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Abstract. The analytical and experimental studies of the aircraft’s supersonic air intakes have been carried out. An inte-
grated approach to the gas-dynamic designing of aircraft’s supersonic air intakes that eliminates the scale effect problem 
of a wind tunnel with a small-sized testing area is proposed. The designing approach accelerates the development process 
and reduces the resource intensity due to the rational distribution of tasks between numerical and physical experiments. 
The results of the unique tests of the scaled ramjet’s air intake physical model in the supersonic wind tunnel are presented.
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Introduction

At present, the world’s leading aerospace companies are 
intensifying their activities on the development of a super-
sonic multi-purpose aircraft. This motivates the need for 
new approaches to aerodynamics design and simulation 
of supersonic aircraft.

When designing ramjet propulsion systems (PS), one 
of the critical goals is the development of supersonic air 
intakes and ducts. Designing the PS for supersonic air-
craft is a particularly complicated engineering task asso-
ciated with the design of a highly efficient air intake that 
supports the PS working processes in the required range 
of operational flight conditions. Air intake design is usu-
ally individual in each case and is also labor-intensive 
and time-consuming when it comes to creating the air 
duct geometry.

At present, a typical procedure for the gas-dynamic 
design of the PS ducting is based on the theory of dimen-
sion and similarity and may include the following stages 
(Karpova & Meshennikov, 2014; Karpov & Novogorodt-
sev, 2014a, 2014b; DTIC, 1991; Holland, 1991; Jirásek, 
2007; Davis et al., 2010; Rademakers et al., 2013; Knight, 
2003; Akman, 2014; Bedretdinov, 2005):

1. Initial analytical estimation of the air intake param-
eter and air duct geometry. This will provide the first 
approximation of the required aerodynamic prop-
erties for the aircraft’s flight pattern and PS opera-
tional conditions.

2. Synthesis of the air duct digital 3D model.
3. Iterative creation of the air intake geometry with the 

purpose of obtaining the flow morphologies that 
can provide appropriate functioning of the PS via 
predictive CFD simulations.

4. Wind tunnel (WT) tests based on the results of CFD 
simulations and creation of the scaled air intake 
duct model (this includes scaling flow parameters 
for the test model).

5. Wind tunnel tests (WTT) of the scaled air intake 
model.

6. Scaling of the model flow parameters from the mod-
el to the full-scale air intake.

7. Digital model (DM) verification of scaled models 
(such as in Jirásek, 2007; Rademakers et al., 2013; 
Knight, 2003; Akman, 2014, etc.) and then refine-
ment of the full-scale model geometry.

8. Gas-dynamic tuning of the air intake and PS (Davis 
et  al., 2010; Rademakers et  al., 2013; Bedretdinov, 
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2005) and then evaluating the conformance of the 
designed air intake to the imposed requirements.

These stages can be properly implemented only if the 
large-sized pressurized WTs can be carried out, specifical-
ly full-sized test benches, which are unavailable for most 
researchers. The problems that have arisen in the course 
of research and development (R&D) have revealed many 
functional disadvantages of an atmospheric WT with a 
small-sized test area. that preclude a reliable determina-
tion of parameters of full-scale air intake ducting path 
based solely on the results of a scaled WTT.

Both CFD and WTT technologies have many disad-
vantages related to limited WT technical features causing 
difficulties with aerodynamic design of the PS’s air ducts 
and intakes. These disadvantages are:

1. A priori poor accuracy of analytical and numeri-
cal methods that need to be verified by the WTT 
methods.

2. The increased error of WTT is observed in the re-
gion of separated flows (Holland, 1991; Rademakers 
et al., 2013).

3. High cost of comprehensive studies using CFD or 
WTT only (Holland, 1991; Jirásek, 2007; Druzhinin 
et al., 2011).

4. Impossibility of achieving simultaneously the 
gas-dynamic similarity throughout the scaled air 
duct model that operates in various velocity ranges.

5. Inability of the scaled modeling of a ramjet.
6. The range of the airflow conditions which are 

available while WT tests (that is according to In-
ternational Standard Atmosphere (ISA)), is short 
and doesn’t cover that one needed for simulating of 
modern supersonic aircraft.

Because of these issues, the development of the de-
sign technique for the internal gas-air ducting paths of 
supersonic aircraft is a pressing scientific and technical 
challenge.

