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Abstract: The variable area bypass injector (VABI) plays a crucial role in variable cycle engines by
regulating the flow mixing process in complex bypass ducts, and low-dimensional theoretical models
are the key to revealing its working mechanism while estimating its aerodynamic performance.
An improved VABI model using the control volume method is established, through which the
feature parameters that determine the VABI aerodynamic performance are summarized. To acquire
an accurate prediction of the injection ratio, a calibration item is introduced to the governing equations
to consider the static pressure discrepancy on the mixing plane, and a numerical database is developed
to obtain the calibration item. Results show that the aerodynamic parameters that determine the VABI
performance include the bypass total pressure ratio, bypass backpressure, and the injection ratio,
while the injection angle and the VABI opening area also influence the injection flow characteristics.
The injection ratio is increased by reducing the bypass total pressure ratio, decreasing the bypass
backpressure, and closing the VABI. Numerical validation shows that the calculation error of the
improved model is generally below 3%. The improved VABI model is then validated by a well-
arranged experiment, for which the annular flow is simplified into a rectangular duct flow with
an error of less than 5%. The experimental validation also proves the accuracy of the model.

Keywords: variable area bypass injector; injection flow; control volume model; experimental investigation

1. Introduction

Variable cycle engines (VCEs) can broaden the flight envelope of the airplane by
significantly adjusting the bypass ratio and have become a hotspot for next-generation
aircraft [1–3]. The compression system plays a major role in the bypass ratio adjustment of
variable cycle engines, whereas the multi-bypass configuration is the key to their variation
ability. To regulate the flow distribution in the bypass ducts, unique regulation components
are designed for the VCE compression system, among which the variable area bypass
injector (VABI) is a representative one. The invention of the VABI can be traced back to the
early stage of VCE concept exploration [4–6], and it is now widely used in different VCE
schemes [7,8]. The highly coupled flow between the components and bypass ducts makes
it necessary to clarify the matching mechanism of the VABI.

It is well-known that the theory of injection is classic in fluid mechanics [9–11], and the
injector is a mature product in the modern industry [12–14]. However, the VABI in variable
cycle engines differs from conventional injectors in four ways: (a) function: a conventional
injector aims to entrain a low energy flow with an accelerated high energy flow and
compress the mixed flow in a diffuser, while the VABI works as a regulator between the
bypass flows with no intention of compressing; (b) configuration: the two combining flows
in the conventional injectors are generally coaxial, while those of the VABI are skewed;
(c) geometric adjustability: the VABI has an adjustable structure to actively control the
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injecting process, while the conventional injectors are often nonadjustable; (d) the operating
range: supersonic conditions are quite common in conventional injectors, as well as the
change in fluid phase (e.g., air–water); however, the VABI prefers the subsonic condition
and deals with air. Owing to the above differences, specialized models for the VABI are in
great need, not to mention its corresponding experiments.

In recent years, there has been an increasing number of studies in the literature on the
VABI, with most of the studies resorting to numerical methods [15–17]. By calculating the
VABI flow field, the basic matching rules of the injection flow are summarized, while the
flow details of the injection process are discussed. However, few studies have proposed
a theoretical VABI model that could consider all the control parameters, as the validation
of existing models still relies on further experiments. An experimental investigation
concentrated on the overall performance of the VABI flow is given in Ref. [18], whereas the
influence of the injection angle lies beyond its scope.

The purpose of the present study is to establish a valid theoretical model for the
VABI and reveal the operating mechanism of the VABI through a detailed experimental
measurement. The paper is structured as follows: A basic control volume injection flow
model is first proposed and validated with numerical results; then, an error analysis is
performed to unveil the source of calculation error; based on the theoretical analysis,
an improved injection flow model is developed, and the model is validated with the
numerical results again; finally, an experiment is designed under the guidance of the
theoretical model, thus proving the accuracy of the improved VABI model.

2. The Basic Control Volume Injection Flow Model

Installed in variable cycle engines, the operating range of the VABI is extremely wide,
and the factors that influence its aerodynamic performance are diverse. The two inlets of
the VABI have different pressure, temperature, and mass flow rates, while the outlet of the
VABI is also adjustable, not to mention the geometric regulation of the injector itself. Since
it is impossible to test all the flow conditions in the experiment, some theoretical analysis
that specifies the characteristic injection parameter is necessary.

