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배관 내부의 침전물 두께와 분포 모니터링

Shumpei Ito*1

외부 표면 온도를 측정하여 내부의 침전물 두께를 추정하는 방법을 개발하였습니다. 배관 내

부에서 흐르는 유체의 온도가 배관 외부의 주변 온도보다 높고, 이때 내부에 침전물이 생기면 배관

의 표면 온도가 내려가게 됩니다. 이는 내부의 침전물이 내부 유체에서 배관 표면으로 열이 전달되

는 것을 방해하기 때문입니다. 따라서 배관의 표면 온도를 측정한 후 내부 유체로부터 외부의 주변

에 있는 유체로 전달되는 열에 대한 열방정식을 풀어 침전물의 두께를 추정할 수 있습니다. 또한 배

관 표면의 다중 지점에서 온도를 측정하면서 측정 지점의 침전물 형상과 두께를 추정할 수 있는 알

고리즘도 개발하였습니다. 이 알고리즘을 보여줄 수 있는 두 가지 실험을 제시하였습니다. 첫 번째 

실험에서는 온도 측정을 통해 모의 침전물의 다양한 모양과 두께를 추정하였습니다. 두 번째 실험에

서는 테스트용 배관에 왁스 침전물을 생성시킨 후 온도를 측정하여 왁스의 두께를 추정하였습니다

개요

배관 내의 침전물은 유량 감소 및 배관 막힘 같은 운전상의 문제

를 발생시키는 것으로 알려져 있습니다. 예를 들어, 석유 및 가

스 사업 분야에서 왁스, Asphaltenes 및 Hydrates와 같은 침전물은 중

요한 문제로 인식되고 있습니다. 배관 내부에서의 침전물 생성 과정

은 배관 내 유체의 조성, 온도, 압력, 유속과 같이 영향을 미치는 다양

한 요인으로 인하여 사전 예측이 어렵습니다. 또한 침전물은 종종 균

일하지 않은 형태로 발생하며, 배관의 하단이나 측면에 더 두껍게 침

전될 수 있습니다. 따라서 파이프라인 운전 중 이러한 침전물을 모니

터링하는 것이 중요합니다.

배관 내부 침전물의 형태를 추정하는 데 사용할 수 있는 몇 가지 

기술이 알려져 있습니다(1)-(3). 그러나 파이프라인은 종종 실제 침전물

의 두께를 측정하지 않은 채 사용되곤 하는데, 이는 낮은 비용으로 침

전물의 두께 및 형상을 실시간으로 추정하는 데 기술적 한계가 있기 

때문입니다.

이에 저희는 배관의 표면 온도를 측정하여 침전물의 형상 및 두

께를 추정할 수 있는 기술을 개발하였습니다. 배관의 외부 측면에만 

온도 센서를 설치하는 이 기술을 사용하는 경우, 실시간으로 침전물

의 형상과 두께를 비침습적으로 추정할 수 있습니다. 이 기술은 침전

물의 적층 상태를 연속적으로 모니터링할 수 있는 방법을 제공하여 

침전물의 제거 시기를 예측하거나 배관이 막히는 것을 방지하여 파

이프라인을 최적의 상태로 운용할 수 있습니다.

온도 측정 기반 침전물 추정 원리 

이 섹션에서는 이 기술의 원리에 대하여 설명합니다. 배관 내의 

유체 온도가 배관 주변의 온도보다 높은 경우, 배관 내부에는 침전물

이 쌓인 것으로 추정됩니다. 이 경우 침전물의 내부 및 외부 사이에 

온도 차이가 발생하게 되고, 배관 내 유체로부터 배관 외부로 열이 전

달되는 것이 방해받아 배관의 표면 온도가 낮아지게 됩니다. 이 기술

은 이러한 침전물로 인한 배관 표면 온도 변화 현상을 활용하여, 배관 

표면에 설치된 온도 센서로 측정한 온도 정보를 통해 비침습적으로 

배관 내 침전물의 두께를 추정합니다. 배관 내부와 외부 사이에 존재

하는 온도의 차이에 의존하는 이 기술은 배관 내 유체의 온도와 주변 

온도 사이에 차이가 없는 경우 사용할 수 없습니다.
*�1 ‌�Planning and Administration Department, Innovation Center, Marketing 

Headquarters
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두께가 균일한 침전물

이 섹션에서는 침전물의 두께가 균일하다고 가정할 때 배관의 

표면 온도를 사용하여 배관 내부의 침전물 두께를 추정하는 일반적

인 방법을 제시합니다. 임의의 두 점 사이에서 열 유속의 경우, ‘열 유

량 = 온도 차이 / 두 지점 사이의 열 저항’으로 표시할 수 있습니다.(4) 

이 관계에서 배관 내부의 유체로부터 배관의 측방향 길이 L 영역에서 

배관 외부로 흐르는 열의 열 유량 Q는 다음과 같습니다.

Ti: 배관 내 유체 온도

To: 배관 주변 온도

hi: 배관 내부의 열전달 계수

rpi: 배관 내부의 반지름

ho: 배관 외부의 열전달 계수

rpo: 배관 외부의 반지름

kd: 침전물의 열 전도율

δ: 침전물의 두께

kp: 배관의 열 전도율

배관 내부로부터 표면으로 흐르는 열의 흐름을 고려할 때, 열 유

량 Q는 다음과 같이 표시할 수 있습니다.

