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Abstract: The study investigated the influence of the diameter of the opening in the membrane 
separating the explosion chamber from the measurement chamber, on the determined quasi-static 
pressure. Pressure measurement in the closed vessel is performed using piezoelectric sensors placed 
on the chamber walls. The wave incident to the rigid partition wall is reflected and reinforced. 
Dynamic effects of reflected strong shockwaves distort the observation of the influence of detonation 
products afterburning effects on the pressure in the chamber. To minimise this influence, the study 
investigated the effects of introducing a membrane to separate the explosion chamber from the 
measurement chamber.
Streszczenie: W pracy zbadano wpływ średnicy otworu membrany separującej komorę wybuchową 
od komory pomiarowej ciśnienia quasistatycznego. Pomiar ciśnienia w zamkniętej objętości 
realizowany jest za pomocą czujników piezoelektrycznych umieszczonych na ściankach komory. 
Padająca fala na sztywną ściankę przegrody odbija się i ulega wzmocnieniu. Efekty dynamiczne 
odbić silnych fal uderzeniowych zaburzają obserwacje wpływu efektów dopalania produktów 
wybuchu na ciśnienie w komorze. W celu zminimalizowania tego wpływu, w pracy przeprowadzono 
badania efektów wprowadzenia membrany separującej komorę wybuchową od komory pomiarowej.
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1. Introduction
The processes following an explosion in a closed vessel have been the subject of wide research over the 
last 25 years. The afterburning processes of the detonation products are of particular interest, of both the 
decomposition products of individual partially oxidised explosives (e.g. C, CO) and those of  different types 
of added metal powders (e.g. Al, Mg).
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Closed vessel conditions are particularly favourable for the full oxidation of decomposition products of 
individual explosives. Due to the presence of oxygen in the closed vessel, the volume of gaseous detonation 
products increases significantly (carbon gasification occurs) and more thermal energy is released, which 
leads to a significant increase in overpressure values in the closed vessel [1, 2]. As an example, the heat 
released during the detonation of TNT, is approx. 4600 kJ/kg, however, with oxidation of the solid carbon, 
carbon monoxide and hydrogen present in the detonation products, an additional 10450 kJ/kg may be 
released. This may increase the temperature by 2.5 times and the final pressure of the reaction products in 
the closed vessel by almost 3.5 times. 
The measurement of pressure in a closed vessel after detonation of investigated explosives enables the 
reaction degree of detonation products in inert gas or air atmosphere to be estimated. A comprehensive 
analysis of the discussed processes is presented in studies [3-7]. Analysis of the thermodynamic processes 
occurring in closed vessel after explosive charge detonation enables the reaction degree of the excess 
fuel and the energy released by these processes, to be estimated. The selection of the composition of the 
explosive mixtures enables the effect and adjustment of the detonation products’ afterburning rate, to be 
maximised [8-16]. 
To adjust the detonation products’ afterburning rate, it is necessary to reduce the influence of the dynamic 
phenomena occurring at the initial stage of the shockwave propagation process within the chamber. 
Intensive shockwaves hinder the observation of afterburning effects and their influence on the pressure in 
the chamber. 

2. Experimental part
2.1. Explosive

For the test, the study used pressed TNT charges with a mass of 35 g, an outside diameter of 25 mm and 
a density of 1.59 g/cm3. To initiate the charges, detonators made of pressed phlegmatised RDX with a mass 
of 5 g, an outside diameter of 16 mm and a density of 1.66 g/cm3, were used. The detonation process was 
initiated using an ERG electric igniter. 

