
HAL Id: hal-04699062
https://hal.science/hal-04699062v1

Submitted on 16 Sep 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Experimental analyses of temperature and pressure
oscillation frequencies of a flat plate pulsating heat pipe

tested under various edge orientation angles and heat
loads

Vincent Ayel, Luca Pagliarini, Thibault Van’t Veer, Maksym Slobodeniuk,
Fabio Bozzoli, Cyril Romestant, Yves Bertin

To cite this version:
Vincent Ayel, Luca Pagliarini, Thibault Van’t Veer, Maksym Slobodeniuk, Fabio Bozzoli, et al..
Experimental analyses of temperature and pressure oscillation frequencies of a flat plate pulsating heat
pipe tested under various edge orientation angles and heat loads. Experimental and Computational
Multiphase Flow, 2024, 6 (3), pp.253-264. �10.1007/s42757-023-0178-6�. �hal-04699062�

https://hal.science/hal-04699062v1
https://hal.archives-ouvertes.fr


 

1 

 1 

Paper title: Experimental analyses of temperature and pressure oscillation 2 

frequencies of a flat plate pulsating heat pipe tested under various edge 3 

orientation angles and heat loads  4 

 5 

V. Ayel1 , L. Pagliarini2, T. Van’t Veer1,3, M. Slobodeniuk1, F. Bozzoli2, C. Romestant1, Y. Bertin1  6 

 7 

1. Pprime Institute CNRS – ENSMA – Université de Poitiers, UPR 3346, Futuroscope-Chasseneuil, 8 

86961, France 9 

2. Department of Engineering and Architecture, University of Parma, Parco Area delle Scienze 181/A 10 

I-43124 Parma, Italy 11 

3. Stellantis – Carrières sous Poissy, 78955, France 12 

 13 

 vincent.ayel@ensma.fr 14 

 15 

Abstract 16 

A closed loop flat plate pulsating heat pipe, filled with OpteonTM SF33 (with a filling ratio of 50%), 17 

has been experimentally studied in different orientations: 0° (horizontal), 22.5°, 45°, 67.5° and 90° 18 

(“edge”: vertical with horizontal channels). The results confirm the interest of such configurations, 19 

rarely investigated in the literature, on the thermal behavior of the device and on the regularity of the 20 

temperatures and pressure signals: if dried-out occurred in horizontal orientation, increase of 21 

inclination angle (starting from 22.5°) led to regular oscillatory movement due to help of gravity 22 

pressure drop between channels. The thermal performance remains very similar for the device 23 

inclination angles from 45° to 90°. Both FFT and wavelet analyzes of the pressure signal and 24 

temperatures of the external wall of the device (measured with IR camera) have been done to 25 
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characterize the dominant oscillatory frequencies. These orientations led to dominant frequencies, 26 

rarely detected in the literature for other classic configurations (with vertical/inclined channels). Both 27 

similar internal pressure and temperature signals, showed that the dominant frequency increases with 28 

decreasing angle (from edge to horizontal orientation), but also with increasing applied heat power, 29 

and finally tends to spread and disappear for the highest heat loads. 30 

 31 

Keywords 32 

Flat plate pulsating heat pipe; Edge orientation; Thermal performances; Infrared; FFT frequency 33 

analysis; wavelet. 34 

 35 

Nomenclature 36 

a Scale factor 

Bo Bond number (-) 

BHM Bottom Heated Mode 

C Condenser 

d Inter-channel distance (m) 

D Diameter (m) 

e Evaporator 

f Frequency (Hz) 

FFT Fast Fourier Transform 

FPPHP Flat Plate Pulsating Heat Pipe 

FR Feeling Ratio (%) 

g Gravity acceleration (ms-2) 

IR Infrared 

l Liquid 
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P Pressure (Pa) 

Pw Power spectrum (-) 

PSD Power spectrum density 

�̇� Heat power (W) 

Rth Thermal resistance (KW-1) 

t Time (s) 

T Temperature (°C) 

TC Thermocouple 

v Vapor 

W Wavelet transform 

α Inclination angle (°) 

η Dimensionless time 

λ Thermal conductivity (Wm-1K-1) 

ρ Density (kgm-3) 

σ Surface tension (Jm-2) 

τ Time shift (s) 

Ψ Wavelet shape 

ω0 Characteristic parameter 

 37 

1 Introduction 38 

A Pulsating Heat Pipe (PHP) can be defined as a single tube (or a channel, if engraved in a metal plate) 39 

rolled up multiple times on itself between hot(s) and cold(s) sources. The capillary dimension of its 40 

internal diameter generates a distribution of the fluid in the form of trains of vapor bubbles and liquid 41 

plugs separated by capillary forces. The volume variations of the vapor bubbles, associated with 42 

evaporating and boiling phenomena, will cause an intense movement of the fluid associated with both 43 
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sensible (via liquid plugs) and latent (via the evaporation of thin liquid films deposited by the menisci) 44 

heat transfer. Such heat transfer will be all the more intense and effective as the device is subjected to 45 

thermal stress, as long as it remains within its operational range. Many parameters influence their 46 

operating behavior, as it has already been widely described and, for example, transcribed in the review 47 

papers of Ma (2015), Khandekar et al. (2010) and Marengo and Nikolayev (2018). A major difference 48 

comes from the way PHPs are designed: they could present either tubular or flat plate shapes. The 49 

latter can be defined as a flat plate with engraved/machined single channel forming a serpentine 50 