 Tp: 배관의 표면 온도

식 (1)과 (2)에서 배관 표면 온도 Tp, 배관 내 유체 온도 Ti, 그리

고 배관의 주변 온도 To를 사용하여 침전물 두께 δ를 다음과 같이 

유도할 수 있습니다

  

위의 예는 단열되지 않은 배관의 경우입니다. 단열된 배관의 경

우, 온도 센서가 단열재 내부에 설치된 경우와 유사한 열 유량 방정식

을 계산하여 침전물의 두께를 추정할 수 있습니다.

두께가 균일하지 않은 침전물

식 (3)은 두께가 균일한 침전물을 가정하고 있기 때문에 균일하

지 않게 분포된 침전물에 대해서는 적용할 수 없습니다. 따라서 우리

는 두께가 균일하지 않은 침전물도 추정할 수 있는 알고리즘 을 개발

하였습니다. 이 알고리즘은 그림 1에서 확인할 수 있는 바와 같이 다

중 지점에서 측정한 배관의 표면 온도를 사용하여 이러한 침전물의 

형상을 추정할 수 있습니다. 우리는 이 알고리즘을 다양한 형태의 데

모용 침전물에 대한 시뮬레이션에 적용하여 이러한 알고리즘이 침전

물의 형상과 두께를 추정할 수 있는 지 확인하였습니다.

데모용 실험

우리는 개발한 알고리즘을 사용하여 실제 배관에 발생하는 침전

물의 형상과 시간에 따른 변화를 추정할 수 있는지 확인하기 위해 두 

가지 데모 실험을 진행하였습니다.

모의 침전물 층을 사용한 형상 추정 실험

우리는 개발한 알고리즘이 침전물의 형상을 올바르게 추정할 

수 있는지 확인하기 위해 다음과 같은 실험을 수행하였습니다. 100A 

염화 비닐 라인 배관의 염화 비닐을 침전물로 가정하고, 배관에서 

100mm 구간을 두 개 잘라내어 염화 비닐 층을 그림 2과 같은 다양

한 모양으로 가공하였습니다. 그림 2(a)의 경우 배관의 위가 0°일 때 

시계 방향으로 180도인 지점에서 염화 비닐 층을 두껍게 형성시켰

고 (아래쪽), 이와 마찬가지로 그림 2(b)의 경우 배관의 90도 및 270

도 방향 (우 및 좌)에서 염화 비닐 층을 두껍게 형성시켰습니다. 배관

이 단열된 것으로 가정하기 위해, 그림 2(a)와 2(b)의 배관을 단열재

를 사용하여 감쌌고, 배관의 둘레면 아래 부분에 온도 센서를 설치하

였습니다. 두 대의 순환 장치를 사용하여 배관 내부에 40℃의 따뜻한 

물을 순환시켰고, 배관 외부에는 0℃의 차가운 물을 순환시키면서 배

관 둘레면의 온도 분포를 측정하였습니다. 그림 2(a)의 배관에는 8개

의 온도 센서를 설치하였고, 복잡한 형태의 염화 비닐 층이 있는 그림 

2(b) 배관에는 16개의 온도 센서를 설치했습니다. 우리가 개발한 알

고리즘을 측정된 온도 분포에 적용하여 염화 비닐 층의 형상을 추정

하였습니다.
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Deposits Uniform in Thickness
This subsection presents a typical method of estimating 

the deposit thickness in a pipe from the piping surface 
temperature when the deposit thickness can be deemed 
uniform. The rate of heat f low between any two points is 
expressed as the heat f low rate = temperature difference/
thermal resistance from the temperature difference and 
thermal resistance between the two points(4). From this 
relationship, the heat f low rate Q from the fluid in the pipe 
in the length L region in the pipe axial direction to the piping 
exterior is given as follows:
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Ti: Temperature of fluid in pipe
To: Piping ambient temperature
hi: Heat transfer coefficient inside piping
rpi: Piping inside radius
ho: Heat transfer coefficient outside piping
rpo: Piping outside radius
kd: Thermal conductivity of deposit
δ: Deposit thickness
kp: Piping thermal conductivity

Considering the heat flow from inside the piping to the piping 
surface, the heat flow rate Q can also be expressed as follows:
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Tp: Piping surface temperature
From Eqs. (1) and (2), the deposit thickness, δ, can be derived 
from the piping surface temperature, Tp, the temperature of 
fluid in the pipe, Ti, and the piping ambient temperature, To, as 
follows:
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The above example shows the case of uninsulated piping. For 
insulated piping, the deposit thickness can be estimated by 
solving a similar heat flow equation with temperature sensors 
installed on the inner side of the insulation.

Deposits Non-uniform in Thickness
Eq. (3) assumes a uniform deposit thickness and hence 

cannot be applied to deposits adhering nonuniformly. 
Therefore, we developed an algorithm1 that estimates the 
shape of such a deposit from the piping surface temperatures 
measured at multiple points, as shown in Figure 1, even 
when the deposit is nonuniform in thickness. We applied this 

algorithm to simulations of deposits with different shapes to 
verify that the algorithm can correctly estimate shapes and 
thicknesses.

Figure 1 Deposit shape estimation algorithm
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Temperature of liquid in pipe
Piping ambient temperature
Piping structural parameters
Heat transfer coefficients inside and outside piping
Thermal conductivity of deposit
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DEMONSTRATION EXPERIMENTS

We conducted two demonstration experiments to show 
that our developed algorithm can estimate the deposit shape 
and changes over time in real piping.

