressor design G8A has a low design total pressure ratio of 1.04, while Mach number
0.46 requires a micro-compressor design G5 with a higher design total pressure ratio of 1.17 to compensate
for the larger boundary layer loss of the airfoil. CFJ injection and suction ducts are designed with minimum
total pressure loss to achieve the high efficiency operating region in the compressor map. The ducts connecting
the micro-compressors with the CFJ airfoil have a circular shape at the interface of the micro-compressor and
transition to rectangle slots at the airfoil. Design iteration of the ducts is an important step in the integration
of CFJ airfoil and micro-compressor by matching the mass flow rate and compressor total pressure ratio to the
high efficiency operating line. The micro-compressor outlet is simulated with a swirl profile provided by each
of the two compressor designs. The micro-compressor design is only conducted once and is not in the iteration
process to save the design cycle. The micro-compressor is thus a quasi-micro-compressor. The simulation of each
Mach number is for cruise condition at low angle of attack 5° with a range of 0° to 15°. The results show that
by integrating the designs of micro-compressor and CFJ airfoil through duct design, a high efficiency operating
line can be achieved with efficiency of about 76% to 82% for Mach number 0.17, 79% to 85% for Mach number
0.25, and 73% to 78% for Mach number 0.46. The study demonstrates that CFJ airfoil design integration with
the micro-compressor allows the CFJ aircraft to cruise at a high efficiency operating range of the compressor for
a range of Mach numbers.
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Nomenclature

CFJ Co-flow jet
AoA Angle of attack
LE Leading edge
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Mass flow rate
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Pitching moment
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Suction duct
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C, Jet momentum coefficient 71 U; /(oo S)
(CL/Cp).CFJ airfoil corrected aerodynamic efficiency L/(D + P/Vy)
(C%/Cp).CF1J airfoil productivity efficiency C%/(Cp + P/Vs)
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Pc Power coefficient L/(goo S Vo)

P, Total pressure ratio between injection and suction
M Free stream Mach number

Piinj Total injection pressure

Pigue Total suction pressure

Vinj /Vso Normalized injection velocity

1 Introduction

Minimizing energy consumption centers on high cruise efficiency, especially in creating electric aircraft where
it is important to extend range and payload with a limited battery energy density. Active flow control (AFC) is
a promising method to enhance aerodynamic performance. However, increasing aircraft aerodynamic efficiency
at cruise condition is challenging because the flow is typically benign at low angles of attack. Enhancing cruise
efficiency requires AFC to have low energy expenditure with high conversion efficiency. Most efforts to improve
cruise efficiency have been made by passive flow controls, including winglet, wing body combination, flying wing
configurations, boundary layer ingestion, distributed propulsion, etc. Not much progress has been made to improve
subsonic airfoil cruise performance efficiency through AFC.

AFC transfers external energy to the controlled flow to improve the performance of the flow system. 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 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 energy (e.g., mechanical, electric, chemical) to energy required by the controlled flow. It determines
how much total power will be consumed by the actual flow control system. For AFC to benefit industry realistic
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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. Xu et al [1] analyze the CFJ energy expenditure and describe the
efficient techniques to implement CFJ.

The Co-Flow Jet (CFJ) airfoil, shown in Fig. 1 is a zero-net mass-flux (ZNMF) AFC method developed by
Zha et al. [2, 3, 4, 5, 6, 7, 8,9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19] that can dramatically increase the lift
coefficient, stall angle of attack, and drag reduction. For the CFJ AFC, a small amount of mass flow is withdrawn
into the suction duct located near the TE, pressurized and energized by the micro-compressor, and injected near
the LE tangentially to the main flow through the injection slot. The low energy expenditure required by the CFJ
enables it to improve cruise productivity efficiency, C% /(Cp + Pc,cry), substantially compared with conventional
design (Pc,cry is the required power coefficient for CFJ). In other words, CFJ is proven to have high effectiveness
and low power required. The actual power consumed by the micro-compressor is P,ot = Pccrg/n, where n is
the CFJ system power conversion efficiency determined by the design of the micro-compressor actuator and the
ducts transporting the injection and suction flow. The micro-compressors are able to reach excellent efficiency of
over 80% [14, 20, 21]. However, to take advantage of the high efficiency micro-compressors, it is crucial to design
the CFJ ducts with minimal loss as an integrated system. This paper focuses on improving the actual power
conversion efficiency by optimizing the ducts design and integration with the CFJ airfoil as illustrated in Fig. 2.
The goal is to make the CFJ airfoil at cruise operate at a high efficiency region of the compressor map for each
Mach number.

