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Abstract

The two-dimensional inlet, a critical component of scramjet engines, encounters substantial design challenges, par-
ticularly when operating over a wide-speed range. To accelerate the design process, a one-dimensional model-based
methodology is proposed, encompassing three main stages: initial geometric design, boundary layer modification
design and variable geometry design. Among these three stages, the boundary layer modification design ensures a
flow coefficient of 1.0 while accounting for boundary layer effects under design point conditions. And the variable
geometry design can enhance the startability of the inlet under off-design point conditions. Moreover, a newly
proposed uniformisation model is applied at the inlet exit. The results indicate that the performance parame-
ters calculated using the one-dimensional model are in good agreement with the numerical simulation results,
although minor discrepancies exist for some parameters, thereby demonstrating the reliability of the design method.
Additionally, the designed inlets exhibit superior performance and a lower self-starting Mach number. Overall, the
one-dimensional model method enables the rapid design of two-dimensional inlets, offering a valuable tool for
reducing the inlet design cycle.

Nomenclature

A area (m?)

C, drag coeflicient

H specific enthalpy (J/kg)
m mass flow rate (kg/s)
Ma Mach number

static pressure (Pa)
total pressure (Pa)

gas constant (J/(mol-K)
static temperature (K)
total temperature (K)
velocity (m/s)
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Greek symbol

boundary layer thickness (m)
specific heat ratio

total deflection angle (deg)
residual error

shock wave angle (deg)

density (kg/m?)

total pressure recovery coefficient
flow coefficient
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Abbreviation

AUSM advection upstream splitting method
CFD computational fluid dynamics

CR contraction ratio

TBCC turbine-based combined cycle

Subscripts

0 freestream

ave average

BL boundary layer
core core flow

in inlet entrance
out inlet exit

t throat

1.0 Introduction

Facing the demand for aerospace integration, hypersonic vehicles have become a primary development
direction for future aircraft, attracting worldwide attention and driving intense global research efforts
[1-3]. The flight range spans subsonic, supersonic and hypersonic regimes, with high-performance
propulsion systems being critical for achieving hypersonic flight. Air-breathing scramjet engines, which
extract oxygen directly from the atmosphere without carrying oxidisers, significantly reduce vehicle
weight and enhance specific impulse, making them the preferred propulsion system for hypersonic vehi-
cles [4]. The hypersonic inlet is a critical component of scramjet or combined-cycle engines, tasked with
capturing and compressing freestream airflow to ensure high-quality flow delivery to the combustion
chamber. Its efficient operation directly impacts propulsion performance and aircraft capabilities. A key
requirement for inlet functionality is self-starting capability, which fails at low Mach numbers when the
captured flow rate exceeds the inlet’s flow capacity. To ensure that the inlet can keep self-starting at
low Mach numbers, the contraction ratio (CR) can’t be too large, while to ensure the excellent perfor-
mance of the inlet at high Mach numbers, the CR can’t be too small [5]. Currently, a relatively effective
solution is to change the geometry of the inlet under different inflow conditions, which can make the
inlet self-starting at low Mach numbers and meet the performance requirements at high Mach numbers.
Therefore, the variable-geometry inlet has become the preferred choice for the wide-speed-range engine
or combined engine.

The design of the internal flow surface of a variable-geometry inlet is of paramount importance,
as it directly affects the performance of the inlet. Currently, a lot of scholars have conducted relevant
research, mainly focusing on the variable geometry design of the compression ramp and cowl [6—13].
In terms of rotating the compression ramp, Liu et al. [6] designed a wide-range variable geometry inlet
through the rotation of the ramp, completing a transition between single and dual flow paths. The inlet
achieves comprehensive high-mass capture coefficients in the overall wide flight range, especially in a
low-speed stage. Yuan et al. [7] also designed a variable geometry inlet by rotating ramps. The results
from the numerical simulations and experimental tests indicated that the designed inlet could work prop-
erly during this Mach number range. The mass flow captured by the inlet and total pressure recovery
at turbine/ramjet aerodynamic interface planes met the requirements of the Turbine-Based Combined
Cycle (TBCC) propulsion system. In terms of changing the cowl, Teng et al. [8] used a variable geom-
etry cowl sidewall control technique in a generic rectangular hypersonic inlet, in an effort to improve
inlet performance under both on-design and off-design conditions. The research results show that the
increased cowl sidewall sweepback expands the inlet flow spillage window, thus effectively restarting
the inlet from an unstart status. Wu et al. [9] adopted the design concept of a variable-geometry inlet
scheme that combines the variable-geometry cowl with regulating shock wave elimination. The results
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demonstrate that the variable-geometry inlet featuring a translatable and rotatable cowl can effectively
control, and in some cases completely suppress, flow separation phenomena. Furthermore, Yuan et al.
[10] designed a variable geometry inlet through rotating and horizontally moving the cowl, and found
that the aerodynamic performance of the variable geometry inlet was significantly better than that of the
fixed geometry inlet at low Mach numbers.

The variable geometry inlet with changing the position of the cowl and ramp had better performance
in the entire operating range. However, most of the above designs are based on the inviscid assump-
tion, which often results in a flow coeflicient of less than 1.0 at the design point, and the characteristic
laws of variable geometry have not been provided in detail. In general, the complete design process of
a variable geometry inlet should be divided into two stages — one is the design point geometry design,
and the other is the off-design point geometry design. As the benchmark of off-design point variable
geometry design, the design point geometry affects the performance of the whole inlet and needs to be
designed emphatically. Moreover, most studies are based on numerical simulation or experiment, which
will consume a lot of time and prolong the design cycle of variable geometry inlets. By comparison, the
one-dimensional model simplifies the fluid flow process in the inlet with some mathematical models, and
the calculation speed is fast, which is suitable for the initial design of the inlet [14—18]. Gopal et al. [14]
used a one-dimensional model to analyse a typical scramjet inlet operation at on-design and off-design
conditions. Moreover, a comprehensive validation of the one-dimensional model was conducted through
experimental and computational data. Dalle et al. [15] proposed a one-dimensional model to predict a
steady two-dimensional supersonic flow through an inlet. The results were compared to experimental
data, and the model inaccuracies were found to be limited to 10%. A comparison with computational
fluid dynamics (CFD) showed that the averaged thermodynamic properties at the exit of a scramjet inlet
could be estimated, and the proposed model could be used in a control-oriented model of a scramjet vehi-
cle. Additionally, Dalle et al. [16] also adopt the one-dimensional model to improve inlet performance
by using a variable-geometry cowl.