Shape Estimation Experiment Using Simulated Deposit Layers
We conducted the following experiment to confirm 

that our developed algorithm can correctly estimate deposit 
shapes. Assuming that the vinyl chloride layer of a 100A 
vinyl chloride-lined pipe was a deposit, we cut two 100 mm 
sections from the pipe and processed the vinyl chloride 
layers into different shapes as shown in Figure 2. The pipe 
in Figure 2(a) had its vinyl chloride layer shaped thicker in 
the 180-degree clockwise direction (bottom side) with the 
top side at 0°. Similarly, the pipe in Figure 2(b) had its vinyl 
chloride layer shaped thicker in the 90-degree and 270-degree 
directions (right and left). Assuming insulated piping, we 
wrapped the piping in Figures 2(a) and 2(b) with insulation 
and installed temperature sensors around the circumferential 
surface of the piping underneath. With two water circulators 
circulating 40°C warm water inside the piping and 0°C cold 
water outside the piping, the temperature sensors measured the 
circumferential surface temperature distribution of the piping. 
Eight temperature sensors were installed on Figure 2(a) 
piping, while 16 were installed on Figure 2(b) piping lined 
with a complex-shaped vinyl chloride layer. We applied our 
developed algorithm to the measured temperature distributions 
to estimate the shapes of the vinyl chloride layers.

Figure 2 Cross-sectional schematics of piping lined with 
processed vinyl chloride
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1 For intra-pipe deposits nonuniform in thickness, the algorithm also 
generates a heat equation for the heat transfer from the fluid in pipe to the 
piping exterior and estimates the deposit shape by solving the equation. 
This paper refrains from going into the details of this algorithm.
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and changes over time in real piping.

Shape Estimation Experiment Using Simulated Deposit Layers
We conducted the following experiment to confirm 

that our developed algorithm can correctly estimate deposit 
shapes. Assuming that the vinyl chloride layer of a 100A 
vinyl chloride-lined pipe was a deposit, we cut two 100 mm 
sections from the pipe and processed the vinyl chloride 
layers into different shapes as shown in Figure 2. The pipe 
in Figure 2(a) had its vinyl chloride layer shaped thicker in 
the 180-degree clockwise direction (bottom side) with the 
top side at 0°. Similarly, the pipe in Figure 2(b) had its vinyl 
chloride layer shaped thicker in the 90-degree and 270-degree 
directions (right and left). Assuming insulated piping, we 
wrapped the piping in Figures 2(a) and 2(b) with insulation 
and installed temperature sensors around the circumferential 
surface of the piping underneath. With two water circulators 
circulating 40°C warm water inside the piping and 0°C cold 
water outside the piping, the temperature sensors measured the 
circumferential surface temperature distribution of the piping. 
Eight temperature sensors were installed on Figure 2(a) 
piping, while 16 were installed on Figure 2(b) piping lined 
with a complex-shaped vinyl chloride layer. We applied our 
developed algorithm to the measured temperature distributions 
to estimate the shapes of the vinyl chloride layers.
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1 For intra-pipe deposits nonuniform in thickness, the algorithm also 
generates a heat equation for the heat transfer from the fluid in pipe to the 
piping exterior and estimates the deposit shape by solving the equation. 
This paper refrains from going into the details of this algorithm.
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Deposits Uniform in Thickness
This subsection presents a typical method of estimating 

the deposit thickness in a pipe from the piping surface 
temperature when the deposit thickness can be deemed 
uniform. The rate of heat f low between any two points is 
expressed as the heat f low rate = temperature difference/
thermal resistance from the temperature difference and 
thermal resistance between the two points(4). From this 
relationship, the heat f low rate Q from the fluid in the pipe 
in the length L region in the pipe axial direction to the piping 
exterior is given as follows:
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Tp: Piping surface temperature
From Eqs. (1) and (2), the deposit thickness, δ, can be derived 
from the piping surface temperature, Tp, the temperature of 
fluid in the pipe, Ti, and the piping ambient temperature, To, as 
follows:
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The above example shows the case of uninsulated piping. For 
insulated piping, the deposit thickness can be estimated by 
solving a similar heat flow equation with temperature sensors 
installed on the inner side of the insulation.

Deposits Non-uniform in Thickness
Eq. (3) assumes a uniform deposit thickness and hence 

cannot be applied to deposits adhering nonuniformly. 
Therefore, we developed an algorithm1 that estimates the 
shape of such a deposit from the piping surface temperatures 
measured at multiple points, as shown in Figure 1, even 
when the deposit is nonuniform in thickness. We applied this 

algorithm to simulations of deposits with different shapes to 
verify that the algorithm can correctly estimate shapes and 
thicknesses.
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We conducted two demonstration experiments to show 
that our developed algorithm can estimate the deposit shape 
and changes over time in real piping.

