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An ultra-thin flat heat pipe with a sintered wick thickness of 0.5 mm and an 

overall thickness of 1.3 mm was designed. Visualization experiments were 

conducted to investigate the thermal performance and flow behavior of 

ethanol-water binary mixtures. The work aims to elucidate the condensation 

fractionation phenomenon and its impact on thermal resistance. The results 

show that binary mixtures known to exhibit excellent performance in 

conventional heat pipes undergo condensation fractionation in ultra-thin flat 

heat pipes. The different condensation points of the vapor components cause 

extensive condensation of water-rich vapor near the evaporation section. 

This fractionation intensifies with increasing heat load, leading to 

incomplete fluid circulation and significant heat transfer deterioration. As a 

result, thermal resistance remains persistently high. Furthermore, the 

mixture with a high ethanol mole fraction (90 mol%) is proposed as the 

optimal working fluid. It effectively mitigates condensation fractionation and 

achieves enhanced thermal performance. 
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1. Introduction 

With the advancement of communication technologies and the miniaturization and 

modularization of electronic devices, product energy consumption and heat generation have increased 

significantly. Heat pipes, efficient passive heat transfer devices, leverage working fluid phase changes 

and circulation to transfer heat from high-flux areas [1]. Their excellent thermal conductivity, versatile 

configurations, and uniform temperature distribution enable broad applications in thermal 

management for smartphones [2], computers, photovoltaics [3], solar collectors [4,5], heat exchangers 

[6–8], and electric vehicle battery systems [9]. 

To address miniaturization and heat flux challenges, heat pipes must become thinner while 

improving heat transfer performance. Ultra-thin flat heat pipe (UTFHP), as thin as 0.35 mm [10], have 

been developed, yet most research focuses on those over 1 mm thick. At these dimensions, working 

fluid and wick structures critically affect heat pipe performance. 

Nanofluids [11,12] can improve the thermal performance of heat pipes; however, nanoparticle 

aggregation and sedimentation under gravity and surface effects significantly shorten their service life, 

limiting practical applications. 
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Compared to nanofluids, heat pipes using traditional working fluid such as deionized water 

(DW) [13] and alcohols [14] are widely employed due to thermal properties and material availability. 

Long-chain alcohols primarily enhance working fluid reflux by increasing the liquid surface tension in 

the evaporation section through the negative Marangoni effect. However, dilute aqueous solutions of 

long-chain alcohols exhibit a nonlinear surface tension–temperature relationship[15,16], where the 

positive Marangoni effect under specific thermal conditions may intensify dry-out risks in the 

evaporation section. Additionally, the high boiling points and chemical instability of long-chain 

alcohols further restrict their practical application in heat pipe systems. 

DW and short-chain alcohols, with moderate boiling points, low cost and environmental safety, 

have been widely studied for heat pipe applications. In large oscillating heat pipes, water achieves the 

highest heat flux and lowest thermal resistance [17]. For aircraft anti-icing loop heat pipe systems, a 

3:2 ethanol-water mixture exhibits lower operating temperatures and reduced response times 

compared to pure ethanol [18]. Under varying loads, mixtures outperform pure ethanol in closed-loop 

flat oscillating heat pipes [19]. At different inclination angles, water-ethanol azeotropic mixtures in 

core-free heat pipes show improved wall temperature uniformity with increasing power [20]. Xu et al. 

[21] compared graphene nanofluids, ethanol-water mixtures, and surfactant-added water solutions in 

oscillating heat pipes, finding that a 30% ethanol-water mixture exhibited the best thermal 

performance due to synergistic effects enhancing liquid flow rates.. 

Recent studies on alcohol-based working fluids in heat pipes are mainly divided into two 

categories: (1) water-based mixtures of long-chain alcohols; (2) short-chain alcohol-water mixtures 

with nearly equal volume ratios. While most research has focused on larger-scale devices such as 

oscillating heat pipes and thermosyphons. However, research on asymmetrically proportioned binary 

mixtures in UTFHP with high aspect ratios remains scarce. 

To address this gap,  this study investigates the heat and mass transfer characteristics of seven 

ethanol-water binary mixed fluid in a sintered-wick UTFHP. Through theoretical analysis and 

visualization experiments, this study explored the thermal performance and flow behavior of binary 

mixtures under different heating powers, mole fractions, and filling ratios. The results revealed that the 

binary mixture with a nearly equal volume ratio, despite its excellent performance in conventional heat 

pipes, undergoes condensation fractionation in the UTFHP, leading to a deterioration in thermal 

performance. In addition, an optimal mixture ratio of 90 mol% ethanol for UTFHP is proposed, which 

achieves a reduction in thermal resistance of over 9.4% at high heating powers compared to all other 

working fluids tested. 

