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Abstract

In this work, an overview of flow diagnosis in a shock tunnel is made by means of using established techniques that are 

easy to setup, economical to arrange, and simple to measure. One flow condition was considered having Mach number of 6 

at the nozzle-exit, regarded as freestream. Measured aerothermodynamic data such as shock wave speed, wall static and total 

pressures, surface heat flux, and shock stand-off distance ahead of test model showed good agreement with calculation. This 

study shows an overall procedure of flow diagnosis in a shock tunnel in a single manuscript. Outcomes are thought to be useful 

in the field of education and also in a preliminary stage of high-speed vehicle design and tests, that need to be performed 

within a short time with decent accuracy.
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1. Introduction

Over the years, shock tunnels have been used by numerous 

researchers to characterize aerothermodynamic properties 

of supersonic to hypersonic flow around an object [1-4]. A 

comprehensive review on shock tunnel operation and its 

characteristics can be found in literature [5-9]. Therefore, only 

a brief description is given as follows. Fig.1 shows schematic 

and distance-time (x-t) diagram of a shock tunnel. In the 

schematic, regions 1 and 4 denote filling condition of gases 

in driven and driver tubes, respectively. The gases are initially 

separated by a 1st diaphragm. After filling a sufficiently high 

pressure gas in the driver tube, the diaphragm cannot bear 

the pressure difference and it passively ruptures. Upon the 

rupture, a shock wave is created which moves through the gas 

in the driven tube. Behind the shock wave is a region of heated 

gas, denoted as region 2. The heated gas is then followed by 

a contact surface which is an interface between the gases in 

regions 2 and 3. When the shock wave reaches an end-wall of 

the driven tube, a 2nd diaphragm ruptures and the shock wave 

reflects back against the flow. The region behind the reflected 

shock is known as a reservoir region, defined as region 5, in 

which a nearly stagnant high temperature and high pressure 

gas is formed. Flow in this region expands through a nozzle 

and reaches a test model that is usually located in the vicinity 

of nozzle-exit. Available test time is ideally defined by the time 

difference between the primary shock wave and the contact 

surface arrivals at the end-wall of the driven tube.

When utilizing the shock tunnel, one important aspect 

that one must consider is about a thorough understanding 

of flow quality throughout the test facility. This includes 

accurate estimations of primary shock wave speed and 

aerothermodynamic properties in regions 2 and 5. The 

properties usually considered are wall static and total 

pressures, surface heat flux, flow enthalpy, and shock stand-

off distance ahead of the test model. Table 1 presents a 

literature survey of flow diagnosis technique in a shock tunnel. 

To date, numerous measurement techniques (by means of 

optical, electrical, spectrometrical, intrusive as well as non-

intrusive) are available that can examine the fore-mentioned 
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aspects. However, it is to be noted that many of the exiting 

techniques are difficult to setup and not economical 

which is an expensive option from an academic research 

viewpoint. Alternatively or con-currently, one could have 

used a Computational Fluid Dynamics (CFD) approach and 

compared the results with limited amount of experimental 

data as is the norm at the present time. Concerning the 

computational power, however, the CFD approach may be 
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Fig. 1. Schematic and x-t diagram of a shock tunnel

Table 1. Literature survey of flow diagnosis in a shock tunnel 
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Table 1. Literature survey of flow diagnosis in a shock tunnel  

   Measurement technique 
Ref. Year Flow condition  Pressure Heat flux Flow visualization 

[10] 2008 M∞ = 9.13, 10.3  Wall static 
Pitot (flush-mount) 

Thermocouple (K-type) 
Thin-film gauge 

Schlieren 
Interferometry 

[11] 1996 M∞ = 7.4, 7.5, 9  Pitot (recess-mount) - - 

[12] 2016 M∞ = 3.98  Pitot (flush-mount) 
Pitot (recess-mount) - Shadowgraph 

Chemiluminescence
[13] 2009 M∞ = 10  Pitot (recess-mount) - - 

[14] 2010 M∞ = 9.13, 10.3  Wall static 
Pitot (flush-mount) 

