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Abstract:  

We discuss the ability to detect the cracks in the elements of the double-walled pressure vessels, 
using the acoustic emission (AE) method based on practical results obtained during integrity testing of 
the reactor for hydrotreatment of diesel fuel with a crack in the sleeve of the connecting pipe. Possible 
AE sources are analyzed on the basis of comparison of the stress-strain state of the reactor containing 
the crack in the sleeve with AE data coupled with additional information obtained by other 
nondestructive testing (NDT) methods. It is found that the crack could be detected only by considering 
fine AE features, which are not considered in the standard AE practice. It is shown that the fluid flow 
through the crack reveals itself in the form of AE with the approximately constant amplitude level and 
with duration that increases with pressure. The issue concerning the lack of quantitative criteria for 
reliable identification of leaks with different intensity is discussed since it that does not allow using the 
AE technique alone without reference to independent NDT methods. The approaches and 
recommendations are proposed towards AE identification of leakage through the crack of subcritical 
(non-propagating). These approaches are discussed in detail. 

1. Introduction 

Modern chemical, petrochemical and oil refining processes operate at high working 
pressures and temperatures, e.g. ammonia synthesis at 20÷60 MPa + 420÷500 °C, methanol 
synthesis at 20÷30 MPa + 350÷400 °C, carbamide synthesis at 15÷20 MPa + 150÷190 °C, 
ethylene polymerization at 150 MPa, and over + 180÷240 °C, hydrocracking and 
hydrotreating of oil fractions at 3÷32 MPa + 250÷420 °C, etc. Increasing wall thickness on a 
single-walled cylindrical vessel operating under internal pressure ( ) is known to be sufficient 
only up to the following pressure:  = [ ]/2 only [1, etc.], where: [ ] is the maximum allowable 
stress for the vessel wall material. This is explained by the fact that radial ( R) and 
circumferential ( Q) stresses rapidly decrease across the wall thickness with increasing 
radius, and the material in the outer layers of single-walled vessel works ineffectively (Figure 
1). This, in combination with the known fact of decrease of [ ] with increasing operating 
temperature of the material [2, etc.] dramatically limits applications of single-walled vessels in 
key technological processes. The composite or double-walled design allows to relieve the 
inner layers and increase loads on the outer layers of the pressure vessel wall (Figure 1), 
significantly increasing the permissible operating pressure and temperature of pressure 
vessels of this type versus single-walled vessels. In addition, the double-walled design helps 
to reduce metal consumption (consumption of heat-resistant, refractory, corrosion- and 
chemical-resistant materials), resulting in reduced cost of pressure vessels.  
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A disadvantage of double-walled vessel design is that during operation under cyclic pressure 
and temperature variations, due to different coefficients of linear expansion of double-walled 
vessel outer and inner shell material, fatigue cracks occur in the latter. Detection of such 
cracks is a very difficult task for technical diagnostics. It is mainly addressed by non-
destructive testing methods from the inside of the vessel. This requires opening, unloading of 
the catalyst, cleaning, steaming and degassing of the vessel. The acoustic emission (AE) 
method is one of the few non-destructive testing methods to detect fatigue cracks without 
opening the vessel from the outer shell. However, the existing AE defect detection methods 
are based either on the location criteria [3, 4, etc.], or on the crack growth detection criteria 
[5, 6, etc.] which were demonstrated ineffective for double-walled vessels in practice, 
because (i) stresses close to the operating values cannot be reached during the tests, and 
cracks do not propagate during AE inspection, and (ii) the inner and outer vessel shells 
create two independent acoustic channels with the interface having different acoustic 
transparency in different areas, and the unpredictable AE signal transmission path, which 
leads either to complete failure of locating, or to an erroneous source detection during AE 
inspection. A similar situation occurred during assessment of technical condition of diesel 
hydrotreating reactor at one of the oil refineries. While completing the task, AE 
characteristics and conditions that enable detection of through fatigue crack in a double-
walled pressure vessel were identified. The purpose of this publication is to discuss the 
discovered features of AE manifestation. 