The CFJ AFC relies on the micro-compressor actuators to convert the mechanical power to the power required.
To achieve high power conversion efficiency, it is important that the CFJ airfoil operating conditions match the
micro-compressor operating line with high efficiency. This requires the design of the CFJ airfoil to be integrated
with the micro-compressors as shown in Fig. 2, a conclusion reached by Zha et al. [22] and Xu et al. [23]. The
purpose of this paper is to numerically design and simulate an integrated CFJ airfoil with the micro-compressor
represented by the boundary conditions extracted from the compressors in order to achieve high system energy
conversion efficiency at different Mach numbers, 0.17, 0.25, and 0.46.

injection _
suction

/ —— \
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Figure 1: 2D sketch of CFJ airfoil showing the flow direction

Figure 2: Schematic of CFJ setup within the airfoil
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2 Methodology

2.1 Lift and Drag Calculation

In a CFD analysis, the total aerodynamic forces and moments are determined by the force surface integral and
jet reactionary force. The reactionary force of a CFJ airfoil is calculated through flow parameters obtained from
the injection and suction slots. The equations for lift and drag due to the jet reactionary force are given by Zha
et al. [3] using the control volume analysis in Fig. 3:

a b
y 8 P.
p” pe
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i h
Figure 3: Control volume of a CFJ airfoil
cmfj = (mjle —I—plejl) * 608(91 — Ot) — (mjng —I—pngjg) * 608(92 + Oé) (1)
Fypy = (mpVin + pjdj) * sin(61 — ) + (my2Via + pjadjz) * sin(62 + a) (2)

where the subscript 1 indicates the injection slot and subscript 2 denotes the suction slot, #; and 6, are the angles
between the slot’s surface and a line normal to the chord, and « is the angle of attack.
Total lift and drag are given by the following equations:

D=R,~F,,, 3)

L=R,-F,,, (4)

where R! and R’y are surface integrals of pressure and shear stress in the x4, and ;s directions. For a 3D CFJ
wing, total lift and drag are determined by integrating the drag and lift equations in the span wise direction.

2.2 Jet Momentum Coefficient
Cy, or the jet momentum coefficient, quantifies the jet intensity and is defined by,
mv;

%pooVOOQS

where 17 is the injection mass flow rate, V; is the mass-averaged injection velocity, p is the free stream density,
Vo is the free stream velocity, and S is the planform area.

Cu= (5)
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2.3 Power Coefficient

In a CFJ airfoil, a system of micro-compressors are embedded inside of the wing. The compressors take air from
the suction slot and and eject the air through the injection slot. The power consumption is determined by the jet
mass flow and total enthalpy change through:

Pory =m(Hy — Hyp) (6)

where Hy; and Hys are the mass-averaged total enthalpy in the injection and suction slots, P is the power required
by the micro-compressor, and 7 the jet mass flow rate. The power required can be expressed by the following
equation,

-1
Popy =mCyTp(T™7 —1) (7)

where v is the specific heat ratio, or 1.4 for ideal gas, and 7 is the isentropic pumping efficiency. I' is the total

pressure ratio of the pump defined as I' = %, where P;; and P are the mass-averaged total pressures in the

injection and suction slots, respectively. The power coeflicient for a CFJ airfoil is then,

Porg
Pocr) = v—>—= (8)
%Poovo%S
while the actual power coefficient consumed by the micro-compressor is,
Pecry
Pact - 7T (9)

The power coefficient for a propeller actuator is given by,

2 3
~ pV3 S\ 2pA
where F' is the total force generated by the propeller actuator perpendicular to the propeller disk, and A is the
area of the actuator disk. The propeller power coefficient can also be given by the absolute value of the drag

coefficient because the propeller thrust should overcome the drag at cruise.
The power coefficient due to CFJ and the propeller actuator can be combined as,

Pp (10)

Pc = Pccry+ Pp (11)

2.4 Corrected Aerodynamic Efficiency
For a conventional wing, the aerodynamic efficiency is defined as:

L

— 12

- (12)
and for a CFJ wing, the pure aerodynamic relationship between lift and drag still follows Eq. 12. However, since
CFJ AFC expends energy, the above is modified to consider the energy consumption of the micro-compressor and
the propeller actuator. The corrected aerodynamic efficiency is:

Cr Cp Cr, B Cr,

Cp. Po Pp+Pocr; Cp+PFPeocrg
where Cp, is the equivalent drag coefficient that includes the drag of the aircraft system and the power required
by both the propeller and CFJ. At cruise of level and unaccelerated flight, since the propeller thrust exactly offsets
the drag, then C'p = Pp.