Thermocouple (K-type) 
Thin-film gauge - 

[15] 1997 M∞ = 8~16  - Thin-film gauge - 

[16] 2015 M∞ = 8  Pitot (recess-mount) Thermocouple (E-type) 
Thin-film gauge - 

[17] 2016 M∞ = 5.75  - Thermocouple (K-type) - 

[18] 2010 M∞ = 8  Wall static 
Pitot (flush-mount) Thermocouple (E-type) - 

[19] 2015 M∞ = 5.8~7.3  - Thermocouple (E-type) Schlieren 

[20] 2009 u∞ = 2.5~4.5 
(km/s)  - - Schlieren 

[21] 2014 M∞ = 10.3  - - Photograph 
(camera) 

[22] 2016 M∞ = 6.8, 6.9  Wall static 
Pitot (recess-mount) - Schlieren 

[23] 2007 M∞ = 8.8, 9.2  Pitot - Schlieren 
[24] 2003 M∞ = 10.4  - Thin-film gauge Schlieren 

[25] 2014 M∞ = 4.02  Wall static 
Pitot (flush-mount) - Schlieren 

Chemiluminescence

[26] 2017 u∞ = 2.77~2.34 
(km/s)  Pitot Thermocouple (E-type) - 

 

 

In light of the above discussions, the present paper serves in one aspect. Using the available 

established measurement techniques, an overview of flow diagnosis in a shock tunnel is made. Other 

than using the expensive and time-consuming techniques, only the techniques that are easy to setup, 

cheap to arrange, and simple to measure are considered. Another contribution from this work is that 

these techniques are considered and compared in a single manuscript so the readers can easily follow 

an overall procedure regarding the flow diagnosis. In particular, the authors believe that this work can 

be served useful in the field of education and in a preliminary stage of high-speed vehicle design and 

tests, that need to be performed within a short time with decent accuracy. 
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viable and reasonable for an examination of flow around the 

test model, but not the entire test facility. 

In light of the above discussions, the present paper serves 

in one aspect. Using the available established measurement 

techniques, an overview of flow diagnosis in a shock tunnel is 

made. Other than using the expensive and time-consuming 

techniques, only the techniques that are easy to setup, cheap 

to arrange, and simple to measure are considered. Another 

contribution from this work is that these techniques are 

considered and compared in a single manuscript so the 

readers can easily follow an overall procedure regarding the 

flow diagnosis. In particular, the authors believe that this 

work can be served useful in the field of education and in 

a preliminary stage of high-speed vehicle design and tests, 

that need to be performed within a short time with decent 

accuracy.

2. Overview of flow diagnosis

2.1 Test facility

 Shock tunnel used in this work consisted of a shock tube, 

a nozzle, a test section, and a dump tank. The shock tube 

contains a driver tube, a transition section, and a driven tube. 

Their respective length and internal diameter were 2.4 m and 

68 mm for the driver tube, 6 cm and 68 mm for the transition 

section, 3.6 m and 47.5 mm for the driven tube. The driver 

tube and the driven tube were initially separated by the 

transition section with diaphragms placed at both ends of 

the section. The diaphragms used were of a 0.35 mm thick 

polyethylene sheet. The gases used in the driver tube and 

the transition section were a high purity (99.99%) helium. 

The gas used in the driven tube was dry air which served as 

test gas. One flow condition was used in this work. Pressure 

fill conditions of the driver tube, transition section, and 

driven tube were 3.1 MPa, 1.6 MPa, and 40 kPa, respectively. 

A diaphragm made of a 0.04 mm thick polyethylene was 

placed at the end of the driven tube that was connected with 

a Mach 6 conical nozzle. The nozzle was manufactured from 

aluminum and it had an exit-to-throat ratio of 56.3. A half 

angle of the nozzle was 7.3° and its length was 30 cm.

2.2 Pressure measurement

For surface pressure measurements, piezo-resistive and 

piezo-electric transducers have been widely used [10-14]. 

Both the transducers can accurately measure a transient 

pressure response, but the latter is based on a piezo-electric 

effect that is known to produce less noise and is semi-

permanent. Right installation at the model surface is an 

important aspect for an accurate pressure measurement. 

Two different installation methods are often used; a flush 

mount in which the front end of the pressure transducer 

and the model surface are aligned, and a recessed mount 

in which the cavity exists between the front end of the 

pressure transducer and the model surface. The former has 

an advantage of direct contact with the flow to minimize 

from flow disturbance. On the other hand, a disadvantage 

is that fragments from flying debris may cause damage 

and malfunction of the transducer. The recessed mount 

has an advantage of protecting the transducer from the 

fragments because of the cavity with a small hole between 

the transducer and the model surface. However, if the cavity 

is not designed properly, a resonance from wave oscillation 

may occur in the cavity makes the measurement not possible 

[13, 27]. 