2. Experiment 

2.1. Experiment details 

Fig. 1(a) presents the schematic diagram of the UTFHP experimental setup, which includes a 

UTFHP, a heating block, a DC power supply, an axial flow fan, a visualization camera, and a 

temperature data acquisition system. Both the heating block and the axial flow fan are powered by a 

DC power supply. 

Temperatures were monitored using 12 thermocouples connected to a data acquisition system 

(SMART Dac +GM, ±0.1 °C precision, 2 Hz sampling rate). The data are collected in real-time and 

stored on a computer. Thermocouple distribution is shown in Fig. 1(b). In the evaporation section, the 
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thermocouples are axially spaced 8 mm apart, while in the condensation and adiabatic sections, they 

are spaced 12 mm apart. The average values of thermocouples T1, T2, and T3 represent the 

evaporation section temperature, reducing errors from heating area temperature non-uniformity. 

Thermocouples T4–T9 are in the adiabatic section, and the average values of T10, T11, and T12 

represent the condensation section temperature. The visualization images of the UTFHP operation are 

recorded by an industrial camera (SK-HAM). 

 

 

Figure 1. Experimental diagram (a) experimental setup; (b) thermocouple distribution 

 

The structural composition of the visualization UTFHP is shown in Fig. 2. It is assembled from 

a grooved copper substrate with a sintered wick, a transparent quartz glass cover plate, and a rubber 

gasket, forming a heat pipe with a thickness of 1.3 mm. The wick, sintered from copper powder (80–

120 μm), has a thickness of 0.5 mm and a porosity of 0.44. The assembled cavity thickness is 0.8 mm, 

yielding a vapor flow channel volume of 124 mm × 14 mm × 0.8 mm. 

 

Figure 2. UTFHP explosion diagram 
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The heat pipe was sealed using adhesive and mechanically fastened. Airtightness was verified 

by evacuating the cavity to -0.092 MPa and monitoring the pressure for 4 hours. 

To minimize contact thermal resistance, thermal conductive silicone grease was applied 

between the heating block and the UTFHP. The evaporation and adiabatic sections were wrapped with 

10 mm thick insulation cotton to reduce heat exchange with the ambient environment. 

In this study, the composition of all working fluids is expressed as ethanol mole fraction (mol%), 

defined as the ratio of ethanol moles to the total moles of ethanol and deionized water. The solutions 

were prepared by mixing ethanol and water at calculated volume ratios. Specifically, the 30 mol% and 

90 mol% mixtures correspond to ethanol-to-water volume ratios of approximately 1.4:1 and 30:1, 

respectively. Hereafter, mole fraction (mol%) refers to the as-prepared composition of the working 

fluid charged into the heat pipe, whereas concentration denotes local compositional variations 

resulting from fractionation and other effects during operation. 

After the initial evacuation, the working fluid was charged into the UTFHP by pressure 

differential; the cavity was subsequently re-evacuated to maintain vacuum integrity. Experiments were 

conducted at an ambient temperature of approximately 22 °C and a relative humidity of 55%. The 

experimental variables included filling ratios (20%, 40%, and 60%) and seven working fluids (DW, 1 

mol%, 3 mol%, 10 mol%, 30 mol%, 90 mol%, and ethanol). The heat load at the evaporation section 

was initiated at 3 W and increased in 3 W increments up to 21 W. A 25 W power impact test was 

additionally performed for the two lowest-thermal-resistance conditions—namely, the 90 mol% 

mixture and ethanol, both at a 20% filling ratio—to evaluate performance under extreme thermal 

loading. 

2.2. Data reduction and Uncertainty analysis 

The evaporation and condensation section temperature of UTFHP can be calculated from the 

measured values of thermocouples: 
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The DC power supply output power is used as the heating block working power: 

Q=UI  (3) 

The system thermal resistance of UTFHP is employed as a general indicator to measure its 

overall performance for the sake of research convenience. 

The calculation method is as follows: 

R
Q


  (4) 

Where ΔT is the temperature difference between the UTFHP's two ends: 

neva coΔT T T   (5) 
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Experimental uncertainty indicates credibility by reflecting the range between measured and 

true values. Lower uncertainty implies higher reliability. Uncertainties of experimental devices are 

listed in Tab. 1. Using error transfer formulas, the maximum uncertainties for heating power and 

thermal resistance are 1.02% and 2.42%, respectively, confirming experimental result reliability. 