2. Description of work 

The inspection object was the diesel fuel hydrotreatment reactor with the service life of 12 
years at the time of AE inspection. The working medium is a mixture of diesel fuel, hydrogen 
and sulfur-containing compounds. The modes of operation of the reactor include the 
followings: (i) reaction mode: 6 MPa + 425 °C, (ii) catalyst regeneration mode: 1.5 MPa + 
550 ºC. The shape and dimensions of the reactor are shown in Figure 2. All walls of the 
reactor elements are bimetallic. Total shell thickness is 80 mm, bottom thickness is 90 mm. 
The outer shell of walls and bottoms is made of 12CrMo steel, and the inner of 08Cr18Ni10Тi 
steel. The nozzle body consist of 15CrMo steel pipe 2 and flange 1, with a 08Cr18Ni10Ti 
steel protective sleeve 3, welded to the nozzle body at the ends, which is why there is an 
inter-wall space with an air gap between body 1, 2 and sleeve 3 of the nozzle (Figure 2). A 
test hole 5 is drilled to the inter-wall space of the sleeve. 

AE inspection of the reactor was performed during hydrotesting of the vessel per the loading 
graph as presented in Figure 4 including confirmation of the Kaiser effect (The Figure does 
not show the last stage that was pressure relief from 5 to 3 MPa, and re-loading to 5 MPa).  
AE was recorded and analyzed on a 24-channel DiSP Samos 24 (PCI-8) system with R6I-
AST transducers manufactured by Physical Acoustics Corporation (USA). The layout of AE 
transducers is shown in Figure 2, and is accepted based on the results of the study of the 
reactor acoustic properties shown in Figure 3. At the start and at the end of the testing, 
equipment operation was set up and verified using AE simulators: reversible AE transducer 
(AST-test) and Hsu-Nielsen simulator [7] that confirmed operability of the selected AE 
transducer layout. 

During reactor hydrotesting, no pressure drop on gauges, or leakage of the test fluid on 
nozzle A and B test holes 5 (Figure 2) was registered. There were no stable clusters 
indicating AE events on the location map. That is why the map is not shown here. Graphs 
reflecting changes in the AE key assessment parameters are shown in Figure 5. During 
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pressure rise, the noise level generated by the pump unit is shown not to exceed 70 dB in all 
channels, and AE accumulation graphs for all channels are consistent with the loading graph. 
This indicates a lack of active AE sources except for the loading equipment. Only AE 
recording channel 4 during the entire testing, and channels 7 and 1 during 5 MPa pressure 
hold time (Figure 4) manifested bursts of acoustic activity indicating a different AE source. 
Assessment of AE using several criteria of the source hazard degree revealed the following. 

 
a 

 
 

b 
Figure 1. Stress distribution 
pattern in a single-walled (a) 

and double-walled (b) 
pressure vessel [1] 

Figure 2. Hydrotreating reactor arrangement:  11/  23 - location of 
AE transducers and channel number from the visible / back side, 1 –  
nozzle flange, 2 – nozzle neck, 3 – nozzle sleeve, 4 – bimetal vessel 

bottom, 5 – test hole,   - area of ultrasonic testing 

 

  
Figure 3. Experimental curve of acoustic waves 

damping out 
Figure 4. Fragment of reactor loading during 
hydrotesting and AE in the Total Hits – Time 
coordinates on all AE registration channels 