In this study, the driven tube is equipped with 

piezoelectronics PCB transducers 16011 and 16008 series 

that measured wall static pressures and an incident shock 

wave speed. The transducers had a sensitivity of 1.493 mV/

kPa and 1.471 mV/kPa, respectively. At the end wall of the 

driven tube, a 16852 series PCB transducer was placed to 

measure the total (or reservoir) pressure. The transducer had 

a sensitivity of 1.436 mV/kPa. The pitot pressure at the nozzle-

exit was measured using a 16851 series PCB transducer. It 

had a sensitivity of 1.431 mV/kPa. Time response of each 

PCB transducer is less than 2 μs which is well-suitable for 

the short duration (the order of milliseconds) transient 

measurement [13]. Fig. 2 shows schematic of the pressure 

measurement setup. 

Figure 3 shows the static pressures measured along the 

wall of the driven tube and the pitot pressure at the nozzle-

exit. Stations (1) and (2) are located respectively at 60 cm 

and 10 cm away from station (3). The station (3) represents 

the end-wall of the driven tube. The symbol p0 represents 

pressure in the reservoir. The primary shock wave speed was 

measured based on the stations (1) and (2). When the test 

gas reached the driven tube end, the primary shock reflects 
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Fig. 2. Setup for pressure measurement 
Figure 3 shows the static pressures measured along the wall of the driven tube and the pitot 

pressure at the nozzle-exit. Stations (1) and (2) are located respectively at 60 cm and 10 cm away 

from station (3). The station (3) represents the end-wall of the driven tube. The symbol p0 represents 

pressure in the reservoir. The primary shock wave speed was measured based on the stations (1) and 

(2). When the test gas reached the driven tube end, the primary shock reflects and propagates back 

through the driven tube. An almost reservoir of high pressure is formed as seen in the station (3) 

results.  

 

Fig. 2. Setup for pressure measurement
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and propagates back through the driven tube. An almost 

reservoir of high pressure is formed as seen in the station (3) 

results. 

Various shots of pressure trace are included to show 

the shot-to-shot repeatability. In the figure, the times are 

synchronized with respect to flow arrival at the station (1). 

The flows were considered to be steady when the mean 

value reached about 95% of their final values for pressure. 

The uncertainty (%) denotes the standard deviation of the 

properties based on the 95% confidence interval.

In Fig. 3, a steep rise of the wall static pressure signal is due 

to the primary shock wave arrival. At the end-wall (station 3), 

the second pressure rise of about 0.7 ms corresponds to the 

arrival of the reflected shock wave because the transducer 

was located a slight distance away from the end-wall. The 

flow requires about 0.1 ms to establish and reach steady 

lasts for about 0.6 ms. Within the steady flow, the measured 

reservoir pressure is 3.04 ± 0.02 MPa.

The pitot pressure was measured at the station (4). Three 

different installation methods were examined. The mounting 

arrangements are shown in Fig.3. The type A represents the 

flush-mount. The type B also represents the flush-mount, 

but with a thickness of 0.01 mm polyvinyl-chloride sticker at 

the front end of the pressure transducer, to protect from the 

debris and to reduce noise through damping. The type C is 

the cavity mount, having a hole diameter (D) of 2 mm with a 

depth (L) of 1 mm. 

Looking at the pitot pressure data, the steep initial rise of 

the signal at about 0.8 ms corresponds to the arrival of the 

shock wave at the nozzle-exit. The flow requires about 0.5 ms 

to establish and becomes steady. The flow remains steady 

for about 0.5 ms. During the steady flow, the measured pitot 

pressure is 85 ± 1.7 kPa. The difference in pressure during the 

steady flow between the type A and the type B is seen to be 

quite small. However, the type B data shows better shot-to-

shot repeatability having the standard deviation less than 

1.9%. It is suspected that the type B is less susceptible to 

noise than that of the type A. The type C data shows strong 

oscillations during the steady flow. It was thought that the 

cavity in front of the transducer is not having an ideal size 

7 

Fig. 3. Measured wall static and pitot pressures 
 
 
Various shots of pressure trace are included to show the shot-to-shot repeatability. In the figure, the 

times are synchronized with respect to flow arrival at the station (1). The flows were considered to be 

steady when the mean value reached about 95% of their final values for pressure. The uncertainty (%) 

denotes the standard deviation of the properties based on the 95% confidence interval. 

