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ABSTRACT. 
 

The paper will describe current status and on-going developments. Though used for years, 
conventional ultrasonics has limitations due to efficiencies, lack of permanent results, and repeatability. In 
many cases, the preferred method of inspection has been radiography. Phased array techniques have now 
overcome many of these limitations.  
 

This paper will show how phased array can be applied to thin, small diameter pipes using 
appropriate Scan Plans. Ray tracing techniques can show complete coverage to Code, and also appropriate 
angles. The techniques can use S-scans or E-scans, and in some cases, multiple scans are required. While 
small diameter pipes inspections are now generally viable, there are still limitations. Specifically, codes 
have not fully adapted to AUT yet;  ASME still requires a considerable number of calibration pipes; small 
diameter pipes will inherently defocus the beam; sizing defects’ vertical height is difficult with thin pipes, 
so the results tend to be “go-no go”; developing suitable scanners is still a priority.  
 
THE ARRIVAL OF INDUSTRIAL PHASED ARRAYS 

Manual or conventional phased arrays have been available for decades. However, 
they suffer from well-known problems: subjective (i.e. highly operator dependent); no 
recorded scan results; and generally slow. However, manual ultrasonics – or ultrasonics 
in general – has good defect detection potential and can size defects in the vertical plane 
for Fracture Mechanics assessments. 
 

About fifteen years ago, large phased array systems like R/D Tech’s FOCUS 
became commercial [1]. These instruments were heavy, expensive and complicated to 
use. As a result, they tended to be used in high end industries like nuclear, pipeline and 
advanced aerospace applications. Somewhat lower cost instruments like QuickScan were 
developed for pipe mills.  
 

Phased arrays have been well described elsewhere [2], so will not be covered here. 
However, they offer known advantages, particularly when used in encoded linear 
scanning, also called Automated Ultrasonic Testing (AUT): 

• Speed 
• Imaging 
• Flexibility 
• Data storage 
• Reproducibility 
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In 2003, portable phased array units were introduced like OmniScan [3]. Once fully 
developed, these instruments were rapidly accepted for weld inspections. Some 
adaptations were made, e.g. calibration and multi-group scanning, specifically for weld 
inspections. However, most of the early weld applications were for simple geometries, 
specifically plates and tube butt welds. These covered a significant portion of the 
applications, and phased arrays are rapidly becoming the weld inspection device of 
choice, replacing radiography. Not only do phased arrays not disrupt production, but they 
provide a better Probability of Detection of defects. In addition, there are no 
environmental side-effects from ultrasonics. Overall, portable phased arrays have proven 
both effective and cost-effective for weld inspections.  
 

Small diameter pipes are another potentially large market for inspections. These pipes 
are used in many industries: petrochemical, ships, pharmaceuticals, power generation, 
nuclear waste. In some cases, welds are not inspected, though when inspected using 
radiography, the production disruptions can be prohibitive.  
 
SMALL DIAMETER PIPE ULTRASONIC INSPECTIONS 

Small diameter pipe inspections have different parameters to larger pipes and flat 
plates. Specifically: 

• Usually there are many, many welds to inspect, e.g. in a boiler 
• Often there is limited space between pipes 
• Typically one cannot move components, unlike pressure vessels.  
• Most applications are tube-to-tube butt welds, which makes life easier 
• Some welds have limited access, e.g. one side only * 
• Sometimes the welds are on curved pipes * 
• There is a wide variety of diameters and thicknesses, materials, specifications 

etc.* 
• The specifications may or may not require transverse defect inspections * 

 
* Applies to other AUT inspections as well, but may be very important for small 
diameters and thin walls. 

