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Abstract 
In this paper, three (3) different NDT techniques are 

introduced: Acousto Ultrasonic-Echo (AU-E), Taphole 

Acoustic Monitoring (TAM) and Ultrasonic pulse-echo 

(UT) for copper cooling element inspection.  All three (3) 

techniques have been developed and implemented for 

applications in metal smelting furnaces.   

 

The AU-E technique was developed to determine refractory 

thickness in operating furnaces.  In addition, AU-E is 

capable of determining metal penetration within furnace 

lining, determining position of cracks in the bricks and 

delaminations within the sidewall and hearth lining.    

 

TAM is a monitoring system based on the acoustic 

emission (AE) principals that is utilized to determine the 

remaining refractory thickness in tapholes, as the furnace is 

in operation. 

 

UT has been used to determine the remaining copper 

thickness in cooling elements in finger coolers, staves, plate 

coolers, breast coolers, and waffle coolers.  To achieve 

accurate measurements, a temperature correction factor for 

longitudinal wave was used. 

 

Following a brief introduction to the above techniques, 

various applications and case studies will be discussed. 

 

Introduction 
Smelting furnaces are the most volatile manmade structures 

which undergo severe thermo mechanical chemical 

deterioration and wearing. Molten metals and aggressive 

gasses are the main cause of vessel deterioration. To inspect 

and monitor the integrity of the metallurgical furnaces; 

elastic waves, including stress waves, ultrasonic waves and 

acoustic emission waves are the most reliable and practical 

measuring systems. Based on the above NDT principals, 

various techniques have been developed to determine the 

integrity of the refractory lining, vessel shell, tapholes and 

cooling elements. 

These techniques are Acousto ultrasonic-echo (AU-E) 

which uses stress wave reflection technique to asses 

refractory thickness condition in operating furnaces; 

Taphole Acoustic monitoring system (TAM) which uses 

acoustic emission (AE) principals to monitor refractory 

wear in tapholes; and ultrasonic testing to monitor thickness 

and integrity of copper cooling blocks that are installed on 

the furnace sidewalls..  

 

Acousto Ultrasonic – Echo (AU-E) 

Technique 
Acousto Ultrasonic-Echo is a stress wave propagation 

technique using frequency data analysis. A mechanical 

impact on the surface of the structure (via hammer or a 

mechanical impactor) generates a stress pulse propagating 

into the furnace layers. Where the impact head is spherical 

or semi-spherical, it generates spherical waveforms which 

are simple to analyze. The generated waves are broadband 

and the diameter of the “impact head” dictates the range of 

frequencies: when the impact head is small the bandwidth is 

high frequency and when the impact head is large the 

bandwidth is low frequency.   

The waves are partially reflected by the change in 

refractory layer properties, but the main energy propagates 

through the solid refractory layers. The signal is mainly 

reflected by the refractory/molten metal interface or 

refractory/air interface between internal layers or external 

boundaries. A receiver beside the impactor picks up surface 

vertical displacements caused by reflections from internal 

and external reflectors. The vertical displacements are 

mainly reflected P-waves (or longitudinal waves) received 

by a sensor close to the impact source.  The signals are 

analyzed both in time and frequency domain, where the 

changes in thickness and wave speed are the controlling 

factors. 

In this methodology, the principal stress wave captured and 

analyzed for quality assessment is the primary wave or the 

P-wave. Velocity of the P-wave varies form material to 

material based on the density and elastic properties. A 

drastic change in density and/or elastic properties of the 

material results in partial or total reflection of the 

waveform. 

Two major elements are considered important in AU-E 

computations. First, the shape and dimension effect of the 

refractory layers on the resonance frequency of the P-wave, 

which causes a change in wave speed. For the refractory 

layers that are well bonded, the shape factor, , is 

considered used to correct the wave speed.  For a 

metallurgical furnace the shape of the layers are either flat 

or slab shape such as walls, or concave up or down, such as 

electrical furnace hearth and roof; or circular or semi 

circular, like rotary kilns, converters and reactors.  Second, 

since each layer contains bricks of different composition 

and thickness, the wave speed in each layer and their 

known thickness must be taken into consideration in the 

overall assessment of the furnace. The compressive or P-

wave velocities are affected by the temperature. The effect 

of the temperature or -factor is unique for each type of 

refractory, for each range of temperature.  