 

Table 1. Uncertainty of experimental equipment 

Experimental equipment Uncertainty 

Current of DC power 1% 

Voltage of DC power 0.2% 

Data acquisition instrument ±0.15 ℃ 

Thermocouple ±0.4 ℃ 

 

3. Results and discussion 

The axial temperature distributions of UTFHP under a 21 W heat load across varying mole 

fractions are shown in Fig. 3. The evaporation section temperature of the 90 mol% UTFHP closely 

matches that of ethanol. Within the transition region from the evaporation to the adiabatic section (8–

28 mm), both pure ethanol and the 90 mol% mixture exhibit minimal temperature decay. The 90 mol% 

UTFHP maintains the highest temperature in the condensation section, thereby achieving the lowest 

thermal resistance under high-power operation. In contrast, the 30 mol% UTFHP manifests the highest 

evaporation section temperature and the steepest temperature decline across the evaporation to the 

adiabatic transition. 

 

Figure 3. Temperature distribution of UTFHP at a filling ratio of 40% 

 

Fig. 4 illustrates the thermal resistance characteristics of UTFHP at a 20% filling ratio under 

various mole fractions and power conditions. From the perspective of power dependence, the thermal 

resistance generally decreases with increasing heat load; however, for the 10 mol% and 30 mol% cases, 

the thermal resistance remains insensitive to power variations. Particularly under high heat loads (15–



 6 

21 W), the thermal resistance does not decrease significantly with increasing power—a behavior 

distinct from that observed in conventional heat pipes. 

Regarding the influence of working fluid mole fraction: in the 1 mol% and 3 mol% binary 

mixtures, the addition of trace ethanol improves fluidity, resulting in reduced thermal resistance 

compared to DW. The 10 mol% and 30 mol% mixtures exhibit the poorest performance, with thermal 

resistance remaining nearly constant across the entire power range. This deterioration in performance 

stems from condensation fractionation, which will be further elaborated through visualization results 

herein. 

At high power levels, the thermal resistance of the 90 mol% mixture gradually falls below that 

of pure ethanol. At 21 W, its thermal resistance of 1.28 °C/W is lower than that of ethanol and 

represents a reduction of over 22% compared to the other working fluids (excluding ethanol), which 

exceed 1.65 °C/W. Under extreme loading at 25 W, it further decreases to 1.21 °C/W—a 9.4% 

reduction relative to pure ethanol (1.34 °C/W). This substantiates the 90 mol% mixture as the optimal 

binary working fluid in this study. 

 

Figure 4. Thermal resistance of UTFHP under varying power and mole fraction conditions 

 

The sensitivity of thermal resistance to filling ratio at 21 W is examined in Fig. 5 for four 

mole fractions. Owing to the effects of condensation fractionation, the 10 mol% and 30 mol% 

mixtures exhibit insensitivity to filling ratio variations, maintaining consistently elevated thermal 

resistance. In contrast, for the 90 mol% mixture and pure ethanol, thermal resistance demonstrates a 

marked increasing trend with higher filling ratios, indicating strong sensitivity; thus, the 20% filling 

ratio is identified as optimal for this experimental configuration. 
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Figure 5. Influence of filling ratio on UTFHP thermal resistance 

 

Fig. 6 visualizes the condensation behavior in UTFHP with varying mole fractions. Due to 

differing surface tensions between ethanol and water, condensation morphology varies significantly 

with composition: In the DW UTFHP, condensate forms compact droplets; In the ethanol UTFHP, 

condensate spreads as a film across the upper wall; In the 10 mol%, 30 mol%, and 90 mol% UTFHP, 

the condensate morphology transitions from DW-like to ethanol-like characteristics as the ethanol 

mole fraction increases. These observations indicate that condensate morphology can serve as an 

indicator of local vapor composition within UTFHP. 

 

Figure 6. Visualization of UTFHP with varying mole fraction at 20% filling ratio and 6 W 

 

Using the 10 mol% UTFHP at 20% filling ratio as a representative case, Fig. 7 illustrates the 

effect of heat load on condensate morphology. At 3 W, the condensate morphology remains uniform 

throughout the heat pipe. Upon increasing the heat load to 6 W, condensation fractionation becomes 

evident: the condensate in the evaporation section shifts toward water-rich characteristics, while that in 

the condensation section evolves toward ethanol-rich features. At 15 W, a regular axial gradient in 
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condensate composition is observed, transitioning from high-DW proportions in the evaporation 

section to high-ethanol proportions in the condensation section, indicating a gradual reduction in DW 

vapor concentration along the axial direction. Under high heat loads of 21 W, condensation 

fractionation becomes pronounced, with nearly pure DW condensate forming on the upper wall of the 

evaporation section. 