Shape Estimation Experiment Using Simulated Deposit Layers
We conducted the following experiment to confirm 

that our developed algorithm can correctly estimate deposit 
shapes. Assuming that the vinyl chloride layer of a 100A 
vinyl chloride-lined pipe was a deposit, we cut two 100 mm 
sections from the pipe and processed the vinyl chloride 
layers into different shapes as shown in Figure 2. The pipe 
in Figure 2(a) had its vinyl chloride layer shaped thicker in 
the 180-degree clockwise direction (bottom side) with the 
top side at 0°. Similarly, the pipe in Figure 2(b) had its vinyl 
chloride layer shaped thicker in the 90-degree and 270-degree 
directions (right and left). Assuming insulated piping, we 
wrapped the piping in Figures 2(a) and 2(b) with insulation 
and installed temperature sensors around the circumferential 
surface of the piping underneath. With two water circulators 
circulating 40°C warm water inside the piping and 0°C cold 
water outside the piping, the temperature sensors measured the 
circumferential surface temperature distribution of the piping. 
Eight temperature sensors were installed on Figure 2(a) 
piping, while 16 were installed on Figure 2(b) piping lined 
with a complex-shaped vinyl chloride layer. We applied our 
developed algorithm to the measured temperature distributions 
to estimate the shapes of the vinyl chloride layers.
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1 For intra-pipe deposits nonuniform in thickness, the algorithm also 
generates a heat equation for the heat transfer from the fluid in pipe to the 
piping exterior and estimates the deposit shape by solving the equation. 
This paper refrains from going into the details of this algorithm.
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temperature when the deposit thickness can be deemed 
uniform. The rate of heat f low between any two points is 
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kd: Thermal conductivity of deposit
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kp: Piping thermal conductivity
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Tp: Piping surface temperature
From Eqs. (1) and (2), the deposit thickness, δ, can be derived 
from the piping surface temperature, Tp, the temperature of 
fluid in the pipe, Ti, and the piping ambient temperature, To, as 
follows:
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The above example shows the case of uninsulated piping. For 
insulated piping, the deposit thickness can be estimated by 
solving a similar heat flow equation with temperature sensors 
installed on the inner side of the insulation.

Deposits Non-uniform in Thickness
Eq. (3) assumes a uniform deposit thickness and hence 

cannot be applied to deposits adhering nonuniformly. 
Therefore, we developed an algorithm1 that estimates the 
shape of such a deposit from the piping surface temperatures 
measured at multiple points, as shown in Figure 1, even 
when the deposit is nonuniform in thickness. We applied this 

algorithm to simulations of deposits with different shapes to 
verify that the algorithm can correctly estimate shapes and 
thicknesses.
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DEMONSTRATION EXPERIMENTS

We conducted two demonstration experiments to show 
that our developed algorithm can estimate the deposit shape 
and changes over time in real piping.

Shape Estimation Experiment Using Simulated Deposit Layers
We conducted the following experiment to confirm 

that our developed algorithm can correctly estimate deposit 
shapes. Assuming that the vinyl chloride layer of a 100A 
vinyl chloride-lined pipe was a deposit, we cut two 100 mm 
sections from the pipe and processed the vinyl chloride 
layers into different shapes as shown in Figure 2. The pipe 
in Figure 2(a) had its vinyl chloride layer shaped thicker in 
the 180-degree clockwise direction (bottom side) with the 
top side at 0°. Similarly, the pipe in Figure 2(b) had its vinyl 
chloride layer shaped thicker in the 90-degree and 270-degree 
directions (right and left). Assuming insulated piping, we 
wrapped the piping in Figures 2(a) and 2(b) with insulation 
and installed temperature sensors around the circumferential 
surface of the piping underneath. With two water circulators 
circulating 40°C warm water inside the piping and 0°C cold 
water outside the piping, the temperature sensors measured the 
circumferential surface temperature distribution of the piping. 
Eight temperature sensors were installed on Figure 2(a) 
piping, while 16 were installed on Figure 2(b) piping lined 
with a complex-shaped vinyl chloride layer. We applied our 
developed algorithm to the measured temperature distributions 
to estimate the shapes of the vinyl chloride layers.

Figure 2 Cross-sectional schematics of piping lined with 
processed vinyl chloride
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1 For intra-pipe deposits nonuniform in thickness, the algorithm also 
generates a heat equation for the heat transfer from the fluid in pipe to the 
piping exterior and estimates the deposit shape by solving the equation. 
This paper refrains from going into the details of this algorithm.

1 ‌�배관 내부에서 두께가 균일하지 않은 침전물의 경우, 알고리즘은 배관 내 유체에
서 배관 외부로 전달되는 열에 대한 열방정식을 만든 후 이 방정식을 계산하여 침
전물의 형상을 추정할 수 있습니다. 이 논문에서는 이 알고리즘의 자세한 내용에 
대하여는 취급하지 않았습니다.

 그림2 가공된 염화 비닐로 라이닝 처리된 배관의 단면도
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ho: Heat transfer coefficient outside piping
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kp: Piping thermal conductivity
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Tp: Piping surface temperature
From Eqs. (1) and (2), the deposit thickness, δ, can be derived 
from the piping surface temperature, Tp, the temperature of 
fluid in the pipe, Ti, and the piping ambient temperature, To, as 
follows:
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The above example shows the case of uninsulated piping. For 
insulated piping, the deposit thickness can be estimated by 
solving a similar heat flow equation with temperature sensors 
installed on the inner side of the insulation.

Deposits Non-uniform in Thickness
Eq. (3) assumes a uniform deposit thickness and hence 

cannot be applied to deposits adhering nonuniformly. 
Therefore, we developed an algorithm1 that estimates the 
shape of such a deposit from the piping surface temperatures 
measured at multiple points, as shown in Figure 1, even 
when the deposit is nonuniform in thickness. We applied this 

algorithm to simulations of deposits with different shapes to 
verify that the algorithm can correctly estimate shapes and 
thicknesses.
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We conducted two demonstration experiments to show 
that our developed algorithm can estimate the deposit shape 
and changes over time in real piping.