The resonance of the P-wave arrivals to the surface causes a 

periodic spectrum that can be best viewed by converting the 

time-domain spectrum to a frequency domain using the fast 
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Fourier transform (FFT) technique.  Equation 1 is the 

fundamental AU-E equation, where the T is the thickness 

and fp is the frequency of the P-wave reflecting between the 

two interfaces. 
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     (1) 

In the above equation,  is the thermal correction for the P-

wave speed and the  factor is the shape factor correction 

for the P-wave speed.  Equation 1 is correct when the 

refractory material is limited to a single brick or single 

layer.  For multilayer refractory lining, the resonance 

frequency of the P-wave is a result of the total (sum) of 

responses from each layer of the refractory lining.  The 

waveform is affected by the material properties from each 

layer.  Knowing the thickness of the layers are not changing 

on the cold face, using the frequency of the wave from the 

full thickness and the known parameters, the thickness of 

the final layer is computed. 

Correct knowledge of both temperature and shape factors 

( and ) are important in computations of thickness and 

material quality by the acousto ultrasonic-echo technique. 

The AU-E technique has been used for detection of 

refractory and accretion thickness in following vessels:  

 Blast Furnace 

 Electrical Arc Furnaces 

 Six-in-Line Furnace 

 Flash Smelting Furnaces 

 Rotary Kilns 

 ISASMELT Furnaces 

 AUSMELT Furnaces 

 Mitsubishi Process 

 KIVCET Furnace 

 Pierce Smith Converter 

 Anode Furnaces 

 Teniente/Noranda Reactors 

 Tunnel Furnaces 

 Reheat Furnace 

 

In addition to detecting refractory and accretion 

thicknesses, AU-E has been used for detecting: 

 

 Molten metal penetration within the lining layers in 

furnace hearth 

 Detection of frozen metal within hearth lining 

 Taphole refractory thickness  

 Detection of brittle zones in blast furnaces 

 Cracks and delamination within refractory lining and 

individual bricks 

 Refractory qualification 

 Identification of refractory hydration areas 

 

All the above AU-E measurements are done as the furnace 

is in operation.   

 

Furnace condition monitoring plans are organized to detect 

and foresee the lining issues prior to become an issue 

resulting in break-outs and metal run outs.  The optimum 

plan is to conduct a baseline inspection after the first 

furnace start-up and later the same areas to be inspected 

within a decided known time pattern.  This type of 

condition monitoring will demonstrate the wearing and 

deterioration pattern for the refractory lining and could be 

used as a predictive maintenance tool. 

 

 

Figure #1: The sensor and impactor 

arrangement on the shell 

Taphole Acoustic Monitoring (TAM) 

System 
Water-cooled tapblocks are essential components of 

modern smelting furnaces. Uninterrupted operation of a 



tapblock is critical both for the structural integrity of a 
furnace and for the optimal operation and process control. 

This critical function together with the exposure to extreme 
conditions (thermal, chemical and mechanical) creates the 

need for efficient and reliable means for tapblock 

monitoring. A typical tapblock with and without the 

refractory inserts installed is shown in Figure2. The inside 

of the block is lined with refractory inserts, forming a 

tapping channel, through witch the molten metal is tapped. 

These bricks wear out due to thermal deterioration and need 

to be replaced on regular basis. The water-cooled tapblocks 

have cast-in Monel pipes that serve as cooling circuits. 

These coils enable constant flow of water within the copper 

block and in consequence they provide efficient means for 

the heat exchange. 