 

Figure 7. Visualization of 10 mol% UTFHP at 20% filling ratio under varying heat loads 

 

Fig. 8 compares visualization results for UTFHP at 40% and 60% filling ratios across 1 mol%, 3 

mol%, 10 mol%, and 30 mol%. With increasing power, condensation fractionation becomes more 

pronounced in the 10 mol% and 30 mol% UTFHP, wherein vapor with a high DW proportion releases 

heat within the evaporation section. Notably, at 30 mol%, the fractionation concentration transition 

zone (from high-DW to high-ethanol proportion) extends approximately 20 mm, with markedly 

different condensate morphologies at either end of this zone. 

Significantly, boiling point differences drive the formation of a water-enriched region in the 

evaporation wick—where the local water mole fraction exceeds the initial charge value. Meanwhile, 

the fractionation concentration transition zone is located precisely above the boundary between the 

evaporation and adiabatic sections. The return of nearly pure DW condensate droplets further 

intensifies the liquid-phase concentration gradient within the wick structure, thereby exacerbating the 

water-enriched region. 

With this water-enriched zone established at the evaporation section, DW dominates the vapor 

phase in the 10 mol% and 30 mol% UTFHP. During operation, the mixed vapor undergoes 

condensation fractionation: high-boiling-point DW releases heat and condenses in the evaporation 

section, failing to reach the condensation section, while ethanol vapor primarily functions in the 

adiabatic and condensation sections. This phase separation disrupts the normal operating mode of the 

heat pipe, resulting in increased thermal resistance. As the heat load increases, the boiling point 

difference between ethanol and DW widens, intensifying condensation fractionation and consequently 

deteriorating heat transfer performance. 
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Figure 8. Visualization of UTFHP condensation at 21 W: (a) 40% filling ratio; (b) 60% filling ratio 

 

Fig. 9 presents the temperature drop across the evaporation-to-adiabatic distance under varying 

filling ratios and mole fractions, quantified by the temperature difference between the evaporation 

section center (T2) and the transition point near the adiabatic section onset (T4), thereby validating the 

aforementioned observations. The premature condensation of DW vapor in the evaporation section 

releases heat locally, resulting in a steep temperature drop and large differential between the 

evaporation and adiabatic section—providing a thermal explanation for the experimentally observed 

high thermal resistance in the 10 mol% and 30 mol% UTFHP. 

 

Figure 9. Temperature difference between T2 and T4 in UTFHP with varying mole fraction at 21 W 

 



 10 

4. Conclusion 

A visualized sintered-wick UTFHP was designed to investigate the heat transfer and flow 

characteristics of binary mixed fluids at various mole fraction. This study reveals significant 

differences in the working patterns of binary mixed fluids in sintered-wick UTFHP at various 

concentrations and demonstrates the potential for achieving low thermal resistance using optimized 

compositions of traditional, low-cost working fluids. These findings provide practical guidance for 

thermal management of ultra-thin electronic devices such as smartphones, tablets, and flexible 

electronics, where space constraints demand high-performance, reliable cooling solutions. The 

conclusions are as follows: 

Under high thermal loads (15-21 W), the average thermal resistance of the 90 mol% mixture is 

minimized. At 21 W, its thermal resistance is more than 20% lower than that of all other working 

fluids except pure ethanol. At 25 W, the thermal resistance is 1.21 °C/W, a 9.4% reduction compared 

to the ethanol UTFHP.  

For UTFHP with 10 mol% and 30 mol% binary mixtures, increasing heating power exacerbates 

condensation fractionation within the heat pipe. A large amount of DW vapor condenses and releases 

heat in the evaporation section, leading to heat transfer deterioration. At high power levels, the 

temperature difference in the transition zone of the fractionation concentration is the highest for 10 

mol% and 30 mol% UTFHP, resulting in the highest thermal resistance. In addition, the dripping of 

DW condensate on the upper wall of the evaporation further strengthens the water-enriched region in 

the wick. This reveals why near-equivalent volumetric ratio binary mixtures—often considered to 

provide excellent thermal performance in heat pipes—actually lead to heat transfer deterioration in 

UTFHP. 

Therefore, for practical applications, binary mixtures with near-equivalent volumetric ratios 

should be avoided in UTFHPs due to severe condensation fractionation; instead, a 90 mol% ethanol 

mixture is recommended, especially under high-power conditions. 
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Nomenclature  

Variables 

I – Current, [A] 

Q – Heating power, [W] 

R – Thermal resistance, [°C/W] 

T – Temperature, [°C] 

U – Voltage, [V] 

Greek Symbols 

ε – error 

Acronyms 

UTFHP – ultra-thin flat heat pipe 

DW – deionized water 
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