In Fig. 3, a steep rise of the wall static pressure signal is due to the primary shock wave arrival. At 

the end-wall (station 3), the second pressure rise of about 0.7 ms corresponds to the arrival of the 

reflected shock wave because the transducer was located a slight distance away from the end-wall. 

Fig. 3. Measured wall static and pitot pressures



429

Ikhyun Kim    Overview of Flow Diagnosis in a Shock Tunnel 

http://ijass.org

so that cannot be free from acoustic resonance [13]. In their 

similar experiments, Engblom et al. [28] found out that for 

the case of small cavities (L / D < 1), the resonance was 

caused by the freestream noise. Possibly, the similar state of 

affair is also seen in the present data in which the end-wall 

data shows much less oscillation than that of the pitot data 

at the nozzle-exit.

2.3 Heat flux measurement

 For transient surface heat flux measurement with a 

response time of the order of microseconds, two different 

types of sensors; thermocouple and thin-film gauge, have 

been widely used [10, 14-19, 24, 26]. Thermocouples are 

known to be robust, can survive under harsh environments, 

and often used in high enthalpy flow testing because of its 

relatively low sensitivity (e.g., 40 μV/K to raise 1 K for the 

K-type).

Thin-film gauges are known to be less robust, but has much 

higher sensitivity than that of the thermocouple and so they 

are often used for the testing wherever signal-to-noise ratio 

is low. Although these two sensors have been extensively 

used over the decades, it is still vaguely understood about the 

coverage area of flow spectrum that each sensor can handle.  

Figure 4 shows a photograph and a schematic of the setup 

for heat flux measurement using a thermocouple. The co-

axial surface junction K-type thermocouple was used. It was 

flush mounted with the surface at the stagnation-point of a 

hemisphere. The composition of the K-type thermocouple was 

chromel (90% nickel and 10% chromium) and alumel (95% 

nickel, 2% aluminum, 2% manganese, and 1% silicon) [29]. 

An alumel rod of 1 mm diameter was inserted into an 

annular chromel cylinder. A 1 mm diameter hole was drilled 

through a chromel cylinder. Each material was electrically 

insulated by an araldite. The heat shrink was used to insulate 

the thermocouple with the model. Sand papers (400 grits, 

800 grits) were used to form a thin junction that was made 

at the end of the two dissimilar metals. The resistance of 

the junctions was about 1 to 2 Ohm [30]. The junction was 

connected electrically to a two- stage high-speed operational 

amplifier with a gain of about 1000 through a pair of enamel-

coated copper wires. Signals were recorded using a digital 

oscilloscope (GDS-2064, manufactured by INSTEK).

Figure 5 shows a photograph and a schematic of the 

setup for heat flux measurement using a thin-film gauge. 

The substrate was made of quartz rod with a length of 6 mm 

and a diameter of 2 mm. It had negligibly small thermal 

conductivity and low porosity. 

The rod surface was highly polished using up to a level of 

2000 grits sandpaper and a 1 μm diamond suspension using 

a crocus cloth on an automatic rotating disk. Toward both 

ends of the platinum film, metallo-organic gold, was hand-

painted and continued on the sides of the surface and then 

fired in a furnace. The approximate thickness of the fired 

platinum film was about 150 to 250 nm. The metallo-organic 

gold layer was less than 1000 nm. A typical resistance of the 

gauges was about 50 to 200 Ohm. The gauge was connected 

to a constant-current regulator and a differential amplifier. 
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The regulator supplied a constant current of 10 mA through 

the gauge and the voltage history was recorded using an 

oscilloscope. The measured time history of voltage from 

each sensor was converted to heat flux using a well-known 

one-dimensional heat conduction equation based on the 

assumption of semi-infinite slab theory [30],
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where, q, �, ��, and � denote heat flux, density, specific heat, and thermal conductivity, respectively. 