(13)
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2.5 Aircraft Productivity

The productivity efficiency C7/Cp is used to measure the productivity of an airplane characterized by the
product of an aircraft’s range and its weight [13]. It is a more thorough parameter than Cp/Cp in determining
the merit of aerodynamic design during cruise. Aircraft productivity includes the ratio of lift to drag coefficient
and the aircraft weight from Cp. The corrected productivity efficiency for CFJ airfoils with propeller actuator is
defined as,

c: (L% _ Cc? _ c?
Cp. Pc Pp+Pocrs Cp+FPocry

(14)

2.6 Airfoil Geometry

The CFJ airfoil adopted in this paper is developed based on the NACA 6421 airfoil. The CFJ injection and
suction slot sizes are normalized by the airfoil chord length (C). The original CFJ airfoil design, CFJ6421-SST150-
SUC247-INJ117, created by Wang et. al. [24, 25, 26] is used as a starting point. It has an injection slot size of
1.17%C and suction slot size of 2.47%C. However, during design iterations, the suction slot height is decreased
by 30% to reduce flow separation occurring within the duct. The current airfoil used in this study is CFJ6421-
SST150-SUC173-INJ117 for Mach numbers 0.17, 0.25, and 0.46.

2.7 Duct Geometry

The ducts have a circular shape at the compressor interface and then become rectangular at the slots. The
method of calculating circular-to-rectangular transition surfaces developed in [27] is adopted. The CFJ airfoil
injection and suction slot locations are determined according to previously published 2D designs [24, 25, 26].
The injection and suction duct meanlines are determined based on the slot locations. Superellipses are created
along the duct meanlines, which pass through the superellipse geometric centers and locally perpendicular to the
superellipses. The duct surfaces are formed by connecting those cross sections.

Converging ducts have a favorable pressure gradient and are easier to design than diverging ducts, which are
prone to flow separation. When designing the ducts, the center bodies design is important for both the injection
and suction duct since they are used to guide the flow entering and exiting the micro-compressor and prevent flow
separation. Key parameters in CFJ duct design are the area distribution and the ratio of the slot width to the
compressor diameter, W/D.

Duct design is an integral part of the optimization of the system, requiring as high as possible total pressure
recovery without flow separation. Total pressure recovery of a CFJ duct is defined as,

b, pV ProdA
#Si pVPOl dA

where S, and S; are the cross section interface of the CFJ duct at outlet and inlet respectively. Py and Py are
the total pressure evaluated at outlet and inlet. A high total pressure recovery signifies minimal loss within the
duct. For injection ducts, the total pressure decreases toward the injection slot while for suction ducts the total
pressure decreases toward the compressor interface.

Py (15)

2.8 CFD Simulation Setup

Fig. 2 shows the overall setup for the system integration simulated in this study except that the compressor
is not included but is represented by its boundary conditions. The FASIP (Flow-Acoustics-Structure Interaction
Package) CFD code is used for the numerical simulation and design. The 3D Reynolds Averaged Navier-Stokes
(RANS) equations with one-equation Spalart-Allmaras [17] turbulence model is used. A 3rd order WENO scheme
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for the inviscid flux [18, 19, 28, 29, 30, 31] and 2nd order central differencing for the viscous terms [18, 30] are
utilized to discretize the Navier-Stokes equations. The low diffusion E-CUSP scheme used as the approximate
Riemann solver suggested by Zha et al [19] based on the flux vector-splitting of Zha and Bilgen [32] 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 convergence rate [33]. Parallel computing is implemented to save wall clock
simulation time [34].

2.9 Boundary Conditions

For the integrated system of Fig. 2, the far field boundary is located at 50 chord lengths. The 3rd order
accuracy no slip condition is enforced on the solid surface with the wall treatment suggested in [35] to achieve
flux conservation on the wall. Symmetric boundary conditions are utilized on the two boundaries in the span
direction. Total pressure, total temperature and flow angles are specified at the injection duct inlet based on the
profile of each of the two micro-compressors at the outlet. The total pressure, total temperature, and flow angle
are also specified at the upstream portion of the far field based on free stream condition. Constant static pressure
is applied at the suction duct outlet as well as the downstream portion of the far field. The actuator disk boundary
condition is modeled as a flat surface with a pressure jump, which is iterated so that the sum of forces in the free
stream (x) direction is 0. The total mesh size for the CFJ airfoils at Mach number 0.17 and 0.25 is 5.68 million
points, split into 135 blocks for the parallel computation. The total mesh size for the CFJ airfoil at Mach number
0.46 is 5.81 million points, split into 139 blocks for the parallel computation. The first grid point on the wing
surface is placed at y+ ~

2.10 Procedure for the Integrated Design

The integrated design procedure is described as the following steps illustrated in the chart of Fig. 4. But in this
study, Step 2 of the micro-compressor is only done once and is not in the iteration.

1. CFJ wing design: 2D CFJ airfoil and 3D CFJ wing are designed to meet the aircraft mission requirements
for takeoff, cruise, and landing with optimal performance. The design provides the requirements of wing
dimensions, micro-compressor mass flow rate, and total pressure ratio.

2. Micro-compressor design: A micro-compressor is then designed to satisfy the required total pressure ratio
and the dimensions of the airfoil with maximized mass flow rate, highest efficiency, and largest operating
range from choke limit to stall limit.

