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This study investigated the use of ultraviolet light-emitting diodes (UV LEDs) for the curing of a UV protective
coating on the inner surface of pipes for application in the oil and gas industry. The lamp described here
comprises several 1 W LEDs mounted on linear arrays around a cylindrical support. To achieve the optimal
curing of the polymeric coating on every surface point, the radiation pattern emitted by the source was simulated
in both the radial and linear directions of the lamp axis. By changing the number of arrays, the spacing between

LEDs and the distance from source to surface, it was possible to evaluate the best radiation pattern having less
intensity variation on the pipe surface. Once the best lamp design was found, the lamp was constructed, and the
actual value of irradiance was evaluated as a function of distance in the radial and linear coordinates using a

radiometer.

1. Introduction

Corrosion is considered the leading cause of failures of steel in-
frastructures operating in harsh environments, such as oil and gas ap-
plications, transport and downhole pipelines and heat exchangers [1].
According to Ref. [2], the global cost caused by corrosion is estimated to
be US$2.5 trillion, or 3.4% of the global Gross Domestic Product (GDP)
(2013). Among the commonly used solutions to prevent corrosion,
namely: the use of steel corrosion inhibitors [3,4], corrosion-resistant
alloys [5], or fiber-reinforced plastics [6], employing protective
organic coatings represents one of the best approaches in terms of price
and final performances [7-9].

Organic coatings are composed of thermosetting resins, mainly
thermally cured, solvent-borne, or powder based. Until now, solvent-
borne paints have been the most widely used protective coatings for
metal because of their high-performances in terms of mechanical
properties and ease of application. On the other hand, these paints can
cause long-term adverse health effects because of VOCs release and have
an inefficient curing process [10,11]. The cross-linking process in these
coatings requires long periods and is usually conducted at high tem-
peratures using expensive and energy-consuming ovens [12,13]. In this
context, UV-curable coatings represent an optimal solution since they
overcome the main drawbacks of thermally cured coatings, obtaining
process efficiency through reduced curing time (from hours to seconds),

lowering energy consumption, and improving environmental sustain-
ability because of the absence of harmful VOCs in their formulation
[14]. Despite their evident advantages, UV-curable coatings have rarely
been applied to the inner surfaces of pipelines and narrow geometries
due to the dimensional difficulties of bringing a UV source inside these
spaces. However, in recent years, the progress of UV LED technology has
brought onto the market devices with reduced size and limited heat
emission [15,16] that could be used for this purpose. In addition, UV
LEDs, compared to standard low-pressure mercury-arc lamps, are a
better choice because of their reduced size, improved energy efficiency
and safety [17]. UV-LED can also be mounted in arrays providing
modularity to the UV source and better control over power and irradi-
ance [18].

Curing the inner surface of a pipe is a dynamic process that requires a
UV light source moving inside a cylinder, running the entire length
while curing the coating. The movement of the UV source can be defined
by a linear translation along the cylinder’s longitudinal axis and by a
rotation around the same axis. To limit possible oscillation during the
linear translation and avoid inaccuracies during the curing process,
using a source with a 360° circular light can replace an erratic rotational
movement and is a preferred solution. The total amount of energy
reaching the paint surface must be accurately tailored based on the paint
chemistry to fully cure the paint into a coating with the desired me-
chanical properties. This energy value is generally called energy dose (J/
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Table 1
Technical characteristics of the SST-10-UV LED [20].
UV LED
Parameter Symbol  Value
Wavelength Range A 365-375  380-390  390-400  400-410
[nm]
Peak Wavelength Ap 370 385 395 405
[nm]
Forward Voltage [V] \'3 3.7 3.4 3.3 3.3
Radiometric Flux Dyyp 875 1015 1015 930
[mW]
Viewing Angle [deg] 20y, 130 130 130 130

cm?), defined as the power per unit of surface to be applied for a specific
amount of time to provide enough energy to cure a liquid film into a
hard coating [19]. If this value is not reached, the final performance of
the polymer will be affected, and it is thus of the utmost importance to
accurately measure this value spatially during the curing process.