2.1. Basic Control Volume Model

The injection flow to be investigated in the present study is illustrated in Figure 1.
The injection process is carried out between bypass A (inner bypass) and bypass B (outer
bypass) in a variable cycle engine, where the total pressure and temperature of the former
are higher than those of the latter due to the disparity of upstream conditions. Meanwhile,
the injection detail is controlled by modifying the through-flow area of the VABI. A control
volume model is established to describe the injection flow quantitatively. As shown in
Figure 1, the control volume model covers the space between the two combining bypass
ducts and the downstream duct; duct B parallels with duct C, while duct A joins them with
an inclination angle. Owing to the adjustability of the VABI, the locations of the two inflow
surfaces, as well as the combining flow angle α, are variable. Naturally, the flow within the
control volume must follow the conservation laws of mass flow, momentum, and energy:

mC = mA + mB (1)

mCvC −mBvB −mAvA cos(α) = pB AB + pA AA cos(α)− pC AC −
∫

wall
pdA (2)

T∗C = (mAT∗A + mBT∗B)/(mA + mB) (3)

where m denotes the mass flow rate, v is velocity, p is static pressure, and T* represents the
total temperature. The subscripts of the parameters designate their location, corresponding
to those in Figure 1. Note that parameter A represents the area of cross-sections at different
bypass ducts. In Equation (2), the integration term denotes the moment of force from the
hub and tip walls, which, in this study, is simplified as follows:
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∫
wall

pdA =
1
2
(pA + pC)(AA cos(α) + AB − AC) (4)
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Figure 1. The injection flow in the variable cycle engine and the VABI model (A: inner bypass; B:
outer bypass; C: total bypass).

To close the equations, the equilibrium of the static pressure is employed:

pA = pB (5)

Equation (5) is widely used in low-dimensional combining flow models as long as the
size of the juncture is ignorable in comparison with the length of the pipe [19,20].

The dimensional analysis of the injection flow equation simplifies the injection flow
parameters into five nondimensional feature parameters, which are classified into geometric
parameters and aerodynamic parameters in Table 1. It should be noted that the injection
angle is definite upon each concrete flow path; hence, there are only four remaining
parameters to be considered for a specific bypass configuration. At each VABI position,
changes in the bypass backpressure and total pressure ratio are reflected by the variation in
the injection ratio, thus instructing the following study.

Table 1. Feature parameters for the VABI aerodynamic performance.

Category Parameter Definition

Geometric parameter Injection angle α
VABI opening area AVABI = AA/AB

Aerodynamic parameter
Bypass backpressure pout = pC/pA* 1

Bypass total pressure ratio π = pA*/pB*
Injection ratio u = mB/mA

1 supscript * denotes the total condition.

2.2. Validation with Numerical Results

At this point, we have summarized the feature parameters of the bypass static pressure
ratio. To validate the theoretical model, a calibration database was developed based on
numerical simulations, in which the injection flow fields under different feature control
parameters are stored. As shown in Figure 2, the structured mesh of the VABI model totaled
0.8 million for 1/36 of the annular duct, and the near-wall grid was clustered to obtain
better simulation accuracy. The orthogonality of the mesh was higher than 30◦, while the
expansion ratio of the grid was below 1.5. The aspect ratio of the mesh was smaller than
1500. The y+ of the first grid from the wall was below 1.0.

The commercial flow solver ANSYS CFX was employed to calculate the injection flow
field, using the SST turbulent model. As for the boundary conditions, the inner bypass and
outer bypass of the VABI model were defined as the INLET of the domain, where the total
pressure and total temperature were imposed. The flow direction of the inlet boundary
was normal to the boundary surface. The total bypass of the VABI was the OUTLET of
the domain, where the static pressure boundary condition was exerted. The two sidewalls
were set as periodic walls. In the numerical simulation, the advection and the turbulence
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terms were both discretized using the high-resolution scheme, and the simulation fluid
was ideal air.
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Figure 2. Schematic and mesh of the VABI model: (a) boundary conditions; (b) simulation mesh.

The variation range of the calibration database is given in Table 2, covering the entire
regulation range of the VABI. Note that not all the combinations of control parameters in
Table 2 relate to a “healthy” injection flow field, and cases with critical conditions (Ma > 1.0
or u < 0) were eliminated from the database.