3. Duct design: The CFJ injection and suction ducts are then designed to match the airfoil dimensions with
the boundary conditions from the micro-compressor and the CFJ wing flow conditions, no flow separation
inside the ducts, and minimum total pressure loss.

4. Integrate the ducts with the 3D CFJ airfoil using the micro-compressor flow conditions at the CFJ injection
inlet (micro-compressor outlet) and suction outlet (micro-compressor inlet). Simulate the 3D CFJ airfoil
with the ducts designed in Step 3.

5. Examine the results and the aerodynamic performance. If satisfied, stop; if not satisfied, return to Step 1
and repeat the process. However, to save time, Step 2 of the compressor design is not iterated in this study
and is only conducted at the beginning. Thus the micro-compressor is a quasi-micro-compressor.
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CFJ wing design

meet mission requirements: provides wing
dimensions, required micro-compressor mass flow

rate and total pressure ratio

¥

Micro-compressor design

design point matches aireraft cruise point with max
efficiency. sufficient mass flow, operating margin

v

Duct design

max width with no flow separation. min total
pressure loss using BCs from compressor inlet/outlet
and CFT airfoil flow at injection/suction slot

r

Integration

simulate 3D CFTJ airfoil with ducts and compressor

interface BCs

Is aerodynamic
performance acceptable?

End design process

Figure 4: Flowchart of the integrated design process

3 Results and Discussion

3.1 The Micro-Compressors

Three cruise Mach numbers are studied in this paper to achieve high power conversion efficiency: 0.17, 0.25,
and 0.46. The function of the micro-compressor actuator is to provide the mass flow and jet momentum required
by CFJ flow control. Once the airfoil is designed by CFD simulation, the required mass flow and total pressure
ratio between the suction outlet and injection inlet will be used as the performance requirements to design the
micro-compressor. The total pressure ratio is determined by the energy loss in the jet mixing with the main flow.
A higher free stream Mach number will create a greater loss at the same AoA and C, because the high speed
will have more shear stress work on the surface. For Mach numbers 0.17 and 0.25, the total pressure loss is small
and the total pressure ratio required for the micro-compressor at cruise condition is about 1.015. For Mach 0.46,
the required total pressure ratio is 1.15. They are at quite different range. To be efficient for each system, two
micro-compressors are designed, namely G8A for Mach numbers 0.17 and 0.25, and G5 for Mach number 0.46.
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The following table summarizes the design point performance for each compressor.

Table 1: Design point performance of micro-compressors G8A and G5

Mach m(kg/s) | P n
G8A | 0.17,0.25 | 0.1650 | 1.04 | 84%
G5 0.46 0.1706 | 1.17 | 78.6%

3.2 CFJ Injection and Suction Ducts

In order to integrate the micro-compressors with the CFJ airfoil, the injection and suction ducts must be
designed according to the following:

1. Match the mass flow requirement for the required C),.

2. No flow separation inside the ducts to minimize total pressure loss and maximize flow uniformity at the
injection slot.

3. Maximize slot width to minimize the number of micro-compressors to be used. However, a large ratio of slot
width to compressor diameter, /D, will also make the flow easier to separate.

For the three Mach numbers studied, in each the injection duct has a converging area variation while the suction
duct has a diverging area variation.

3.21 M =0.17

The ducts designed for M = 0.17 have a width to diameter (W/D) ratio of 3.36 for both injection and suction
ducts to match the G8A micro-compressor diameter at the inlet and outlet. Fig. 5 shows the mesh used for the
ducts and the suction surface of the airfoil, each duct has a mesh size of 1.62 million points, split into 20 blocks
for parallel computation. The total mesh size of the 3D domain is 5.68 million points, split into 135 blocks. The
injection and suction ducts have a total pressure recovery of 99.05% and 99.55% respectively, shown in Fig. 6.
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Figure 5: Computational mesh of airfoil surfaces and ducts used for M = 0.17
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Figure 6: Total pressure distribution for (a)injection and (b)suction duct designed for the CFJ airfoil using G8A
micro-compressor at Mach number 0.17

Mach contours and streamlines are shown in Fig. 7 for the injection and suction ducts. Contours of the injection
duct show at the compressor interface the sides of the center body having a stronger flow than the top and bottom.
This is caused by the swirl effect on the flow from the G8A micro-compressor. The flow is attached throughout
the span of the injection duct. The suction duct shows very healthy flow throughout except at the top of the duct
near the micro-compressor interface where there is a low Mach number region. However, the streamlines do not
show any separation and with such a high total pressure recovery, the design is acceptable.
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Figure 7: Mach contours and streamlines at (a)injection and (b)suction for CFJ airfoil using G8A
micro-compressor at Mach number 0.17