The purpose of this paper is to present an integrated 
approach to designing the gas-air ducts of supersonic 
aircraft’s PS using the example of flows in the models of 
ramjet’s supersonic air intake via a rational CFD – WTT 
combination.

1. Integrated approach to gas-dynamic design of 
components of PS of supersonic AC

The proposed integrated framework is based on the theory 
of dimension and similarity. However, its direct applica-
tion for solving the described problem is limited by the 
physical properties of the experimental equipment. There-
fore, a combinatorial approach to the modeling process 
has been developed. The approach combines in a specific 
technological sequence mathematical and physical mod-
els, which complement each other in functionality and in-
formativeness, with computational and applied research 
methods based on available design tools as shown at Fig-
ure 1. The intensification of the design process is achieved 

by the redistribution of the emphasis between CFD and 
WTT, which has been tested on the example of the sub-
sonic aircraft of the integral airframe – PS configuration 
(Druzhinin et al., 2011; Kornev & Boychuk, 2017; Kornev 
et al., 2018). The presented approach is implemented by 
integrated computer simulation technologies (including 
applied CAD to create a parametrically controlled 3D ge-
ometry) with emphasis on virtual tests in the environment 
of digital thermo-gas dynamic flow simulations.

1.1. Special features of WT-tests of the supersonic 
air intake scaled model

Any numerical calculation needs to be validated by physi-
cal experiments. We have used a supersonic open-loop 
balloon wind tunnel of the periodically operated type with 
a closed working section of 0.6 × 0.6 m without a thermal 
vacuum chamber. The Mach number range is 0.5 4M = ÷ .

The technical limitations of the parameter range avail-
able for studies in WT are listed below:

1. The parameters of the experimental conditions at 
the altitude H = 0 (Table 1) (according to the cali-
bration schedules and tables) disagree with those 
at ISA altitudes. Consequently, the resulting data of 
WTT in the WT cannot be used to determine the 
characteristics of a full-scale design object.

2. Due to low density, and, therefore, high kinematic 
viscosity, the flow in the WT is characterized by 
low Reynolds numbers. In other words, the flow 
viscosity similarity is impossible to achieve. There-
fore, in scaled supersonic WT tests, only the Mach 
number similarity in a supersonic part of the air 
intake can be considered.

3. In order to avoid flow choking of the test cham-
ber channel, the maximum velocity of the flow in 
WTT is limited by the transverse dimensions of 
the model. This condition disagrees with the in-
formativeness, finite dimensions, and design fea-
tures of the measuring device integrated into the 
air duct. In the example considered in this paper, 
these points serve as the basis for limiting the 
maximum speed of the flow to the Mach number 
M = 3 and the maximum characteristic size for the 
internal flow of the air intake to D = 126 mm.

4. Due to the continuity of the flow in the air intake, at 
supersonic regimes, it is difficult to differentiate the 
wave component of the drag and establish the area 
of self-similarity according to the Reynolds number 
in the subsonic regions of the air duct.

Table 1. Flow parameters in the WT working chamber

Mach number 2
Static pressure 24 939.8 Pa
Static temperature 160 К (–113º C)
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Since the testing area of WT is not equipped with a 
monitoring system, the tracing of the shock waves in the 
model air duct is unavailable. This deficiency can be com-
pensated by applied visualization methods duplicated by 
pressure measurements. The informativeness of the air 
intake scaled test model is limited by a number of simul-
taneously surveyed pressure sensors whose are positioned 
in the areas of interest or critical regions of the air intake 
duct. The increase in the number of pressure measure-
ments, measured parameters, and control cross-sections 
leads to a complication of the model and the WT-tests 
procedure, an increase in the cost of air intake model, and 
the reduction of the geometric similarity. The latter factor 
is negatively manifested by a distortion of the flow mor-
phology, blockage of the model channel, and the propaga-
tion of disturbances against the flow in the subsonic flow 
region, introducing measurement errors.

1.2. The integrated approach distinctive features in 
the formulation of the CFD tasks for designing a 
ramjet’s supersonic air intake.