Table 2. Calibration database for the VABI model.

Variation Range

AVABI (0.2, 0.8) step = 0.2
π (1.1, 1.5) step = 0.1

pout (0.1, 1.5) step = 0.1

The injection ratio is the most important parameter in the VABI model because it
is directly related to the mass flow distribution (i.e., the bypass ratio of the compression
system). The comparison of the VABI injection characteristic is demonstrated in Figure 3,
in which the results of the theoretical model (Model-B) of the numerical database (CFD)
are presented. The CFD data were calculated based on the area-weighted averaged results
of the simulation model. As shown in Figure 3, the injection ratio exhibits an increasing
trend with the decrease in bypass backpressure, while the increment in the bypass total
pressure ratio weakens the injecting ability. Closing the VABI can significantly improve the
injection ratio, which is a major way of controlling the engine bypass ratio. It can also be
concluded from the results that the theoretical model underestimates the injection ratio,
and the error increases as π decreases. In addition, a comparison of the results shown in
Figure 3a–c suggests that the reduction in AVABI also improves the error of the theoretical
model, so it is necessary to further improve the theoretical model.
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2.3. The Effect of the Streamline Curvature

To determine the reason why the basic injection flow model underestimates the injec-
tion ratio, Figure 4 presents the streamwise distribution of the static pressure of the inner
bypass and the outer bypass. The results on the centerline of the bypass are depicted. The
location of the combining surface is also depicted with shot dots to demonstrate the results
more clearly. The most interesting aspect of Figure 4 is that, on the combining surface,
the static pressure of the inner bypass is higher than that of the outer bypass, implying
the assumption of static pressure equilibrium in Equation (5) to be the source of the error.
Another notable phenomenon is that the inner bypass flow and outer bypass flow undergo
different processes: The static pressure along the outer bypass wall is found to slowly
decrease during the combining process, indicating the acceleration of the outer bypass
flow, while the static pressure at the inner bypass first decreases and then increases, which
means the flow successively accelerates and decelerates. In general, the pressure change
in the inner bypass is more intensive than that of the outer bypass, while decreasing pout
amplifies this gradient. The static pressure is finally uniform with the development of the
mixing flow.
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Figure 4. The distribution of static pressure along the inner bypass and the outer bypass (αVABI = 35◦

and AVABI = 0.4).

Inspections of the injection flow field help to explain the static pressure difference at
the combining surface. As shown in Figure 5, the combining surface at the inner bypass and
the outer bypass is OA and OB, respectively. The distribution of the streamline depends on
both the geometric condition and the aerodynamic conditions. For example, the bypass
injection angle influences the static pressure in two ways: On the one hand, the increment in
αVABI “warps” the streamline at point O toward the outer bypass, which induces a negative
pressure gradient from O to B; on the other hand, a higher αVABI means a larger streamline
curvature at point A, thus generating a negative pressure gradient from O to A. With
the static pressure at point O shared by the two flow branches, the former effect reduces
the average static pressure on OB, while the latter effect lowers the static pressure on
OA. In other words, the size of the juncture is too large to be ignored at the VABI in the
variable cycle engine, and the influence of streamline curvature on the static pressure is
non-negligible. The following section focuses on the refinement of the VABI model.



Aerospace 2022, 9, 431 6 of 18

Aerospace 2022, 9, x FOR PEER REVIEW 6 of 19 
 

 

bypass injection angle influences the static pressure in two ways: On the one hand, the 
increment in αVABI “warps” the streamline at point O toward the outer bypass, which in-
duces a negative pressure gradient from O to B; on the other hand, a higher αVABI means a 
larger streamline curvature at point A, thus generating a negative pressure gradient from 
O to A. With the static pressure at point O shared by the two flow branches, the former 
effect reduces the average static pressure on OB, while the latter effect lowers the static 
pressure on OA. In other words, the size of the juncture is too large to be ignored at the 
VABI in the variable cycle engine, and the influence of streamline curvature on the static 
pressure is non-negligible. The following section focuses on the refinement of the VABI 
model. 

 
Figure 5. Streamlines and static pressure distribution of the combining flow (AVABI = 0.6, αVABI = 25°, 
and pout = 0.6). 