(Khandekar et al., 2009; Ayel et al., 2021). This plate is sealed with a second smooth plate cover to 51 

confine the channel, or the device can be obtained by additive/etching manufacturing. 52 

Flat plate pulsating heat pipes (FPPHPs), due to their design (material/thermal continuity between 53 

channels), are often subjected to unstable operation and low thermal performances in horizontal 54 

inclination: intermittently stopover phenomena or even complete stop of operation due to early dry-55 

out of the evaporator are specifically attributed to a lack of pressure perturbations between channels 56 

(Miyazaki and Arikawa, 1999; Kim et al., 2003; Ayel et al., 2014). But, starting from a dried-out 57 

configuration, when the fluid starts to flow, the ends of a U-shape liquid column oscillate in opposite 58 

directions. If the amplitude of oscillations is sufficient, liquid flow into the evaporator and vapor flow 59 

into the condenser occur, completing the circulation cycle. As the heat load increases, oscillations 60 

become larger, with the liquid occasionally overflowing into neighboring turns. Because the phases of 61 

liquid column oscillations are not independent from one another, they vary continuously and the 62 

menisci at each end move in a waveform (Miyazaki and Arikawa, 1999; Kim et al., 2003); due to the 63 

spring effect of the vapor bubbles, the fluid motion is sequentially transmitted from one branch to 64 

another along the FPPHPs. 65 

This effect can be enhanced when gravity pressure drop is added to the pressure perturbations 66 

between channels. It is obtained when the device is oriented vertically, but with horizontal channels in 67 

the so-called “edge” -or “side”- orientation (Ayel et al., 2014; Pagnoni et al., 2018; Ayel et al., 2021). 68 
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Pressure imbalance in the liquid slugs is occasioned by difference in height at each U-turn, leading to 69 

a particularly high gravity pressure head for the last surrounding bend; this can drive a continuous 70 

long-term oscillatory motion between all liquid slugs, even for the lowest heat powers applied, without 71 

encountering any dry-out at the evaporator. The liquid slugs oscillate in a waveform from bottom to 72 

top, through the vapor phase into the evaporator region, as oscillation velocities and amplitudes 73 

increase with heat input augmentation. Pagnoni et al. (2018) performed visualizations of liquid menisci 74 

oscillating in a FPPHP tested with ethanol in edge orientation. They found an oscillation dominant 75 

frequency increasing from 2.5 Hz at 80 W to 4 Hz at 200 W heat load applied, as well as menisci 76 

velocities, demonstrating the regularity of heat transfer under such conditions. Chi et al. (2018) 77 

performed Fast Fourier Transform (FFT) analysis of a temperature signal recorded in the evaporator 78 

zone of a tubular PHP filled with ethanol and tested with different orientations starting from vertical 79 

bottom heated mode (BHM): they found a dominant peak frequency around 0-0.1 Hz in BHM, whereas 80 

increasing the filling ratio or the inclination angle both reduce the power spectrum density (PSD) 81 

distribution. Xu and Zhang (2005) found dominant fluid oscillation frequencies up to 0.35 Hz at low 82 

heat loads, and of 0.46 Hz at high heat loads to the evaporator in a PHP made of copper (wall thickness 83 

= 0.5 mm) and partially filled with FC-72. The post-processed signals were temperature data acquired 84 

by means of thermocouples placed on the outer wall in the overall device. 85 

However, it has to be stressed that some FFT analyzes on outer wall temperature measurements 86 

did not highlight any dominant fluid oscillation frequency in the studied PHP devices. Zhao et al. 87 

(2011) performed a FFT analysis on outer wall temperature data acquired in the condenser of a copper 88 

PHP (wall thickness = 1.53 mm) at 60 Hz through thermocouples with an accuracy of 0.25°C. The 89 

results showed no particular dominant frequency; this remark was confirmed by adopting wavelet 90 

transforms on the same set of data. Similar absence of dominant frequency was observed in (Monroe 91 

et al., 2017) by the FFT analysis on outer wall temperature signals acquired by thermocouples, where 92 

a copper PHP having wall thickness of 1.55 mm was investigated. The presented discrepancy between 93 
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the provided experimental results raises doubts about the feasibility of estimating quantitative 94 

dominant frequencies starting from thermocouples signals, especially when thicker tube walls are 95 

considered. Nonetheless, it is unclear whether such inability of detecting dominant frequency patterns 96 

is due to the thermal properties of the wall, to the transient properties of the adopted sensors, to the 97 

wall-sensors couplings (Pagliarini et al., 2023a) or to the very absence of a dominant frequency specific 98 

to thermal-hydraulic transfer. 99 

Frequency analyzes in PHPs have been also conducted by considering local fluid pressure signals. 100 

Despite the complexity of direct fluid pressure measurements implementation, fluid pressure 101 

measurements are expected to provide a good insight into the inner fluid dynamics of PHPs, since 102 

pressure differences between the evaporator and the condenser promoted by non-equilibrium 103 

conditions are responsible for fluid motion in such devices. In (Khandekar et al., 2009; Mameli et al., 104 