While one-dimensional models have been successfully applied to inlet design and performance eval-
uation, their modeling methodologies still suffer from inherent limitations in terms of completeness.
Especially for the mixing problem of the boundary layer flow and core flow at the inlet exit, there is still
a lack of models that consider the influence of the boundary layer. In the face of practical research status
and application demands, this paper proposes a design method based on the one-dimensional model for
a variable-geometry inlet. In the design point stage, the proposed method takes into account the effects
of the boundary layer and modifies the initial design geometry to bring the external compression shock
wave to the cowl lip. In the variable geometry design stage, geometric variations are done through the
ramp rotation and horizontal movement of the cowl, ensuring the inlet is self-starting at the low Mach
numbers and maintains the optimal performance in a wide speed range.

2.0 Description of design method and models
2.1 Two-dimensional variable geometry inlet

At present, the common hypersonic inlets mainly include two-dimensional inlets, axisymmetric inlets,
three-dimensional inward-turning inlets and so on [19, 20]. Among them, the two-dimensional inlet has
advantages such as wide-range adaptability, convenience for large-scale modularisation and geometric
adjustment, which has potential application value in aerospace integrated propulsion systems for a wide
speed range. The paper utilises the model analysis method to design a two-dimensional variable geom-
etry inlet. The design scheme selects a mixed compression inlet with three external compression shock
waves and one internal compression shock wave. The inlet schematic is presented in Fig. 1, with its
design parameters summarised in Table 1. As shown in the figure, each ramp of the inlet causes the
inflow to deflect and generate the oblique shock wave. In the ideal design state, the three external com-
pression waves intersect at the cowl lip, and the cowl-lip shock wave intersects at the shoulder point,
which can obtain relatively ideal fluid performance parameters. However, under off-design point con-
ditions, performance parameters may sharply decline, which is why the variable geometry design is
necessary.
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Table 1. Design parameters of the two-dimensional inlet

Variable name Parameter value
Inflow parameters Inflow Mach number Mach 2~8

Altitude/km 24.2
Geometric parameters Total deflection angle/° 16~20

Total contraction ratio 6~10

Cowl angle/° 0
Design point objectives Mach number of design point 6

Flow coeflicient 1

Total pressure recovery coefficient > (.50

Drag coeflicient <0.20
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Figure 1. Schematic diagram of the two-dimensional variable geometry inlet.

The two-dimensional variable geometry inlet studied in this paper includes two kinds of variable
geometry, namely throat height adjustment and cowl-lip translation adjustment. The adjustment methods
are described as follows: a rotation point H is set on the last compression ramp. The movable compres-
sion ramp and the flat throat plate are rotated around the rotation point H to achieve the purpose of throat
height adjustment, meeting the CR requirements under the different Mach number conditions.

Among them, the total CR is defined as the ratio of the inlet capture height H, to the throat height H,
and the expression is given in Equation (1). The CR,,,, and CR,,;, represent the upper and lower limits
of the CR in Fig. 1.

H,
CR=— (1
H,

Meanwhile, the cowl lip of the inlet can be adjusted for a forward or backward translation, allowing for
controlling the proportion of captured airflow based on the distribution of external compression shock
waves under different Mach number conditions. Among them, the translation distance of the cowl lip is
defined as the difference between the design point x-coordinate Xpege Of the cowl lip and the actual x-
coordinate xg of the cowl lip, and the expression is given in Equation (2). If the Axc,,, is a positive value,
it indicates a movement to the left from the design point. If it is a negative value, it indicates a movement
to the right from the design point. The AXcpimax @a0d AXcpmin are represent the upper and lower limits
of cowl-lip movement. In order to carry out dimensionless processing, the relative movement distance
AX¢,, is defined in Equation (3).

A-XCOWI = xDesign'-xF (2)
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Figure 2. Design process of the variable geometry inlet.

AxCowl
AxCowl = (3)
A-)CCawl,max - A-)CCowl,min

The combination adjustment of throat height and cowl-lip translation will change the internal CR
of the inlet, thereby affecting the starting capability of the inlet. Therefore, the boundary constraint
requirement is to ensure that the inlet is in a start-up state at each Mach number. Among them, the
internal CR is defined in Equation (4).

H2(CR9 Axcawl)
CRimemal = (4)
H;

Similar to traditional inlets, the main objectives of variable geometry inlets are the flow coefficient,
total pressure recovery coefficient, throat Mach number, drag coeflicient and starting performance. In
theory, by adjusting the variable geometry of the inlet, it is possible to achieve high flow capture effi-
ciency and compression performance within a wide Mach number range, while ensuring the starting
ability of the inlet.

2.2 Design method

The simplified design process of variable geometry inlet is shown in Fig. 2, which includes the initial
geometric design, boundary layer correction design and variable geometry design.