3.2.2 M =025

Both injection and suction ducts designed for M = 0.25 have a W/ D ratio of 2.76. That is because the inlet and
outlet diameters of G8A micro-compressor are equal. Fig. 8 shows the mesh used for both ducts and the suction
surface of the airfoil. Each duct has a mesh size of 1.62 million points, split into 20 blocks. The total mesh size for
the 3D domain is 5.68 million points, split into 135 blocks. The injection and suction ducts have a total pressure
recovery of 98.78% and 99.1% respectively, shown in Fig. 9.
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Figure 8: Computational mesh of airfoil surfaces and ducts used for M = 0.25
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Figure 9: Total pressure distribution for (a)injection and (b)suction duct designed for CFJ airfoil using G8A
micro-compressor at Mach number 0.25

Mach contours and streamlines are shown in Fig. 10 for the injection and suction ducts. Contours of the injection
duct show the flow is attached throughout the duct with the Mach number at the injection slot fairly uniform.
The streamlines clearly display the swirl effects due to the micro-compressor G8A. The suction duct shows very
healthy flow throughout. Flow is generally strong in the majority area of the duct because of the centrifugal forces
at the turn near the inlet that push flow to the bottom. At the top of the duct near the micro-compressor interface
there is a very small low Mach number region. Upon further inspection of the design suction duct, however, the
streamlines do not show any separation. The suction designed is deemed acceptable to continue with due to the
high total pressure recovery.
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Figure 10: Mach contours and streamlines at top row: injection duct, bottom row: suction duct, for CFJ airfoil
using G8A micro-compressor at Mach number 0.25

3.2.3 M =046

For M = 0.46, Fig. 11 shows the mesh used for the ducts and the suction surface of the airfoil. W/D for
injection duct is 1.47 and has a mesh size of 1.68 million points, split into 24 blocks. The suction duct has a W/D
of 2.23 and a mesh size of 1.62 million points, split into 20 blocks. The width to diameter ratio differs for both
ducts because the micro-compressor G5 design has a smaller inlet and larger outlet. The total pressure distribution
of Fig. 12 shows the injection duct has a recovery of 96.32% while the suction duct has a total pressure recovery
of 97.78%. The injection duct total pressure recovery is significantly lower than that at lower free stream Mach
number of 0.17 and 0.25. This is because the injection jet speed is substantially higher for Mach number 0.46 as
can be seen by comparing the Mach contours in Fig. 13 with those in Fig. 7 and 10. A high speed jet will create
more total pressure loss.
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Figure 11: Computational mesh of airfoil surfaces and ducts used for M = 0.46
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Figure 12: Total pressure distribution for (a)injection and (b)suction duct designed for CFJ airfoil using G5
micro-compressor at Mach number 0.46

Mach contours and streamlines show the flow within the ducts in Fig. 13. The injection duct shows healthy flow
throughout the duct despite the low pressure recovery. The flow at the injection slot is rather uniform. Streamlines
depict the swirl from the micro-compressor G5. The suction duct contours indicate a strong flow throughout the
duct as well. At the compressor interface the flow seems just slightly lower at the top and bottom of the duct
compared to the center flow but it is not nearly as low as the previous Mach numbers studied. The streamlines
do not show any separation.
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Figure 13: Mach contours and streamlines at (a)injection and (b)suction for CFJ airfoil using G5
micro-compressor at Mach number 0.46

3.3 Integration of the Micro-Compressors with CFJ Airfoil

Once the duct designs for all three Mach numbers is completed, they are incorporated into the 3D CFJ airfoil
and the flow field is simulated with the external flow and the internal duct flow. The results of the numerical
simulation analysis are shown below for each micro-compressor. Angles of attack 0° through 5° were simulated at a
C,, of 0.03 as per [26, 36], however, at higher AoA the jet momentum coefficient had to be increased to remove flow
separation occurring on the suction surfaces. Values of Po indicate the total power coefficients of the CFJ airfoil
(Pc,crg) and the propeller actuator (Pp). In the following Tables 2 and 3, the value of the propeller actuator
power coefficient Pp is equivalent to the drag coefficient Cp, as previously concluded.

3.3.1 GS8A Micro-Compressor

Table 2 lists the performance of cruise Mach numbers 0.17 and 0.25 at different angles of attack, 0° to 15°
using the G8A micro-compressor. The value of C/Cp follows conventional aerodynamic performance definition
of Eq. 12, but in this case Cp is equal to the propeller actuator power coefficient Pp since at cruise of level
and unaccelerated flight, the propeller thrust exactly offsets the drag. The highest CFJ corrected aerodynamic
efficiency Cr,/Cp., occurs at angle of attack 5° for both Mach numbers: 58.04 at M = 0.17 and 74.09 at M = 0.25.
These are similar to the results observed by Wang et al. [26] for a 2D CFJ airfoil simulation using rectangular
ducts at Mach numbers 0.15 and 0.3.

