




















An experimental investigation towards calibration of a shock tube 25

thermocouple. The gap between the thermocouple and holder is filled by wrapping with
Teflon on the thermocouple and the sensor gets insulated from the end plate of the shock
tube. Normally, CSJT works on the principle of ‘Seebeck effect’ in which a voltage
signal is produced corresponding to a temperature change at the surface junction. Thus,
for capturing this time varying signal, the CSJT is instrumented with a voltage amplifier
(INA 128; Techno Science Instruments; Bangalore) with adequate gain factors.

Figure 5 Design, fabrication of pressure sensor holder and its mountings in the driven section of
shock tube (see online version for colours)

Figure 6 Design and fabrication of thermocouple inserts and its mounting on the endplate of the
shock tube (see online version for colours)

3 Calibration of shock tube

The constant area shock tube is a laboratory tool that creates a plane shock wave by the
sudden rupture of diaphragm separating the high (driver) and low (driven) pressure
region of the tube. When the diaphragm suddenly bursts, the high-pressure gas rushes
into the low-pressure test gas. It induces a series of compression and expansion waves
that propagate into driven and driver section of the shock tube. The compression waves
travelling towards low-pressure region coalesce to form a strong normal shock while a
series of expansion waves travel to the high-pressure region (Figure 1). At the same time,
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the interface between the test gas and driver gas also travels into the low-pressure section.
When the shock wave reaches the end of a tube, it gets reflected from the end flange and
travelling back into the driven section. The gas between the shock wave and the interface
is the ‘test gas’ with high pressure, temperature and velocity with respect moving slug of
the gas column at high temperature and pressure can be treated as momentary ‘impulsive
heat/force’ for simulating flow fields over aerodynamic models. However, the test
duration for such uniform flow is limited to few milliseconds. Since shock waves can be
generated under controlled conditions, many analogous natural occurring phenomena
related to shock-associated/shock wave physics can be simulated experimentally by using
‘shock tube’ as a laboratory tool. Because of simplicity and low cost of operations, shock
tube is treated as a unique laboratory tool for many other engineering applications as
well. Prior to its usage in practical applications, the performance of the shock tube needs
is evaluated with respect to its ideal behaviour.

3.1 Shock tube relations

The ideal behaviour of a shock tube is predicted through one-dimensional gas-dynamic
relations (Anderson, 2004). Consider the shock tube sketched in Figure 1, where the
high-pressure gas having specific heat ratio (y4) is separated from low-pressure gas with
specific heat ratio (y;) by a diaphragm.
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The shock tube’s performance is based entirely upon the pressure ratios (p4 / p;) and the
ratio of speeds of sound (a4 / a;) for driver and driven section. Referring to the notations
used for various regions of shock tube at different time instants (Section 1 and Figure 1),
the mathematical expressions for calculating pressure and temperature rise across primary



An experimental investigation towards calibration of a shock tube 27

shock (p, / py and T / T;), pressure and temperature rise across reflected shock (ps / p;
and 75/ T}) can be expressed as a function of primary shock Mach number ().

3.2 Experimental procedure for shock tube operation

Initially, an aluminium diaphragm of 1.2 mm thickness separates the driver and driven
section of the shock tube [Figures 7(a) and (b)]. Since the strength of the shock increases
with increase in the ratio of speeds of sound, it is desirable to have a driver gas with a low
molecular weight. Conversely, driven gas should have high molecular weight. So, the
strongest shock wave is obtained by using a heavy driven gas and a light driver gas.
While meeting these requirements, the present investigation is aimed for two driver gases
(nitrogen and helium) with air in the driven section of the shock tube (Kore et al., 2016;
Nanda et al., 2017).