In this study, a UV LED lamp with a 360° radiation emission pattern
was developed to cure a photosensitive coating in difficult-to-reach
surfaces such as the inner surface of pipelines. In particular, the light
source was designed to fit inside pipes with diameters ranging from 40 to
200 mm, the most common dimensions of pipeline used in the oil and
gas industry. The radiation wavelength of 395 nm was selected to
crosslink the photocurable coating. To allow optimal photo-
polymerization in all points of the coating, the irradiance pattern of the
lamp was evaluated using a software in both the radial and linear co-
ordinates as a function of the LEDs arrangement and the pipe diameter.
Once the optimal LED configuration was selected, it was constructed,
and the spatial irradiance was measured to validate the simulated irra-
diance profile.

2. Materials and methods
2.1. Materials

A 1 W power UV LED, SST-10-UV [20] (Table 1), with 395 nm peak
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around a cylindrical support in a configuration where each PCB occupies
a side of a polygon. Considering the PCB width to be 4.2 mm, the side of
each polygon was set to be constant and equal to 6 mm, and the
dimension of the final lamp was calculated accordingly for each
configuration analyzed.

Table 2 reports the support characteristics for the analyzed polygons,
each defined by the radius of the circumscribed circle (Reyt), the radius
of the inscribed circle (Ir), and the total number of LEDs per lamp,
considering each array composed of 20 LEDs.

2.2. UV LED radiation pattern

The irradiance produced by a single LED is defined as the power per
unit area incident on the surface to be illuminated by the source and it is
usually expressed as E = d®/dA and measured in W/m?2 [21]. The
relative intensity of the radiation field around the emission source de-
pends on the viewing angle and, in standard LEDs, is expressed by
Lambert’s equation:

Iy=1I,cos 0 (€8}

Table 2

Polygonal geometries and number of LEDs on 16 cm length.
Polygon Rext [mm] Ir [mm)] n LEDs
Square 4.24 3.00 80
Hexagon 6.00 5.20 120
Octagon 7.84 7.24 160
Decagon 9.71 9.23 200

40°

50°

wavelength (Luminus Devices Inc, Brussels, Belgium) was chosen as the 0
standard UV LED source for this application. Fig. 1 gives the dimensional 70°
features reported by the manufacturer. In particular, the LED is a square
of 3.5 x 3.5 mrnz, has a height at the center of 1.3 mm and a viewing 80°
angle of 130°.
The printed Circuit Board (PCB) where the UV LEDs were placed was 90° :
designed uSing KICAD® 1.0 0.8 0.6 04 0.2 0 20 40 60 80
To generate a 360° radiation profile, the LED arrays were distributed Fig. 2. Radiation pattern of the UV LED, SST-10-UV.
1,84
3,45
1,30
\\
|24
CENTER OF EMITTING AREA

Fig. 1. PDS product data sheet - 002674 luminus devices, inc [20].
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Where Ij is the maximum intensity at the surface normal to the LED, and
6 is the viewing angle. The spatial distribution of irradiance obtainable
with equation (1) represents the radiation pattern and it is specific for
every LED and for this case study is given in Fig. 2. The irradiance dis-
tribution (Ey) can also be expressed as a cosine function according to:

_d®  Iycosd

E, =2
’TdA r?

(2)

Where & is the radiometric flux, A is the incident area, and r is vthe
distance between the viewing point and the source [22]. Considering a
system composed of more than one LED, several mathematical models
have been reported describing the resulting radiation pattern [21,23,
24], but none describing the radiation pattern inside a cylindrical shape.
For the polymerization of a coating inside a pipe, the radiating source
resulting from the LED arrays disposed around the cylindrical support is
required to emit light at 360°. The total radiation pattern is required to
be as homogeneous as possible, and it is the result of the combination of
the single LEDs radiation patterns in both polar and cartesian co-
ordinates with respect to the lamp axis.

The radiation pattern simulation was performed using the analytical
software GNU Octave®. The model developed used the UV LED relative
position, viewing angle, radiation pattern, and radiation angle (Fig. 2).
Two separate versions of the model were generated. The first one pro-
duced a linear profile on a section parallel to the axis of the cylinder,
taking as input the number of lined LEDs (n), their relative distance
(step), the inner radius of the cylinder to be irradiated (p,) and the radius
of the lamp body (I;). The second radial, on a section perpendicular to
the cylinder’s axis, taking as inputs the number of LEDs distributed
radially (n) or the number of sides of the polygon, the radius of the
cylinder to be irradiated (p,) and the radius of the lamp body. The
models do not consider the contribution of the light reflected by the
painted surface of the pipe, as this is considered neglectable.