2014; Takawale et al., 2019), fluid pressure acquisitions referred to one single measurement point in 105 

PHPs charged with ethanol were processed by the FFT method, even though dominant fluid oscillation 106 

frequencies were only found in Khandekar et al., 2009. In fact, the latter work dealt with the study of 107 

a single-loop PHP, where the oscillatory features of the working fluid might have been less complex 108 

and more perceivable by single-point acquisitions than in multi-turn devices. Such a remark could 109 

suggest that dominant fluid oscillation frequencies may not always be identified in PHPs due to the 110 

intrinsic chaoticity of the fluid motion, especially when several branches interact one with each other. 111 

Perna et al. (2020) performed wavelet analysis on two pressure signals taken at both ends of a single 112 

channel in a multi-turn PHP, showing that this method is well adapted to fluid oscillations assessment. 113 

However, the authors did not stress the fact that the achievement of fluid oscillation frequency 114 

estimations could be here allowed by two fluid pressure measurement locations rather than by the 115 

adoption of the wavelet method as reduction technique. Nonetheless, by employing thermographic 116 

acquisitions collected during the same experimental campaign of Perna et al. (2020), Pagliarini et al. 117 

(2021) proved that the non-intrusive infrared measurements on the outer wall surface of the tubes led 118 
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to results identical to those obtained with previous pressure signals in terms of dominant fluid 119 

oscillation frequency. Here, infrared measurements carried out on the overall adiabatic section were 120 

processed by means of the wavelet method. The relevance of using non-intrusive IR thermography on 121 

a tubular micro-PHP was confirmed by Iwata et al. (2022). A similar method was used for the 122 

investigation of the wall-to-fluid heat fluxes along the adiabatic section (Pagliarini et al., 2022) and 123 

fluid oscillations and transverse interactions (Pagliarini et al., 2023b) in a metallic flat plate PHP filled 124 

with water/20 wt.% ethanol mixture with 50% filling ratio. In the latter, by using the evaluated wall-125 

to-fluid heat flux distributions of the former as inputs for the wavelet analysis, the authors could assess 126 

and quantify the fluid oscillation dominant frequencies in every channel of the device, oriented in both 127 

horizontal and vertical bottom heated mode (BHM) orientations. They found that, if there were a higher 128 

average activity in vertical BHM (confirming better transfer capability than in horizontal orientation), 129 

the fluid motion exhibited a stable dominant oscillation frequency between channels when the device 130 

was oriented horizontally. This was attributed to the negligible buoyancy effects, and it confirmed the 131 

liquid column waveform oscillations in such orientation, as already observed by Miyazaki and 132 

Arikawa (1999) and Kim et al. (2003). When compared to thermocouples attached on the outer wall 133 

surfaces, the more robust and repeatable insights provided by thermography on the inner fluid 134 

dynamics of PHPs seem to confirm that transient characteristics of contact temperature sensors cannot 135 

always allow an effective identification of temperature variations during the PHP operation. 136 

At the light of the disagreeing results proposed in the previous literature, it is still not clear 137 

whether the reported absence of dominant fluid oscillation frequencies in some studies on PHPs are to 138 

be attributed to ineffective post-processing methods, to unsuitable experimental signals (i.e., uncapable 139 

of reflecting the inner fluid-dynamics of the system) or to the intrinsic chaoticity of fluid motion in 140 

PHPs. 141 

This experimental work aims, on one hand, at filling such literature gap by disclosing the 142 

potentialities of different reduction techniques for the fluid oscillation frequency estimation in PHPs, 143 
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as well as by investigating the suitability of different experimental signals for the sake of characterizing 144 

the fluid oscillatory behavior. A FPPHP filled with OpteonTM SF33 is studied by carrying out 145 

thermographic and direct fluid pressure measurements, as well as outer wall temperature 146 

measurements by means of thermocouples. The tests are conducted during the device operation under 147 

different heat loads to the evaporator and edge inclination angles. In particular, studies on PHPs tested 148 

under edge orientation are rather rare in the literature (Ayel et al., 2021), and the impact of such 149 

working configuration on fluid oscillations and overall thermal behavior is not yet clearly assessed. 150 

The collected experimental data are thus reduced by means of both the FFT and wavelet methods to 151 

estimate dominant fluid oscillation frequencies characteristic of the device under investigation, thus 152 

disclosing the effects of the edge orientations on the oscillatory behavior. A thermal characterization 153 

of the FPPHP is furthermore achieved by evaluating equivalent thermal resistances, thus providing 154 

links between the overall thermal performance and fluid oscillations.  155 

  156 

2 Experimental apparatus 157 

The FPPHP consists of a copper plate (80x200x3.5 mm3) machined with a single square shaped groove 158 

(3x3 mm²) forming a series of 8 U-turns in the evaporator (see Fig. 1a). This first plate was covered 159 

with a second brazed one (0.5 mm thick). Both were brazed with tin to guarantee perfect sealing. 160 

Sealing test and vacuuming were made thanks to a Pfeiffer Vacuum® pump coupled with a helium 161 

detector (ASM 142 Adixen). The evaporator zone is heated by a wire electrical heater (Thermocoax®, 162 