2.2.1 Initial geometric design under design-point condition
When designing the inlet, the two design parameters are very important, namely the deflection angle
(8) and CR. To choose two parameters, a wide design range is first given in Table 1. Based on the equal

https://doi.org/10.1017/aer.2026.10209 Published online by Cambridge University Press


https://doi.org/10.1017/aer.2026.10209

The Aeronautical Journal 3245

x /A
T S g, M
o s N
¥y G i e
‘5 bRy, Rassmecd
3 U =S ~
~ |+ Vi~
~ N 4 c\\\
Wall E - b \ \\\\:\ .
E 7 : N
—— — - -,
InVi:‘E'.Cld compression ramp 2 N \ i \\::\ :\ R D
— — - Oblique shock wave =~ T SenTa
————— Boundary layer or or reverse boundary layer ™ __ "\ \ 1CC2 Cs :
— — = Modified compression ramp "\ F E,

Figure 3. Schematic diagram of inlet design using boundary layer modification.

shock intensity design method [21], the multiple sets of performance parameters can be obtained by
using different § and CR, and then the § and CR meeting the design requirements can be selected as
the final design parameters. The design process of equal shock intensity is given as follows. As shown
in Fig. 1, the initial value of the first deflection angle §, is given, and the first oblique shock angle 6,
and gas parameters in zone I are obtained by using the oblique shock calculation model. Based on the
equal shock intensity Equation (5), the second oblique shock angle 6, and gas parameters in zone II
can be calculated. Similarly, the third oblique shock angle 65 and gas parameters in zone III can also be
obtained.

Ma, sin 6, = Ma, sin 6, = Ma, sin 0, (®)]

At this point, the second and third deflection angles §, and §; can be determined based on the second
and third oblique shock angles and parameters before and after the oblique shock wave. With the given §,
the first deflection angle §, of the next iteration is updated. The above calculations are repeated iteratively
to update the three deflection angles §,, 6, and §; until the desired accuracy ¢ is satisfied.

[0 — (6 +8+8)<e (6)

After determining the three deflection angles §,, §, and §;, the fourth deflection angle §, can be
obtained based on the given § using geometric relationships. The downstream parameters of the fourth
shock wave are also calculated using the oblique shock model.

84281+82+83 (7)

The calculation method for the fourth shock wave is consistent with that of the previous oblique shock
wave calculation. So far, all compression ramp angles, shock angles and downstream parameters of the
oblique shock wave have been determined.

2.2.2 Boundary layer modification design

The initial design of the inlet based on the inviscid assumption can cause the shock wave to intersect
at the cowl lip, but considering the influence of viscosity can cause the shock wave to deviate from the
cowl lip. To ensure that the three external compression shock waves still intersect at the cowl lip when
considering the boundary layer, modifications of the inlet geometry are required. The specific modified
approach involves first using the boundary layer calculation to get the thickness of the boundary layer,
and then subtracting the corresponding boundary layer thickness from the original ramp height to obtain
the value as the modified ramp height. The modified ramp, composed of the red line OA,, A,B; and B;C3,
as shown in Fig. 3, is converted from the inviscid compression ramp composed of the black line OA, AB
and BC.
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Table 2. Flow coefficient under different inflow Mach number

Mach number 2 3 4 5 6 7 8
Flow coefficient(p) 0.65 0.75 0.84 0.92 1 1

First, the thickness of the boundary layer along line OA can be determined according to the inflow
conditions, so that the equivalent blue line OA; after considering the boundary layer can be obtained,
and then the shock wave line OO, and the parameters behind the shock wave can be obtained by using
the oblique shock wave calculation. Afterward, further reverse modification can obtain line OA, as the
first ramp, which is obtained by the symmetry of line OA; with respect to line OA. Next, the airflow
behind the first shock wave is taken as the initial inflow, and the boundary layer profile AB; and shock
wave line AA; can also be obtained. The coordinates of the intersection point A, can be determined by
combining the straight line AA; and the straight line OA,. According to the symmetry relationship, line
AB, is obtained by the symmetry of line AB; with respect to line AB. So, line A,B; is equivalent to the
modified second ramp, which passes through point A, and has a slope of line AB,. By combining lines
A,B; and B;B,, the coordinates of the intersection point B; can be determined. Similarly, the modified
third ramp can be obtained. After modification, all three external compression oblique shock waves
intersect at the lip of the cowl at the design point state, and the inlet operates at the rated state, which
can effectively improve the performance of the inlet.

2.2.3 Variable geometry design

To achieve a self-starting ability and good inlet performance in the wide speed range, changing inlet
geometry is a good choice. Based on the geometry of the design point modified by the boundary layer
modification, the final compression ramp and the flat throat plate are adjusted to change throat height
under different inflow conditions; at the same time, the cowl also moves with the inflow Mach number.
In order to ensure that the change of CR does not affect the flow coeflicient, the rotation point H is not
set at the starting point of the final compression ramp. The x-coordinate of rotation point H is set to be
consistent with the x-coordinate of the leftmost movement position of the cowl-lip. This is because the
leftmost movement of the cowl lip can occur under the condition of the minimum inflow Mach number;
at that time, the rotating ramp and throat plate are also maintained horizontally. If the x-coordinate of
rotation point H is consistent with the x-coordinate of the cowl lip, it can transform the mixed compres-
sion inlet into an external compression inlet, effectively improving the starting capability of the inlet.
The adjustment scheme for the cowl is to move horizontally along the x-axis with the change of Mach
number, and the specific position at each Mach number is determined by the given flow coefficient. It
remains unchanged after the Mach number is greater than 6. The relationship between the Mach number
and flow coefficient is given based on design experience, as shown in Table 2.

The corresponding flow coefficient ¢(Ma) can be obtained for a known inflow condition in Table 2,
and then the position of the cowl lip can be determined based on the geometric relationship shown in
Fig. 4. Because the known ¢ is equivalent to giving the y-coordinate y,,; of point O,, and the deflection
angles and shock angles of different regions are also known, so the coordinates of points O,, A;, B, and
F’ can be obtained sequentially by the geometry relationship. Therefore, the relative movement distance
AXco can also be expressed as follows.

xDesign - XF(§0(M61))
A)CCowl,max - AxCowl,min

AEC(JWI(Ma) = (Mamin <Ma < Mamax) (8)

After determining the movement pattern of the cowl and the rotation point H, T function of CR is
used for control for Mach numbers in the range of 2~7. While for Mach numbers in the range of 7~8, the
constant CR is used for control. The equation for the control rule of t function is given by Equation (9).
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Figure 4. Geometric relationship between cowl-lip coordinate and flow coefficient.
(CRmax - CRmin) ‘T-a

CR(Ma) = CRmin + Mamin S Ma S Matran
I1+(t—=1)-a

(©)
CR(M(I) = CRmax Matran = Ma = Mamax

Where Ma is the inflow Mach number, Ma,,;, and Ma,,, are the input minimum and maximum Mach
numbers, Ma,,,, is the transition Mach number of the t function and the constant value equation, CR,,,;,
and CR,,,, are the input minimum and maximum CRs and t is the input control parameter. Additionally,
a represents the relative value of the inflow Mach number within the input Mach number range shown
in Equation (10).