3. An Improved Injection Flow Model 
3.1. Consideration of the Mixing Flow Static Pressure Correction 

To quantify the influence of streamline curvature on the injection process, a calibra-
tion item is introduced to the pressure balance equation 

A Bp pσ=  (6) 

where σ denotes the bypass static pressure ratio on the mixing surface. As shown in Figure 6, 
the values of σ at different geometric and aerodynamic conditions are depicted according 
to the numerical database, which indicates that the bypass static pressure ratio varies non-
linearly with injection angle. The value of σ is first increased and then decreased as αVABI 
increases from 15° to 35°. Moreover, the static pressure ratio at the combining surface 
tends to decrease with the reduction in bypass total pressure ratio, while the reduction in 
pout has the opposite effect. By introducing σ to the basic injection flow model (i.e., replac-
ing Equation (5) in the governing equations with Equation (6)), some remarkable improve-
ments can be expected. 

  
(a) (b) 

15 20 25 30 35

1.06

1.08

1.10

1.12

1.4
1.3

1.2
1.1

αVABI [o]

σ

π

15 20 25 30 35

1.06

1.08

1.10

1.12

1.4
1.3

1.2
1.1

αVABI [o]

σ

π
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and pout = 0.6).

3. An Improved Injection Flow Model
3.1. Consideration of the Mixing Flow Static Pressure Correction

To quantify the influence of streamline curvature on the injection process, a calibration
item is introduced to the pressure balance equation

pA = σpB (6)

where σ denotes the bypass static pressure ratio on the mixing surface. As shown in
Figure 6, the values of σ at different geometric and aerodynamic conditions are depicted
according to the numerical database, which indicates that the bypass static pressure ratio
varies nonlinearly with injection angle. The value of σ is first increased and then decreased
as αVABI increases from 15◦ to 35◦. Moreover, the static pressure ratio at the combining
surface tends to decrease with the reduction in bypass total pressure ratio, while the
reduction in pout has the opposite effect. By introducing σ to the basic injection flow model
(i.e., replacing Equation (5) in the governing equations with Equation (6)), some remarkable
improvements can be expected.
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Figure 6. The distribution of bypass static pressure ratio under different injection angles and aerody-
namic conditions (AVABI = 0.6): (a) pout = 0.6; (b) pout = 0.7.

Obviously, the value of σ needs to be decided first before using the improved VABI
model, so the theoretical analysis is conducted as follows:

Consider the radial equilibrium equation at the combining surface,

∂p
∂r

= ρ
v2

r
(7)

where r is the radius of curvature of any local streamline.
For the ideal gas, we have:
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P = ρRT (8)

v = λ

√
2kR
k + 1

T∗ (9)

Ma2 =
2λ2

(k + 1)− (k− 1)λ2 (10)

Substituting Equations (8)–(10) to Equation (7) gives:

∂p
p

= kMa2 ∂r
r

(11)

According to Equation (11), the static pressure on the combining surface depends on
the local streamline curvature and the flow Mach number; hence, the bypass static pressure
ratio σ is also the function of these two parameters:

σ = f (Ma, r) (12)

Naturally, the question becomes: What determines the streamline curvature? Inspec-
tion of some special streamlines provides the answer. Referring to Figure 5, for a flow case
without separation, the streamlines at the hub of the inner bypass (bypass OA) and the
casing of the outer bypass (bypass OB) follow the solid wall, so their curvatures depend on
the bypass geometry:

rw = f (geometry) (13)

On the other hand, the distribution of the streamline between the solid walls is related
to the aerodynamic conditions. An examination of the stagnation line helps explain the
question. According to Figure 5, ignoring the mass flow exchange, the stagnation line
(the streamline against point O) is shared by the inner bypass flow and the outer bypass
flow. Therefore, downstream of the stagnation point, the stagnation line obeys the static
pressure equilibrium:

p∗A/(1 +
k− 1

2
Ma2

A)

k
k−1

= p∗B/(1 +
k− 1

2
Ma2

B)

k
k−1

(14)

The injection ratio can be written as∫ p∗√
T∗

q(Ma)dAA/
∫ p∗√

T∗
q(Ma)dAB = u (15)

where AA and AB are the throughflow area of the inner bypass and the outer bypass, respectively.
For a specific streamwise position (e.g., stream location = x), the area of the inner

bypass flow and the outer bypass flow forms the total throughflow area:

AA + AB = f (x) (16)

where f (x) is a function of the bypass geometry, which can be considered as a constant
value at each streamwise position.