Figure 7 Diaphragm rupture process in the shock tube (see online version for colours)
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At the beginning of the experiment, the pressure inside the driven section (p;) is
maintained at 0.18 bar and all the valves are closed. The driver section (py) is filled with
nitrogen/helium through a high-pressure cylinder and the diaphragm ruptures at a
pressure of 20 bar. The sudden rupture of the diaphragm due to the pressure difference
between the driver and driven section of the tube creates a shock wave that propagates
into the driven section. The critical factor of designing the V-groove on the diaphragm
plays an important role during the rupture process that can be seen in Figure 7. If the
diaphragm does not rupture instantaneously, then it leads to the only formation of
compression waves [Figures 7(c), (d) and (e)]. Studies have shown that most often the
crack in the diaphragm starts at the centre and spreads to the edges (Takayama et al.,
2014). Therefore, the gas flow starts as a jet initially followed by a subsequent mass flow
of driver gas after the petal-like complete rupture of the diaphragm [Figure 7(f)]. This
controlled nature diaphragm rupture often resembles the formation of shock wave
because of coalescence of series of compression waves. The sudden rise in pressures
across the shock wave induces mass motion of the driven gas (air). The primary shock
gets reflected from the end plate, thus forming the reflected shock. The pressure jumps
across the primary as well as a reflected shock are captured from the pressure transducers
mounted at the last segment of the driven tube in the form of voltage signals. Based on
the ‘sensitivity’ information as supplied by the manufacturer, pressure rise across primary
and reflected shocks are measured. A typical signal is shown in Figure 8 with helium as
driver gas and air as the test gas. With the knowledge of the distance between pressure
taps (AS), time taken by the shock waves (Af) to travel this distance (obtained from
pressure signals), speed of sound in the ‘region 1’ (a;), the shock wave velocity (V) and
experimental shock Mach number (3/;.) can be calculated from equation (3).

AS Vs
Vs=E;f11= YR, M, =— (3)

a

Figure 8 Pressure rise across primary and reflected shock in the shock tube
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Comparison of shock Mach numbers between analytical calculations and experiments

Table 1
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Figure 9 Comparison of shock Mach numbers (experiment and theory) as a function of pressure
ratio (ps / p1)
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Table 2 Calculation of shock tube parameters with ‘nitrogen and helium’ as driver gas
Driver gas: nitrogen, driven gas: air
p1=0.18 bar; y, = 1.4; y, = 1.4; R, = 287 J/(kg.K); Ry = 297 J/(kg.K)
M; My
P (bar) Pe/ 1) Theory Exp Theory Exp
1 19.65 109.17 242 2.25 1.97 1.37
2 17.51 97.28 2.38 2.18 1.91 1.35
3 18.13 100.72 2.39 2.26 1.93 1.39
4 19.99 111.05 2.425 2.24 1.98 1.43
5 20.2 112.22 2.429 2.26 1.99 1.41
Driver gas: helium; driven gas: air
p1=0.18 bar; y; = 1.4; y, = 1.66; R, = 287 J/(kg.K); Ry =2,077 J/(kg.K)
6 19.856 110.31 3.68 3.49 2.25 1.95
7 19.167 106.48 3.65 3.34 2.24 2.29
8 15.995 88.861 3.52 3.36 2.22 1.85
9 18.271 101.51 3.62 3.42 2.24 2.50
10 19.65 109.17 3.67 3.22 2.25 1.76
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Percentage deviation of shock tube parameters during its calibration

Table 3
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Table 4

Uncertainty values for shock tube parameters during calibration

Average value of uncertainty

Shock tube parameters

Nitrogen Helium
M, +0.1% +0.1%
(p2/p1) +0.2% +0.2%
s/ p1) +1.6% +9%
(T,/ Th) +2% +3%
(Ts/ Ty) +2.7% +9%
Ty(?) +0.16% +0.2%
q(t) +0.5% +0.2%
Figure 10  Pressure and temperature rise across primary and reflected shocks as a function of
shock Mach numbers
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Further, the theoretical shock Mach number (M) is obtained from initial pressure ratios
(p4 / py) across the diaphragm by using equation [2(ii)]. With helium and nitrogen as
driver gases (region ‘4’) and air as driven gas (region ‘1”), the comparative assessment of
shock Mach numbers (M, and M) obtained from both the methods (Table 1 and Figure
9). Using the values of M,, and M;,, one-dimensional shock tube relations [equations
2(i), (iv) and (v)] have been used to compute the theoretical and experimental values of
pressure and temperature ratios across primary shock [(p, / p;) and (73 / T})] and reflected
shock [(ps / py) and (75 / T)]. These values are calculated for five set of experiments with
nitrogen (N;) and helium (He) as driver gas and the comparative behaviours are given in
Table 2 and Figures 10(a) and (b), respectively. Upon reaching the end flange of the
driven tube, the shock wave gets reflected at much lower speed. So, with the knowledge
of primary shock Mach number (M,, and M,,), it is also possible to calculate the reflected
shock Mach numbers (Mg, and Mg,) by using equation [2(vi)]. The values of M, and
My, are given in Table 2 while the trend of the plot is shown in Figure 11. In addition,
the percentage of deviation for each of the measured and calculated parameter of the
shock tube is illustrated in Table 3. All these calibration curves (Figures 9, 10 and 11)
show a reasonably good agreement (within £12%) between the theory and experiments
for nitrogen driver. However, the deviation seems to be higher for helium driver in
certain test cases, which may be due to its lighter weight and higher shock Mach number
(Persico et al., 2005). Since most of the shock tube parameters depend on the square of
the shock Mach number, the deviation seems to be amplified. It may also be emphasised
that material of the diaphragm and its groove also plays a critical role in the calculation of
shock Mach number from the pressure ratio (p4 / p1).

