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Abstract Keywords 
This paper presents an experimental investigation 
of throttling characteristics of a multi-wedge air 
inlet of a wind tunnel built for flat flow field at  
M = 2.5. The experiments were performed in a wind 
tunnel at M numbers of 2.55, 3.05 and 4.05. Results 
of numerical simulation of the flow in the air inlet, 
where air flow restriction was implemented by 
additional heating of the flow in the channel past 
the air inlet, are given for comparison. Experi-
mental throttling characteristics are in good agree-
ment with the values obtained from computations 
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Introduction. Air inlets are used in a jet engine for deceleration of the incoming 
airflow and reduction of its Mach number (up to subsonic values) for the air 
taken into the combustion chamber of the engine. Ensuring efficient functioning 
of the air inlet for all expected flight parameters is an important task which shall 
be solved during the design of any jet engine, incl. a ramjet [1]. ITAM SB RAS 
first started the gas-dynamic design of three-dimensional air inlets based on the 
combination of well-known two-dimensional flows in the 1970s [2, 3]. Simple 
analytical methods can be used to obtain the characteristics of the air inlets 
presented in this paper for their target modes of operations, which makes the 
design and preliminary analysis of new air inlets much easier. However, for other 
possible modes of operation, the air flow becomes 3-dimensional, therefore 
requiring 3-dimensional computational methods of analysis. 

Papers [4, 5] present design and geometry of a novel frontal air inlet. It is 
symmetrical around its central axis. Its central body is multi-wedged (star-shaped 
cross-section). The same papers present the results for the first tests on the air 
inlet. Its target Mach number is M = 4. The tests were performed in a short-term 
action MAF testbed with M = 2.85, M = 3.83, and M = 4.95; angle of attack  = 0, 
3, 6, 9 . 
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This paper presents a similar multi-wedge air inlet with target Mach number 
of M = 2.5. The tests were performed in a wind tunnel providing stationary 
(intermittent) airflow, which allowed implementation of a specific measurement 
method, providing continuous throttling characteristics data and increasing the 
accuracy of the results. 

Measurement conditions. Air inlet model description. The geometry of the 
model in question is shown on the Fig. 1. The air inlet is optimized for the Mach 
number of the general stream equal to M = 2.5. The model consists of a central 
body, in turn consisting of eight V-shaped sectors (Fig. 1), with the generating 
wedge’s angle of θ = 15 . A cylinder-shaped cowl is fixed on the lateral wedges of 
the central body. The inner diameter of this cylinder is 80 mm, and therefore the 
inlet area is equal to 5026 mm2. The cowl is followed by a divergent cone, it’s 
opening half-angle is θ = 15 . This cone is connected to a cylinder with the 
diameter of 116 mm. The length of this cylinder is 39 mm, the area of its base is 
3455 mm2, amounting 69 % of the inlet entrance area. The external body of the 
cowl repeats the geometry of the internal flow. The diameter of the cowl is  
122 mm, while its wall’s width is 3 mm. 

Fig. 1. Scheme of the multi-wedge frontal air inlet 

Experiment setup. The experiment was performed in T-313 wind tunnel of 
the ITAM SB RAS. T-313 wind tunnel (Fig. 2) is an intermittent action facility 
providing Mach numbers in the range of 1.75 to 7. There is a set of 
interchangeable nozzles allowing the variation of Mach numbers with a step  
of 0.25–1 depending on the required speed range. 

The test chamber has a rectangular cross-section (0.6 × 0.6 × 2 m in size). 
The test chamber is located inside the so-called “pressure chamber”, hosting the 
mechanics required for the control of attack angle and the floating rim of the 
aerodynamic balances. It is possible to set the angles of attack in the range  

 = – 4…22 . Supersonic diffusor, two ejectors and silencer are located behind 
the test chamber in the order of the listing. 
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Fig. 2. Sketch of the T-313 wind tunnel of ITAM SB RAS: 
1 is fore-chamber; 2 is heater; 3 is aerodynamic scales; 4 is test chamber; 5 is supersonic  

diffusor; 6 is ejectors; 7 is noise-cancellation shaft; 8 is pressure chamber  

One run of the T-313 wind tunnel lasts from 3 to 10 minutes, depending on 
the operation mode. The air is supplied from gas tanks, each at 1.8 MPa pressure. 
The gas tanks are filled with air by a turbine compressor station. The two ejectors 
and the maximum allowed total flow stagnation pressure of 1.6 MPa allows the 
Reynolds number to be varied in the range of Re = (5…70) ∙ 106. 

Flow-meter and throttle. A flow-meter/throttle was used for measurement. 
It was used for measuring the flow on the air inlet output, and for throttling of 
this flow. The scheme of this device is shown on Fig. 3. 