Ma — Ma,,
a=—"" (10)
Mamax - Mamin

Therefore, it is easy to calculate the rotation angle o under the condition of the given CR, the

expression is displayed in Equation (11).

a= 8-arcsin(u> (11)
HCs

Where yy, is the y-coordinate of point H, yc, is the y-coordinate of point C;, Ly, is the length of the
rotation ramp, and ¢ is the total deflection angle. After the known rotation angle «, the expression of
CR,,.erar can be obtained in Equation (12).

[tan(8 — o )(xF — Xp) + Yr — Vul
Jtan?’(d —a)+1-H;

Where x; and y are the x-coordinate and y-coordinate of point F, x5 and yy is x-coordinate and
y-coordinate of point H, and H; is the throat height. Finally, the specific adjustment scheme for the
rotation of the final ramp and movement of the cowl lip is shown in Fig. 5.

CRintemal =

12)

2.3 Design models

To simplify the design process of inlets via the one-dimensional model method, the following foun-
dational assumptions are established. Firstly, the inflow is assumed to behave as an ideal gas, in full
compliance with fundamental thermodynamic laws; secondly, the inflow field remains spatially and
temporally uniform at all stages; thirdly, the fluid inside the inlet does not undergo any heat exchange
with the external environment. The main models utilised in the design process are displayed as follows.
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Figure 5. The specific adjustment scheme of the final ramp and cowl lip.
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Figure 6. Schematic diagram of oblique shock wave.

2.3.1 Oblique shock wave model

The flow process of supersonic inflow in the inlet can be equivalent to a multi-shock compression
process, and oblique shock waves are generated by the external compression ramp during the stable
operation of the inlet, as shown in Fig. 6. Normal shock waves or bow shock waves are unstable in
the external compression ramp and can cause the inlet to unstart. In order to ensure the stable opera-
tion of the inlet, the shock waves should be configured when designing the compression ramp of the
inlet. If the Mach number of the supersonic inflow is large, the calculation of the oblique shock wave
needs to consider the variation of the y [22]. The calculation process of oblique shock waves is given
below. According to the compression characteristics of the oblique shock wave, the tangential velocity
component along the shock wave remains unchanged.

Vlt == VZt (13)
The normal velocity component along the shock wave satisfies the following relation.

Vou _ tan(6 — §)

= 14
Vin tan6 (14

At the same time, the parameters before and after the shock wave satisfy the state Equation (15),
flow conservation Equation (16), momentum conservation Equation (17) and energy conservation
Equation (18).

P=pRT s)

o1Vin=p:Va, (16)
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P, —P2=P2V22,1—P1V12n (17)
Vi Vi
H, + 5 =H,+ > (18)

Assuming that x and y are expressed as follows.

{x: Ma, (19)

y=y.Maj,
where y; and y, are the specific heat ratios before and after the shock wave, which are not equal after
considering the variable y. Ma,, and Ma,, are the normal Mach numbers before and after the shock wave.

From the flow conservation Equation (16) and momentum conservation Equation (17), the following
relationship can be obtained by using the ideal gas state equation and the sonic equation.

1
. (1 +x> p_,
X P1
The expressions for the temperature rise ratio, pressure rise ratio and the conservation of energy
equation before and after the shock wave can be further derived as follows.

(20)

& _ 14+x @1
P 14y
L_Pp o
T, Py p>

XRT, YRT, 23)

H(T)) + N =H(T,) +

By using the calculated downstream parameters of the first oblique shock wave as a known condition
for the next oblique shock, and so on, it is possible to determine the downstream parameters for multiple
oblique shock waves.

2.3.2 Boundary layer model
Due to the viscosity of the fluid, the boundary layer is formed when the fluid flows along the wall of
the inlet. Especially under flow conditions of high Mach number, the boundary layer fluid near the exit
of the inlet can have a significant impact on the performance of the combustion chamber. In addition,
the boundary layer tends to interact with the shock wave near the leading edge and strengthen the shock
wave. For these reasons, the paper introduces the boundary layer thickness model to ensure modeling
accuracy. The boundary layer thickness is based on the conclusions of reference literature [23], and the
calculation formula is given as follows.

The following calculation formula is provided when the Reynolds number, Ry, is at the magnitude

of 10°.
B =0.37XR;"’
B> =0.036(1 +Ma>/10) " XR;" (24)
By = 0.046(1 + 0.8Ma*)" ' XR "

https://doi.org/10.1017/aer.2026.10209 Published online by Cambridge University Press


https://doi.org/10.1017/aer.2026.10209

3250 Liet al.

Interface between boundary layer flow
Boundary layer flow( V) and core flow

— f < Bl :
/ |
Wall h /'II

Core flow( Vo) \ Inlet exit(Va) 7

o

Figure 7. Schematic diagram of the uniformisation model for inlet exit parameters.

When the Reynolds number, Ry, reaches the magnitude of 107, the following calculation formula is
presented.

B, =0.23XR;"/°

B, = 0.022(1 + Ma?/10) """ XR;"" (25)

0.44

By =0.028(1+ 0.8Ma*) " XRy'""°

Among them, X stands for the intermediate term, which is shown as follows [23].

X=pP"[ Pd
f " (26)

P=[Ma/ (1 —|-0Ma2/5)]4

In the above formula, Ma represents the Mach number, x denotes the distance along the flow direction,
B, is the velocity boundary layer thickness, B, is the momentum loss thickness and §; is the displace-
ment thickness. Among them, the displacement thickness is selected as the boundary layer thickness
development model with reference to the literature of early scholars [15].