1 mm diameter), embedded in a copper plate brazed on the back side of the FPPHP (40x80x2 mm3), 163 

and connected to electrical power supply (ELC® ALR3220, ±10 mV). On the opposite side, the 164 

condenser section is cooled by a grooved brazed copper plate (80x80 mm²) cooled by water flow from 165 

a cryothermostat (Huber® CC240 wl). 166 
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 167 

Fig. 1  Schematic description of the FPPHP: (a) copper plate with machined grooves (edge orientation); 168 

(b) back-side with heater, cold source, and thermocouples positions; (c) A-A cross-section; and (d) 169 

photograph of the back-side with heater, cold source and pressure transducer. 170 

 171 

Fifteen T-type thermocouples (TCs, ±0.8 K from internal switch calibration, 0.2 Hz) are used 172 

for the temperature measurements between evaporator and heating plate (8 TCs), adiabatic zone (5 173 

TCs), and two measure the cold plate temperatures (C,in and C,out, Fig. 1b). Two connection pipes 174 

were brazed on the device (Fig. 1a): one for the filling; the other, in a central bend of the evaporator 175 

zone, leading to a tee, connected to a pressure sensor (GE® PTX5076, ±200 Pa, 100 Hz) and a plug 176 

for emptying process. Finally, the device top face has been coated with a highly emissive paint 177 

(emissivity: 0.95, ±0.1) for infrared visualizations thanks to an infrared camera (INFRATEC®, 10 Hz) 178 

in order to detect the impact of internal thermofluidic interactions on the external wall temperature 179 

distribution. The camera is always oriented in the direction of the normal to the external black painted 180 
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face. All other faces of the FPPHP have been thermally insulated using 50 mm of Rockwool 181 

(λ ≈ 0.04 W.m-1K-1). 182 

Before filling, the device was cleaned using Finox® and rinsed several times. In the following, 183 

OpteonTM SF33 was chosen as the working fluid (appropriate for replacing HCFCs, HFC, etc.). Based 184 

on the widely used critical diameter derived from the Bond number criterion for static conditions 185 

(𝐷௧ ≈ 2.74ඥ𝜎/𝑔(𝜌 − 𝜌௩) (Drolen and Smoot, 2017)), this gives approximately 3 mm at 20°C and 186 

2.71 mm at 50°C. This means that the channel of the FPPHP can be above Dcrit, leading to a 187 

stratification of the liquid/vapor phases, particularly in vertical orientation. However, such criterion 188 

remains hardly quantifiable when considering non-circular channels with sharp angles, such as the 189 

ones considered in this study (Ayel et al., 2021). 190 

The operating conditions are summarized below: 191 

 Volumetric filling ratio: FR = 50% at 20° C; 192 

 Cold source: water set at 20° C; 193 

 Heat power applied: 25–50–100–150–200 W; 194 

 Inclination: from horizontal (α = 0°) to vertical edge (α = 90°), with 3 intermediate steps: 195 

22.5°, 45° and 67.5° (Fig. 2). 196 

 197 

 198 

Fig. 2  Experimental set-up: (a) Schematic description and (b) Photograph of the test bench. 199 

 200 

(a) (b) 

Infrared 
camera 

FPPHP 
support frame 
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Finally, let us mention that the gravity pressure head between two adjacent channels (∆𝑃 =201 

∆𝑃,𝑠𝑖𝑛(𝛼), where ∆𝑃, = 𝜌𝑔𝑑, and d the inter-channel distance) can reach, for the edge inclination, 202 

values of ∆𝑃, of 64.9 Pa at 20°C, and 61.1 Pa at 50°C, whereas it reaches 973.3 Pa at 20°C, and 916.4 203 

Pa at 50°C, for the last surrounding bend, which is far above the maximum capillary pressure drop of 204 

menisci in the transverse section of the grooves (∆𝑃,௫ = 2 𝜎 (𝐷 2⁄ ) =⁄  21.5 Pa and 16.4 Pa at 20°C 205 

and 50°C, respectively). This shows that, in this position, even if the device is dried-out in the 206 

evaporator zone, an instability driven by the gravity pressure head between channels will help 207 

restarting the FPPHP and even make it operational over a larger heat power range than in horizontal 208 

orientation. 209 

3 Results and discussions 210 

3.1  Thermal response of the FPPHP 211 

Fig. 3 presents examples of thermocouples transient temperatures evolutions with increasing heat 212 

power steps for the FPPHP tested in horizontal (α = 0°, Fig. 3a), intermediate (α = 45°, Fig. 3b), and 213 

edge (α = 90°, Fig. 3c) orientations. On the one hand, in horizontal orientation (Fig. 3a), the FPPHP 214 

does not activate, and the temperature curves increase smoothly and progressively. This reflects the 215 

typical behavior of a full conductive mode, where liquid plugs are accumulated in the condenser zone 216 

and the vapor bubbles in the evaporator zone, leading to device inactivity (Miyazaki and Arikawa, 217 

1999; Kim et al., 2003; Ayel et al., 2014). On the other hand, for the two other configurations (Fig. 3b 218 

and c), it can be seen that the overall level of temperatures also increases with increasing heat power, 219 

but it stabilizes at levels much lower than in horizontal orientation, , and they decrease with the 220 

increasing of the tilt angle α. In both configurations, the temperature curves remain relatively stable, 221 

particularly at lowest heat powers (25 W and 50 W). This shows that the device operates quite well in 222 

such positions, confirming what stated in previous studies (Ayel et al., 2014; Pagnoni et al., 2018). 223 