Fig. 3. Flow-meter/throttle device: 
1 is settling settling chamber; 2 is measurement section with a comb of Pitot pressure gauges;  

3 is holes for static pressure measurement; 4 is blocking cone; 5 is electric motor 
 
The air inletinlet under test is first being connected to the flow measurement 

device. The air caught by the air inlet then reaches the settling chamber 1 (its 
diameter is 114 mm). The following part is a cone where the diameter decreases 
to 100 mm. After this cone, there is a measurement section 2, also having a 
diameter of 100 mm, length 145 mm. The diameter of measurement chamber is 
constant. The measurement section features Pitot pressure gauges placed 
equidistantly on the rings mounted at the measurement (control) cross-section. 
The walls at the measurement (control) cross-section also have 3 holes for 
measurement of static pressure. 
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After the measurement cross-section, the blocking cone 4 is installed. The 
cone may be moved along the wind tunnel’s axis using, propelled by an electric 
motor 5. The required displacement of the cone (ca. 72 mm) is being set up before 
the experimental run, using the terminal switches in the motor’s power supply. 
Setting the displacement of the cone changes the output area (Aout) of the 
measurement device channel. The output area changes from 0 to 6400 mm2  
(the output diameter is 90 mm). The ratio of the output area to the measurement 
chamber area Aout / Amc can therefore be changed in the range from 0 to 0.81 
(Amc = 7854 mm2, measurement chamber diameter is equal to 100 mm). Usually, 
during an experimental run the blocking cone was moved forward (i.e., output 
area was reduced) till surging occurred on the air inlet input, and then the cone 
was moved backward (i.e., output area was increased). Our experimental runs 
employed a new method for throttling, where the blocking cone was being 
continuously moved during the experimental run with the velocity of 1.6 mm/s. 
The pressures measured in the measurement chamber were registered using a 
rapid registration system capable of the registration of up to 500 data points per 
second. 

The throttling device and air inlet model are installed in the test chamber. 
They are fixed using supports connecting them to the lower wall of the chamber. 
The attack angle was chosen to be  = 0 throughout all test runs and was not 
changed. 

Many years of experience in the research of inhomogeneity of the field of air 
flow velocities has shown that the mean square deviation for Mach numbers in 
the test chamber don’t exceed 0.5 % at M = 2–4. The measurement error for 
deceleration parameters don’t exceed 0.1–0.3 %, the angle of attack is measured 
with an error not worse than  0,05 , and the free turbulence does not exceed 
0.2–0.4 %. 

Table 1 below presents the flow parameters for T-313 wind tunnel of the 
ITAM SB RAS characterizing the experiment runs. 

Table 1 
Typical experimental condition for testing of a mult-wedge  

air inlet via T-313 wind tunnel 
Experimental run ID M Р0, MPa Т0, K Re 

4168 4.05 1.05 288 50.5 ∙ 106 
4171 3.05 0.463 278 38.1 ∙ 106 
4176 2.55 0.352 282 36.6 ∙ 106 

The air inlet was tested using the flow-meter/throttling device at the nom-
inal Mach numbers of M = 2.55, 3.05, 4.05 with no heating of the air flow. 
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Experimental design and error estimation for throttling parameters. 
There is a well-known method for aerodynamic model testing of the air inlet 
using stationary wind tunnels at high supersonic flow velocities (M  2). Specifics 
of the method are described in papers [6–9]. According to this method, the super-
sonic flow is being decelerated down to low sub-sonic velocities in the settling 
chamber 1 (Fig. 3) of the flow-through channel of the flow-meter/throttling 
device. Then, the flow is measured as well as the total pressure of the passing air. 
The throttling characteristic of the air inlet is the dependence between the 
coefficient of total pressure recovery (stagnation pressure) recovery and the flow 
rate coefficient, measured under the changing counter-pressure values in the area 
behind the air inlet. 

When the counter-pressure changes due to active throttling of the output 
section of the channel, the characteristics of flow through the air inlet also 
change. Usually that involves a significant change in the flow coefficient, while 
the total pressure recovery coefficient almost doesn’t change. Increased throttling 
moves the normal shock into the area in front of the input cross-section of the air 
inlet’s cowl, which can cause surging of the air inlet. 

Total pressure recovery coefficient is the ratio of the pressure measured by 
the comb of total pressure gauges in the measurement section to the stagnation 
pressure of the approach flow. The stagnation pressure error measured in T-313 
wind tunnel does not exceed 0.1 %. The stagnation pressure change due to wind 
tunnel control system operation is 1–2 % during one experimental run. The 
actual values of the stagnation pressure where measured on-line with the model 
characteristics measurement, i. e., the slow changes of the stagnation pressure 
were accounted for. 