In the variable cycle engine, the total temperature ratio of the inner and outer bypass
flow is a small quantity in comparison with the bypass total pressure ratio, making the influ-
ence of the temperature difference ignorable in the VABI model; hence, Equations (14)–(16)
can be solved if three more parameters are provided. With reference to the VABI feature
parameter, we select u, π, and Ma; the curvature of the stagnation line can, therefore, be
written as the function of these three parameters:

rs = f (Ma, π, u) (17)

Once the streamlines at the solid wall (rw) and the stagnation line (rs) are determined,
the curvature of streamlines in between can be calculated using Equation (11), thereby
deciding the static pressure ratio between the two bypass flows. In other words, the bypass
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static pressure ratio depends on both the geometry factor and the aerodynamic factor,
which can be expressed as

σ = f (geometry, Ma, π, u) (18)

Finally, knowing the characteristic parameters of the combining flow (Table 1), we have:

Ma = f (geometry, pout, π) (19)

u = f (geometry, pout, π) (20)

Therefore, the factors that influence the bypass static pressure ratio can be correlated as

σ = f (geometry, pout, π) (21)

thus unveiling the influencing factors of the bypass static pressure ratio.

3.2. Calibration of the Improved Injection Flow Model

According to the former analysis, the bypass static pressure ratio at the mixing plane
depends on the VABI geometry, the bypass total pressure ratio, and the bypass backpressure
(from which the injection ratio can also be determined). This outcome provides us with
great convenience, as the aerodynamic factors that decide the bypass static pressure ratio
are just the same as the feature parameters summarized for the VABI. The static pressure
ratio can, therefore, be acquired using the numerical database.

As shown in Figure 7, the acquisition of the bypass static pressure ratio σ follows
a two-step interpolation: First, under a given π and pout, the values of σ at all VABI
opening conditions (AVABI) are extracted from the database using scattered data interpola-
tion [21]; then, a spline interpolation is utilized to obtain the specific σ at the given VABI
opening condition.
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To gain an overview of σ, the throttling process of the VABI is examined under different
bypass total pressure ratios. The values of σ for are depicted to show the influence of various
factors. As shown in Figure 8, under different VABI opening conditions, the distribution of
σ is illustrated with π and pout varying between 1.1~1.3 and 0.50~0.75, respectively. The
isolines denote the bypass total pressure ratio. Taking Figure 8b as an example, under
the same bypass back backpressure, the reduction in bypass total pressure ratio increases
the injection ratio, while the increase in injection ratio reduces the bypass static pressure
ratio. On the other hand, when the bypass total pressure ratio is constant, the decrease
in the bypass backpressure simultaneously increases the injection ratio and the bypass
static pressure ratio, which means the errors of the old model (where σ = 1.0) are higher
at lower bypass backpressures. A comparison of the results shown in Figure 8a–c reveals
three effects of the VABI area: (a) Closing the VABI enhances its injecting ability; (b) closing
the VABI improves the bypass static pressure ratio, thus strengthening the importance of σ;
(c) σ is more sensitive to the injector aerodynamic performance under small VABI opening
areas, and the variation rates for the cases (a)–(c) are 2.9%, 7.7%, and 8.7%, respectively. In
a word, the results in Figure 8 highlight the importance of σ in the injection flow process,
the indispensable role of which is further proved in the following section.
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Figure 8. The distribution of bypass static pressure ratio under different VABI opening conditions
(αVABI = 25◦): (a) AVABI = 0.8; (b) AVABI = 0.6; (c) AVABI = 0.4.

3.3. Validation of the Improved Injection Flow Model

The comparison of the VABI injection characteristic is presented in Figure 9, in which
the results of the numerical database (CFD), the basic theoretical model (Model-B), and
the improved theoretical model (Model-I) are all presented. It is apparent from Figure 9
that the calibration of the bypass static pressure ratio leads to a notable improvement in
the model accuracy. The predicted injection ratio of the improved model is in much better
conformity to the CFD results, compared with the basic model, over the whole operating
range, and the discrepancy at different VABI opening conditions is also eliminated.
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Figure 9. The validation of injection characteristics of the improved VABI model: (a) AVABI = 0.8;
(b) AVABI = 0.6; (c) AVABI = 0.4.