 
Naturally, there are some practical problems with AUT applications on small pipes 

(though many of these issues also apply to other AUT inspections): 
1. A low profile array and scanners may be required, which can be a major issue 
2. The beam de-focuses significantly in the pipe. Ideally, one could focus using 

curved arrays or matrix arrays, but this technology is not commercially available 
yet 

3. Pumped coupling is required, though this is not usually a big issue  
4. Set-ups are needed for all the pipe diameter and thicknesses 
5. Sizing in the vertical plane can be relatively inaccurate 
6. If using the ASME code, a calibration piece is required for each diameter and 

thickness combination (not addressed here). 
 
 
 



INSPECTION CODES 
The dominant inspection code for construction welding (in North America, at 

least) is ASME. Pipe inspections are normally covered by ASME B31.1 for power piping 
and B31.3 for process piping. Both codes permit ultrasonics in general, and AUT in 
particular. Specifically, B31.1 has Code Case 179 [4], which is an AUT code case with 
workmanship acceptance criteria. B31.3 has Code Case 181 [5], which is an AUT code 
with Fracture Mechanics acceptance criteria.  
 

The ASME AUT codes all have similar features in some respects. All require: full 
calibration; an encoded scan with full data collection; a written procedure or Scan Plan to 
show coverage; some constraints on parameters like scanning speed, beam overlap etc, 
and all require qualified operators.  
 

The small diameter pipe inspection codes were generally derived from ASME 
Code Case 2235, which is Fracture Mechanics based. The original CC 2235 was for very 
thick-walled pressure vessels, and the relative error from depth measurements was fairly 
small. As AUT was applied to thinner and thinner vessels, the relative error from defect 
depth sizing increased. Suppose the sizing error on a 200 mm component is 3 mm (or 
1.5% of wall), but the sizing error on a 10 mm pipe is 1 mm, this now becomes 10% of 
wall. As the pipes get thinner, the sizing error increases rapidly. This aspect has not been 
particularly well addressed by the codes yet. 
 

One of the biggest commercial handicaps of AUT for small pipes is the number of 
calibration blocks required. However, some other areas have developed well, e.g. Scan 
Plans. 
 
SCAN PLANS 

Code Case 181 requires an examination strategy or Scan Plan. With the arrival of 
economical ray tracing programs [6], providing Scan Plans for many different 
components is not that demanding. The normal ASME requirements are full weld 
coverage and appropriate incident angles on the weld bevel. “Appropriate” here is 
undefined, but we can guestimate it as + 10o.  Figure 1 shows a sample Scan Plan on a 
thick section weld, showing bevel incident angles. In some cases, the angles here are 
greater than 10o, so are not ideal. ASME would recommend using more than one S-scan 
for appropriate coverage here.  

 
FIGURE 1: Ray tracing using advanced ESBeam with sample Bevel Incidence Angles (arrowed) calculated 

on 25 mm wall double-V weld. 



 
For thinner pipes, the coverage tends be better with a single S-scan, as shown in 

Figure 2. However, it is clear that this Scan Plan should use examination from both sides 
of the weld to get adequate coverage.  
 

 
FIGURE 2: 5mm Wall using standard 45-70o refracted shear wave S-scan 

 
 

It is also possible – in fact, may be necessary in some cases – to inspect at one and 
a half skips, as shown in Figure 3.  
 

 
FIGURE 3: 5mm Wall using 1.5 skip 50-65o refracted shear wave S-scan 

 
Note that Figure 3 only scans from 50 to 65o, which is a relatively small angle 

range for an S-scan. One advantage of Scan Plan modeling is that different angle 
combinations and positions can be tried to determine suitable coverage. Of course, if a 
large angle range is required, the array must be calibrate-able over that range. In most 
cases, the calibrate-able range is less than the range permitted by the geometry of the 
wedge. 
 
Figures 4 and 5 show another aspect of using Scan Plans. In Figure 4, one area of the 
Heat Affected Zone shows poor coverage. 
 



 
FIGURE 4: 9mm Wall using standard 45-70o refracted shear wave S-scan 

 
In Figure 5, adjusting the standoff from 10 mm to 14 mm covers the poorly 

addressed area.  
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FIGURE 5: 9mm Wall using standard 45-70o refracted shear wave S-scan with increased standoff. 