At the initial design stage of the ramjet engine supersonic 
air intake, the preliminary geometry of the gas-air flow 
duct is determined via the predictive computational analy-
sis (see Figure 1). The interconnectedness of the working 
process components in the ramjet engine determines the 
complexity and resource consumption of the CFD simula-
tion carried out on the ramjet integral model. Designing 
the air intake as an isolated component of the gas-air duct 
poses a difficult task of physical verification. As a result, 
most of the ramjet numerical studies (especially those in-
tegrated with the aircraft airframe) have significant tech-
nical risks.

However, the classical decomposition principles of 
applied aerodynamics can be useful if digital submodels 

Figure 1. Architecture of the steps for designing sthe supersonic air intake of the ramjet engine (the 
considered phases are emphasized)
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(DSM) and scaled physical submodels (PSM) of isolated 
components are used as reference points for autonomous 
adjustment of the modules and duct components of the 
ramjet integral model. For this purpose, DSMs separated 
according to the scheme (see Figure 1) are equipped with 
the necessary tools (such as measuring system simulators, 
throttles, etc.). Th e DSMs serve as the basis for the WT 
test of the ramjet physical integral model components. For 
these purposes, small industrial supersonic WTs seem to 
be quite suitable.

Th e task of simultaneously meeting the requirements 
of gas-dynamic similarity with regard to the M and Re  
numbers is solved by equal scaling of the DSM and PSM 
of the air intake according to the WTT conditions. It 
comes down to the identifi cation of the scaled air intake 
DSM by the WTT results with the aim to achieve the 
identity to the physical prototype.

To detect and reduce insurmountable a priori errors, var-
ious adjustable parameters and options are used to control:

1. Dimension and topology of the computational grid.
2. Assignment of boundary conditions of the “source – 

outfl ow” type for mass, energy, and momentum to 
special zones of the air duct Solver type.

3. Selection of the turbulence and viscosity models (in-
cluding the ability to disable turbulence).

4. Specifi cation of the convergence criteria.
5. Number of iterations.
Numerical methods are used to simulate the scaled 

WTT. Th e equivalence of the submodels implies the iden-
tity of the geometry and the initial and boundary condi-
tions, as well as a suffi  cient correlation of the parameters 
of the simulated and physical fl ows.

Direct measurements of the total and static pressure 
at similar points of the internal duct of the DSM and the 

PSM of the ramjet’s air intake have produced a set of pa-
rameters that almost completely describes the air fl ow in 
the intake. Th e key diff erence from the classical approach-
es is that the verifi cation of the fl ow parameters in the su-
personic ramjet’s air intake does not require recalculation 
of the similarity criteria. Th e insuffi  cient informativeness 
of the measured set of test PSM scalars is supplemented 
by the visualized compression waves, vector fi elds, and 
airfl ow pathlines in the DSM, thus creating a compre-
hensive picture of the spatial airfl ow morphology in the 
ramjet’s air intake. Th e scaling of the obtained parameters 
to the full-size DSM and the integral CFD synthesis of 
the gas-air duct ensure the validity of the results for the 
subsequent studies of the proper airfl ow rate tune in the 
“inlet  – ramjet” system for specifi c fl ight regimes. Th at 
scaling is possible due to the mathematical unambiguity 
of the physical process description.

2. Object of Wind Tunnel Test (WTT)

Th e tested scaled submodel of the supersonic ramjet air 
intake consists of four separate modules (see Figures 2–6) 
that form the air duct. Th is design allows us to adjust the 
air duct according to the speed of the incoming air fl ow. 
Th e pneumatic and electrical communications, which are 
located inside the pylon, run from the measuring unit 
to the instrumental chamber to arrange static, dynamic 
pressure and temperature measurements (see Figure 3). 
Th e test model is installed on a pylon-base, which serves 
as a holder. Th e model is placed inside the fl ow core, far 
enough of the working section walls to avoid infl uence of 
the boundary layer on the fl ow parameters (see Figure 7). 
Th e model is not equipped with a boundary layer control 
system.