However, it can be observed that the level of temperature fluctuations increases with increasing heat 224 

power, being the result of growing thermo-fluidic instabilities in the device, particularly for α = 45°. 225 
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 226 

 227 

 228 

 229 

Fig. 3 Transient temperature responses of the FPPHP to increasing heat power levels: (a) α = 0°; 230 

(b) α = 45°; (c) α = 90°. 231 

 232 

(a) 

(b) 

(c) 
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Fig. 4 plots the spatial and temporal average temperature differences ΔTe-c between evaporator 233 

(𝑇ത = ∑ 𝑇௩, 8⁄଼
ୀଵ ) and cooling fluid (𝑇ത = (𝑇𝑐,𝑖𝑛 + 𝑇𝑐,𝑜𝑢𝑡)/2)), as well as the thermal resistance obtained 234 

in steady-state conditions (averaged over 200 s of consecutive recordings), with their corresponding 235 

error bars (𝑅௧ = ∆𝑇ି �̇�⁄ , �̇�  being the electric power from which the thermal losses have been 236 

subtracted, taking into account natural convection and radiation heat transfer from the black coated 237 

face). It can be seen that the thermal resistance slightly decreases, as is often the case in literature, for 238 

low heat powers from 25 W to 100 W (except for α = 22.5° and horizontal positions, where it increases). 239 

However, a slight increase in thermal resistance can be noted from 100 up to 200 W, which is less 240 

common in literature. This is probably specific to this modus operandi and remains an open question 241 

at this stage of the study. Furthermore, the thermal performances remain very similar for the inclination 242 

angles from 90° down to 45°, they slightly decrease for 22.5°, whereas the FPPHP does not activate 243 

in horizontal position (0°). For the latter case, the thermal resistance has been, in fact, found equivalent 244 

to empty FPPHP operation. It has also to be underlined that there seems to be an inclination angles 245 

range (or gravity pressure head) for which the performances (transferred heat and fluid flow) remain 246 

independent, here between 90° and 45°. This point requires further investigation. 247 

Note that, in Fig. 4, the error bars correspond to that of measurement error. However, in Fig. 3, 248 

the evaporator temperature fluctuation is obvious for some heat powers applied and inclination angles. 249 

Such instability level can be quantified using standard deviation from sufficiently long-term samples 250 

within the steady-state temperature curves (here, 200 s of steady-state). Standard deviations of the 251 

evaporator averaged temperature curves (calculated using the formula: ඥ{∑(𝑇௩ − 𝑇ത௩)ଶ}/(𝑛 − 1), 252 

with n the number of samples) can consequently be seen in Table 1 for every test cases. This shows 253 

that the instability level generally increases with heat power, but apparently regardless of the 254 

inclination. 255 
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 256 

Fig. 4 ΔTe-c (-) and Rth (--) as functions of heat power applied for the five orientations. 257 

 258 

Table 1  Standard deviations of spatial average evaporator temperatures as functions of applied heat 259 

power 260 

Inclination  angle 
 
 

Heat power (W) 

Edge (90°) 67.5° 45° 22.5° Horizontal (0°) 

25 0.023 0.031 0.038 0.064 0.075 

50 0.210 0.069 0.243 0.183 0.030 

100 0.712 0.276 0.361 0.717 - 

150 1.024 0.819 0.996 0.634 - 

200 0.946 0.665 0.734 0.917 - 

 261 

3.2  Frequency analyzes 262 

As stated in the introduction, the edge orientation was one of the only positions in the literature that 263 

made it possible to record a dominant frequency of the overall heat and mass transfer in FPPHPs. First, 264 

to understand the best experimental signal and reduction approach to be used for the estimation of fluid 265 

oscillation frequencies in the investigated PHP, the thermographic and fluid pressure data were 266 

processed by means of both the FFT and the wavelet methods and will be compared in the following 267 

section. Then, a systematic frequency analysis based on only FFT method will be done varying the 268 
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inclination angle and the heat power applied. The wavelet shape equation chosen for this study is the 269 

Morlet wavelet, as defined in the following equation, according to Perna et al. (2020) and Pagliarini et 270 

al. (2022-2023b): 271 

 𝜓 (𝜂) =  
ଵ

√గ
𝑒ି

ആమ

మ 𝑒ఠబఎ (1) 272 

where 𝜂 is the dimensionless time and 𝜔 the characteristic parameter (set at 2𝜋 for this study). The 273 

wavelet transform (continuous) of a time-dependent signal g thus reads as: 274 

𝑊ట(𝑎, 𝜏) =
ଵ

√
∫ 𝑔(𝑡)𝜓∗ ቀ

௧ିఛ 


ቁ

∞

ି∞
𝑑𝑡 (2) 275 

where the mother wavelet is scaled by the scale factor a and translated by time shifts 𝜏. 276 