Shape Estimation Experiment Using Simulated Deposit Layers
We conducted the following experiment to confirm 

that our developed algorithm can correctly estimate deposit 
shapes. Assuming that the vinyl chloride layer of a 100A 
vinyl chloride-lined pipe was a deposit, we cut two 100 mm 
sections from the pipe and processed the vinyl chloride 
layers into different shapes as shown in Figure 2. The pipe 
in Figure 2(a) had its vinyl chloride layer shaped thicker in 
the 180-degree clockwise direction (bottom side) with the 
top side at 0°. Similarly, the pipe in Figure 2(b) had its vinyl 
chloride layer shaped thicker in the 90-degree and 270-degree 
directions (right and left). Assuming insulated piping, we 
wrapped the piping in Figures 2(a) and 2(b) with insulation 
and installed temperature sensors around the circumferential 
surface of the piping underneath. With two water circulators 
circulating 40°C warm water inside the piping and 0°C cold 
water outside the piping, the temperature sensors measured the 
circumferential surface temperature distribution of the piping. 
Eight temperature sensors were installed on Figure 2(a) 
piping, while 16 were installed on Figure 2(b) piping lined 
with a complex-shaped vinyl chloride layer. We applied our 
developed algorithm to the measured temperature distributions 
to estimate the shapes of the vinyl chloride layers.
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1 For intra-pipe deposits nonuniform in thickness, the algorithm also 
generates a heat equation for the heat transfer from the fluid in pipe to the 
piping exterior and estimates the deposit shape by solving the equation. 
This paper refrains from going into the details of this algorithm.
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그림1 침전물 형상 추정 알고리즘
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그림 3에서 배관의 둘레면에 설치된 온도 센서를 사용하여 측정

한 온도를 확인할 수 있었고 측정 결과 (a)의 경우, 염화 비닐 층이 더 

두꺼운 180° 방향에서 온도가 더 낮았습니다. 마찬가지로 (b)의 경

우, 염화 비닐 층이 더 두꺼운 90도 및 270도 방향에서 온도가 더 낮

았습니다.

그림 4에서 우리는 이러한 온도 분포와 우리가 개발한 알고리즘

을 사용하여 침전물의 두께 분포를 추정할 수 있었고 또한 두 배관 모

두에서 침전물의 형상을 정확하게 추정할 수 있었습니다. 그림 2(b) 

배관의 염화 비닐 층은 그림 2(a) 배관보다 형상이 더 복잡하였습니

다. 그러나 형태 추정 알고리즘을 효과적으로 작동시키기 위해 측정 

포인트 수를 늘려 충분한 온도 측정 포인트를 제공하는 경우 복잡한 

형상에도 불구하고 모양을 성공적으로 추정할 수 있다는 사실을 확

인할 수 있었습니다.

그림 2(a)의 염화 비닐 층은 배관의 측정 지점에서 0.3mm ~ 

0.6mm 범위의 두께 추정 오차를 보였습니다. 이는 추정된 염화 비닐 

층의 두께가 실제보다 약간 더 크게 추정되었다는 사실을 의미합니

다. 이러한 오차는 배관을 100mm 길이로 절단함으로 인하여 상단 및 

하단의 절단면에서 실제 배관과 다른 열 흐름이 발생하였기 때문으

로 예상됩니다. 따라서 실제 배관에서는 훨씬 더 작은 오차를 기대할 

수 있습니다.

왁스 침전물 실험

우리는 우리가 개발한 알고리즘이 실시간으로 배관 내부에 있는 

침전물의 두께를 추정할 수 있는지 확인하기 위해 또 다른 데모 실험

을 수행하였습니다.(5) 석유 및 가스 사업 분야의 경우, 배관 내 석유의 

온도가 내려가서 왁스 침전물이 발생하게 된다는 사실이 알려져 있

습니다. 따라서 내부에 내장된 원유 통로 배관을 냉각시킴으로 내부

에서 왁스의 침전을 유발하는 실험 장치를 사용하고 또한 배관의 표

면 온도에 기초하여 시간에 따른 왁스의 두께 변화를 실증적으로 추

정하였습니다. 

그림 5 및 6에서 각 실험 장치의 사진과 계통도를 확인할 수 있

습니다. 또한 두 그림 모두 직경이 10mm인 배관에 약 45℃로 가열

한 원유를 채워진 상태임을 확인할 수 있습니다. 배관 주변에 냉각 재

킷을 사용하여 원유를 냉각시킨 후 그림 7과 같이 배관 내부에 왁스 

침전물이 발생하였습니다. 냉각 재킷을 통해 흐르는 냉매의 온도는 

18℃로 유지되었습니다. 침전된 왁스의 두께를 추정하기 위해 그림 6

에서 확인할 수 있는 바와 같이, 배관의 표면에 열전대를 설치하고 단

열시키기 위해 열 수축 튜브를 적용하였습니다. 이와 같이 총 10개의 

열전대를 배치하여 침전된 왁스의 두께가 길이 방향으로 어떻게 분

포되었는지 분석하였습니다. 열 수축 튜브와 배관 사이의 간격을 열

전도성 그리스로 채워 열 접촉에 따른 저항을 방지하였습니다. 이 실

험에서는 원유를 시간당 1,100ml의 속도로 17시간 동안 흘려보냈고 

그 결과 실험의 마지막에는 배관 내 왁스 두께가 약 0.8mm까지 증가

하게 되었습니다.
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Figure 3 shows the measured temperatures by the 
temperature sensors installed on the circumferential surfaces 
of the pipes. In Case (a), the temperature was lower in the 180° 
direction where the vinyl chloride layer was thicker. Similarly, 
in Case (b), the temperature was lower in the 90° and 270° 
directions where the vinyl chloride layer was thicker.