At every flow condition of AoA and C,, the simulation gives the compressor mass flow rate and the total
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pressure ratio, which are then plotted on the compressor map in Fig. 14. The compressor map is an output of
the compressor with the compressor efficiency contours superimposed. From the map, we can see the compressor
working condition, including the compressor efficiency, how far from the stall boundary and choked boundary. If
the CFJ airfoil does not work at the desirable efficiency region, the duct can be redesigned in the overall iteration
and the compressor can be redesigned too. The results shown in this section are from the final designs after the
design iterations shown in Fig. 4. The G8A micro-compressor will work at an operating point with an efficiency
of 76% for the Mach number 0.17 cruise point and at 79% for Mach number 0.25 cruise condition, a very desirable
performance. For all angles simulated, the G8A micro-compressor performs at an efficiency range of 76% to 82%
for Mach number 0.17 and 78% to 85% for Mach number 0.25.

Table 2: Performance at M = 0.17 and M = 0.25 for different AoA with G8A micro-compressor

Mach | AoA CM CL Pp' PQCFJ PC CL/CD CL/CDC C%/CDC Ptr m n
0° 10.03]0.770 | 0.0066 | 0.0170 | 0.0237 | 117.37 32.58 25.10 1.025 | 0.828 | 82%
2.5° 1 0.03 | 1.033 | 0.0083 | 0.0131 | 0.0213 | 128.75 48.41 49.98 1.019 | 0.815 | 78%
5° | 0.03 | 1.246 | 0.0118 | 0.0097 | 0.0215 | 105.37 58.04 72.33 1.014 | 0.807 | 76%
0.17 7.5° | 0.05 | 1.588 | 0.0118 | 0.0215 | 0.0334 | 134.81 47.56 75.51 1.025 | 1.037 | 78%
10° | 0.07 | 1.901 | 0.0132 | 0.0364 | 0.0497 | 143.33 38.28 72.76 1.036 | 1.217 | 78%
12.5° | 0.10 | 2.271 | 0.0129 | 0.0606 | 0.0735 | 176.84 30.90 70.19 1.051 | 1.448 | 80%
15° 1 0.12 | 2.556 | 0.0161 | 0.0849 | 0.1011 | 157.96 25.29 64.63 1.066 | 1.579 | 81%
0° | 0.03 | 0.825 | 0.0040 | 0.0156 | 0.0196 | 192.53 42.02 34.66 1.051 | 1.017 | 84%
2.5° 1 0.03 | 1.101 | 0.0057 | 0.0119 | 0.0176 | 193.50 62.54 68.86 1.039 | 1.009 | 85%
5° 0.03 | 1.321 | 0.0098 | 0.0080 | 0.0178 | 134.02 74.09 97.85 1.027 | 0.996 | 79%
0.25 7.5° | 0.03 | 1.446 | 0.0195 | 0.0062 | 0.0258 | 74.05 56.09 81.09 1.021 | 0.985 | 78%
10° | 0.07 | 1.990 | 0.0104 | 0.0267 | 0.0371 | 191.52 53.68 106.83 | 1.061 | 1.468 | 82%
12.5° | 0.10 | 2.365 | 0.0100 | 0.0447 | 0.0547 | 240.16 43.25 102.31 | 1.088 | 1.720 | 82%
15° 1 0.12 | 2.649 | 0.0128 | 0.0573 | 0.0701 | 206.06 37.79 100.09 | 1.106 | 1.842 | 83%

Fig. 14 shows the compressor map at different RPM of the G8A micro-compressor along with the operating
conditions of the CFJ airfoil at Mach numbers 0.17 and 0.25 at different AoA labeled in the circles and different
C}, as reflected in Table 2. For a constant C), at Mach 0.17 with AoA = 0—5° and Mach 0.25 with AoA = 0—7.5°,
as AoA increases, the total pressure ratio decreases and the mass flow slightly decreases because the jet velocity is
slightly increased due to the higher leading edge suction peak effect. Starting from AoA of 0°, the total pressure
ratio decreases with the increasing AoA first since the flow is well attached with the decreasing suction peak
pressure, which requires less pumping power [9]. But, when the C), is increased for higher angles of attack, the
mass flow rate along with the total pressure ratio increase. When the AoA is beyond 5° at Mach 0.17 and 7.5° at
Mach 0.25, the total pressure is increased because the CFJ requires more power to overcome the adverse pressure
gradient [9]. The operating conditions of the CFJ airfoil at M = 0.17 and M = 0.25 all fall within the high
efficiency operating range of the G8A micro-compressor and show that the integrated system can operate at a
high compressor efficiency.
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Figure 14: Compressor map of G8A micro-compressor with operating conditions of CFJ airfoil at different AoA
labeled in the circles for Mach numbers 0.17 and 0.25

