Quantitative description of structural loads in- considered. The second step included the coupling of the simulation of the shock wave with a strength calculation of the
duced by shock waves
structures in the boiler. For the validation of the shock wave
Heat recovery boilers are used in many industrial plants for hot simulation, it was possible to use existing measurement data,
water or steam generation, where they are subject to pollution but for the verification of the numerical stress analysis within
by particles and chemical components present in the flue gas the scope of this project, measurements had to be carried out.
such as sulphates, carbonates and chlorides. While these de- The validated simulations finally formed the basis for investiposits on the boiler tubes and other structures deteriorate the gating different load cases (Fig. 2) and thus for determining
heat transfer of the tubes, they also cause a higher pressure drop the highest possible stresses for the structures under realistic
across the boiler. This ultimately leads to a reduction in overall conditions.
efficiency. Periodic cleaning of the boiler is therefore essential.

Figure 1 – Basic design for detonation cleaning, principle adopted
from [1]

Exposing the structures inside of the vessel to pressure waves
caused by controlled detonations and thereby activating
some of their modes of vibration is just one of several wellestablished methods to loosen and remove said encrustations
(Fig. 1). For this purpose, a special bag is mounted on a
water-cooled lance, inserted into the boiler, and placed in

Figure 2 – Design of a load case including the assumed weld seam geometry

the vicinity of the tube array. The bag is then filled with
an explosive gas mixture and subsequently destroyed after
a forceful detonation of its content has been triggered by a
deliberate ignition. Here, the cleaning effect of each detonation
scales with its energy content.

The evaluation of the shock wave simulation shows a slightly
higher maximum shock wave pressure in comparison with the
measured data (Fig. 3).
1.2

The main objective of this project was to determine up to
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what maximum strength of such detonations various criteria
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for official approval and possible standards of this technology
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could still be met. For this purpose, the detonations used for
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cleaning and their impact on the structures inside of the boiler
were investigated. The focus was set to the mechanical load
limits of the structures affected by the detonation waves.
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The investigations were basically divided into two subquestions. In a first step, the propagation of the shock wave
and its calculation by means of numerical flow simulation was

Figure 3 – Dimensionless shock waves pressure ps /ps,max as a function of time t, comparison between simulation and measurement (time
normalized to the shock front)
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However, these differences in peak pressure can be cured as

150

soon as a more realistic geometry of the gas envelopes is taken
into account. Due to their slightly elongated shape, their radius

100

in the direction of propagation of the measured shock waves is
50

smaller than the one of a sphere of equal volume, as was used
in the simulation.
0
0

In the case of the heat transfer tubes, the investigated realistic
load cases result in a maximum stress of about 110 MPa in the
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Figure 5 – Stress (von Mieses) in the pipe σvM,r as a function of time t
(period of direct exposure to pressure waves)

heat transfer tube and a maximum stress of 130 MPa in the weld
seam between header and heat transfer tube (cf. A in Fig. 2).

Correspondingly, the result of the investigation is that, in the

The material SA-210-AI (ASTM) defined for the heat transfer considered realistic load cases, a permanent deformation due
tubes has a minimum yield strength (Rp0.2 ) of 255 MPa [2] and to the detonation can be excluded, unless both the boiler tubes
a inserted welding seam (1.4903 according to DIN-EN 10027) and the weld seam are already weakened by overloading or cora minimum yield strength (Rp0.2 ) of 450 MPa [3][4].
rosion.
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Figure 4 – Deformation in the center of the pipe z, stress (von Mieses)
in the pipe σvM,r and stress (von Mieses) in the welding seam (between
header and heat transfer tube, cf. A in Fig. 2) σvM,s as a function of
time t

Furthermore, the investigations show that the highest stresses in
the boiling tube occur at the impact of the shock wave and the
highest stresses in the weld seam at the greatest deflection of the
boiling tube (Fig. 4). The highest stresses in the boiling tube
at the moment of direct impact of the shock wave are probably
also the result of harmonics that are excited and have not yet
decayed (Fig. 5).
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