Figure 4 shows the deposit thickness distributions 
our developed algorithm estimated from these temperature 
distributions. The deposit shapes in both pipes were correctly 
estimated. The vinyl chloride layer lining the pipe in Figure 
2(b) had a more complex shape than in Figure 2(a). However, 
its shape was successfully estimated by an increased number 
of measurement points, which indicates that our shape 
estimation algorithm works effectively even for complex 
shapes, providing a suff icient number of temperature 
measurement points.

The vinyl chloride layer in Figure 2(a) showed thickness 
estimation errors ranging from 0.3 mm to 0.6 mm at the 
measurement points on the piping, which means that the 
estimated thickness of the vinyl chloride layer was slightly 
larger than its actual thickness. These errors are probably 
due to the pipe used, which was cut 100 mm long, resulting 
in different heat flows from the top and bottom cut surfaces 
than from the actual piping. With the actual piping, we expect 
much smaller errors.

Wax Deposition Experiment
We conducted a demonstration experiment to confirm 

that our developed algorithm can estimate deposit thickness 
increases in pipes over time in real time(5). It is known in 
oil and gas business areas that wax deposits in piping occur 
mainly because of the decreased oil temperatures in pipes. 
Hence, using an experimental device for causing wax deposits 
inside by cooling a built-in crude oil passage pipe from around 
it, we empirically estimated the change in wax thickness over 
time based on the pipe surface temperature.

Figures 5 and 6 show a photo of the experimental 
device and its schematic diagram, respectively. Both figures 
show a 10 mm diameter pipe filled with crude oil heated to 
approximately 45°C. The crude oil was cooled by a cooling 
jacket around the pipe, causing wax deposits inside the pipe as 
shown in Figure 7. The temperature of the refrigerant flowing 
through the cooling jacket was kept to 18°C. To estimate the 
deposited wax thickness, we placed thermocouples on the pipe 
surface, as shown in Figure 6, and fitted heat-shrink tubing 
over them for insulation. With a total of 10 thermocouples thus 
placed, we analyzed the longitudinal thickness distribution of 
the deposited wax. We filled the gap between the pipe and the 
heat-shrink tubing with heat-conductive grease to prevent the 
contact thermal resistance between them. In this experiment, 
the crude oil flowed at the rate of 1,100 ml/min for 17 hours, 
increasing the wax thickness in the pipe to about 0.8 mm by 
the end of the experiment.

Figure 3 Measured pipe surface temperatures
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Figure 3 shows the measured temperatures by the 
temperature sensors installed on the circumferential surfaces 
of the pipes. In Case (a), the temperature was lower in the 180° 
direction where the vinyl chloride layer was thicker. Similarly, 
in Case (b), the temperature was lower in the 90° and 270° 
directions where the vinyl chloride layer was thicker.

Figure 4 shows the deposit thickness distributions 
our developed algorithm estimated from these temperature 
distributions. The deposit shapes in both pipes were correctly 
estimated. The vinyl chloride layer lining the pipe in Figure 
2(b) had a more complex shape than in Figure 2(a). However, 
its shape was successfully estimated by an increased number 
of measurement points, which indicates that our shape 
estimation algorithm works effectively even for complex 
shapes, providing a suff icient number of temperature 
measurement points.

The vinyl chloride layer in Figure 2(a) showed thickness 
estimation errors ranging from 0.3 mm to 0.6 mm at the 
measurement points on the piping, which means that the 
estimated thickness of the vinyl chloride layer was slightly 
larger than its actual thickness. These errors are probably 
due to the pipe used, which was cut 100 mm long, resulting 
in different heat flows from the top and bottom cut surfaces 
than from the actual piping. With the actual piping, we expect 
much smaller errors.

Wax Deposition Experiment
We conducted a demonstration experiment to confirm 

that our developed algorithm can estimate deposit thickness 
increases in pipes over time in real time(5). It is known in 
oil and gas business areas that wax deposits in piping occur 
mainly because of the decreased oil temperatures in pipes. 
Hence, using an experimental device for causing wax deposits 
inside by cooling a built-in crude oil passage pipe from around 
it, we empirically estimated the change in wax thickness over 
time based on the pipe surface temperature.

Figures 5 and 6 show a photo of the experimental 
device and its schematic diagram, respectively. Both figures 
show a 10 mm diameter pipe filled with crude oil heated to 
approximately 45°C. The crude oil was cooled by a cooling 
jacket around the pipe, causing wax deposits inside the pipe as 
shown in Figure 7. The temperature of the refrigerant flowing 
through the cooling jacket was kept to 18°C. To estimate the 
deposited wax thickness, we placed thermocouples on the pipe 
surface, as shown in Figure 6, and fitted heat-shrink tubing 
over them for insulation. With a total of 10 thermocouples thus 
placed, we analyzed the longitudinal thickness distribution of 
the deposited wax. We filled the gap between the pipe and the 
heat-shrink tubing with heat-conductive grease to prevent the 
contact thermal resistance between them. In this experiment, 
the crude oil flowed at the rate of 1,100 ml/min for 17 hours, 
increasing the wax thickness in the pipe to about 0.8 mm by 
the end of the experiment.
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그림 8에서는 배관의 표면 온도를 측정한 결과를 확인할 수 있

습니다. 모든 측정 지점에서 배관의 표면 온도는 시간이 경과함에 따

라 감소하게 되었습니다. 이러한 온도 변화는 실험을 시작한 후 약 10

시간이 경과할 때까지 왁스의 두께가 서서히 증가하였다는 사실을 

의미합니다.