(i) FFT vs wavelet method: IR camera and fluid pressure signals 277 

An oscillatory movement can be observed from the successive infrared images of the terminal end of 278 

the evaporator in Fig. 5 (here in edge orientation at 150 W heat applied). The U-turns can easily be 279 

distinguished from one image to another due to strong evaporative phenomena resulting in a sharp 280 

decrease of wall temperature, with an oscillating motion of the working fluid going from bottom to 281 

top. It has to be highlighted that, since phase change processes are responsible for pressure increases 282 

at the evaporator, they are believed to be inherently linked to the fluid motion towards the condenser, 283 

i.e., to the fluid oscillation frequency. Areas used for spectral analysis (4x4 pixels) are delimited by 284 

the white squares at the end of each U-turn in the last right-hand side image of Fig. 5. They are 285 

numbered from 1 for the upper bend to 8 for the bottom bend. The temperature assigned to each U-286 

turn resulted from a space average of the IR temperatures referred to every pixel belonging to each 287 

considered squared area. Such an averaging procedure was needed to reduce the noise level in the 288 

thermographic data, while maintaining meaningful information about the physics of the occurring 289 

phenomena. 290 

 291 
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 292 

Fig. 5 Infrared visualizations in the evaporator zone (α = 90°; �̇� = 150 W). 293 

 294 

In Fig. 6, the average IR signal related to turn 1 in the evaporator and sampled over 60 seconds 295 

is shown together with the FFT and wavelet outputs (heat load equal to 50 W, edge orientation). The 296 

average temperature signal (Fig. 6a) exhibits strong fluctuations due to phase-change phenomena, 297 

which result in significant wall temperature variations. The power spectrum obtained through the FFT 298 

method (Fig. 6c) presents a peak at about 0.94 Hz, denoting that the oscillatory behavior is 299 

characterized by such a dominant frequency. 300 

Other low-amplitude peaks are here due to either noise in the raw signal or chaotic motion of the 301 

working fluid, which oscillates with non-fixed frequency. In Fig. 6b, the time representation of the 302 

signal’s frequency (magnitude scalogram) provided by the wavelet approach confirms the presence of 303 

chaotic fluid oscillations. In fact, despite the signal’s power is mainly concentrated at around 1 Hz 304 

over the observation window, few time instants present peaks at different frequencies, denoting that 305 

the fluid oscillation undergoes sudden variations in terms of oscillation frequency. Nonetheless, the 306 

power spectrum obtained through the wavelet method exhibits a peak at 0.94 Hz, i.e., the perceived 307 

dominant frequency is the same as that given by the FFT analysis (Fig. 6c). Hence, when IR samples 308 

are considered, the frequency analyses carried out by means of different approaches give same results. 309 
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 310 

 311 

 312 

Fig. 6 (a) Space average IR thermographic signal of turn 1 (10 Hz); (b) wavelet magnitude scalogram; 313 

(c) power spectra for both FFT and wavelet methods (α = 90°; �̇� = 50 W). 314 

(a) 

(b) 

(c) 
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 315 

 316 

 317 

Fig. 7 (a) Raw pressure signal corresponding to Fig. 6; (b) wavelet magnitude scalogram; (c) power 318 

spectra for both FFT and wavelet methods (α = 90°; �̇� = 50 W). 319 

 320 

The fluid pressure signal is similarly processed for the same working condition of Fig. 6. In Fig. 321 

7, the collected fluid pressure is shown together with the FFT and wavelet method outputs. Alike the 322 

(a) 

(b) 

(c) 
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wall temperature, the pressure signal (Fig. 7a) exhibits significant fluctuations during the PHP 323 

operation, confirming the link between fluid pressure and outer wall temperature. The dominant fluid 324 

oscillation frequency is assessed, through the FFT method, equal to 0.95 Hz (Fig. 7c). The non-fixed 325 

feature of fluid oscillations is again perceived in the magnitude scalogram of Fig. 7b, while the power 326 

spectrum outputted by the wavelet method presents a peak at 0.94 Hz. Although a very slight 327 

discrepancy between dominant oscillation frequency estimated through the FFT method and the 328 

wavelet method is here perceivable, the two values are reasonably comparable in terms of uncertainty 329 

of the approaches, which is affected by the time discretization of the raw samples. 330 

In conclusion, the presented analysis has highlighted that the wavelet and FFT methods provide 331 

similar outcomes regardless the considered pieces of data. This evidence suggests that, contrarily to 332 

what was highlighted by Perna et al. (2019), both reduction approaches can be effectively adopted for 333 

the study of fluid oscillation frequencies in PHPs, at least when IR or fluid pressure measurements are 334 

considered. Moreover, the agreement in terms of wavelet method between frequency analysis on 335 

thermographic acquisitions and fluid pressure signals suggests that both experimental data reflect the 336 

PHP oscillatory behavior, in accordance with Pagliarini et al. (2021). Finally, achieving a robust 337 

quantification of dominant frequencies by adopting different experimental signals and reduction 338 

methods suggests that the intrinsic chaoticity of the system may not always hamper the identification 339 

of dominant frequency patterns. Specifically, the suitability of single-point pressure signals for the 340 

dominant fluid oscillation frequency evaluation in the present device agrees with the findings of 341 

Khandekar et al. (2009) for a single-loop PHP case, while it disagrees with the ones provided by 342 