The quantity ���������	is known as the thermal product which depends on the substance. The thermal 

product of the thermocouple was determined to be 9690 ± 300 Ws0.5/m2K using a water-dipping 

calibration technique [31]. Concerning the thin-film gauge, ��������� was determinded to be 1500 ± 

120 Ws0.5/m2K through the dynamic calibration using a shock tunnel [31]. The variable T(ti) is the 

transformed temperature from the measured voltage from the each sensor using the relation, 
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In Eq. (2), the value �� is defined as the coefficient of resistivity which can be obtained through a 

static calibration technique. The static calibration measures the change of the resistance value by 

gradually increasing the temperature of the sensor in an oven [32]. 
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The quantity qs is the stagnation heat flux and Pr is the 

Prandtl number of test gas. The other parameters ρ, μ, H 

and β are density, viscosity, enthalpy and velocity gradient, 

respectively. Subscripts w, e, and ∞ denote conditions at 

the wall, the edge of the boundary layer downstream of the 

normal shock wave, and the freestream, respectively. 

Figure 6 compares the measured stagnation-point heat 

flux data from using the thermocouple and the thin-film 

gauge with that of the theoretical calculation. The time is 

10 

high-speed operational amplifier with a gain of about 1000 through a pair of enamel-coated copper 

wires. Signals were recorded using a digital oscilloscope (GDS-2064, manufactured by INSTEK). 

Figure 5 shows a photograph and a schematic of the setup for heat flux measurement using a thin-

film gauge. The substrate was made of quartz rod with a length of 6 mm and a diameter of 2 mm. It 

had negligibly small thermal conductivity and low porosity.  

 

 
 

Fig. 5. Heat flux measurement setup for thin-film gauge 
 
 
The rod surface was highly polished using up to a level of 2000 grits sandpaper and a 1 μm diamond 

suspension using a crocus cloth on an automatic rotating disk. Toward both ends of the platinum film, 

metallo-organic gold, was hand-painted and continued on the sides of the surface and then fired in a 

furnace. The approximate thickness of the fired platinum film was about 150 to 250 nm. The metallo-

organic gold layer was less than 1000 nm. A typical resistance of the gauges was about 50 to 200 

Ohm. The gauge was connected to a constant-current regulator and a differential amplifier. The 

regulator supplied a constant current of 10 mA through the gauge and the voltage history was 

recorded using an oscilloscope. The measured time history of voltage from each sensor was converted 

to heat flux using a well-known one-dimensional heat conduction equation based on the assumption of 

Fig. 5. Heat flux measurement setup for thin-film gauge
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the thin-film gauge with that of the theoretical calculation. The time is synchronized with respect to 

the shock wave arrival at the nozzle-exit. During the steady time, the mean heat flux value of the 

thermocouple is 1.26 ± 0.03 MW/m2. The theory is determined to be 1.12 MW/m2 which differs by 

11.5% with that of the experiment. This trend is consistent with the results obtained by Chadwick [15]. 

In the work of Holden [34], a large range of stagnation heat-flux data showed the general tendency that 

the experimental data are 10% to 20% higher than that of the Fay and Riddell prediction, who noted that 

the small noise and the flow disturbance could have a strong effect on the heat flux measurement. While 

aforementioned researchers focused on experimental uncertainties, Olivier [35] found out that the 

limitations on the theoretical approach at the stagnation-point heating. He noted that the determination 

of the velocity gradient with the Fay and Riddell prediction, neglects the vorticity produced by the bow 

shock ahead of the stagnation-point that might enhance the stagnation-point heating. In addition to this, 

another possibility for the smaller value of the theoretical calculation is thought to be partially due to the 

flat shape of the heat flux gauge that was flush mounted at the stagnation-point surface of the 

hemisphere. The velocity gradient of the flat-shaped body is known to be much less than that of the 

hemispherical body [36]. 
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synchronized with respect to the shock wave arrival at the 

nozzle-exit. During the steady time, the mean heat flux value 

of the thermocouple is 1.26 ± 0.03 MW/m2. The theory is 

determined to be 1.12 MW/m2 which differs by 11.5% with 

that of the experiment. This trend is consistent with the 

results obtained by Chadwick [15]. In the work of Holden 

[34], a large range of stagnation heat-flux data showed the 

general tendency that the experimental data are 10% to 

20% higher than that of the Fay and Riddell prediction, 

who noted that the small noise and the flow disturbance 

could have a strong effect on the heat flux measurement. 