The static pressure was measured using eight sensors installed in the 
measurement section of the flow-meter of the model. Each sensor employed 
TDM2-A pressure sensing unit capable of the measurement range between 0 
and 1.6 bar. According to its data sheet, the measurement precision of each 
sensor is 0.1 %. Our experience shows that the inhomogeneity of the static 
pressure in the measurement section (the deviation of the values provided by 
individual sensors from the mean value of data from all sensors) does not 
exceed 1 %. Considering the irregularities of individual sensor calibration, 
errors of data registration and other systems, we assume the error of the 
individual pressure sensor to be 0.5 %. 

The error of the flow measurement depends on the precision of the 
measurement of the ttoal and the static pressures in the measurement section, 
and also on the absolute value of the flow velocity (Mach number) in this 
section [10]: 
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0(M ) ( ) ( )) (M ) ,c c cP P F  

where 2 2(M ) M 1 ( 1)M 2 ,c c cF   — adiabatic index. 

The value F(Mс) decreases significantly for lower Mach numbers, which in 
turn drives the increase of the Mach number measurement error. The minimum 
Mach number observed during our experiments on the measurement comb was 
Мс = 0.4, which yields F(Mс) = 0.2. Therefore, 0(M ) ( ) ( ) (M )c c cP P F  = 
= (0.002 + 0.002) / 0.2 = 0.02 = 2 %. 

Once the Mach number measurement error is known, flow rate measure-
ment error can be calculated using the formula: 

2
0

2

(1 ) M
( ) 1 (M ) ( ).

12 1 M
2

c
c

c

W P  

Therefore ( )W = 0.81 ∙ 0.02 + 0.02 = 0.036 = 3.6 %. 
The flow rate coefficient  of the air inlet is the ratio of the flow rate 

through the measurement section to the maximum possible air flow rate 
through the intake section of the air inlet G0 

0( ) / .G t G  

The area of the intake section of the air inlet is defined as the area of a fig-
ure formed by the projections of the forward edges of the air inlet on a plane 
perpendicular to the air inlet’s axis. The precision of the oncoming air flow 
measurement is ca. 1 %. Therefore, the error of the flow rate coefficient meas-
urement amounts  ( ) = 4.6 %. 

The total pressure was measured using nine Pitot pressure gauges placed in 
the measurement section of the flow-meter. Each gauge of the comb employed an 
TDM2-A pressure sensor with the measurement range of 0 to 6 bar. The data 
sheet provided precision value for the sensor is 0.1 %. The experience with the 
experimental results processing shows that, for each data point, the deviation of 
each sensor’s measurement from the average of all sensors’ measurements did not 
exceed  (P0) = 2 %. Considering the irregularities of individual sensor calibration, 
errors of data registration and other systems, we assume the error of the 
individual pressure sensor to be 0.5 %. 

The precision of the oncoming flow measurement is 0.2 %. Therefore, the 
precision of the determination of recovery coefficient for the total pressure in 
the experiments in question does not exceed  ( ) = 0.5 %. 
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Experimental results. Figure 4 presents typical shadowgraphies of the 
flow on the input part of the poly-wedge air inlet. 

 

 

 
Fig. 4. Shadowgraphies of the flow in the intake area of the multi-wedge air inlet а are 

stable intake mode; b are surging 
 
Figure 5 presents typical graphs for averaged total and static pressure 

measured at the measurement section of the air inlet. For each experimental run, 
just after the flow was stabilized, blocking system motor was turned on, which 
moved the blocking cone forward (i.e., closing the inlet). The system of 
shockwaves established in the flow-meter’s channel thus moved forward towards 
the entrance of the inlet, due to increasing counter-pressure. The flow velocity 
before pseudo-shock decreased and the losses of the total pressure related to the 
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Fig. 5. Measurement of the flow rate and total pressure in the measurement section  
of the flow-meter. Multi-wedge air inlet testing  

 
trans-sonic transition decreased as well. This situation can be seen on the total 
pressure graphs, as the measurements are taken under constant approach flow 
pressure. At a point, the shockwaves transition through the entrance part of the 
inlet, thus disrupting the intake flow of the air inlet. This is the surging mode of 
operation of the inlet. It can be seen on the shadowgraphs. Total pressure in this 
mode decreases significantly and becomes highly unstable. The surging is 
highlighted on Fig. 5 using a rectangular frame. After the surging happened, we 
switched the direction of the blocking cone’s movement, and the throttle begun 
moving towards the exit of the flow-meter device. At a point, surging 
disappeared and the flow in the inlet restored. As the throttle was opened, the 
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shockwaves moved back from the inlet, due to reduction of the counter-pressure. 
Flow velocity increased and total pressure after trans-sonic transition decreased. 