2.3.3 Starting judgement model for mixed compression inlets

Due to the particularity of the working process of the inlet, the self-starting capability of the inlet should
be considered first. Moreover, different types of inlets have different methods of starting identification.
The starting judgement of a mixed compression inlet is similar to that of an internal compression inlet,
but there are also differences that require a thorough consideration of the impact of external compression
shock waves, as well as the impact of the boundary layer on the compressed flow of the inlet. These fac-
tors make the starting problem of a mixed compression inlet relatively complex. The starting judgement
equation of the inlet in this paper adopts the following empirical Equation (27) [24].

Ay 1

- 27
A, 0.05 — 0.52/Ma, + 3.65/May? @7

where A, is the capture area, A, is the inlet throat area, Ma, is the inflow Mach number.

2.3.4 Uniformisation model for inlet exit parameters

After considering the boundary layer, the fluid at the exit of the inlet is composed of two parts: a low-
energy fluid within the boundary layer and a high-energy fluid within the core flow. If we only consider
the core flow, it is obviously not in line with the actual situation. In order to consider the influence of
the boundary layer, this paper proposes a uniformisation model for the fluid parameters at the exit of
the inlet, which averages the fluid within the boundary layer and the core flow based on their respective
area ratio of the inlet exit. A schematic diagram is shown in Fig. 7. The computational approach for the
uniformisation model is as follows: the velocity within the boundary layer near the wall is zero, and it
gradually transitions to the core flow velocity based on some function relationship. This paper adopts
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an empirical power-law distribution pattern [25], which is expressed as follows.

Vi) = V2. (0/B)7 (0 <y < B3) (28)

Here, the subscript BL represents the boundary layer, and the subscript core represents the core flow.
B; represents the height of the boundary layer, and y represents the distance of a certain point from the
wall. After obtaining the thickness of the boundary layer, the average velocity of the fluid within the
boundary layer can be expressed as follows.

B3
VBL=/ Ve (y)dy/ Bs (29)
0

Once the average velocity of the fluid within the boundary layer is obtained, the core flow velocity
and the boundary layer velocity are averaged based on the area ratio, as shown in Equation (30).

Vave =V B3 + Veore - (h = B3))/h (30)

In the equation, & represents the height of the exit of the inlet. As the core flow parameters are already
known and the total temperature of the boundary layer and the total temperature of the core flow are
equal, the mixed temperature 7, can be determined based on the energy conservation Equation (31).

H*(Ttave) = H(Tszlve) + 05V2

ave

€2y

Based on the relationship between static temperature and Mach number, the mixed Mach number
Ma,,, can be determined.

Tiave = Tyave + (1 + - 1)/2 : Msvc) (32)

In the equation, y is the specific heat ratio. Based on the flow mass conservation, the total mixed
pressure P,,,, can be obtained.

v+l

> ) ’ Ptavc’/ \Y Ttave : q(Maave) ‘A (33)

In the equation, R is the gas constant. Then, calculate the mixed static pressure P,,, based on the
relationship between total pressure and static pressure.

Prae =Prne - (1+ (y = 1)/2- M, )7 (34)

2.4 Definition of inlet performance parameters

To meet the needs of research and analysis, relevant performance parameters should be defined. The
flow coeflicient ¢ is used to evaluate the amount of freestream entering the inlet [24]. It is defined as
o=21 35)
my

where m is the actual mass flow rate into the inlet, m, is the mass flow rate through the capture area in
the freestream state.

The total pressure recovery coeflicient o is used to evaluate the loss of total pressure due to shock
waves and viscosity [24]. It is defined as

o=—o (36)
PtO
where P, is the mean total pressure at the inlet exit, and P, is the freestream total pressure. The definition
of the drag coefficient is shown as follows [24].

F
Co= 17— (37)

EPngAo
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Table 3. Boundary conditions of inflow

Ma, h/km T,/K P,/MPa
2 12.47 389.76 0.1409
3 17.158 601.5 0.3169
4 20.807 885.7 0.7576
5 23.665 1,242.5 1.7972
6 26.029 1,651.1 4.0846
7 28.047 2,148.8 8.8196
8 29.809 2,700.7 18.094

where F is the drag, p, is the density of freestream, V), is the velocity of freestream, A, is the capture

area of the freestream. The definition of compression efficiency is given in Equation (38) [24].
h. — ho

s hy

where h, represents the static enthalpy of the inflow at the inlet exit when isentropically expanded to the

ambient pressure, &, denotes the total enthalpy of inflow, and &; represents the actual total enthalpy of
the inlet exit.

e (38)

3.0 CFD method and validation
3.1 CFD method

To verify the accuracy of the modeling approach, the CFD simulation will be utilised in this study first.
The CFD calculations have reliable accuracy and can provide a large amount of data and all kinds of
contours, which can be used to compare the model analysis from multiple perspectives, including both
individual model comparisons and overall model comparisons.

The numerical simulation is performed based on the steady Reynolds-averaged Navier-Stokes
(RANS) equations with the finite volume method and the shear stress transport (SST) k-w turbulence
model. Its accuracy has been validated in many refs [26, 27]. To provide exact resolution of shock discon-
tinuities, the advection upstream splitting method (AUSM) from the density-based solver is employed
for the approximation of the convective flux splitting and the governing equations were discretised by the
second-order upwind method. The density-based solver with second-order spatial accuracy is used for
the implicit time-marching solution. The fluid is considered to be a single-species, calorically perfect air
with the viscosity solved by Sutherland’s law. In the calculations, if the residuals of the equations drop
to less than 10~*, the results are considered to be converged. The commercial software ICEM is used to
discretise the computation domain with a structured grid. Among them, the inlet grid and size are shown
in Fig. 8. The grid quality is 0.92, and the y* value is below 1.0. The average distance of the first cell
centroid from the walls is 1 x 107> m. The stretching factor of the grid spacing is 1.1, which is beneficial
to accurately capture the structures of the boundary layer. Moreover, the grid refinement processing has
been done at the leading edge. In addition, the inflow conditions are provided in Table 3. Among them,
Ma, is the inflow Mach number, 4 represents the flight altitude, 7, denotes the total temperature and P,
represents the total pressure.