 
In practice, for wall thicknesses above 9-10 mm is very difficult to get coverage 

with a single S-scan, so two or more S-scans are needed. Figure 6 shows a 10 mm wall 
with good coverage. 
 

 
FIGURE 6: 10mm Wall using standard 45-70o refracted shear wave S-scans with two standoffs 

 
BEAM DEFOCUSING 

As a natural feature of ultrasonics in small diameter pipes, the beams are 
defocused on entry into the pipe wall (see Figure 7). 
 

HAZ poorly 
addressed 



 
 

FIGURE 7: CIVA modeling of beam defocusing on entry; low profile unit 5MHz array with aperture 
10x7mm, 32 elements, focal depth 12 mm, 6 mm wall, 50 mm diameter pipe.  

 
While it is technically possible to focus in the vertical plane for sizing, defocusing 

in the horizontal (or axial) plane will significantly oversize defect length. Thus the 
advantages of using AUT and Fracture Mechanics approaches will be diminished.  
 

One potential solution is to focus the beam in the circumferential direction. These 
approaches have been used elsewhere [7], but are not commercial yet for most small pipe 
applications. However, such curved arrays are now available for pipeline AUT [8]. The 
improvement in length sizing is significant, as shown in Figure 8 on a focused and 
unfocused linear scan of a pipeline flat bottomed hole. Focusing reduces the measured 
length of the 2 mm defect from 6.4 mm to 3.1 mm in this instance, and hopefully will 
reduce overcalls and rejects significantly.  
 

 
FIGURE 8: Left, focused array. Right, unfocused array.   

 
 



VERTICAL SIZING 
Vertical sizing of defects is a challenge at the best of times, and is particularly 

difficult in small diameter pipes with thin walls at welds. Specifically, weld caps and 
crowns provide spurious reflections; higher angles are often used, making defect sizing 
geometrically more difficult; defects are comparatively small, meaning that tip and base 
signals can get confused. Ray tracing doesn’t offer much assistance here, and the best 
solution is probably Performance Demonstration on defects, which are sectioned later.  

 
SCANNING HARDWARE 

While automated and semi-automated scanners are widely available for plates and 
larger diameter pipes, the choice for small diameters is more limited. In addition to the 
small diameter, the pipes are often in close proximity so that low profile scanners are 
required. The close proximity of pipes may also require that low profile arrays be used, if 
available.  
 

However, small diameter pipe scanners are available. Figure 9 shows a clip-on 
scanner for 50-100 mm pipes.  

 

 
FIGURE 9: Clip-on scanner from Eclipse Scientific Products [9] 

 
Similarly, Figure 10 shows the low clearance Helix scanner from Metalogic [10].  

 



 
FIGURE 10: Helix small diameter pipe scanner.  

 
DISCUSSION 

Inspecting small diameter pipes with AUT is not a mature market yet; there are 
companies performing these inspections, but the techniques are not universal. To operate 
here, a company needs correct scanning equipment, and probably suitable arrays. 
Conveniently, the phased array instrumentation is essentially universal.  
 

Another main requirement is a Scan Plan or examination strategy. This is best 
done with economical ray tracing programs, which can show deficiencies in coverage or 
inappropriate angles. These ray tracing programs also allow the operator to easily adjust 
the set-up to optimize.  
 

Lastly, once the mechanics and ultrasonics are organized, the main requirement is 
trained operators. As always, this is the limiting factor for phased arrays.  
 
CONCLUSIONS 

1. Codes, specifically ASME B31.3 Code Case 181, permit AUT on small diameter 
pipes. 

2. Whether workmanship-based or Fracture Mechanics, suitable scanners and arrays 
are required. 

3. One key requirement is a good Scan Plan, best developed using an economical ray 
tracing program. 

4. The Scan Plans can determine if suitable coverage and appropriate angles can be 
achieved. 
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