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1. Introduction 

 

Boiling heat transfer is a crucial mechanism for next-

generation cooling systems, leveraging latent heat during 

phase transitions to achieve high thermal performance. A 

key parameter in boiling heat transfer is the critical heat 

flux (CHF) or departure from nucleate boiling (DNB), 

which defines the maximum heat flux a surface can 

sustain before transitioning to film boiling. At CHF, a 

vapor layer forms, drastically increasing surface 

temperature and reducing heat transfer efficiency. To 

improve CHF, researchers have explored micro-

structured surfaces that enhance fluid rewetting through 

capillary action. Among these, micro-pillar structures 

effectively facilitate liquid supply, making them a 

promising solution for applications such as nuclear 

reactors. 

In pressurized water reactors (PWRs), efficient 

cooling depends on phase-change heat transfer, where 

high-pressure water removes heat from nuclear fuel. 

PWRs typically operate at around 330°C and 15 MPa, 

but during events like a loss-of-coolant accident (LOCA) 

or a reactivity-initiated accident (RIA), DNB can occur, 

forming an insulating vapor layer and rapidly elevating 

fuel surface temperature. Understanding DNB conditions 

is critical for reactor safety. 

Traditional DNB measurement methods include 

thermocouples, which provide limited spatial resolution, 

and infrared cameras, which require optically compatible 

materials and face challenges in high-pressure 

environments. This study introduces optical fiber sensors 

(OFS) for temperature field measurements, offering high 

spatial and temporal resolution while operating in 

extreme conditions up to 15 MPa and 750°C. 

Experiments at atmospheric pressure utilized seven OFS 

sensors on a 20 × 20 mm² heater, capturing 2D 

temperature distributions with 1 mm resolution and a 100 

Hz sampling rate. The results demonstrate the potential 

of OFS for high-resolution thermal analysis in boiling 

systems. 

 

2. Methods and Results 

 

2.1 Experimental setup 

 

 Boiling experiment system consists of a boiling chamber, 

copper block (heater rod), cartridge heater, power supply 

and data acquisition system. The most attractive point is 

surface of heater rod. Precisely embedding the optical 

fiber. To enhance measurement accuracy, grooves were 

machined into the copper block’s surface for fiber 

placement, but due to machining limitations, they were 

spaced 750μm apart. This could lower temperature 

measurement precision, so interpolation was applied to 

estimate temperatures at unmeasured points. These 

interpolated values were used to generate a 3D 

temperature distribution map, improving measurement 

accuracy through an energy balance equation. The 

measured temperature data was used to calculate the heat 

transfer coefficient and heat flux of the surface. 

 

 
 

Fig. 1. Schematics of heater rod 

 

2.2 Optical fiber sensor 

 

This study measured high-resolution surface temperature 

distribution using an optical fiber and a distributed sensor 

interrogator (LUNA, ODiSI 7100 series). The LUNA 

ODiSI employs optical frequency domain reflectometry 

(OFDR) to capture Rayleigh backscattered signals along 

the fiber. Temperature-induced fiber expansion causes a 

frequency shift in the backscattered signal, which is used 
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to calculate temperature changes relative to a reference 

temperature (20℃). 

Fig. 2 shows the cross-section of the optical fiber sensor 

(OFS) inside a SUS capillary tube. The OFS (155μm 

diameter, including polyimide coating) is housed within 

a SUS 304 capillary tube (ID: 400μm, OD: 700μm) to 

maintain a free-strain state, with thermal grease applied 

to reduce thermal contact resistance. The thermal 

conductivity of the SUS304 capillary tube is 

approximately 14–16 W/m∙K. A thermal grease 

(Thermal Grizzly Kryonaut Extreme) with similar 

thermal conductivity, 14.2 W/m∙K, was used to fill the 

capillary tube. To ensure gap-free filling, thermal grease 

was introduced either under vacuum conditions or by 

utilizing capillary action. Due to the complexity of 

establishing a vacuum environment, the capillary action 

method was adopted. In this process, the optical fiber 

sensor was positioned in the groove, after which small 

amounts of thermal grease were carefully applied around 

it using a syringe. The thermal grease naturally wicked 

into the narrow gap via capillary action, progressively 

filling the interior of the capillary tube. In this 

experiment, the optical fiber temperature sensor placed 

inside the capillary tube was assumed to be positioned at 

the center and the surface temperature analysis was 

conducted based on this assumption. However, in 

practice conditions, the optical fiber temperature sensor 

may be attached to the inner wall of the capillary tube. 