2.2. Test methods

2.2.1. Explosion chamber

The overpressure phase generated by the detonation of the explosive in a closed vessel was measured in the 
KWK-0,2 explosion chamber with a capacity of 150 dcm3. The technical parameters of the chambers are:
‒ inside diameter of the cylindrical part:  580 mm,
‒ height of the cylindrical part:  180 mm,
‒ inside diameter of lower and upper bowl: 580 mm,
‒ maximum weight of detonated charge: 200 g.
Figure 1 is a diagram of the explosion chamber. The observation windows are fitted with glands which 
enable the installation of  pressure sensors. 
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Figure 1. Diagram of the explosion chamber with installed pressure sensors and attached explosive charge: 
1 – pressure sensor, 2 – explosive charge

2.2.2. Measurement system

In the tests, two pressure sensors were used, PCB Piezotronics ‒ 113B22, with the technical specifications 
presented in Table 1. The signal from a F482A16 amplification system (by PCB Piezotronics) was recorded 
using a WaveJet 314 four-channel digital oscilloscope. Recording parameters were selected to achieve the 
following:
‒ a total recording time equal to or greater than 90 ms,
‒ the number of measurement points per recorded pressure oscillation period to be equal to or greater than 500.

Table 1. Technical specifications of piezoelectric sensors used for measuring pressure in the explosion chamber
Technical specifications PCB 113B22 sensor

Measurement range [MPa] 34.5
Resolution [kPa] 0.14
Sensitivity [mV/kPa] 0.145
Enclosure material Stainless steel 17-4
Diaphragm material Invar

To investigate the influence of the presence of the measurement chamber connected to explosion chamber 
through the opening in the membrane on the quasi-static pressure measurement results, pressure sensors 
were fitted in two gland types. Figure 2 shows the two types of glands for pressure sensors used in the 
study. In the type A gland, the operating surface of the sensor is placed virtually on the inside surface of 
the explosion chamber. Hence the shockwaves act directly on the sensor, so in the recorded overpressure 
phase in the chamber, the dynamic effects are highly influenced in the initial stages. In the type B socket, the 
sensor is placed inside the “measurement chamber”, which is connected to the explosion chamber through 
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the inlet duct. Such sensor placement within the chamber should reduce the influence of the dynamic effects 
on the measured pressure. For the type B sensor socket, the influence of the outlet duct diameter on the 
quasi-static pressure recording results was investigated. In the tests, steel sheet membranes with a thickness 
of 3 mm and openings with diameters of 1.5, 3.0 and 5.0 mm were used. Using the steel sheet membrane 
ensures stable measurement conditions without changing the shape and diameter of the passage duct.

Figure 2. Diagram of two socket types prepared for fitting pressure sensors: 1 – membrane, 2 – teflon 
spacer, 3 – passage duct, 4 – pressure sensors, 5 – steel pressure sensor fitting sockets

2.2.3. Quasi-static pressure determination method

The overpressure in the explosion chamber was subjected to approximation using two functions. One 
(Equation 1) describes the pressure drop resulting from the processes of heat absorption by the walls of the 
chamber (which has a high thermal capacity).

∆ p(𝑡𝑡𝑡𝑡) = 𝑃𝑃𝑃𝑃𝑄𝑄𝑄𝑄1𝑒𝑒𝑒𝑒−𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡        (1) 

 

∆ p(𝑡𝑡𝑡𝑡) = 𝑃𝑃𝑃𝑃0(1 − 𝑒𝑒𝑒𝑒−𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡) + 𝑑𝑑𝑑𝑑 ∗ 𝑒𝑒𝑒𝑒−𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡      (2) 

 

𝜏𝜏𝜏𝜏𝑚𝑚𝑚𝑚 = ln �𝑃𝑃𝑃𝑃0∗𝑎𝑎𝑎𝑎
𝑑𝑑𝑑𝑑∗𝑏𝑏𝑏𝑏

� 1
𝑎𝑎𝑎𝑎−𝑏𝑏𝑏𝑏

        (3) 

 

𝑃𝑃𝑃𝑃𝑄𝑄𝑄𝑄2 = ∆ p(𝜏𝜏𝜏𝜏𝑚𝑚𝑚𝑚)         (4) 

 

 (1)

where: PQ1 – quasi-static overpressure [Pa], α – pressure drop rate (the constant value depends on the heat 
exchange between the detonation products and chamber walls) [1/s], t – time [s].
The dynamic disturbances must be eliminated from the analysed recording to use Equation 1. The usual 
dynamic processes last for approx. 10 ms and distort the pressure change phase, which hinders the 
determination of the quasi-static pressure. The equation is used mainly to fit the sensor in the type A socket.
Another method to describe the overpressure recorded in the explosion chamber after detonation is to use 
the Equation 2. 