This source is interpreted as an insignificant source of class A by amplitude criterion [8], if 
the results are reduced to MONPAC [6] classification. Since the condition Āi < [AT] was 
satisfied, where: Āi - is the mean amplitude of the recorded signals on channel 4 (Āi = 
52,5±7,5 dB), [AT] - is the permissible maximum amplitude of AE signals ([AT] = 60 dB). 
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When checking the integral criterion [8], the source is interpreted as an insignificant source of 
class B, since the condition F < 1 ≈ J is satisfied, where: F is activity, and J is the strength of 
AE source calculated per [8] as: � = � ∙ ∑ ��+���      and     � = ��∙∑ �̅�                                                (1) 

here: Nk and Nk+1 - is the number of events in the k-th and k+1-th interval of parameter 
assessment, respectively, Ak - is the mean amplitude of the source in the interval k, Ā - is the 
mean amplitude of all AE sources throughout the object except for the one analyzed in the 
interval k, w - is a coefficient. 

When checking the locally dynamic Dunegan-Ivanov-Bykov criterion [8, 9], the source is also 
interpreted as insignificant of class B, since for some test areas N∑=a∙Pm exponent takes the 
value up to m = 1 in the assessment. Here: N∑ - is total count of AE (hits), P - is the testing 
fluid pressure (internal pressure), a - is the constant of proportionality. 

Due to the lack of AE events on the location map location criteria of type [3, 4] cannot be 
applied.  

According to MONPAC assessment criteria [6, 8], the source is class B. In this regard it 
should also be noted that the MARSE parameter of AE signals increases with increasing 
load, but this occurs due to an increase in the duration of the signals rather than to an 
increase in the amplitude (Figure 5).  

 
a 

 
b 

 
c 

 
d 

Figure 5. Graphs reflecting changes in the main assessment parameters of AE signals registered on 
channel 4: Amplitude (a), Duration (b), Central Frequency (c) and MARSE energy parameter (d) 

The only criterion indicative of the defect was the criterion of continuous AE [8]. This implies 
that registration of continuous AE whose level exceeds the threshold level of the test system 
indicates a leak in the wall of the object tested. However, based on the criterion of 
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continuous AE, the source is classified as a one being missing or being present only. The 
situation where the specified type of AE is not constant (registration of continuous AE is 
observed at three time intervals), and the rate of AE registration at those intervals decreases 
with increasing load is ambiguous by this criterion, and insufficient for the reactor to be 
recognized as unfit based on AE inspection results.  

Based on the results of AE inspection it was decided to be guided by the worst assumption, 
and to additionally carry out ultrasonic test. However, the lack of clusters on the location map 
hindered selection of the area for ultrasonic testing application, thus it was applied to all 
welds and base metal around the channel 4 AE transducer (Figure 2). Ultrasonic testing in 
the designated areas did not reveal any unacceptable defects, and the reactor was admitted 
to the final compression test of the nozzle sleeve tightness including saponification as 
prescribed by the company internal instructions. This method consisted in the injection of air 
pressure in the space between housing 1, 2 and nozzles A and B sleeve 3 through the test 
hole 5 (Figure 2). Upon pressure buildup the tightness is confirmed by a lack of foaming 
areas where soap solution was applied to the surface of sleeve welds through the open 
flange of nozzle 1. As a result of this tightness test of sleeve welds a crack was found in the 
base metal of the nozzle A sleeve (Figures 2 and 6).  
  

 
                a                                                                              b 

Figure 6. General view of the dismantled shell case of the reactor nozzle (a) and the increased 
location in the crack area (b) 

Sleeve examination upon dismantling showed several cracks oriented perpendicular to the 
sleeve element, while in the weld tightness saponification test only one crack was found 
(Figure 6b), i.e. the other cracks are not through. The through crack had no visible extension 
(at 10x magnification) and was the longest (114 mm). The sleeve ultrasonic testing confirmed 
the length of the crack and its through-the-thickness character. 

Thus, the AE method using the key criteria for assessing acoustic emission [3, 4, 6, 8, 9 and 
others] failed to detect that crack. Therefore, crack detecting capability of AE method was re-
evaluated by comparison of the stress-strain state of nozzle sleeve with the AE signal 
parameters on all channels in order to establish the AE indicator of defect.   