Calculations show that under a heat flux condition of 

approximately 10 W/cm², a temperature difference of 

about 1.5°C can occur compared to the case where the 

sensor is centrally located. Therefore, future research 

will consider this effects to calculate the uncertainty in 

surface temperature measurements. 

 

 

 

 
 

Fig. 2. Schematics of heater rod 

 

2.3 Interpolation of surface temperature 

 

In this study, interpolation was employed to estimate 

temperatures at locations where direct measurements by 

the OFS were not possible. These estimated values were 

then used to construct a three-dimensional (3D) 

temperature distribution map, enhancing the accuracy of 

surface temperature assessment. To achieve this 3D 

mapping, the energy balance equation was applied to 

interpolate temperatures at unmeasured points, allowing 

the calculation of temperatures between the optical fiber 

lines. For instance, the energy balance equation at point 

T₂ is expressed as follows. 

 

(1) 𝑇 = 𝑇𝑟𝑒𝑓 − 1.0862𝑓𝑠ℎ𝑖𝑓𝑡 − 6.1516 × 10−3𝑓𝑠ℎ𝑖𝑓𝑡
2
 

−3.3691 × 10−5𝑓𝑠ℎ𝑖𝑓𝑡
3 − 5.7951 × 10−8𝑓𝑠ℎ𝑖𝑓𝑡

4
 

 

(2) 𝑞1 = 𝑘∆𝑥
𝑇1−𝑇2

∆𝑦 
, 𝑞2 = 𝑘∆𝑦

𝑇𝐿−𝑇2

∆𝑥 
,  

      𝑞3 = 𝑘∆𝑥
𝑇3−𝑇2

∆y 
,       𝑞4 = 𝑘∆𝑦

𝑇𝑅−𝑇2

∆y 
 

 

(3) ∑qn = q1 + q2 + q3 + q4 = 0  

 

 
 

Fig. 3. Interpolation mechanism for Optical Fiber Sensor 

(OPS) data 

 

The temperature n th point temperature was determined 

as follows. 

 

(4) 𝑎(𝑇𝑛−1) + 𝑏(𝑇𝑛) + 𝑎(𝑇𝑛+1) + 𝑐(𝑇𝑛,𝐿) +  𝑐(𝑇𝑛,𝑅) 

       = 0  

 

(5) 𝑎 = ∆𝑥2, 𝑏 = −2∆𝑥2 − 2∆𝑦2, 𝑐 = ∆𝑦2 

 

(6)  

[
 
 
 
 
 
𝑏 𝑎 0

𝑎 𝑏 𝑎

0 𝑎 𝑏

0

0

𝑎

0 0 0

0 0 0

0 0 0
⋮ ⋱ ⋮

0 0 0

0 0 0

0 0 0

𝑎

0

0

𝑏 𝑎 0

𝑎 𝑏 𝑎

0 𝑎 𝑏]
 
 
 
 
 

[
 
 
 
 
 
 

𝑇2

𝑇3

𝑇4

⋮

𝑇𝑁−3

𝑇𝑁−2

𝑇𝑁−1]
 
 
 
 
 
 

 

=      

[
 
 
 
 
 
 
 
 

−𝑎(𝑇1) − 𝑐(𝑇2,𝐿) − 𝑐(𝑇2,𝑅)

−𝑐(𝑇3,𝐿) − 𝑐(𝑇3,𝑅)

−𝑐(𝑇4,𝐿) − 𝑐(𝑇4,𝑅)

⋮
−𝑐(𝑇𝑁−3,𝐿) − 𝑐(𝑇𝑁−3,𝑅)

−𝑐(𝑇𝑁−2,𝐿) − 𝑐(𝑇𝑁−2,𝑅)

−𝑐(𝑇𝑁−1,𝐿) − 𝑐(𝑇𝑁−1,𝑅) − 𝑎(𝑇𝑁)]
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The surface temperature distribution, including 

measured and interpolation data, was contoured using the 

MATLAB. 

 

3. Conclusions 

  

We mapped the 3D temperature-distribution on the 

boiling surface. Therefore, the temperature distribution 

at detailed points can be determined through seven 

grooves. Compared to a plain surface, the critical heat 

flux (CHF) on the micro-pillar surface improved by 

approximately 85%, and the standard temperature 

deviation was also refined by about 9%. Further 

experiments will be conducted to obtain more detailed 

statistical results. 
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