 

 

Figure #2: Typical water-cooled tapblock 

removed from a furnace: 

LEFT -  with the refractory inserts installed 

right) without the refractory inserts 

 

Principles of the TAM System 
The primary objective of the taphole monitoring system 

was to detect any wear and deterioration of the inner 

taphole refractory lining, with the ultimate objective of 

identifying any wear or shrinkage in the distance between 

the copper element and the cooling Monel pipe. For this 

purpose Acoustic Emission (AE) methodology was chosen. 

 

Acoustic Emission for Tapblock 

Monitoring 
Acoustic Emission is a powerful technique for evaluating 

the conditions of materials and structures. AE may be 

defined as a transient elastic wave generated by the rapid 

release of energy within a material. This technique is used 

to safeguard against catastrophic failures, to assess 

structural integrity and to enhance safety in a wide range of 

structures. This is often combined with monitoring of the 

manufacturing processes. For the tapblock monitoring, the 

AE system was used to detect changes in refractory and 

copper thickness and to evaluate their integrity. 

In this application, the primary source of the signals is 

related to the flow of the molten metal. The signals (AE 

events) are generated on the interface between the molten 

metal and the inner refractory lining, and their occurrence is 

caused by the motion of the molten material and by the 

resulting thermal expansion of the refractory. The elastic 

wave propagates through the refractory and copper, and 

then approaches the cooling pipe. While both refractory and 

copper significantly attenuate the signals, the Monel pipe is 

a good medium for propagation. The elastic waves 

propagate through the Monel pipe towards the sensors 

installed on the inlet and outlet. Since significant 

attenuation takes place while the signal propagates through 

the refractory and copper, the changes of the signal’s 

parameters will be related to the remaining thickness of the 

refractory lining and the copper. In general, the stronger the 

signal, the less attenuation, hence there is less material 

remaining. This concept is illustrated in Figure3. 

 

 

Figure #3: AE signal propagation path 

within a tapblock 

As shown in Figure3 there are four components of the 

attenuation that should be considered for the tested tapblock 

(AR – attenuation within refractory, AC – attenuation within 

copper, AMC – attenuation within the section of the Monel 

pipe that is cast in copper, AM – attenuation within the 

Monel pipe not cast in copper). The total attenuation of the 

signal on its path from the source to the sensor is a 

summation of these components, see Equation2. 

 

MMCCR AAAAA   

Equation #2: Signal attenuation components 

 

For the purpose of the refractory wear evaluation, out of the 

four distinct attenuation components one is variable, 

namely: AR. The values of this component change when the 

thickness of the refractory changes. This relates back to the 

foundation of this Taphole Acoustic Monitoring technique: 

reduced thickness results in less attenuation and stronger 

AE signals. 

 

Pattern Recognition for Damage 

Evaluation Based on AE 
In order to process the large number of AE data in an 

efficient way, Hatch developed Pattern Recognition 

software. Using various combinations of signals’ features it 

is possible to identify the ones related exclusively or 

predominantly to individual tapping events. This is 

schematically shown in Figure 4. Based on the experience 

of the furnace operators it was later possible to assign the 



most probable deterioration modes to those events. This 

work, together with the signal source location, established 

basics for the qualitative condition monitoring of tapblocks 

using Acoustic Emission technique. 

 

Figure #4: Various events and the related 

AE signal parameters 

 

TAM Software 
The key software modules of the TAM system are: 

 The Detection Module – including the data acquisition 

software. 

 The Source Location Module – computing physical 

location of the tapping related signal sources. 

 The Signal Processing Module – responsible for digital 

filtering of the acoustic signals. 

 The Pattern Recognition Module – with learning 

algorithms for recognizing the off-center lancing / 

tapping signal features. 

The TAM is continuously monitoring the tapping intensity 

at various areas of the tapping channel, relating it to the 

refractory deterioration. Selected screen captures from the 

monitoring software are shown in Figure 5. 