The total irradiation generated by the lamp was analyzed using a
simplified model considering the internal pipe surface as a flat surface.
The irradiance distribution, in this case, was evaluated as the total
radiometric flux divided by the inner surface of the pipe.

[ [

A 27p,L

3

Where E is the irradiance [mW/cmZ], @ is the total radiant flux of the
lamp [W], p, is the radius of the pipe to be irradiated by the source
[mm], and L is the length of the pipe [cm].

A UV radiometer X1-5 equipped with an RCH-119 detector (Giga-
hertz Optik GmbH, Tiirkenfeld, Germany) was used to measure the real
irradiance after the lamp was constructed. The radiometer measuring
device was fixed on a support while the lamp was mounted on a moving
rod operated by an inverter motor. A value of irradiance was registered
every 4 mm distance for the linear profile or every 10° for the radial
profile. The irradiance value for each measurement point was obtained
as an average of 3 different results.

3. Results
3.1. Radial radiation patterns

The radial irradiation profiles generated by several lamp geometries
were evaluated on a cylindrical surface with an inner radius (p,) ranging
from 10 mm to 100 mm using the simplified model of the flat surface (3).
The results, plotted on polar diagrams, show the radial level of irradi-
ation ranging from 0 to 100%. The distance of the light source from the
center of the cylinder (l;) was assumed constant and equal to 7 mm for
all polygonal profiles.

Starting with small p, values, the radial emission diagrams obtained
were non-uniform as the radiation intensity oscillated considerably,
reaching 100% values only in correspondence with the LED position.
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n=6 Ir=7.00 pr=10.00

* 100

90 60

l’.‘“\
.Q'i\\ 30
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Fig. 3. Radial radiation pattern generated by a hexagonal UV LED source on a
cylindrical surface of inner radius p, = 10 mm.

n=6 Ir=7.00 pr=30.00

180

270

Fig. 4. Radial radiation pattern generated by a hexagonal UV LED source on a
cylindrical surface of inner radius p, = 30 mm.

This can be clearly seen in Fig. 3, where is depicted the radiation pattern
generated by a hexagonal lamp on a cylinder with p, = 10 mm.

When the distance from the source to the surface, given by p;-1; is too
small, each LED can irradiate only a small portion of the surface
immediately in front of it and no side contribution is given to adjacent
LEDs.
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n=8 Ir=7.00 pr=30.00
90

270

Fig. 5. Radial radiation pattern generated by an octagonal UV LED source on a
cylindrical surface of inner radius p, = 30 mm.

n=12 Ir=7.00 pr=30.00

270

Fig. 6. Radial radiation pattern generated by a dodecagonal UV LED source on
a cylindrical surface of inner radius p, = 30 mm.

Considering the same hexagonal source, when the cylinder radius is
increased from 10 to 30 mm (Fig. 4), the radiation pattern becomes more
evenly distributed on the cylindrical surface, reaching an average level
of irradiation of around 95%. Increasing even more the p; value, the
irradiance becomes constant at around 100%, with a profile closer to a
circumference.

This tendency is particularly true for lamp geometries with a higher
number of sides n. As the distance from the source increases, the
contribution of each LED to the adjacent LED emission pattern becomes
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106 n=20, Ir = 7.00, pr = 10.00, step = 8.00
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Fig. 7. Linear radiation pattern generated by a hexagonal UV LED source on a
cylindrical surface of inner radius p, = 10 mm.
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Fig. 8. Linear radiation pattern generated by a hexagonal UV LED source on a
cylindrical surface of inner radius p, = 20 mm.

more critical and the areas where there is no radiation become smaller
because of irradiance overlapping.

Increasing the number of sides (n) of the light source, the radiant
flow remains uniform also inside cylinders of small diameters. This sit-
uation is visible in Figs. 5 and 6, where 8- and 10-sided sources (n = 8, n
= 10) irradiate a cylindrical surface diameter of 60 mm (p, 30 mm)
uniformly.

Despite the excellent result in uniformity of the radiant flow, a light
source with more than six sides is too large compared to the diameters of
the cylinders we want to access, thus limiting the range of cylinders that
can be cured.