Figure 2. Physical realization and computer image of the PSM: 1 – inlet; 2 – replaceable diff user;
3 – measuring unit; 4 – throttling device; 5 – pneumatic pipelines; 6 – the base of the model (pylon)

Figure 3. PSM measuring unit. Downstream view: 1 – casing; 
2 – support of measuring comb; 3 – total pressure receiver;
4 – static-pressure receiver; 5 – complete braking chamber; 

6 – the basis of the model; 7 – pressure pipelines

Figure 4. PSM throttling device: 1 – valve seat; 2 – valve; 
3 – spacing bush; 4 – fastening screw
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Th e position of the valve (item 2, Figure 4) has been 
adjusted according to every intake confi guration dis-
cretely via using several sets of spacing bushes of the 
diff erent lengths (item 3, Figure 4).

Th e static pressure taps on the side cheek of the inlet 
diff user are distributed in such a way that in the case of 
the rated operating mode of the air intake, the fi rst two 
points (1 and 2) are located in an unperturbed fl ow (see 
Figure 5).

3. Wind tunnel experiment for determining the 
supersonic ramjet air intake properties and the 
result analysis

In the fi eld of supersonic speeds, the discrete assignment of 
the fl ow velocity in WT is performed by means of shaped 
inserts in the working part of the WT (see Figure 8).

Th e Mach number and velocity pressure in the WT 
testing section are calculated from the static and total 
pressures measurements in the settling chamber of the 
WT. Th e absolute pressure values are determined by us-
ing the fl ow parameters measuring device (FPMD) of a 
lever type. According to Dubov and Maskaev 1983, the 
metrological characteristics of the FPMD comply with 
the requirements for standard pressure gauges of Cat-
egory II.

Th e Mach number is determined by the ratio:

2
7t

s

p
5× 1

p
M

 
  

= −   
  
 

, (1)

where tp is the total pressure, and sp is the static pres-
sure.

Th e measured velocity pressure is expressed as:

2
sq = 0.7×M ×p . (2)

Reynolds number is determined by the ratio:

2 3
t1 01Re =0,07×l×p ×M / × T ×(1+0,2×M  )µ , (3)

where pt1 – total pressure at prechamber; 
-6 0,75 1 ,712 10 (  )273

Tµ= × ×  – dynamic viscosity coeffi  cient;
01

2
T =

1+0,2×M
T

 – temperature at prechamber;

01T  – stagnation temperature, l – characteristic length 

of WTT submodel.
Depending on the Mach number, the values of the 

Reynolds number and dynamic pressures in the WTT are 
listed in Table 2.

Figure 5. Th e static pressure taps on the intake diff user side 
surface diagram

Figure 6. Diagram of static (21 – 29) and total pressure 
receivers

Figure 7. Ramjet’s air intake PSM mounted in the tested 
part of the WT

Figure 8. View of the WT nozzle inserts that helps maintain 
the Mach number M = 3
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Table 2. Mach number, Reynolds number and velocity 
pressure of experimental airflow

M Re q, N/m2

1.5 2.1×107 59000
2.0 2.26×107 70000
3.0 3.3×107 67000

The flow parameters are corrected for the field coeffi-
cient obtained from the experimental studies of the static 
pressure field using a multi-point static pressure probe. 
The analysis of the determination errors of M and q (Pe-
tunin, 1986) shows that when using the FPMD of a lever 
type, the relative error does not exceed the values of 0.2% 
and of 0.25%, respectively.

The limit of the absolute pressure measurement for 
a 64-channel computerized analogue-digital system for 
measuring pressure in WT (see Figure 9) is 250 kPa.

For each installation of external connectors, the pneu-
matic lines of the test ramjet air intake model (see Figure 
10) has been checked for air-tightness using a pressure 
calibrator.

A comparison of digital simulation and wind tun-
nel test results at different time steps is shown in Figures 
11–15. The flow in the air intake is characterized by a sig-
nificant non-uniformity due to its separation mainly in 
the leeward area of the external braking wedge (see Fig-
ure 13).

Figure 9. Measurement module of wind tunnel pressure Figure 10. Hermitised pneumatic connectors of  
the physical submodel

Figure 11. Static pressure distribution at the symmetry plane of the inlet diffuser

Figure 12. Static pressure distribution on the inlet diffuser’ side surface (at the points of drainage according to Figure 5)
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Figure 13. Field distribution of the instantaneous flow velocity in the symmetry plane

Figure 14. Field distribution of the instantaneous flow velocity in the symmetry plane

Figure 15. The measuring module total pressure circumferential distribution  
(at the drainage points according to Figure 6)
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As can be seen from the graphs in Figure 12, the cal-
culated curves obtained by the Computational Fluid Dy-
namic simulation are geometrically correlated with the 
results of the WTT. However, there is a greater level of 
non-uniformity of the parameters obtained from WTT.