The flow field of the CFJ airfoil at the 50% span wise location for AoA 5° for M = 0.17 is shown in Fig.
15(a). The maximum Mach number in the flow field reaches 0.28. The flow field is well attached to the airfoil.
The suction surface shows some flow non-uniformity that is created by the swirl flow coming out of the G8A
micro-compressor. Still, the overall flow performs very well. The Mach contours at 50% span show the suction
duct having a small low Mach number region at the top of the middle section of the duct, but the streamlines
do not show any flow separation. Fig. 15(c) and (d) show flow from the free stream far field (color streamlines)
merges with the flow from the injection duct (black streamlines) and both go into the suction duct. The flow
in the suction duct is mixed between the injection jet and the main flow. The flow from the main stream (color
streamlines) is more concentrated at the bottom and the edges of the suction duct due to the centrifugal force at
the turn of the suction duct, while the injection jet (black streamlines) tends toward the center of the suction duct
due to lower momentum of the airfoil boundary layer.
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Figure 15: (a)Mach contour flow field of the CFJ airfoil at 50% span wise location and (b)mach contour of
designed ducts and suction surface, (¢) and (d)far field and injection duct streamlines merging into suction duct
at AoA 5° and with G8A micro-compressor for M = 0.17

The flow field of the CFJ airfoil at the 50% span wise location for AoA 5° for Mach number 0.25 is shown in
Fig. 16(a). The maximum Mach number in the flow field reaches 0.42. The flow field is well attached to the
airfoil throughout. The suction surface shows some flow non-uniformity, created by the swirl flow coming out of
the G8A micro-compressor. However, overall the flow performs very well. The Mach contours at 50% span show
the suction duct outlet having a low Mach number region at the top half of the duct, but the streamlines along
the ducts and suction surface do not show any flow separation. Fig. 16(c) and (d) show some of the flow from the
far stream far field (color streamlines) merges with the flow from the injection duct (black streamlines) and both
go into the suction duct. The flow going into the suction duct is mixed between the injection jet and the main
flow as shown by the streamlines in black and in color. A comparison of Fig. 16(c) and (d) shows that the flow
from the injection jet is more on the top of the suction duct with low energy due to the boundary layer loss (black
streamlines), whereas the flow from the main stream is more thrown to the bottom of the duct (color streamlines)
due to the centrifugal force at the turning of the suction duct.
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Figure 16: (a)Mach contour flow field of the CFJ airfoil at 50% span wise location, (b)mach contour of designed
ducts and suction surface, (c¢) and (d)far field and injection duct streamlines merging into suction duct at
AoA=5° with G8A micro-compressor for M = 0.25

3.3.2 G5 Micro-Compressor

Table 3 lists the performance of cruise Mach number 0.46 at different angles of attack, 0° to 10° using G5 micro-
compressor. Higher angles of attack could not be achieved due to separation on the suction surface. The value
of Cr,/Cp follows Eq. 12, but Cp is equal to the propeller actuator power coefficient Pp since at cruise of level
and unaccelerated flight, the propeller thrust exactly offsets the drag. The highest CFJ corrected aerodynamic
efficiency occurs at AoA 5°, 76.26. This is within 2% of the results obtained by Wang et al. [26] for a 2D CFJ
airfoil with rectangular ducts at Mach number 0.46. G5 micro-compressor will operate at a cruise efficiency of
76%, also a very high level. For the angles simulated, the G5 micro-compressor performs at efficiency higher than
66%, lower than the previous Mach numbers studied but still a good performance.

Fig. 17 shows the compressor map at different RPM of the G5 micro-compressor along with the operating
conditions of the CFJ airfoil at Mach number 0.46. For the same C},, as AoA increases from 0° to 5°, the mass
flow rate decreases because the jet velocity is increased due to the higher leading edge suction peak effect, and
the total pressure ratio also decreases as explained for Fig. 14. With C), increased to 0.05 for AoA 7.5° and 0.07
for 10°, the mass flow rate and the total pressure ratio increase. At 7.5° the CFJ operating point falls within the
micro-compressor map, but the flow over the airfoil reaches supersonic speeds with increased total pressure loss
and thus compressor power. At 10° the CFJ airfoil operating condition falls outside of the operating conditions of
the G5 compressor map. This is because the flow over the airfoil reaches supersonic speeds with a normal shock
wave, which creates a large loss due to the shock boundary layer interaction. The high loss requires a high total
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Table 3: Performance at M = 0.46 different AoA with G5 micro-compressor