∆ p(𝑡𝑡𝑡𝑡) = 𝑃𝑃𝑃𝑃𝑄𝑄𝑄𝑄1𝑒𝑒𝑒𝑒−𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡        (1) 

 

∆ p(𝑡𝑡𝑡𝑡) = 𝑃𝑃𝑃𝑃0(1 − 𝑒𝑒𝑒𝑒−𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡) + 𝑑𝑑𝑑𝑑 ∗ 𝑒𝑒𝑒𝑒−𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡      (2) 

 

𝜏𝜏𝜏𝜏𝑚𝑚𝑚𝑚 = ln �𝑃𝑃𝑃𝑃0∗𝑎𝑎𝑎𝑎
𝑑𝑑𝑑𝑑∗𝑏𝑏𝑏𝑏

� 1
𝑎𝑎𝑎𝑎−𝑏𝑏𝑏𝑏

        (3) 

 

𝑃𝑃𝑃𝑃𝑄𝑄𝑄𝑄2 = ∆ p(𝜏𝜏𝜏𝜏𝑚𝑚𝑚𝑚)         (4) 

 

 (2)

where: P0, a, d, b – approximation constants, t – time [s].
The first term of the equation describes the increase of the overpressure in the chamber at the initial stage 
of overpressure recording. This increase may be explained first by the gas flow resistance between the 
explosion chamber and the measurement chamber due to the small diameter of the opening in the membrane. 
Second, the overpressure increase at the initial recording stage may be caused by the detonation products 
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afterburning processes. The second term of the Equation 2 includes the process of the flow of heat from the 
products mixture to the explosion chamber walls. 
Defining the approximation function constants enables the time corresponding to the maximum overpressure 
value and the overpressure value to be determined (Equations 3 and 4).
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For pressure measurement with a membrane with a hole, Equation was used for approximation purposes. If 
the pressure change phase in the chamber is analysed using this function, elimination of the initial dynamic 
pressure changes from the phase, is not required. The approximation function coefficients were determined 
using the least squares method. The approximation was conducted using the Solver function of MS Excel.

2.3. Example recording results 

Figure 3 shows the overpressure recording obtained with sensors fitted to module A. Figure 4 shows the 
recorded results from tests with the sensors fitted in module B with different diameters of the opening in 
the membrane.

Figure 3. Recording overpressure changes in the chamber with the sensors fitted using module A
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(a)

(b)
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(c)
Figure 4. Recording overpressure changes in the chamber with sensors fitted using module B (diameter of 

the openings in the membrane: 1.5 (a), 3.0 (b) and 5.0 mm (c)

3. Measurement results and their discussion
3.1. Overpressure phase approximation results

Figure 5 shows the approximation results for typical recordings of the overpressure in the chamber using 
module A. Figure 6 presents the approximation of typical recordings of the overpressure in the chamber 
using module B at different diameters of membrane opening.