Therefore, considering the size of the UV LEDs and the dimensional
results of the radial radiation analysis, the hexagonal geometry is the
suggested source for our purposes.
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n=20, Ir = 7.00, step = 8.00

100 T

9 | ]
80 i
70
60
50
40

Relative Intensity [%]

30
20

=Pr =30 mm
=Pr=50 mm
0 | | Pr=100 mm | |

0 50 100 150 200
Distance [mm]

10

Fig. 9. Linear radiation pattern generated by a hexagonal UV LED source on a
cylindrical surface of inner radius p, = 30, 50 and 100 mm.
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Fig. 10. Linear radiation pattern generated by a hexagonal UV LED source on a
cylindrical surface of inner radius p, = 30 and step = 30 mm.

3.2. Linear radiation patterns

Once the optimal lamp radial configuration was defined, the linear
irradiation was analyzed as a function of the step between LEDs and
cylinder size. Fig. 7 shows the linear radiation pattern obtained for a
hexagonal lamp at a close distance to the cylindrical surface; as ex-
pected, at low p; values, the radiation pattern has no room for over-
lapping and a discontinuous profile is generated.

The minimum value of p, at which the linear radiation pattern be-
comes uniform is 20 mm, corresponding to a cylindrical surface diam-
eter of 40 mm (Fig. 8).

Thus, the higher the p, values becomes, the lower the oscillations in
the linear profile. However, while it is true that increasing the value of p;
generates smother irradiance at the surface, increasing too much this
value generates a parabolic shape (Fig. 9).

This effect leads to the fact that the maximum intensity value is
maintained for a shorter length compared to cases where the surface to
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Fig. 11. 3D model of the hexagonal UV LED source constructed.

Table 3
Irradiance values measured with a radiometer at increasing distances from the
source.

Distance from LED Theoretical I Measured Irradiance Abs Error
(d) [mm] [mW/cm?] [mW/cm?] [%]
1 702,5 710.1 1.08
2 442,3 450.5 1.85
3 322,8 328.2 1.68
4 254,1 250.7 1.34
5 209,5 210.0 0.23
6 178,3 175.8 1.37
7 155,1 150.3 3.09
8 137,3 129.8 5.44
9 123,1 120.2 2.37
10 111,6 105.0 5.93

be irradiated is closer to the source. This effect must be taken into
consideration when it comes to evaluating the lamp speed along the
pipe.

Finally, the effect of changing the distance between LEDs was eval-
uated. Decreasing the step resulted in a smoother profile with a lobe
shape. However, reducing step size means having a shorter lamp and
thus, lower movement along the pipe. In addition, increasing the density
of LEDs in each array would result in heat dissipation issues. For these
reasons, it was not considered to use a step size smaller than 8 mm. On
the other hand, the effect of increasing the step on the linear radiation
pattern is depicted in Fig. 10.

With a step size of 30 mm, the profile appears less uniform, with an
irradiance oscillating between 90 and 100% of the maximum. In this
case, the resulting length of the lamp will be increased from 160 mm to
570 mm with a resulting higher lamp speed.

3.3. Irradiance patterns validation

Following the analysis, the UV LED source chosen to continue the
experimentation is based on an array of 120 UV LEDs Luminus SST-10-UV
distributed in 6 strips of 20 LEDs spaced 8 mm apart and fixed on hex-
agonal aluminum support. Fig. 11 shows the 3D model of the hexagonal
UV LED source described. The overall resulting radiant flux is ® = 120
W, and the achievable irradiation on a cylindrical surface having the
same length as the UV LED source is obtained by the following formula:

W/cm2 4

When the inner surface of a cylinder is characterized by a pipe radius
(P,) ranging between 10 mm and 100 mm (meaning a source-surface
distance between 3 mm and 93 mm), we obtain irradiation between
1200 mW/cm? and 120 mW/cm?. Consequently, the irradiation needed
for the correct UV curing can be tuned by the power of the UV LED.

Larger diameters of the cylinder to be irradiated need more extensive

o row 1,19
" 2zP,x16cm P,
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Fig. 12. Comparison between simulated radiation patterns an experimental data for radial (a-d) and linear (e-h) radiation pattterns patterns for different p, values.

supports, which can be obtained by increasing the number or the
dimension of the sides.