Mameli et al. (2014) and Takawale et al. (2019) for multi-turn PHPs. This might be due to different 343 

reasons, including different layout or different working fluid considered in the present work, which 344 

may lead to a less chaotic oscillatory operation. In addition, at the light of the frequency analyzes 345 

carried out on IR data in previous works (Pagliarini et al., 2021,2022,2023b, Iwata et al., 2022) and in 346 

the present investigation, thermography seems to be confirmed, for different PHP configurations, as a 347 
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robust tool for evaluating dominant fluid oscillation frequencies, contrarily to what assessed in studies 348 

dealing with thermocouples signals, where the data reduction sometimes failed to catch the fluid 349 

oscillatory behavior (Zhao et al., 2011; Monroe et al., 2018). Further studies on the best signals and 350 

reduction techniques to be used for frequency investigations in PHPs must be therefore conducted with 351 

the aim of fully proving the feasibility of different approaches on varying PHP layouts and collected 352 

experimental data. 353 

(ii) FFT analysis: influence of orientation and heat power applied 354 

Once established that the post-processing procedure does not affect, at least for the present 355 

investigation case, the goodness of the final results, the FFT method has been chosen for a systematic 356 

quantification of dominant fluid oscillation frequencies at different operating conditions of the studied 357 

device. Both IR (10 Hz, 120 s) and fluid pressure data (100 Hz, 160 s) were taken into account during 358 

nearly steady-state conditions for every heat power step and orientation –except the nonfunctional 359 

horizontal orientation-. Specifically, the fluid pressure signals were filtered by means of a one-360 

dimensional Gaussian kernel to reduce possible unwanted noise from the raw data. This pre-processing 361 

is regarded to allow better outcomes, improving the readability of power spectra in terms of dominant 362 

frequencies identification. 363 

Fig. 8 presents the dimensionless power spectra, allowing to plot all curves in the same graphs 364 

(Pw/Pw,max, Pw,max being the maximum power spectrum over the frequency range of each series), 365 

resulting from the FFT of pressure signals for the four inclination angles (from 22.5° to 90°), and four 366 

heat powers applied (25 W and 50 W for Fig. 8a, and 100 W and 150 W for Fig. 8b). Note that the 367 

absolute power spectra can be seen in Appendix. On the one hand, in the case of Fig. 8a for the lowest 368 

heat loads, the frequency peak is particularly pronounced and almost equal for the four inclinations at 369 

25 W, but it shows a slight divergence for the 22.5° inclination at 50 W. On the other hand, in the case 370 

of higher heat loads of Fig. 8b, the frequency peaks tend to spread and diverge from each other at 100 371 

W, particularly for the 22.5° inclination. At heat loads  greater or equal to 150 W, peaks in the power 372 
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spectra seem to fade away, and are instead observed around 0.5 Hz, which also exists for the other heat 373 

power levels. Such a drop in dominant fluid oscillation frequency at high heat loads to the evaporator 374 

(from 150 to 200 W) reflects the slight increase in thermal resistance assessed in Section 3.1 for all the 375 

orientations. In fact, weaker fluid oscillations may lead to poorer heat transfer capabilities of the device, 376 

eventually undermining the overall device operation. 377 

 378 

 379 

 380 

Fig. 8 Dimensionless power spectra from FFT analysis of pressure signals for different inclination 381 

angles: (a) �̇� =  25 W (blue curves) and 50 W (brown-red curves); (b) �̇� = 100 W (blue curves) and 382 

150 W (brown-red curves). 383 

(a) 

(b) 
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Fig. 9 presents a set of FFT power spectra functions of frequency for the eight averaged IR 384 

signals windows recorded in edge inclination at 50 W heat power applied. It can be observed that, as 385 

mentioned on Fig. 6 and 7, the dominant temperature oscillation frequencies peaks are also very 386 

pronounced, and are the same for all the U-turns, as well as for the pressure signal (0.95 Hz). Therefore, 387 

the oscillations observed for both pressure and resulting temperatures at the outside wall of the FPPHP 388 

fit well together, the first being the direct cause of the second. There is indeed a transmission of the 389 

liquid plugs flow by the spring effect of the vapor bubbles from one turn to another, leading to such 390 

detectable periodic behavior of the temperature signals outside the channels wall, as already observed 391 

in (Miyazaki and Arikawa, 1999; Kim et al., 2003; Ayel et al., 2014; Pagnoni et al., 2018). Only note 392 

that no clear oscillation dominant frequency was found for U-turns 3 and 6 in the case of Fig. 9. 393 

Furthermore, the number of IR windows for which no dominant frequencies are detected 394 

increases with increasing heat loads, and the dominant frequencies are also more hardly detectable for 395 

IR thermographs signals at 100 W heat power than for pressure signal. This can be explained by two 396 

phenomena: first, when the inner fluid dynamics becomes more chaotic due to a complex interplay 397 

between phase-change phenomena, buoyancy forces and capillary effects of the rectangular grooves, 398 

outer wall temperature data may not be able to fully catch the oscillatory behavior of the system; 399 

secondly, the thermal inertia of the evaporator wall could also attenuate the increasing frequency of 400 

transient inner surface temperature (low-pass filter). Such limitations of IR thermography in terms of 401 

inner fluid dynamics assessment were also observed in (Pagliarini et al., 2023c), where fluid velocities 402 

could not be always estimated starting from outer wall temperature signals due to the high chaoticity 403 

of the fluid stream at high heat loads (i.e., where inertial forces became more predominant). 404 