전체 배관에서 이 기술을 사용하여 측정된 온도로부터 왁스의 

평균 두께를 추정하였습니다. 배관의 표면 온도는 써모커플을 사용하

여 측정한 온도의 평균값을 사용하였고, 배관 내의 유체 온도는 냉각 

재킷 상류에서 측정한 원유의 온도를 사용하였습니다. 또한 배관의 

주변 온도는 냉각 재킷 내부에 설치한 온도 센서를 사용하여 측정한 

값을 사용하였습니다. 그림 9를 사용하여 추정 결과를 확인할 수 있

습니다. 온도에 기초하여 시간이 경과함에 따라 서서히 증가하는 왁

스의 두께를 성공적으로 추정할 수 있었고, 온도로부터 추정한 왁스 

두께의 정확성을 인증하기 위해, 실험 중 냉각 재킷의 입구와 출구 사

이에서 측정한 압력의 차이에 기초하여 왁스의 두께를 추정하였습니

다. 이뿐 아니라, 실험 후 확보한 왁스의 질량으로부터 및 사전에 측

정한 왁스의 밀도에 기초하여 왁스 두께에 대한 다른 추정값을 구하

였습니다. 온도에 기초하여 추정한 왁스의 두께는 압력의 차이 및 왁

스의 질량으로부터 추정한 값과 잘 일치하였고, 따라서 시간에 따른 

왁스 두께의 변화가 온도로부터 정확하게 추정되었다는 사실을 확인

할 수 있었습니다. 

 

결론

배관 내 유체의 온도와 배관 주변의 온도 사이에 차이가 있는 경

우, 배관 표면 온도 분포를 측정하여 배관 내 침전물의 형상과 두께를 

추정할 수 있는 알고리즘을 개발하였습니다. 다양한 형상으로 가공된 

모의 침전물 층을 사용한 데모 실험을 통하여 알고리즘이 실제로 침

전물의 형상을 올바르게 추정할 수 있다는 사실을 확인하였습니다. 

또 다른 데모 실험에서는 배관 내에 왁스의 침전을 유도하면서 알고

리즘을 사용하여 실시간으로 시간의 경과에 따른 침전물 두께 변화

를 모니터링 할 수 있다는 사실도 확인할 수 있었습니다.

침전물 형성으로 인하여 발생하는 배관 표면 온도의 변화에 기

초하는 본 기술은 배관 표면에 추가된 온도 센서를 사용하여 측정한 

값과 다양한 파라미터를 기반으로 침전물의 형상과 두께를 추정할 

수 있습니다. 따라서 이 기술을 사용하여 침전물을 효율적인 비용과 

비침습적인 방법으로 모니터링 할 수 있으며 배관 라인을 운전함에 

있어 유용하게 사용할 수 있을 것입니다. 예를 들어, 압력 게이지를 

사용하여 압력의 차이를 측정함으로 침전물의 두께를 결정하는 경우, 

이 기술을 적용하는 것보다 더 많은 시간과 비용이 필요할 수도 있습

니다. 향후 침전물의 두께와 형상을 추정할 필요성 여부를 조사하고, 

이 추정 기술을 더욱더 발전시키기 위해 추가적인 연구를 진행해야 

할 것입니다.
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Figure 8 shows the results of measuring the pipe surface 
temperature. At all measurement points, the pipe surface 
temperature decreased with the elapsed time. This temperature 
change suggests that the wax thickness gradually increased 
until about 10 hours after the start of this experiment.

Figure 8 Measured temperatures
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From the measured temperatures, the average wax 
thickness of the ent i re pipe was est imated using the 
technology herein. The average value of the measured 
temperatures by the thermocouples was used as the piping 
surface temperature, the crude oil temperature measured 
at a position upstream from the cooling jacket was used as 
the temperature of the f luid in the pipe, and the measured 
value by a temperature sensor installed inside the cooling 
jacket was used as the piping ambient temperature. Figure 9 
shows the estimation results. The gradual increase in wax 
thickness over time was successfully estimated based on 
the temperature measurements. To verify the correctness 
of the wax thickness estimated from the temperatures, we 
estimated the wax thickness from the differential pressure 
measured between the cooling jacket’s inlet and outlet during 
the experiment. Moreover, from the mass of the wax taken out 

after the experiment, we made another estimation of the wax 
thickness based on the wax density measured beforehand. The 
wax thickness estimated from the temperature agreed well 
with those estimated from the differential pressure and the 
wax mass, confirming that the change in wax thickness over 
time was successfully estimated with good accuracy from the 
temperatures.
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CONCLUSIONS

For piping with a difference between the temperature 
of the liquid in the pipe and the piping ambient temperature, 
we developed an algorithm to measure the piping surface 
temperature distribution to estimate the deposit shape and 
thickness in a pipe. Conducting a demonstration experiment 
using simulated deposit layers processed into different shapes, 
we confirmed that the algorithm can correctly estimate 
the shapes of actual deposits. In another demonstration 
experiment, we caused wax deposits in a pipe, showing that 
the algorithm can monitor changes in deposit thickness over 
time in real time.