Meanwhile, in order to verify grid independence, a simulation of the above inlet with a coarse grid
(3.3 m), fine grid (5.3 m) and dense grid (7.3 m) was done under the inflow condition of Mach 6. Figure 9
displays the comparison of static wall pressure (p is the static pressure and subscript ‘0’ denotes the
freestream parameter) under different grid scales. It can be seen from the figure that the fine and dense
grids show the same trend, and the coarse grid has a slight deviation. Therefore, the fine and dense grid
represents more adequately the flow behaviour. Taking into account the calculation cost and simulation
accuracy requirements, the fine grid with 5.3 m cells is finally chosen for subsequent simulations.
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Figure 9. Comparison of static wall pressures under different grids.

3.2 CFD validation

The CFD method is used to validate analysis models. However, its own accuracy should first be verified.
To accomplish this, the inlet simulation in this study will be compared with Reinartz’s experimental
results [28, 29]. These researchers conducted extensive experimental research on a two-dimensional
mixed-compression inlet and obtained clear color schlieren photographs and wall pressure distribution.
Figure 10 shows the inlet configuration without the first compression ramp. The second compression
angle of the ramp of the inlet is §, =21.5°. The first compression angle is processed with the attack
angle o« = —10°. The angle of the cowl is 9.5°, while the divergence angle behind the isolator is 5°.
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Figure 12. Comparison of simulation and experimental results on wall pressure distribution [15].

The isolator has a height / of 15 mm and a length of 5.294 (79.3 mm). Specific other structural dimen-
sions can be found in Ref. [28]. The inlet flow conditions are Mach number Ma, = 2.5, static pressure
P, =132896.52 Pa and static temperature 7, = 131.47 K.

Figure 11 compares the density gradient picture from the numerical simulation of the inlet flow field
with experimental schlieren results [15]. A fan-shaped expansion wave is generated when the airflow
passes through the shoulder of the inlet, and the shock wave caused by the cowl corner impinges on
the ramp across the separation shock and the reattachment shock. Compared with the schlieren image
of the experimental testing, the numerical simulation captures the complex shock wave structures and
separation regions within the inlet, and the flow structures are in good agreement.

As illustrated in Fig. 12, the non-dimensional pressure distribution results from numerical simula-
tions are compared with experimental data [15]. It can be observed that the non-dimensional pressure
distributions of the two exhibit a similar variation trend, with a slight discrepancy. The discrepancy may
be attributed to differences in the experimental and numerical computational conditions, such as the
uniformity of the inflow conditions or errors in the eddy viscosity assumption. Overall, the numerical
density gradient and wall pressure results match the experimental results well, indicating the correctness
of the simulation method.
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Table 4. Comparison of inlet performance parameters with and without boundary layer

Pout/Pin Toul/Tin Cx % o Maout
No boundary layer 41.190 3.264 0.155 1 0.582 2751
Boundary layer 42.348 3.290 0.163 0.949 0.574 2.726

4.0 Results and discussion
4.1 Initial geometric design and analysis

The external compression system of the inlet designed in this study consists of three compression
ramps, which are determined by a comprehensive consideration of the o and structural dimensions. The
more compression ramps, the closer the compression process approaches isentropic conditions, thereby
enhancing the 0. However, this also leads to an increased inlet length. Empirical evidence suggests that,
beyond four compression ramps, the increase of o is relatively small. In addition, considering the com-
plexity of the geometric structure, it is finally determined that the inlet design contains three external
compression ramps. The sum of the three external compression angles is the §, which affects the com-
pression efficiency of the inlet and is a design parameter that needs to be focused on. Another important
design parameter is the CR, which directly affects the inlet starting ability. To comprehensively analyse
the impact of both the § and CR on the inlet performance characteristics, Fig. 13 illustrates the varia-
tion of inlet performance parameters corresponding to two design parameters at the design-point Mach
number of 6.

It can be observed that increasing the CR of the inlet gradually enhances the degree of compression of
the inflow, resulting in a decrease in the throat Mach number and o, thereby increasing the pressure rise
ratio and temperature rise ratio to some extent. However, the increase in the CR also leads to an increase
in the inlet drag coeflicient. This is because the compression of the freestream at the inlet gradually
increases, and the pressure distribution on the inlet wall also gradually increases. At the same time, the
projected area of the inlet along the drag direction also increases. As a result of the combined effect
of these two factors, the inlet drag coefficient demonstrates a clear monotonic increasing trend. With
the increase of the §, the external compression wave gradually strengthens, which directly leads to an
increase in total pressure loss. Meanwhile, the pressure rise ratio and temperature rise ratio also gradually
increase. As revealed by the above analysis, the CR and § show similar impact on inlet performance in
a certain range.

When it comes to aerodynamic design, the o is consistently prioritised as the core performance
indicator. A higher o signifies better performance, but the pursuit of excessively high values can result in
areduction in the pressure rise ratio and temperature rise ratio, leading to reduced combustion efficiency
in the combustion chamber. Thus, a comprehensive weighing and selection of appropriate CR and § are
necessary during the inlet design. Based on research and design objectives, the CR for this design is 8,
with the 6 of 18°. All subsequent analyses are performed based on two design parameters.

4.2 Boundary layer modification design and analysis

Under supersonic inflow conditions, the influence of the boundary layer on the performance of the inlet
cannot be ignored. Table 4 shows the impact of the boundary layer on the inlet performance at the design
point conditions. It is observed that the inlet flow coefficient decreases when considering the boundary
layer, indicating that the presence of the boundary layer leads to an increase in the external compression
shock angle and the total pressure loss also increases accordingly. In addition, there is also a small
increase in the pressure rise ratio and temperature rise ratio.