It is expected that the closest results of the circumfer-
ential pressures distribution, both ps and pt, correspond to 
regions of the unseparated flow, namely the sector oppo-
site to the compression wedge (in the vicinity of pressure 
heads with numbers 24, 25, 34, 42, 50, 58 according to 
Figure 6). See Table 3.

Table 3. Calculation error of flow parameters (%)

The region of 
unseparated flow

The region of 
separated flow

D0 sp∆

cmp∆
– +50

D1

tp∆
pn∆

+10 ÷ +23 +18 ÷ +44
D2 –0.04 ÷ –12 +19 ÷ +40
D3 –0.01 ÷ –13 +17 ÷ +49
D4 –0.01 ÷ +0.07 +19 ÷ +52

D5 sp∆ +24 +34 ÷ +36

In addition, it should be noted that the results obtained 
in the course of WTT are consistent with the results ob-
tained in the course of the other experiments carried out 
before the described one. For example, the qualitatively 
similar distributions of the static pressure over the air in-
take side surface and close to the sinusoidal distribution 
of total pressure over the inlet cross-section of the PS is 
noted in Air Intakes 1991. It is likely that more intense 
turbulent mixing of the flow in the CFD helps flatten the 
field of pn (see Figures 14, 15) amid rising nonuniformity 
of a velocity field (Knight, 2003). This indicates the differ-
ence in the nature of the separated flow in the CFD and 
WTT and is regular for the initial phases of the CFD. As 
a result of the carried-out verification, the necessity of the 
tuning of digital models according to the WTT results has 
been revealed.

Conclusions

The classic techniques of aerodynamic designing have a 
number of key limitations that restrict the development 
of new high-speed ramjet air vehicles, including the fol-
lowing:

1. Recreation of ramjet workflow on scaled models 
is impossible due to non-scalability of the fuel-air 
mixture stoichiometric parameters.

2. In the WT with a small working section, the simi-
larity of the Mach and Reynolds numbers in super-
sonic and subsonic portions of the duct cannot be 
achieved at the same time. Consequently, it is not 
possible to correctly determine the aerodynamic 

properties of the prototype ramjet by recalculating 
those for the scaled model using the similarity cri-
teria described above.

3. Typically, wind tunnels cannot provide the airflow 
conditions required to test next-generation high-
speed ramjet air vehicles.

The proposed approach to aerodynamic design allows 
to avoid all these shortcomings.

The main idea of the approach is to shift the emphasis 
of aerodynamic design from WTT to CFD simulations. 
WTT can be used for tuning and validation of the numer-
ical model and prototype simulation. The airflow param-
eters and the geometry of a simulated prototype or WTT 
model are identical to those used in the CFD numerical 
model. This eliminates the need to satisfy the similarity 
criteria.

Using the same integrated numerical model for evalu-
ating the integral gas-dynamic properties and tuning and 
adjusting the “ramjet – inlet” workflow according to the 
prototype flight modes complete the stage of advanced 
design of the prototype ramjet PS (see Figure 1), which 
precedes the physical implementation stage.

The described WTT is part of the R&D program of 
integrated design of ramjet internal and external airflows 
for new-generation aircrafts. Performance of the inte-
grated approach has been confirmed during studies of 
subsonic aircraft models (Kornev et al., 2018). This is just 
one example of many applications where the proposed 
approach to design can be used.

The proposed approach is promising for designing 
intricate aerodynamic air vehicle components.

It significantly decreases development cost by reduc-
ing the scope of vulnerable WTT in the overall design 
cycle.
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Notations

Variables and functions

H – altitude [m];
M – Mach number [‒];
Re – Reynolds number [‒];
ps – static pressure [Pa];
pt – total pressure [Pa];
q – dynamic pressure [Pa].

Abbreviations

WT – wind tunnel;
WTT – wind tunnel tests;
PS – propulsion system;
CFD – computational fluid dynamic;
DM – digital model;
ISA – International standard atmosphere;
DSM – digital submodel;
PSM – physical submodel;
FPMD – flow parameters measuring device.
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