Based on the changes in pipe surface temperature due 
to deposit formation, the technology herein can estimate 
deposit shapes and thicknesses based on measurements by 
temperature sensors added to the pipe surface and various 
parameters. Therefore, this technology allows us to monitor 
deposits noninvasively and inexpensively and will be useful 
in pipeline operation. For example, retrofitting a pipeline 
with pressure gauges to determine deposit thicknesses from 
differential pressures would be more time-consuming and 
costly than applying the technology herein. Going forward, 
we will investigate the need for deposit thickness and shape 
estimation and pursue further development of this estimation 
technology.
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Figure 8 shows the results of measuring the pipe surface 
temperature. At all measurement points, the pipe surface 
temperature decreased with the elapsed time. This temperature 
change suggests that the wax thickness gradually increased 
until about 10 hours after the start of this experiment.
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value by a temperature sensor installed inside the cooling 
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shows the estimation results. The gradual increase in wax 
thickness over time was successfully estimated based on 
the temperature measurements. To verify the correctness 
of the wax thickness estimated from the temperatures, we 
estimated the wax thickness from the differential pressure 
measured between the cooling jacket’s inlet and outlet during 
the experiment. Moreover, from the mass of the wax taken out 

after the experiment, we made another estimation of the wax 
thickness based on the wax density measured beforehand. The 
wax thickness estimated from the temperature agreed well 
with those estimated from the differential pressure and the 
wax mass, confirming that the change in wax thickness over 
time was successfully estimated with good accuracy from the 
temperatures.
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CONCLUSIONS

For piping with a difference between the temperature 
of the liquid in the pipe and the piping ambient temperature, 
we developed an algorithm to measure the piping surface 
temperature distribution to estimate the deposit shape and 
thickness in a pipe. Conducting a demonstration experiment 
using simulated deposit layers processed into different shapes, 
we confirmed that the algorithm can correctly estimate 
the shapes of actual deposits. In another demonstration 
experiment, we caused wax deposits in a pipe, showing that 
the algorithm can monitor changes in deposit thickness over 
time in real time.

Based on the changes in pipe surface temperature due 
to deposit formation, the technology herein can estimate 
deposit shapes and thicknesses based on measurements by 
temperature sensors added to the pipe surface and various 
parameters. Therefore, this technology allows us to monitor 
deposits noninvasively and inexpensively and will be useful 
in pipeline operation. For example, retrofitting a pipeline 
with pressure gauges to determine deposit thicknesses from 
differential pressures would be more time-consuming and 
costly than applying the technology herein. Going forward, 
we will investigate the need for deposit thickness and shape 
estimation and pursue further development of this estimation 
technology.
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Figure 8 shows the results of measuring the pipe surface 
temperature. At all measurement points, the pipe surface 
temperature decreased with the elapsed time. This temperature 
change suggests that the wax thickness gradually increased 
until about 10 hours after the start of this experiment.
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From the measured temperatures, the average wax 
thickness of the ent i re pipe was est imated using the 
technology herein. The average value of the measured 
temperatures by the thermocouples was used as the piping 
surface temperature, the crude oil temperature measured 
at a position upstream from the cooling jacket was used as 
the temperature of the f luid in the pipe, and the measured 
value by a temperature sensor installed inside the cooling 
jacket was used as the piping ambient temperature. Figure 9 
shows the estimation results. The gradual increase in wax 
thickness over time was successfully estimated based on 
the temperature measurements. To verify the correctness 
of the wax thickness estimated from the temperatures, we 
estimated the wax thickness from the differential pressure 
measured between the cooling jacket’s inlet and outlet during 
the experiment. Moreover, from the mass of the wax taken out 

after the experiment, we made another estimation of the wax 
thickness based on the wax density measured beforehand. The 
wax thickness estimated from the temperature agreed well 
with those estimated from the differential pressure and the 
wax mass, confirming that the change in wax thickness over 
time was successfully estimated with good accuracy from the 
temperatures.
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CONCLUSIONS

For piping with a difference between the temperature 
of the liquid in the pipe and the piping ambient temperature, 
we developed an algorithm to measure the piping surface 
temperature distribution to estimate the deposit shape and 
thickness in a pipe. Conducting a demonstration experiment 
using simulated deposit layers processed into different shapes, 
we confirmed that the algorithm can correctly estimate 
the shapes of actual deposits. In another demonstration 
experiment, we caused wax deposits in a pipe, showing that 
the algorithm can monitor changes in deposit thickness over 
time in real time.

Based on the changes in pipe surface temperature due 
to deposit formation, the technology herein can estimate 
deposit shapes and thicknesses based on measurements by 
temperature sensors added to the pipe surface and various 
parameters. Therefore, this technology allows us to monitor 
deposits noninvasively and inexpensively and will be useful 
in pipeline operation. For example, retrofitting a pipeline 
with pressure gauges to determine deposit thicknesses from 
differential pressures would be more time-consuming and 
costly than applying the technology herein. Going forward, 
we will investigate the need for deposit thickness and shape 
estimation and pursue further development of this estimation 
technology.
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Figure 8 shows the results of measuring the pipe surface 
temperature. At all measurement points, the pipe surface 
temperature decreased with the elapsed time. This temperature 
change suggests that the wax thickness gradually increased 
until about 10 hours after the start of this experiment.
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