Figure 11  Reflected shock Mach number as a function of primary shock Mach number
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Figure 12 Typical voltage histories captured from CSJT mounted on the end flange of the shock
tube obtained using nitrogen and helium as driver gas
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3.3 Stagnation heat flux measurement in the shock tube

The CSJT are intended to capture the transient rise in temperature across the reflected
shocks. In this setup, an e-type CSJT is installed at the end of the driven tube in a
specially designed end-plate attachment made out of stainless steel (Figure 6). The e-type
CSJT has been prepared in-house with constantan and chromel wires of diameters 0.813
mm and 3.25 mm, respectively. The surface junction is formed by grinding or scratching
with abrasive papers or by using file tool, the front surface. Thus, micro-scratches
generated by this mechanism make it suitable to respond in short duration time scale.
Subsequently, the sensitivity (i.e., a rise in voltage with respect to the rise in temperature)
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of CSJT is obtained as, 58.96 uV/°C through standard oil bath calibration. More details
of the fabrication method and calibration experiment may be found in the references
(Agarwal et al., 2017). In order to mount the CSJT in the end-flange, the thermocouple
holders are designed so that it can be fixed in flush with the inner surface of the end
flange. During shock tube experiments, the transient rise in temperatures is captured by
using the e-type CSJT with nitrogen and helium as driver gases. The typical voltage-time
histories and rise in temperatures [7(f)] for four different tests are plotted in
Figures 12—14. The surface temperature history resembles nature of ‘ramp’, with the rise
in temperature of 4°C and 25°C, for nitrogen and helium driver, respectively. From this
plot, the temperature gradient (A7, / Af) can be calculated as 7,941 K/s and 7,679 K/s
with for nitrogen and helium driver, respectively. Thus, the in-house designed
thermocouple is found to be capable to respond a very high rate of temperature rise.
Contrarily, rate of temperature rise felt by the sensor during static calibration is very
small (Taler, 1996). Further, it is interesting to see that the rate of temperature rise is
almost same in experiments with nitrogen and helium drivers. As noted from the data in
Table 1, the expected temperature behind the reflected shock for nitrogen driver is 900 K
while for helium driver this value is approximately 1,800 K. During experiments, Further,
the transient responses from the thermocouples (Figures 13 and 14) depict the fact that
the rate of temperature rise is independent of step height i.e. the rate of rise of
temperature signal is in same for both nitrogen and helium driver. After the sudden rise in
temperature, in both the signals (Figures 13 and 14), there is change in slope of the
temperature signal. In case of nitrogen driver, rate of rise decreases while in case of
helium driver, rate of rise becomes negative. These alterations in the temperature signal
are indications of end of the test time in the shock tube and arrival of multiple waves and
their complicated interactions. Further, the occurrence of any interaction between
different waves depends upon the shock tube driving conditions, which is accounted for
change in pattern of the temperature signals. The interpretation of such phenomena
through temperature signals from surface junction thermocouples is one of the strong
outcomes of this experimental investigation.

Figure 13  Typical rise in transient surface temperature captured from CSJT mounted on the end
flange of the shock tube obtained using nitrogen as driver gas
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These temperature signals are then used for evaluating the respective stagnation heat flux.
Here, thermal properties of the substrate are treated as constant and the surface heat flux
gs(t) is calculated by using Duhamel's superposition integral as given below (Agarwal

etal., 2017),

_ B d{no) 1
4,(0) = \/;-!.—dt —dr )

Figure 14  Typical rise in transient surface temperature captured from CSJT mounted on the end
flange of the shock tube obtained using helium as driver gas
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The polynomial equation using cubic-spline method is used in the present work to
discretise the temperature data [7(7)] for obtaining a closed form solution. More details
of discretisation techniques are available in the references (Agarwal et al., 2017). In order
to use equation (4), it is desired to have closed form solution of transient temperature data

and estimation of the thermal product (£ =./pck), where p, ¢ and k are the density,