While aforementioned researchers focused on experimental 

uncertainties, Olivier [35] found out that the limitations on 

the theoretical approach at the stagnation-point heating. He 

noted that the determination of the velocity gradient with the 

Fay and Riddell prediction, neglects the vorticity produced 

by the bow shock ahead of the stagnation-point that might 

enhance the stagnation-point heating. In addition to this, 

another possibility for the smaller value of the theoretical 

calculation is thought to be partially due to the flat shape of 

the heat flux gauge that was flush mounted at the stagnation-

point surface of the hemisphere. The velocity gradient of the 

flat-shaped body is known to be much less than that of the 

hemispherical body [36].

It can be seen that the thin-film gauge data shows a large 

variation during the test time. Shots were repeated and the 

trend was all qualitatively similar. This is most likely due to 

the high sensitivity of the gauge that even reacts from the 

impact of small vaporized diaphragm debris. This indicates 

that even for the low enthalpy condition (H0 = 1.7 MJ/kg) at 

which the thin-film is known to be more suitable, because 

of its superior sensitivity the thermocouple seems somewhat 

more appropriate. Although this finding is not a definite 

conclusion, but at least for the condition investigated here, 

that a caution needs to be exercized in choosing the right 

type of sensor for the heat flux measurement.   

2.4 Enthalpy measurement

 Flow total enthalpy can be obtained using the empirical 

solution proposed by Zovy [37], 
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In the equation, R0 is the nose radius. The quantity Ki is the constant based on specific gas used. For 
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McBride used in the chemical equilibrium compositions and applications (CEA) program. Table 2 

shows a comparison of the total enthalpy from the experiment and the freestream condition based on 

the calculation. The calculated value was obtained from using the CEA program [38] with Ts and ps as 

inputs. 
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H0 Experiment (Eq. (5)) Freestream (CEA)  Driven tube  (Condition 5)
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the constant based on specific gas used. For air, the value is 

known as 0.0001235 kg/(cm3/2∙s∙atm1/2). The subscripts w and 

0 denote wall and total condition, respectively. The quantities 

qs and ps were determined to be 1.26 ± 0.03 MW/m2 and 

85 ± 1.7 kPa from the experiment. Based on the measured 

heat flux and the assumption of stagnation pressure equals 

to the boundary layer edge value, the stagnation enthalpy 

can be calculated using Eq. (5). The total enthalpy H0 of 

the freestream was regarded equal to the enthalpy at the 

boundary layer edge. The wall enthalpy Hw was calculated 

by assuming a constant wall temperature at Tw of 300 K. 

The value of specific heat ratio was determined as 1.4 using 

a method suggested by Gordon and McBride used in the 

chemical equilibrium compositions and applications (CEA) 

program. Table 2 shows a comparison of the total enthalpy 

from the experiment and the freestream condition based 

on the calculation. The calculated value was obtained from 

using the CEA program [38] with Ts and ps as inputs.

The experimental data was also compared with the 

calculated value of the reservoir (condition 5) in the driven 

tube. The three enthalpy values show good agreement, 

showing an auditing of energy conservation is adequate. 

This indicates that, even from using such a simple approach, 

the estimation of flow total enthalpy can be made with 

reasonable accuracy.

2.5 Shock stand-off distance measurement

Shock stand-off distance is an important parameter when 

assessing flow quality in a shock tunnel. It is ideal to produce 

an equilibrium flow at the nozzle-exit, but in many cases, 

because high pressure and temperature are maintained in 

the reservoir and they exhibit a strong expansion along the 

hypersonic nozzle, the flow tends to induce a certain degree 

of thermo-chemical non-equilibrium or even freezes. This 

may cause some uncertainty in the estimation of chemical 

state of test gas. Also, it leads to the density across a shock 

wave to be smaller than that of the desired flow which is in 

equilibrium. The non-equilibrium could directly affect the 

performance of the shock stand-off distance [20, 21, 39]. 