Anyway, increasing heat power also implies the vanishing of some dominant frequencies of the 405 

pressure signal, leading to some more chaotic flow. It seems that, for low heat flux, the fluid flow is 406 

rather governed by gravity forces, triggered by pressure disturbances caused by temperature 407 

differences between channels, leading to some periodic oscillating flow as it was observed for heat 408 
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powers lower than 100 W, whereas the irregular pressure perturbations governed by high heat flux 409 

become preponderant above a certain value, although assisted by the gravity pressure head, and leading 410 

to some non-periodic oscillating-chaotic flow. Boundary between both –periodic and chaotic- regimes 411 

is rather blurry, surely depending on operating conditions (working fluid, filling ratio, dimensions, 412 

temperature, etc.). This point should also be further clarified. 413 

 414 

 415 

Fig. 9 Power spectra from FFT analysis of IR thermographic signals (α = 90°; �̇� = 50 W). 416 

 417 
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Finally, all the dominant frequencies obtained by FFT analyzes for both pressure (lines) and IR 418 

thermographs (markers) signals are plotted in Fig. 10, together with the uncertainty bars resulted from 419 

the observation of the frequency ranges in which peaks in the power spectra were scattered (such 420 

ranges increased in width with the increase of the heat load, as highlighted in Fig. 9). This graph, 421 

however, hides the fact that several points from the IR thermographs are nearly perfectly superimposed 422 

due to the regularity of the oscillations, as already seen in Fig. 9. Whatever, values obtained for both 423 

signals are very close, those of the IR thermographs being always included in the error bars of the 424 

pressure signals. 425 

 426 

 427 

Fig. 10 Dominant frequencies of IR thermographic (markers) and pressure (lines) signals as functions 428 

of heat power applied for the four orientations (α = 22.5°:90°). 429 

 430 

Fig. 10 confirms that the oscillation frequency peaks increase with increasing heat powers 431 

applied and, at a lower level, with decreasing inclination angle, in accordance with (Borgmeyer and 432 

Ma, 2007; Zhang and Faghri, 2008; Yasuda et al., 2022). It can be seen that the dominant frequencies 433 

differ from each other above 50 W, and they seem to follow an increasing trend with decreasing 434 

inclination angle (corresponding to a decreasing gravity pressure head). The curve corresponding to 435 
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an inclination angle of 22.5° (red line and markers) is clearly detached from the others, above 25 W 436 

heat power applied. Lastly, for heat loads lower than 50 W, all dominant frequencies converge towards 437 

the same value, showing the regularity of the periodic flow regardless of heat flux at the evaporator. 438 

From Fig. 4 and 10, it appears that the edge position is really interesting in that it allows efficient heat 439 

transfer even for very low heat flux, with great regularity. 440 

4 Conclusions 441 

In this study, experimental tests were made on a flat plate pulsating heat pipe (FPPHP), filled with 442 

SF33 with a filling ratio of 50%. The work aimed, on one hand, to study the suitability of different 443 

experimental signals and reduction methods for the assessment of dominant fluid oscillation 444 

frequencies. On the other hand, the work proposed to investigate the influence of the inclination angle 445 

–from “edge” to horizontal position- and heat power applied on its thermal performances. It was found 446 

that the equivalent thermal resistance increased with the increase of the tilt angle from horizontal to 447 

edge positions, but it also increased with the increase of heat power above 100 W. 448 

A systematic frequency analysis has been performed, using both classical FFT and Wavelet 449 

methods, in order to identify the dominant frequencies of heat and fluid flows inside the device, as 450 

functions of the operating conditions: inclination angles and heat power applied. The main findings 451 

are summarized as follows: 452 

• A comparative study between the two methods showed that both wavelet and FFT analyzes 453 

provide similar results in terms of dominant frequencies.  454 

• The identified dominant frequencies seem independent on the analyzed experimental signal: the 455 

agreement between infrared and pressure signals indicates that, at these low levels of frequencies, 456 

the fluid flow motions inside the channels of the FPPHP are phased with the resulting thermal 457 

response of the wall temperature, even on the external side of the device. 458 

• The suitability of both signals for estimating the dominant fluid oscillation frequency appears as 459 

an opportunity to use either one or the other, depending on instrumentation possibilities. 460 
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• The FFT analysis showed that the dominant frequency of the oscillating flow increases with both 461 

increasing heat power applied and decreasing inclination angle, from edge (α = 90°) down to 462 

horizontal (α = 0°) positions, from a minimum of 0.7 Hz at low heat loads (α = 45°) to a 463 

maximum of about 1.7 Hz at high heat loads (α = 22.5°). For heat powers applied below 50 W 464 

and inclination angles higher than 45°, the dominant frequencies appear to be independent on 465 

the inclination angle. 466 

• Finally, for highest heat power levels and whatever the inclination angle, the dominant frequency 467 

tends to fade away: the recorded spectrum becomes closer to white noise spectrum, more typical 468 

of classical PHP observations during operation. 469 

  470 
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Appendix 471 

 472 

 473 

 474 

Fig. A.1 Absolute power spectra from FFT analysis of pressure signals for different inclination angles: 475 

(a) �̇� =  25 W (blue curves) and 50 W (brown-red curves); (b) �̇� = 100 W and (c) �̇� = 150 W. 476 

  477 
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