The quantitative evaluation of the model accuracy is demonstrated in Figure 10, in
which the solid and hollowed symbols represent the basic model and the improved model,
respectively. According to Figure 10a, at AVABI = 0.8, the absolute error of the basic model is
generally between 3% and 7%, while the relative error of the improved model is below 3%.
Furthermore, the advantage of the improved model is more pronounced at smaller VABI
opening conditions: for the cases in Figure 10b,c, the calculation error of the improved
model is decreased from over 10% to below 2%, thereby testifying to the advantage of the
improved model.

As shown in Figure 1, the mixed flow downstream of the VABI undergoes another
confluence process in front of the nozzle, so it is necessary to accurately calculate the
total pressure loss of the mixing flow to determine the regulation rules of the aft VABI.
The comparison of VABI loss characteristics between the CFD results and the model
prediction results are given in Figure 11, in which KAC and KBC are the loss coefficient of the
two bypass branches, respectively. The definition of the loss coefficient is given in Equation
(22), which is widely used for evaluating the flow loss for conjecture flows [22–24].

Kij =
(

p∗i − p∗j
)

/
(

p∗j − pj

)
, (i = A, B j = C) (22)
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Figure 10. The comparison of simulation error of the theoretical VABI models: (a) AVABI = 0.8;
(b) AVABI = 0.6; (c) AVABI = 0.4.
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Figure 11. The comparison of the VABI loss characteristics: (a) AVABI = 0.4, π = 1.1; (b) AVABI = 0.4,
π = 1.3; (c) AVABI = 0.8, π = 1.1; (d) AVABI = 0.8, π = 1.3.

According to Figure 11, KAC and KBC increase and decrease with an increase in bypass
backpressure, respectively. A positive value of KAC suggests a reduction in the total
pressure of the inner bypass flow. However, the loss coefficient of the outer bypass is
below zero, which means the outer bypass flow is energized as the flow mixing occurs.
Furthermore, the loss characteristic of the theoretical VABI model is in good agreement
with the CFD results, and the improved VABI model is found to provide a slightly higher
loss than the old model; nevertheless, the accuracy of the two models is virtually identical.
As a matter of fact, the VABI model in this paper is a low-dimensional theoretical model
that assumes the aerodynamic parameters to be uniform on the mixing planes; hence, errors
are inevitable. Given the overall trend exhibited in Figure 11, it is safe to conclude that the
control volume model can be utilized to evaluate the mixing loss of the injection flow.

4. Experimental Validation of the Improved Control Volume Model

Based on the analysis above, the improved injection flow model proposed in this paper
could predict the injection ratio and the mixing loss of the VABI with satisfying correspon-
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dence to the CFD results. Further validation of the theoretical model calls for experimental
measurements, which is the topic of this section. The following sections introduce the
determination of the model geometry and the detailed experimental setups, respectively.

4.1. Design of a Simplified Injection Flow Test Model

As shown in Figure 12a, in the real engine environment, the bypass ducts are annulus
ducts, and the regulation assemblies (e.g., MSV, VABI) are annularly symmetrical. However,
in an experimental study, it would be more convenient to simplify the annular flow into
a rectangular duct flow and use the measured parameters on the centerline to evaluate the
overall performance, as shown in Figure 12b. This section focuses on the feasibility of the
above simplification.
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annular; (b) simplified bypass geometry: rectangular.

Theoretically, the simplification of an annular flow into a rectangular duct flow comes
with two changes: One is the mass flow redistribution in the radial direction due to the
variation in the throughflow area, and the other is the viscous effect brought about by the
sidewalls. The variation in the throughflow area is weakened with an increase in bypass
hub-to-tip ratio (which is commonly quite high in real life), while the sidewall effect can
be correlated to the duct’s width/height ratio (Figure 12b, a/b). With b determined, the
conflict remains for the selection of a, as the experiment expects a smaller throughflow area
to obtain a higher Mach number, whereas a low a/b magnifies the influence of the sidewalls
and reduces the model accuracy.