Mach | AoA CM CL Pp PC,CFJ PC’ CL/CD CL/CDC C%/CDC Ptr m n
0° | 0.03 | 0.944 | 0.0047 | 0.0166 | 0.0213 | 187.20 43.69 41.26 1.187 | 1.055 | 77%
2° 10.03 | 1.201 | 0.0054 | 0.0141 | 0.0196 | 215.51 60.90 73.15 1.164 | 1.017 | 78%
2.5° | 0.03 | 1.261 | 0.0058 | 0.0135 | 0.0194 | 214.50 64.95 81.88 1.158 | 1.007 | 78%
0.46 5% 1 0.03 | 1.514 | 0.0096 | 0.0103 | 0.0199 | 158.91 76.26 115.42 | 1.125 | 0.958 | 76%
7.5° | 0.05 | 1.948 | 0.0091 | 0.0206 | 0.0298 | 212.38 65.35 127.30 | 1.212 | 1.165 | 73%
10° | 0.07 | 2.333 | 0.0175 | 0.0449 | 0.0625 | 133.20 37.36 87.14 1.416 | 1.364 | 66%

pressure ratio and compressor power beyond the range that the compressor is designed. In other words, at the
cruise condition of Mach 0.46 using the G5 micro-compressor, the aircraft should avoid AoA greater than 10°, or
the micro-compressor needs to be redesigned to have a larger range. For all other angles of attack, the operating
conditions of the CFJ airfoil at M = 0.46 fall within the high efficiency operating range of the G5 micro-compressor
and show that the integrated system can operate at high compressor efficiency.
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Figure 17: Compressor map of G5 micro-compressor with operating conditions of CFJ airfoil at different AoA for
Mach number 0.46

Fig. 18(a) shows the flow field of the CFJ airfoil at 50% span wise location for AoA 5° for Mach 0.46. It clearly
shows the difference in diameters of the G5 compressor inlet and outlet. The maximum Mach number in the flow
field is 0.95. The flow field is well attached to the airfoil. The ducts and suction surface show a healthy flow
from the injection duct towards the suction duct, however there is non-uniformity from the swirl effect of the G5
micro-compressor. The Mach contours at 50% span show the suction duct having a low Mach number region at
the top of the suction duct outlet, but the streamlines do not show any flow separation. Fig. 18(c) and (d) show
some of the main flow from the far stream far field (color streamlines) merges with the flow from the injection
duct jet (black streamlines) and the mixed flow go into the suction duct. The flow from the injection jet is focused
on the center of the suction duct with low energy due to boundary layer loss (black streamlines), whereas the flow
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from the main stream is more thrown to the bottom of the duct (color streamlines) due to the centrifugal force at
the turning of the suction duct. Some of the main flow is also the cause for the weak flow at the top of the suction
duct, from Fig. 18(a).
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Figure 18: (a)Mach contour flow field of the CFJ airfoil at 50% span wise location and (b)mach contour of
designed ducts and suction surface, (¢) and (d)far field and injection duct streamlines merging into suction duct
at at AoA 5° and with G5 micro-compressor for M = 0.46

4 Conclusion

This paper conducts a design study for a 3D Co-Flow Jet (CFJ) airfoil with an integrated quasi-micro-compressor
represented by boundary conditions. At Mach numbers 0.17 and 0.25 the G8A micro-compressor is used, while
at Mach number 0.46 the G5 micro-compressor is utilized. The purpose is to let the micro-compressor operate
at the high efficiency range at the cruise condition. For all the Mach numbers, the cruise AoA is 5°. First in the
design process, the CFJ airfoil is designed for optimal cruise efficiency meeting the mission requirements. Second,
a micro-compressor is designed to satisfy required total pressure and the airfoil dimensions with a maximized mass
flow rate. The micro-compressor in this study is not redesigned in the design iteration. Its boundary conditions
are used to represent the micro-compressor at the interface with the CFJ airfoil. Thirdly, injection and suction
ducts are designed iteratively to have minimal total pressure loss and match the high efficiency operating region
of the compressor map. The ducts have a circular shape at the micro-compressor interface and transition to
rectangle slots at the airfoil. Duct design is crucial in the integration of the CFJ airfoil with the micro-compressor,
by matching the mass flow rate and compressor total pressure ratio to the high efficiency operating region. The
micro-compressor outlet is simulated with a swirl profile boundary condition provided from each of the compressor
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designs. The cruise condition is angle of attack 5° with a range from 0° to 15°. Results show that by integrating a
micro-compressor and CFJ airfoil through duct design, an operating range at cruise for the CFJ airfoil system is
achieved with excellent micro-compressor efficiency. For M = 0.17 and G8A micro-compressor the efficiency range
is 76% to 82%, for M = 0.25 and G8A micro-compressor the efficiency range is 79% to 85%, and for M = 0.46 and
G5 micro-compressor the efficiency range is 73% to 78%. Therefore, an integrated system design of CFJ airfoil
and micro-compressor results in the CFJ aircraft cruising at a high efficiency operating range of the compressor
for a range of Mach numbers.
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