3. Discussion 

Crack orientation indicates that their origin and growth occurred under the circumferential 
load ( Q). Assessment of sleeve stress-strain state under internal pressure according to [2] 
has shown that stresses were applied in the vessel in the following proportions: QGT ≈ 2∙ RGT 
≈ 0.32∙ т20 (during hydraulic test) and QW ≈ 2∙ RW ≈ 0.68∙ т550 (during operation). Here: 
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QGT, QW and RGT, RW are radial ( R) and circumferential ( Q) stresses in the sleeve at the 
maximum test (GT) and operational (W) load accordingly; т20 and т550 is yield strength of the 
sleeve material at 20 and 550 °C accordingly [2]. The obtained ratios demonstrate that 
thermal axial stresses arising in the sleeve during operation due to the difference in the linear 
thermal expansion coefficients and lower axial stiffness of the sleeve compared to the nozzle 
are more significant. Next, the worst case of crack development - a brittle fracture under 
plane-strain deformation using the Griffiths criterion [10] is simulated, and the critical stress 
( ) is obtained, where a spontaneous crack growth occurs under normal tear. The 
calculations showed that  ≈ (1.81÷3.94)∙ QGT. Given that the austenitic steel 08Cr18Ni10Ti 
is a plastic material, a more correct method to define  would be via J-integral, but then 
value  will be even higher than the one obtained. Therefore, the evidence that QGT <  
even for the totally brittle fracture case allows stating that during hydrotesting pressure 
buildup the sleeve crack did not propagate, thus no signals from crack jumps should be 
registered on the AE recording.  

The assessment of the stress-strain state also showed that at the maximum test pressure 
sleeve movement in the nozzle is about Δd = 0.01 mm << h = 2 mm, where h is the 
constructive gap between the sleeve (3) and the nozzle neck (2). Therefore, we believe that 
the sleeve did not contact the nozzle neck during testing (even a fractured loose sleeve), or 
significantly flexed, consequently, AE on channel 4 is not associated with the sleeve-on-the-
nozzle friction signals and signals from crack edge opening friction. This conclusion is also 
supported by the fact that AE signals being considered were recorded when the test 
pressure was held constant, while friction signals should be registered at the stage of 
pressure buildup, and by the time when pressure hold starts all friction events should have 
stopped. 

Thus, the most probable source of AE is the leak of test fluid through the through crack 
during its opening under the internal pressure [11]. However, since during and after the test 
no fluid leak through the test hole 5 (Figure 2) was visually observed, a periodic droplet 
condition of liquid outflow was most likely to have occurred. In this case, wall pressure 
pulsations can be expected, their frequency is determined by the frequency of vortex 
formation by the formula (2), if the outflow condition is precavitational, and by the formula (3) 
in case of cavitation outflow [11]: � = �� ∙ ∙� ∙ �                                                              (2) � = �∙� ∙�∙�                                                                  (3) 

where: St - is Strouhal number, v is the rate of liquid outflow, n is the number of the overtone 
(n = 1, 2, 3...), r - is the size of the channel, in our case, the width of crack opening;  - is the 
liquid tension, δ0 - is the average thickness of back filament layer, η - is the dynamic liquid 
viscosity. Due to the lack of experimental data (water flow rate through the crack and crack 
opening width), the anticipated frequency of AE signals (f) could not be obtained by 
calculation. However, it follows from formulas (2) and (3) that the frequency decrease may be 
caused by a decreasing (v), which is unlikely to occur during testing pressure increase, or 
due to an increase in the size of the channel (r) under test pressure, which is more likely. The 
available data backing up this conclusion is the change of the central frequency (fc) over time 
of the test, and its behavior is consistent with this assumption (Figure 5).  