(a)
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(b)
Figure 5. Typical recordings of overpressure in the chamber with sensors fitted using module A with 

approximated overpressure change: Equation 1 (a) and Equation 2 (b)

(a)
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(b)

(c)
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(d)

(e)
Figure 6. Typical recordings of overpressure in the chamber with sensors fitted using module B with 

approximated overpressure change: Equation 1 (a, b, d) and Equation 2 (c, e)

With registration being obtained using the sensors fitted using module B and a membrane with an opening 
diameter of 1.5 mm, a satisfactory approximation result was not obtained using the function described by 
Equation 2. This may be due to the fact that an insufficient opening connecting the explosion chamber and 
measurement chamber of module B extends the required pressure equalisation time in these areas. This time 
is longer than the duration of the dynamic phenomena observed during the initial shockwave reverberation 
period within the explosion chamber. The time observed for the measurement on the chamber wall (module 
A) is approx. 10 ms, however, the pressure increase time in the measurement chamber (module B) is approx. 
25 ms.  If the diameter of the membrane opening is increased to 3 and 5 mm, then the pressure equalisation 
time is comparable to the duration of the observed dynamic phenomena. 
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3.2. Overpressure phase approximation results

In the study, overpressure measurements were performed 2 or 3 times. In every case, the overpressure was 
recorded using two sensors. Approximation was performed for every phase and the results averaged. The 
averaged approximations enabled the quasi-static pressure of explosion in closed vessel, to be determined. 
Table 2 presents the averaged approximations for the tested pressure sensor fitting types and the determined 
overpressure values, PQ1 and PQ2. 

Table 2. Averaged overpressure phase approximation results for the tested sensor fitting systems

Type Fittings 
Module

Approximation coefficients
Equation 1 Equation 2

PQ1 A P0 a b d τm PQ2

A 0.83 ±0.02 0.0034 
±0.0003

0.36
±0.9

0.80 
±0.13

0.009 
±0.004

0.50 
±0.09 5.5 ±0.08 0.84 ±0.01

B - 1.5 mm 0.76 ±0.02 0.0020 
±0.0003 – – – – – –

B - 3.0 mm 0.77 ±0.01 0.0025 
±0.0002

0.32 
±0.21

3.09 
±4.12

0.014 
±0.010

0.68 
±0.13 6.9 ±1.5 0.83 ±0.01

B - 5.0 mm 0.78 ±0.01 0.0029 
±0.0002

0.61 
±0.02

7.7
±6.03

0.032 
±0.002

0.28 
±0.02 2.8 ±0.7 0.87 ±0.01

The approximation results show that if pressure sensors are fitted in module B, the overpressure values 
closest to those in the chamber from the chamber wall (module A) were obtained for a duct diameter of 
3 mm. Since using the measurement chamber reduces the influence of dynamic distortions in the initial 
overpressure recording period, the most advantageous system (of the systems tested) is using module B to 
fit the sensors and the membrane having an opening diameter of 3 mm.

4. Conclusions
The study analysed the influence of the fitting method of the pressure sensors on the overpressure phases in 
the explosion chamber. Two sensor socket types were used to fit the sensors. The first type fitted the sensor 
practically on the surface of the inside wall of the explosion chamber. In contrast, the second type enabled 
the overpressure in the measurement chamber, connected to the explosion chamber through the opening 
in the membrane, to be measured. The measured overpressure results support the following conclusions:
♦ Measurement of explosion chamber overpressure using sensors placed on the inside surface of the 

chamber wall (module A) is disrupted due to the dynamic processes occurring in the initial shockwave 
propagation period. These processes last approx. 10-15 ms.

♦ Fitting the measurement chamber with a steel sheet membrane with a pass-through duct separating the 
explosion chamber, reduces the influence of dynamic processes.

♦ The opening diameter influences the pressure equalisation rate between the explosion chamber and the 
measurement chamber. The membrane opening with a diameter of 1.5 mm extends the equalisation time 
of this pressure and introduces additional measured overpressure distortions. The pressure equalisation 
time is 25 ms, which exceeds the duration of the dynamic processes in the initial measurement period.

♦ For an opening with a diameter of 3 mm, phases with a reduced influence of distortions in the initial 
pressure change period were obtained, which enabled the approximation of the correct phase and the 
determination of the quasi-static pressure. 
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