Fig. 5 shows that surging and flow recovery on the entrance of the air inlet 
happens at different blocking cone displacements both for M = 2.55 and 
M = 3.05. It can be concluded that the air inlet under test features hysteresis 
property, and the processes of surging and flow recovery differ. At M = 4.05 
there was no hysteresis even when the blocking cone was in the “fully closed” 
position. In this case, both the shadowgraphs and calculation show that the 
channel is not being closed. 

On the right-hand side of the Fig. 5 the red curve shows the flow 
measurement on the entrance of the air inlet (calculated based on the known 
parameters of the approach flow and geometric parameters of the cowl). The blue 
line shows the data of the flow measurement in the flow-meter system. It is 
shown that, for the multi-wedge air intake under consideration, the flow in the 
measurement section remains practically constant despite the constantly 
changing throttle displacement. Only during the surging mode, the flow in the 
measurement section significantly decreases and becomes unstable. This fact 
shows that a significant part of the approach flow does not go into the inlet. 
When the blocking cone is moved back, at a point the surging mode ends and the 
flow in the measurement section restores. 

Numerical simulation. The object of simulation was a ramjet equipped 
with a multi-wedge air inlet, installed on an aerial vehicle flying at the altitude 
of 0.87 km with the velocities of M = 2.5, 3, 4 (Table 2). The throttling charac-
teristics of the air inlet were changed because of heating of the air flow in the 
combustion chamber producing input power from 0 to 40 MW, corresponding 
to enthalpy change  out inI I in the range of 1 to 7.  

Table 2 

The modelled flight parameters for numerical simulation  
of the multi-wedge air inlet 

M Altitude, km Р0, MPa Т0, K Re 
4 0.87 14.1 1186 36.6 ∙ 106 
3 0.87 3.4 791 38.1 ∙ 106 

2.5 0.87 1.6 636 50.5 ∙106 
 
The numerical simulation was performed using a software complex con-

sisting of SolidWorks and ANSYS modelling system. The 3D model of the air 
inlet was first prepared in SolidWorks, then it was exported into ANSYS where 
the aerodynamic calculations took place. 
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Fig. 6. Examples of the flow diagrams in the ramjet model: 

а are М = 2.5, heat addition of 16 MW (Iout / Iin = 6.62); b are М = 3, heat addition of 25 MW 

(Iout / Iin = 6.56); c are М = 4, heat addition of 40 MW (Iout / Iin = 5.43) 
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ANSYS modelling system uses finite volume method and stationary  
Navier — Stokes equations. The tool automatically analyses the geometry of the 
body under consideration and creates the grid on the body itself as well as in  
the volume of interest. The grid is then being optimized; in the areas close to the 
body and in the areas of high gradients the grid can contain up to 2 500 000 cells. 
The turbulence was implemented using the (k– )-model. Figure 6 features 
examples of Mach number distribution in the ramjet channel at different heat 
addition obtained by modelling. 

Based on the calculated values of the flow and the mass-averaged total 
pressure in the jet engine channel, the flow rate coefficient and the total pressure 
recovery coefficient were calculated for different throttling values (determined by 
flow heating in the combustion chamber). 

Throttling characteristics. Taking together the direct measurements of 
the total pressure and the flow rate in measurement cross-section, one may get 
the throttling characteristic of the air inlet in question. Throttling characte-
ristic is the ratio of the total pressure recovery coefficient and the flow rate 
coefficient at the known Mach number for the approach flow. The throttling 
characteristics of the multi-wedge air inlet at various Mach numbers is 
pictured on the Fig. 7. 

Fig. 7. Throttling characteristics of the multi-wedge frontal air inlet: 
 are forward movement of the throttle;  are reverse movement of the throttle; 

  are calculation 
 
The arrows show the direction of the throttle’s movement. The dissimilari-

ties between the throttling characteristics of the forward movement and the 
reverse movement of the blocking cone show the existence of a hysteresis 
when the flow restores from the surging mode. The crosses show the computa-
tional results for the air movement in the air inlet at different heat addition 
from the combustion chamber. The evident convergence between the compu-
tational and the experimental data both for the pressure recovery coefficient 
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and the flow rate coefficient shows that the Reynolds number has low influ-
ence in the range under consideration. 

Conclusion. 1. A new and original method for measurement of throttling 
characteristics of air inlets using a wind tunnel of stationary action and con-
tinuous supervision of the flow characteristics in the measurement section was 
suggested. 

2. Experimental research into the throttling characteristics of a novel axis-
symmetrical air inlet with multi-wedge central body (star-shaped cross-
section), at Mach numbers in range from M = 2.5 to M = 4 was performed. 

3. The results of the 3D numerical simulation of the flow in the air inlet 
under consideration with heat addition from the combustion chamber converge 
with the experimental data. 

Translated by O. Kirovskii 
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