 

 

7 

 

Thus, the most likely source of acoustic signals corresponding to several bursts of AE activity 
on recording channel 4 is the outflow of the test fluid through the crack in the nozzle. At the 
same time, an increase in the duration of the signals from 50,000 µs at the start of testing to 
300,000 µs at testing pressure hold was registered, which can be taken as a leak indicator. 
Such indicator is defined when comparing the graphs of total count, amplitude and duration 
vs time (Figures 4 and 5), or total count, energy and central frequency vs time (Figures 4, 5 
and 7). At the same time, leak indicator has a maximum visibility in MARSE-Duration 
coordinates (Figure 7), where a linear dependency is observed having inclination angle 
proportional to the test fluid pressure. The latter, in our opinion, can be explained as follows.  

 
a 

 
b 

 
c 

 
d 

 
e 

 
f 

Figure 7. Typical shape of AE signal from product leakage via the through hole (a) and AE signal 
distribution registered on Channel 4 in Duration-MARSE coordinates during 2.0 MPa pressure hold 

(b), 3.0 MPa (d), 5.0 MPa (f), and during pressure buildup (loading) from 2 to 3 MPa (c) and from 3 to 
5 MPa (e) 

Energy of AE signal in the general case is a function of [13]: 

    E = Z-1∙∫A2∙dt                                                             (4) 

Where: Z - is the electric circuit impedance being a constant of AE transducer, i.e. Z ≈ const. 
The AE signal from leakage is close in its type to the harmonic periodic function (Figure 7) 
with amplitude (A) oscillating about the mean value Ᾱ ≈ const, so we can proceed to the 
concept of the average effective value of amplitude. Given that the function is continuous and 
differentiable, according to the definite integral mean value theorem we obtain the following 
expression from (4): 

 E = Z-1∙Ᾱ2∙(t2-t1)                                                        (5) 

Within the AE signal, the difference (t2-t1) - is the duration of the signal (D), and the ratio 
Ᾱ2/Z ≈ const, which will be denoted (k) for clarity. The result is a linear dependency between 
energy (or energy parameter) and duration: E = k∙D. Since the duration of pressure relief 
(leak) and the level of AE signal amplitude (outflow condition [12]) increases from the 
pressure of the test fluid in the vessel, the dependency E(D) changes the inclination angle in 
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proportion to the increment of the parameters A and D. It should also be noted that according 
to the paper [12], conditions Ᾱ ≈ const and Ᾱ ~  during liquid outflow into the gas 
corresponds to: the droplet flow condition, flow in a fully filled channel condition, and flow in a 
condition of full flow separation from the channel walls. In other conditions of outflow 
(cavitation, and flow with jet disintegration inside the channel), the amplitude varies in a wide 
range and is not proportional to P, and, therefore, the revealed regularities may not occur 
under those conditions. 

4. Conclusion 

4.1. During AE inspection special attention should be paid not only to the pulsed AE, but also 
to the noise-like AE (small amplitude and long duration, Figure 7a), especially the one 
recorded at the test pressure hold stages.  

4.2. Leaks of fluid through the crack in the sleeves is accompanied by a series of AE signals 
of approximately constant amplitude level, and AE signal duration and energy that increase 
with rising test pressure. This fact is revealed by comparing the graphs of total count, 
amplitude (energy), duration and central frequency of AE signals vs time, with best visibility 
in MARSE-Duration coordinates (Figure 7), where a linear dependency is observed having 
inclination angle proportional to the test fluid pressure. 

4.3. When testing double-walled vessels, the results of AE inspection should be double-
checked by several simultaneous criteria for assessing the hazard level of AE sources, and 
by at least two criteria of parametric type [5, 6, 8], plus one of location type [3, 4], and also by 
implementing paragraph 5.2.  

4.4. In practice, there is an urgent need to develop detailed criteria for assessing leakage of 
test fluid via a through crack for all outflow conditions (droplet, laminar, cavitation, with the 
flow separation from the channel walls, and with the in-channel jet disintegration [12]), and to 
include those in the AE data classification standards. 
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