The experimental irradiance values were calculated with increasing
the distance from the LED source (d = p; - ;). It was found that the values
of intensity registered by the instrument corresponded to the theoretical
values obtained with equation (3) with maximum error of less than 6%,
which can be ascribed to the operator error in measuring the distance
d (Table 3).

Finally, the radial and linear irradiance profiles were evaluated by
measuring the intensity values, respectively while rotating and

translating the lamp along its axis. Except for the pattern corresponding
to p; value of 10 mm where the collected points were too few to have a
reliable curve, all the radiation patterns were found to be consistent with
the ones obtained by computer simulation (Fig. 12).

4. Discussion
After the developed model was validated using UV intensity data

collected through the radiometer, it was possible to use the simulation to
determine the optimal radiation pattern to cure UV paint formulations
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applied on the inner surface of different pipe sizes. For each pipe or
vessel diameter, it is then possible to choose lamp designs with opti-
mized radiation patterns which have the lowest oscillation in intensity
along the whole length of the lamp. Depending on the UV paint
formulation chosen for the application, the correct UV intensity (mW/
cm?2) and dose (J/cm2) required for the correct cure can be easily
tailored by acting on the lamp. If a different dose is needed, the lamp
speed across the pipe can be increased or decreased. On the other hand,
if a different peak intensity is required, the LED current can be increased
or decreased to have from 50 to 200% of the nominal power or radio-
metric flux [20].

A 120 W lamp with a LED array length of 200 mm would require an
average of 8.5 min to cure a coating on a 10 m long pipe, with a 10 s
dwell time. This time can be easily reduced by half or 4 times by
increasing twice or 4 times the lamp length. Depending on the required
productivity, several single lamp lines can be used in parallel matching
the production obtained by curing the coating with high-temperature
ovens with a considerably lower energy consumption.

Despite the high energy efficiency of LED systems, the heat generated
by the lamp while in use is an issue that can lead to a critical temperature
increase on the PCB chip. This temperature should never surpass the
threshold value of 80 °C to avoid consequent reduction of power, LED
damage or desoldering [20]. For this reason, a possible solution would
be to introduce an internal water cooling system to avoid overheating.

Another common issue arising from using LED units in a chemicals-
rich environment is VOC contamination of LED silicon lenses. This
contamination is generally caused by the outgassing of adhesives, gas-
kets or coatings present in close contact with the LED. The VOCs pro-
duced this way will penetrate the lens and occupy the free space within
the silicone polymer; with subsequent exposure to high photon energy
and heat produced by the LED, the volatile compounds trapped will
undergo discoloration which will cause the LED to lose intensity [25,
26]. To avoid this effect, LEDs must be screened from the VOCs pro-
duced from the curing coating with a transparent cover with optimal
light transmittance properties (e.g., quartz).

5. Conclusions

In this study, the radiance patterns generated by a modular UV LED
lamp for curing UV coatings inside pipelines were presented. The irra-
diance profiles were evaluated as a function of the number of LEDs and
the arrangement along the lamp structure, the LEDs spacing (step) and
the distance from the source to the pipe internal surface. The depen-
dence of linear and radial profiles from the aforementioned parameters
was evaluated and it was found that a lamp with hexagonal geometry
consisting of 6 arrays of 20 LEDs with an 8 mm step between one another
was the best configuration to achieve the optimal radiation pattern with
the minimum encumbrance. The chosen lamp was then constructed, and
the real irradiance was measured using a radiometer at various dis-
tances. It was found that both the linear and radial radiation patterns
presented the same profile as the one simulated and the irradiance
measured as mW,/cm? was accurate with an error smaller than 6% for all
the distances from the source. Therefore, it was demonstrated the pos-
sibility to use a modular LED lamp to produce a suitable and uniform
radiation pattern to properly cure a UV-curable coating applied on the
inner surface of pipes with small diameters.

Despite good validation obtained from intensity measures, the
simulation remains an approximation of the intensity of the UV light on
a flattened surface. For more complex systems in which different ge-
ometries are present (e.g., closed vessels and curved pipes) a more
detailed simulation should be preferred to have more accurate patterns.
In addition, the values of pipe diameters used in this study cover only a
small range of the ones commonly used and with bigger distances from
the source to the surface, a different lamp design should be introduced to
avoid the intensity of light reaching the coated surface being too low to
allow the crosslinking reaction.
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