specific heat and thermal conductivity of the thermocouple material, respectively. For
co-axial thermocouples, the thermal properties mainly depend on the materials by which
the surface junction is formed. Since the surface of the junction is made with two
different metals, it is appropriate to use weighting factor 0.5 each thermocouple metallic
element and the value of £ is calculated by the methods given in the references (Shultz
and Jones, 1973; Mohammed et al., 2008; Menezes and Bhat, 2010). At room
temperature of 300 K, the value of £ is obtained as 8,300 J/m*s"’K. The surface heat flux
computed by using equation (4) for all the tests (nitrogen and helium driver) are plotted
in Figure 15. A typical comparison of heat flux signals for helium and nitrogen driver is
shown in Figure 16. Similar trends of surface heat flux are seen with different peak heat
flux values as, 160 W/em® and 434 W/cm?, with nitrogen and helium driver gas,
respectively. This ‘similarity nature’ in the heat flux signal can be marked as the property
of the sensor since the maximum rate of temperature rise is same for both driving
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conditions. Further, different interactions may be responsible for the change in heat flux
signal after the test time. Thus, present studies are found essential in evaluating the
maximum rate of temperature rise for a given thermal sensor, thus considered as the
property of sensing surface. In this case, the CSJT fabricated in-house has a potential of
capturing highly transient phenomena of temperature rise in a shock tube. With another
view point, current investigations also recommend the use of shock tube as calibrating
facility of any transient thermal sensors for evaluating the maximum rate of temperature
rise.

Figure 15  Surface heat flux histories obtained through one-dimensional heat conduction
modelling from temperature histories of CSJT, mounted on the end flange of the

shock tube
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Figure 16  Comparison of surface heat flux obtained using both helium and nitrogen as the
driver gas
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4 Experimental uncertainty

In any experimental investigation, the uncertainty assessment deals with the accuracies
involved in the instruments and subsequently its effects in the global measurements as
given by equation (5). The method of sequential perturbation technique has been used for
uncertainty calculation (Moffat, 1985). The instruments used in the present investigations
include pressure measurements through mercury manometer, digital pressure gauge and
pressure transducers, transient temperature measurement through CSJT and subsequent
estimation of heat flux histories. The data acquisition system involves necessary
instrumentation such as power supply unit, voltage amplifier and oscilloscopes. Based on
the manufacturer’s specification the accuracy of these units is +£0.01°C, +0.015%,
+0.015%, +0.02%, +0.01% and +0.12% respectively. The uncertainty in accounting for
calculation of sensitivity of CSJT was about £0.345%. The uncertainty analysis has been
performed for calculations of shock Mach number and subsequently its effect on reflected
shock Mach number, pressure and temperature ratios across primary and reflected
shocks. Similarly, uncertainties for temperature measurements and heat flux calculation
are also estimated during shock tube calibration. The average values of overall
uncertainties for each of the parameters are given in Table 4.

R Y (R Y R Y
Wrp=|| — +| — FooH —w, 5
K K@xl Wl] (ze Wz] [ax,, Wj } ®)

where R is a given function of the independent variable xj, x,, X3, ... X, i.e., R = R(x}, xp,
X3, ... X,) Wg is the uncertainty for the parameter R and w;, w,, w;, ... w, are the
uncertainty in the individual independent variables.
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5 Conclusions

A moderate size shock tube (7 m) has been installed successfully by measuring and
estimating shock tube parameters. The parametric studies are achieved through
experiments and analytical calculations with an average deviation of £12%. For nitrogen
driver, these deviations seem to be less (within £8%). Further, with helium driver, all the
shock tube parameters are significantly high that makes it suitable for short duration
application studies. Moreover, the in-house designed CSJT helps in estimating maximum
rate of temperature rise and stagnation heat flux. It has been found that the maximum rate
of temperature rise recorded by the current CJST, during step change in temperature for a
very short duration, is around 7,800 K/s. This parameter is noted to be independent of
magnitude of the step; since it has been regarded as property of the sensor. As a
consequence of this fact, the nature of the heat flux signal in all the experiments is found
to be similar. Further, shock tube is recommended for evaluating this constant parameter
of any thermal sensor, since it can provide the necessary high temperature bath of any
magnitude for a very short duration. All experimental data are accurate in the uncertainty
level of £9%. Most of the components and instrumentations of this shock tube are
indigenously designed and fabricated. The strengths of shock waves can be substantially
increased by employing driver gases with lower molecular weights (such as helium) and
thicker diaphragms. Shock tube as a momentary hot temperature bath for calibration
high-speed thermal sensors, momentary pressure reservoir to study deformation
behaviour on structures and materials are some of the important aspects of
interdisciplinary studies. Being modular in nature, the future scope of this facility
development is inclined towards many interesting mechanical applications in the areas of
impact assessment on structures and shock assisted deformation studies on generic
models, chemical kinetics, ignition delay measurements for potential biofuels.
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