During the design stage of the inlet, neglecting the boundary layer may cause a deviation of the design
point performance parameters from the actual values. The conventional approach is to design under
inviscid conditions and then consider the effect of the boundary layer. Although this design method
takes the boundary layer into account, the ¢ is still less than 1, which is not the design state we expected.
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Figure 13. The inlet performance parameters with the total deflection angle and CR: (a) Mach num-
ber distribution (b) drag coefficient distribution (c) distribution of total pressure recovery coefficient
(d) compression efficiency distribution (e) distribution of pressure rise ratio (f) distribution of tempera-
ture rise ratio.

The ideal design state should be such that the ¢ at the design point is equal to 1, and the compression
oblique shock wave intersects at the lip of the cowl. In order to achieve the aforementioned design state,
this study adopts the boundary layer modification method to modify the geometric ramps at the design
point. The modified design is compared with the unmodified design in terms of performance parameters,
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Figure 14. Performance parameter comparisons without and with boundary layer modification:
(a) drag coefficient (b) flow coefficient (c) Mach number of inlet exit (d) pressure rise ratio (e) total
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as shown in Fig. 14. The modification results show a larger o and a smaller drag coefficient, which are
highly beneficial for the inlet performance. At the same time, it may be accompanied by a reduction in
compression angle and an increase in exit Mach number. However, from the perspective of the impor-
tance of inlet performance parameters, the ¢ has a larger impact on inlet performance and should be
prioritised. Clearly, the inlet modified with boundary layer modification exhibits better performance.
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Figure 15. Comparisons between the model analysis and CFD simulation: (a) Mach number of inlet
exit (b) total pressure recovery coefficient (c) temperature rise ratio (d) drag coefficient.

After considering the boundary layer, the fluid in the inlet will be divided into the low-speed fluid
in the boundary layer and the high-speed fluid in the core flow. The current simplified approach is to
ignore the low-speed fluid and only treat the core flow as the final fluid at the inlet exit, which inevitably
introduces a certain error. In order to reduce this error, this study proposes a uniformisation model that
takes into account the influence of the boundary layer.

Figure 15 shows a comparison of the fluid parameters at the exit between the uniformisation model,
the core flow simplification model and the CFD simulation results. The temperature rise ratio 7,,/T;,
and o obtained using the uniformisation model are closer to the CFD results, while the Mach number
obtained using the core flow model is more similar to the CFD results because the model analysis does
not consider the effect of flow separation. During CFD simulation, flow separation occurs, and a decrease
in flow area will lead to an increase in velocity, corresponding to a decrease in static pressure. In terms
of the drag coefficient, the variation trend of model analysis and CFD simulation is generally consistent
under different inflow conditions. However, there is a significant difference at low Mach numbers, which
is due to the neglect of reflected shock waves and flow separation in the model analysis. Comparing the
uniformisation model and the core flow model, it is found that the exit parameters obtained using the
uniformisation model are closer to the CFD results. Moreover, it should be noted that the deviation
between the model analysis and the CFD simulation increases as the Mach number increases, which
may be due to the occurrence of an over-rated state under high Mach number inflow conditions. The
model analysis cannot describe the coupling between shock waves and the boundary layer, nor can it
consider the multiple reflections of shock waves inside the inlet. Thus, the discrepancy between the
model analysis and CFD results increases as the Mach number increases.
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Figure 16. Performance parameter comparisons between the variable and fixed geometry inlet:
(a) Mach number of inlet exit (b) flow coefficient (c) pressure rise ratio (d) total pressure recovery
coefficient (e) temperature rise ratio (f) drag coefficient.

4.3 Variable geometry design and analysis

The present study selects Mach 6 as the design point, which may encounter difficulties in self-starting
under the low Mach number conditions. In consideration of variable geometry adjustment’s capability to
directly alter the CR and improve its self-starting performance, the designed inlet will use variable geom-
etry adjustment. Specifically, the angle of the third ramp will be adjusted to rotate upward in response
to the decreasing Mach number of the inflow. Meanwhile, to maintain the original external compression
system and ensure that the ¢ is not affected by the rotation of the final ramp, the rotation point H is
not at the starting point of the final compression ramp. However, as the inflow Mach number decreases,
the shock wave angle increases, and the ¢ still exhibits a rapid decrease. In order to obtain a relatively
large flow coefficient under different inflow conditions, it is a reasonable choice to horizontally move
the cowl. In the following analysis, the inlet performance is compared between the different variable
geometry schemes, using the non-variable geometry performance as the benchmark.

As depicted in Fig. 16, adjusting the rotation of the final ramp according to the t function leads to a
decrease in the compression of the inflow compared to non-variable geometry. Consequently, variable
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Table 5. Comparison of performance parameters between model analysis and CFD simulation

Zone Method P,/P Error PJ/Py, Error TJ/Ty Error Ma Error

I Model analysis  2.079  7.3% 0972 0.1% 1246 13% 528 1.1%
CFD 2242 0.971 1230 534

1 Model analysis  4.320  3.0% 0935 0.1% 1552 03% 4.63 1.1%
CFD 4236 0.934 1.557 468

Il Model analysis 8986 3.1% 0.886 18% 1932 2.5% 403 1.2%
CFD 8.715 0.902 1.885 408

IV Model analysis 34.684 13.4% 0.653 4.0% 3.024 54% 2.82 0.4%
CFD 40.067 0.628 3.197 283

Outlet Model analysis 34.684 1.1% 0.586 12.5% 3.037 89% 271 1.1%

O .