To reach a balance between experiment feasibility and model accuracy, in the first
place, a series of duct configurations are evaluated using numerical simulations. The duct
width/height ratio ranges from 0.4 to 1.0. Unlike the annular model in which aerodynamic
conditions are identical over the circumferential direction, in the simplified model, the
flow field would be influenced by the sidewalls. Therefore, parameters on the centerline
are utilized to derive the aerodynamic performance of the simplified model. As shown
in Figure 13, with the annular duct considered the baseline (ORI), the deviation of loss
coefficient tends to increase with a decrease in duct width/height ratio, whereas the error of
KBC is higher than that of KAC. The loss characteristic of the a/b = 1.0 case is approximately
identical to that of the a/b = 0.8 case; thus, there is less benefit by further increasing a/b in
improving the model accuracy. Figure 14 further provides the error of injection ratio for the
rectangular bypass duct, where the annular bypass case is set as the baseline. The results
show that the absolute error of u rises with the throttling of the total bypass, whereas
the increase in a/b promotes the simplified model. Since the current experiment aims
to validate the VABI operating characteristic while revealing the underlying matching
mechanics, errors below 5% are considered acceptable; hence, a/b = 0.8 is selected for the
experiment geometry.
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4.2. Experimental Setup

The experiment was conducted at Beihang University, based on a specially designed
test facility, with the scale factor considered carefully. On the one hand, the maximum
power of the gas system is limited; hence, a wider operation range could be achieved by
rescaling the experimental geometry to a smaller size. On the other hand, the enlargement
of the test rig is convenient for the manufacturing and measurement process. Since the
rescaling of the VABI model essentially changes the Reynolds number, the influence of the
Reynolds number was first clarified to decide the dimension of the test rig. As listed in
Table 3, four scale factors were investigated in the present study, with the flow Reynolds
number ranging from 1.4 × 105 to 3.5 × 105.

Table 3. Scale factor and the corresponding Reynolds number.

Case A01 A02 A03 A04

Scale factor 2.0 1.5 1.0 0.8
Reynolds number 350,000 262,500 175,000 140,000

The variation in injection ratio with the bypass backpressure is given in Figure 15, and
the demonstrated cases are consistent with those in Table 3. The results suggested that the
deviation in the injection ratio was below 5% when the VABI model was scaled between
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0.8 and 2.0; errors were relatively larger at low injection ratios, which is because the relative
error was calculated using the absolute injection ratio. In general, the Reynolds number
between 1.4 × 105 and 3.5 × 105 was considered reasonable in the present study.
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As shown in Figure 16, the VABI test facility was set up comprising three parts: the
inlet section, the test section, and the outlet section. The test section was 80 mm in width
and 100 mm in height, corresponding to the Reynolds number of 3.0 × 105. There were
two inlets for the test facility: The ambient air directly flowed into the inner bypass (Inlet
Section2), while an orifice control valve was placed at the inlet of the outer bypass (Inlet
Section1) to control the bypass total pressure ratio. A ventilator was installed after the
outlet duct to regulate the backpressure at the outlet of the total bypass. To investigate the
impact of the VABI opening condition, a retractable diaphragm valve was installed at the
juncture of the bypass ducts, while the inner bypass duct was designed to be replaceable so
that the injection angle could be conveniently changed. The variation range of the VABI is
demonstrated in Table 4, with the maximum Mach number approaching 0.4.
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Table 4. Variation range of the VABI test rig.

Case C01 C02 C03

αVABI (◦) 35 25 15
AVABI 0.4~0.8 0.4~0.8 0.4~0.8

The locations of pneumatic probes are illustrated in Figure 17. Static pressure taps
at the inlet of the bypass ducts helped to provide the mass flow rate, while the wall static
pressure along the bypass ducts was measured using a series of pressure taps on the bypass
centerline. To observe the flow combining process clearly, more measurement points
were arranged near the combining surface. Moreover, a five-hole probe was employed to
measure the pressure profiles within the flow field; the measurement locations were also
along the model centerline.
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Figure 17. Measurement locations of the pneumatic probe.