 

 

Figure #5: TAM software screen captures: 

LEFT – directional tapping control; RIGHT 

– detected area of high lancing intensity 

 

TAM Performance History 
The TAM system has been installed on two tapholes for 

two years. The main purpose of that installation was to 

monitor the taphole refractory wear and to ensure that the 

copper block remains intact. The system was validated 

during several minor tapping incidents. The data collected 

during these events was added to the knowledge base and 

used to recalibrate the alarms/warnings thresholds. The 

TAM system has served its purpose well without any major 

software or hardware malfunctions. Several software 

upgrades were successfully conducted on-line, using the 

Virtual Private Network (VPN) connection. 

 

Cooler inspection using ultrasonic testing 

method 
 

Methodology 

Considering the critical role of the copper coolers, strict 

monitoring of their performance is essential. Such a 

monitoring is accomplished by precise measurement of the 

cooler’s hot face thickness. Several non-destructive testing 

techniques have been benchmarked for this purpose. 

Ultrasonic testing method is one of the promising methods 

for inspection of copper coolers. Portability, accuracy, high 

sensitivity and ease of use are among the advantages of 

ultrasonic testing method. 

 

The normal beam ultrasonic pulse-echo method is regarded 

as one of the most practical schemes for monitoring the 

thickness of copper coolers. As is shown in Figure , in this 

technique piezoelectric transducers are manually mounted 

on the cold face of the coolers using a viscous couplant 



(jel). Ultrasonic waves launched by the transducers 

propagate in the copper medium. They are then partially 

reflected back at copper/Monel or copper/molten metal 

boundaries due to change in mechanical properties of the 

media at the interfaces. The reflected waves propagate 

toward the transducers and are detected by them. 

Having the ultrasonic wave speed in copper medium and 

the total propagation time of the longitudinal wave to travel 

through the cooler and reflect back, the thickness is 

calculated.  

 

 

 

 

 

 

Figure #6: Schematic view of pulse echo 

technique for thickness calculation 

 

Acoustic Wave Speed Calibration 
Dependency of ultrasonic wave speed on copper 

temperature demands correction of the wave speed in 

advance of calculating the cooler thickness. Lack of such a 

correction introduces significant errors in thickness 

calculation. 

Experimental and numerical studies on temperature 

dependency of ultrasonic wave speed in copper were 

accomplished by the Hatch NDT group. The results of these 

studies are briefly described. 

Numerical Studies 
A finite element model for propagation of a typically used 

500 kHz acoustic wave in copper was developed using 

ANSYS software. The model was solved for different types 

of acoustic pulses such as transient and continuous, various 

grades of copper materials and different temperatures of 

copper.  

For all different temperature values tried in the program, the 

acoustic wave speed exhibited a reduction against an 

increase in temperature. Figure 7 illustrates the relationship 

between the ultrasonic wave speed and temperature for a 

particular copper grade.  
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Figure #7: Dependency of acoustic wave 

speed on temperature for a particular 

copper grade. 

Experimental Study 
A series of tests were conducted to determine changes of 

wave speed in copper due to an increase in temperature and 

samples sizes. Two (2) copper rods of 130mm and 250 mm 

long were heated at equal time intervals, and longitudinal 

wave speed was measured using an ultrasonic thickness 

gauge system. A series of acoustic wave speeds were 

collected as the temperatures were increased in equal 

intervals up to 215°C. The measured wave speed data 

demonstrated that the sample length has no effect on the 

wave speed. 

Figure 8 illustrates the relationship between the measured 

ultrasonic wave speed and temperature for a particular 

copper grade. 
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Figure #8: Measured Acoustic Wave velocity 

vs. temperature in copper rods 

The empirical relationship between the acoustic wave speed 

and temperature, shown in Figure 8, are in agreement with 

that for the numerical study demonstrated in Figure 7.  
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Conclusions 
Despite of complexities involved with material 

heterogeneity, temperatures and difficult working 

environments, NDT techniques have been developed and 

used for monitoring and inspection of the metallurgical 

vessels and furnaces.   