Mach Number: 0 08162432 4 485664

“‘-;., Outlet

Boundary layer
(red line)

Wall surface
(black line)

Free stream
Cutlet

Oblique shock wave

Figure 17. Shock wave comparison between model analysis and CFD simulation.

geometry can enhance the o and Mach number at the throat, while reducing the pressure rise ratio and
temperature rise ratio. In particular, the drag coefficient is reduced, which is very beneficial to the engine.
Moreover, the smaller the t value, the smaller the drag coefficient. However, the ¢ is independent of
the value of t. This is because the external compression shock waves remain unchanged under different
variable geometry schemes. As the inflow Mach number increases, the ¢ increases, which is determined
by the position of the cowl lip. In general, performance parameters of variable geometry with the larger
T value are closer to the fixed geometry inlet. Thus, it is recommended not to set 7 to a value that is too
high, to avoid the inlet unstart under the low-speed inflow conditions.

4.4 Verification of the variable geometry design

4.4.1 Model verification

When a supersonic fluid encounters the compression ramp of the inlet, a shock wave will be generated,
and after the shock wave, the fluid parameters will change. According to the position of the shock wave,
the fluid parameters in the inlet can be divided into different regions. In this study, the external compres-
sion section of the inlet contains three ramps that generate three oblique shock waves, and a fourth shock
wave is generated at the lip of the cowl. Figure 17 shows a comparison between the results of the model
analysis and CFD simulation at the design point. Comparing the shock wave of the model analysis at
the design point condition with the CFD simulation, it is found that external compression shock waves
intersect at the cowl lip. Furthermore, a comparison result of the downstream flow parameters after the
shock wave reveals a maximum deviation of approximately 14% (as shown in Table 5), which floats
within an acceptable range.
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Figure 18. Performance parameter comparisons between the model analysis and CFD simulation:
(a) drag coefficient (b) Mach number of inlet exit (c) pressure rise ratio (d) temperature rise ratio (e)
total pressure recovery coefficient (f) flow coefficient.

4.4.2 Verification of variable geometry results
To verify the reliability of variable geometry inlet performance established with the analysis model,
a comparison is conducted between the analysis model and CFD simulations under the condition of
the variable geometry adjustment law of 7 =1.5. The comparative findings are illustrated in Fig. 18.
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Figure 19. Mach number contours of wide-speed-range variable geometry inlet: (a) inflow condition
of Mach 2 (b) inflow condition of Mach 3 (c) inflow condition of Mach 4 (d) inflow condition of Mach 5
(e) inflow condition of Mach 6 (f) inflow condition of Mach 7 (g) inflow condition of Mach 8.

The variation trend of parameter ¢ from the analytical model exhibits substantial consistency with
that obtained via CFD simulations, further validating the rationality of the boundary layer modifica-
tion design. However, noticeable discrepancies are observed in the remaining performance parameters.
Notably, the C, obtained from the two calculations under the inflow Mach 3 ~ 6 exhibits significant
discrepancy. This discrepancy can primarily be attributed to the formation of a reflected shock wave on
the variable ramp shown in Fig. 19, leading to an increase in wall pressure. However, the analysis model
cannot take into account the effects of this reflected shock wave. In terms of the pressure rise ratio at the
exit of the inlet, the deviation is seen when the inflow Mach number ranges from 5 to 8. As shown in
Fig. 19, complex flow separation occurs at the throat of the inlet, accompanied by the interaction between
shock waves and expansion waves. However, such flow separation and shock wave interaction were not
taken into account in the analysis model, resulting in the above deviations. Upon further analysis, it can
be observed that when the cowl-lip shock wave interacts with the boundary layer on the side of the com-
pression ramp, flow separation will take place. Nevertheless, the degree of flow separation varies under
different inflow conditions. In some cases, it is a significant flow separation, while in other cases, it is a
relatively minor one. Figure 19(b) to (d) illustrates the occurrence of large flow separation, and this flow
separation induces a new shock wave. The new shock wave, together with the cowl-lip shock wave, is
reflected multiple times within the channel, resulting in a complex wave system structure, which leads to
a substantial total pressure loss. Consequently, in this state, there is a certain error between the analysis
model and CFD calculation, especially in terms of the total pressure recovery coefficient and the drag
coefficient. However, Fig. 19(a) shows a smaller flow separation, and the intensity of the reflected shock
wave is also weak. In this state, the performance parameters of the inlet obtained through model analysis
and CFD calculation are in good agreement. Clearly, the coupling effect between the shock wave and the
boundary layer is the crucial factor causing the error. Overall, the analysis model can generally reflect
the performance of the variable geometry inlet at different inflow conditions. In the future, the error
between model calculation and CFD calculation can be further reduced by establishing the coupling
model of cowl-lip shock wave and boundary layer.
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5.0 Conclusions

This paper introduces a systematic design method for wide-speed-range inlets, developed based on a
one-dimensional model, and validates its reliability through comprehensive numerical simulations. The
core insights and conclusions resulting from this work are summarised as follows.

Regarding the boundary layer modification design, the results demonstrate that implementation of
this innovative configuration yields a significantly higher total pressure recovery coeflicient and a corre-
spondingly lower drag coefficient — both of which represent substantial performance enhancements for
the inlet system. Furthermore, a novel uniformisation model that explicitly accounts for boundary layer
effects in the calculation of inlet exit parameters is proposed. Comparative analysis against high-fidelity
numerical simulation results confirms that this proposed uniformisation model produces predictions that
closely align with the calculation data, outperforming traditional approaches that neglect boundary layer
influences.

From the validation perspective of the design point, comparative analysis of shock wave distributions
between the one-dimensional model and numerical simulations reveals consistent intersection of the
primary shock waves at the cowl lip. Quantitative assessment of post-shock downstream flow parameters
further demonstrates a maximum deviation of approximately 14%, which floats within an acceptable
range. This strong correlation between analytical predictions and computational results provides robust
confirmation of the design method’s reliability and accuracy.

Off-design point validation of the design method is performed by comparing one-dimensional model
results with numerical simulations under the T = 1.5 variable geometry adjustment condition. The anal-
ysis shows the model correctly predicts the general trend of inlet performance parameter changes, but
quantitative differences exist in specific values. A comprehensive numerical investigation demonstrates
that these discrepancies primarily arise from flow separation induced by the coupling between the
cowl-lip shock wave and the boundary layer.
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