As shown in Figure 18, the five-hole probe used in the experiment was an L-shaped
probe with a 90◦ cone head, followed by a 2 mm diameter cylinder. The distance between
the probe tip and the axis the of probe rod was 2.5 d (d is the diameter of the probe head
and tip end of the probe rod). To extend the measurement range of the five-hole probe,
a novel two-step zonal calibration method was proposed by the authors’ research team,
through which the calibration range was extended to ±60◦ [25].
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The five-hole probe was calibrated in an open jet wind tunnel with a 70 mm diameter
cylindrical test section. In the jet core, the uncertainty of the velocity angle of the flow was
0.3◦, while the turbulence intensity of the flow was smaller than 0.8%. During the calibration
process, the probe was driven by two elaborate stepping motors that were automatically



Aerospace 2022, 9, 431 15 of 18

controlled by a data acquisition computer (DAC). Moreover, the total pressure of the
wind tunnel and the sensed pressure of the five-hole probe were measured by a series of
Rosemount 3051S pressure transducers, and the measurement range and accuracy were
±6.22 kPa and 0.025% FS, respectively. It is worth noting that the Rosemount 3051S1
pressure transducers were calibrated each time ahead of the calibration experiment to
guarantee measurement accuracy. Based on the present test capability, the uncertainty
of the measured total pressure was less than 0.8%, while that of the velocity was below
2.0% [25,26].

4.3. Model Validation

In this section, the comparison of the VABI characteristics from the experiment and the
theoretical model is presented to demonstrate the general changing rules while validating
the models.

The variation in the VABI injection ratio with bypass total pressure ratio is presented
in Figure 19. At each experimental point, the backpressure of the total bypass was fixed
at pout = 0.98, while the bypass total pressure ratio was adjusted by changing the orifice
control valves. With the variation in the injection angle and VABI area, the theoretical
model and the experimental result followed the same trend; that is, the absolute error of u
was below 0.4, which verified the reliability of the improved injection flow model. It can
also be concluded from the results that the closure of the VABI significantly improved the
injection ratio, which is consistent with the previous analysis. Moreover, a comparison of
the results shown in Figure 19a–c suggests that the injecting ability of the VABI is related to
the injection angle; hence, the flow path of the bypass ducts should be carefully designed
to optimize the injector’s performance.
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Figure 19. The variation in the VABI injection ratio with bypass total pressure ratio: (a) αVABI = 35◦,
(b) αVABI = 25◦, and (c) αVABI = 15◦.
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As regards the loss characteristics, the comparison of pressure loss coefficients for the
inner and outer bypass is illustrated in Figure 20. The presented cases are the same as those
in Figure 19. The loss coefficients from the theoretical model exhibited good correlations
with experimental results at various injection angles and injection ratios, which means the
improved control volume model proposed in this study is highly reliable.
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5. Conclusions

In the present work, we focused on the injection flow in variable cycle engines and
established an improved control volume model of the VABI to reveal its operating mecha-
nism. The feature parameters that determine the VABI’s aerodynamic performance were
summarized, and an experiment was conducted to validate the theoretical model. The
main conclusions are drawn as follows:

The aerodynamic performance of the VABI was determined by three aerodynamic
parameters and two geometric parameters: the former included the total pressure ratio,
bypass backpressure, and the injection ratio, while the latter factors were the injection angle
and the VABI opening area.

The size of the VABI was too large to ignore the influence of the local flow field. The
curvature of the local streamline induced a static pressure discrepancy on the combining
surface, making the basic VABI model underestimate the injection ratio.

An improved VABI model was developed to obtain better model accuracy. In the
improved model, we considered the static pressure difference at the mixing plane by
introducing the static pressure ratio as a calibration item to the governing equations. The
theoretical analysis revealed that the static pressure ratio at the mixing plane is related to
the VABI geometry, the bypass backpressure, and the bypass total pressure. A calibration



Aerospace 2022, 9, 431 17 of 18

database was developed to acquire the static pressure ratio at the mixing plane. The
improved VABI model exhibited excellent accuracy in predicting the injection ratio. The
calculation error of the improved model decreased from >10% to <2% at AVABI = 0.4.

A specially designed test facility was established to experimentally validate the in-
jection flow model, where the injection flow in the annular bypass duct was simplified to
a rectangular duct flow. The aerodynamic performance of the VABI was calculated using
the measured parameters on the centerline. The width/height ratio of the bypass duct was
0.8 to balance experiment feasibility and model accuracy, with an error of less than 5%. The
results showed that the improved VABI model developed in this paper has high accuracy.
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