A Z-type shadowgraph method was used to acquire 

the shock stand-off distance. Fig. 7(a) shows a schematic 

of the test section with the Z-type shadowgraph using a 

hemispherical model which is a generic blunt body has rich 

of information in literature [20-22, 39-43]. Main components 

of the shadowgraph were a light source, a high-speed camera 

Table 2. Flow total enthalpy 
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and optical equipments such as mirrors and lens. The dotted 

lines represent the optical light path. The light ray reached 

a concave mirror with a focal length of 1.5 m with a 150 

mm diameter. Then, the collimated beam passed through 

the test section. This beam was refocused by the second 

set of concave and flat mirrors. The light source used was a 

continuous-running laser manufactured by Laser Quantum 

Gem, operating up to 0.5 W at a single wavelength of 532 nm. 

The images were taken using the high-speed complementary 

metal-oxide semiconductor (CMOS) camera (FASTACAM 

Mini UX100 type 200K, manufactured by Photron) using a 

CMOS sensor having a 640 × 480 pixels. The exposure time of 

the camera was set at 3.9 μs and the frame rate of the camera 

was set at 16,000 frames/s.

Figure 7(b) compares the shock stand-off distance of 

the present data with that of the semi-empirical theory as 

well as low enthalpy (equilibrium) experimental data from 

literature [42]. The shadowgraph image shown was taken 

during steady flow. The hemisphere model had a diameter of 

30 mm. In the image, δ is the shock stand-off distance along 

the stagnation line and R0 is the radius of test model. The 

error bar indicates the uncertainty in the measurement. The 

quantity δ / R0 was determined to be 0.14 ± 0.003.

The theory value was obtained using an expression 

proposed by Serbin [42], 
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where the symbols M and γ denote Mach number and 

constant specific heat ratio, respectively. Using this relation, 

the freestream Mach number can be deduced from the 

measured data (Fig. 8). The symbol γ was taken to be 1.4 

assuming perfect gas. The present data are compared with 

the experimental data by Lobb [39] and the existing theory 

[42]. Looking at Fig. 8, it is seen that there is good agreement 

between the theory and the present data. The measured 

freestream Mach number is 6.06 ± 0.75. The predicted 

freestream Mach number is 6.08, which differs by 3% from 

the experiment.
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Fig. 8. Freestream Mach number comparison 
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One flow condition was considered. Shock tube properties were calculated using a simple gas 

dynamics calculator based on Rankine-Hugoniot relations [44]. Test gas was air. Pressure and 
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isentropic relations of supersonic gas expansion [45] with the reservoir properties as input. The pitot 

pressure (ppitot) was calculated using a Rayleigh supersonic pitot formula [46]. Thermodynamic and 

transport properties were calculated using the CEA program [38]. The quantity δ / R0 was calculated 

using the relation proposed by Serbin [42]. Table 3 summarizes the flow condition. The measured 
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2.6 Overview of flow condition

One flow condition was considered. Shock tube 

properties were calculated using a simple gas dynamics 

calculator based on Rankine-Hugoniot relations [44]. Test 

gas was air. Pressure and temperature in the regions 1 and 

4 were used as inputs. The nozzle condition was calculated 

using isentropic relations of supersonic gas expansion [45] 

with the reservoir properties as input. The pitot pressure 

(ppitot) was calculated using a Rayleigh supersonic pitot 

formula [46]. Thermodynamic and transport properties were 

calculated using the CEA program [38]. The quantity δ / R0 

was calculated using the relation proposed by Serbin [42]. 

Table 3 summarizes the flow condition. The measured flow 

properties are included for comparison. The uncertainty (±) 

denotes shot-to-shot variation of the averaged steady flow 

properties based on the 95% confidence interval. 

Looking at the table, the measured shock speed, 

reservoir pressure, and the pitot pressure agreed with the 

calculated values within 1.7%, 3.4% and 6.8%, respectively. 

The experimental data of freestream Mach number 

and normalized shock stand-off distance show good 

agreement with the theoretical results within 0.3% and 2.1%, 

respectively. However, the measured stagnation-point heat 

flux is 11.5% higher than that of the Fay and Riddell [33] 

prediction. The reason for the discrepancy was discussed in 

the previous section.

3. Conclusions

The present study provided a comprehensive overview 

of flow diagnosis in a shock tunnel. The experiments were 

conducted using the flow condition having Mach number 

of 6 at the nozzle-exit. The simple, the economical, and 

the prompt measurement techniques were considered to 

measure the aerothermodynamic properties such as the 

shock wave speed, the wall static and the total pressures, 

the surface heat flux, and the shock stand-off distance. 

The experiments in general showed good agreement with 

literature and theory. 
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