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a b s t r a c t 

The thermal behavior of Pulsating Heat Pipes (PHPs), which is inherently time-dependent, could also 

significantly change from local position to local position. Hence, the evaluation of local heat flux distri- 

butions could lead to a better understanding of the fundamental governing mechanisms of PHPs, which 

are, so far, only partially understood. In fact, most of the studies regarding the working principles of PHPs 

have focused on analysing the heat transfer rate averaged over the evaporator and condenser areas, or on 

evaluating the overall thermal resistance of the system. A 7-turn micro-PHP with an inner diameter of 

0.32 mm was charged with HFC-134a at filling ratio of 46% and tested in bottom heated mode. The ex- 

ternal wall temperature distribution of the condenser was measured by a high-speed and high-resolution 

infrared camera. The local heat fluxes exchanged between the fluid and the PHP wall were estimated in 

the whole condenser by solving the inverse heat conduction problem with the temperature maps as in- 

put data. In order to study the PHP working regimes, the local heat transfer behavior was furthermore 

investigated in terms of characteristic frequencies of the oscillatory flow by means of the wavelet method, 

coupled with a statistical approach. At low heat input the variations over time and along space of axial 

coordinate in the heat flux were significant and each tube showed multiple peaks in the power spectrum. 

On the other hand, the variation weakened under the high heat input conditions and the dominant fluid 

oscillation frequency was found more clearly around 1.2 Hz. All the qualitative and quantitative pieces of 

data are comprehensively presented to give further information regarding the device behavior at different 

heat input. 

© 2022 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Thermal management is critical for several fast-growing mar- 

ets, such as the lithium-ion battery market, which is expected 

o register a compound annual growth rate of approximately 22% 

uring the forecast period (2019–2024) [1] . Lithium-ion batteries, 

hich are mainly used for electric vehicle and energy storage sys- 

ems, should be maintained within a strict temperature range dur- 

ng operation to prevent either losses in performance or thermal 

unaways [2] . In addition, the widespread introduction of micro- 

lectronics in almost every processing line had led to the critical 

hermal issues of the high heat density of microprocessor chips 

3] . In fact, a high operating temperature reduces the reliability 
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nd performance of electronics, and eventually causes fatal failure. 

hus, the thermal management of complex electronic systems has 

ecome an important challenge. 

Two-phase thermal devices are more efficient than single-phase 

evices because some or all of the heat transport occurs via la- 

ent heat. A Pulsating Heat Pipe (PHP), also known as an Oscillat- 

ng Heat Pipe, was invented by Akachi in the 1990s [4–6] and is 

 promising two-phase passive heat transfer device that consists 

f a capillary tube or channel that is bent repeatedly between an 

vaporator and a condenser. The inner diameter of the tube or hy- 

raulic diameter of the channel should be enough small so that 

he working fluid in the PHP exists as a mixture of liquid slugs 

nd vapor plugs even in a gravity environment. Heat is transferred 

rom the evaporator to the condenser by the self-excited oscillation 

f slug/plug flow. Compared with other two-phase passive thermal 

evices, such as conventional heat pipes [7] and loop heat pipes 

8] , PHPs have many advantages, including having a simple con- 
nder the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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Nomenclature 

A Amplitude of heat flux, W/m 

2 

a Wavelet scale 

c p Specific heat at constant pressure, J/kg/K 

cv s Coefficient of variation over space 

cv t Coefficient of variation over time 

d Diameter, m 

E Error 

g Gravity acceleration, m/s 2 

H Transfer function for the Gaussian filter 

k Thermal conductivity, W/m/K 

M Number of spatial steps 

mean Arithmetic mean 

N Number of time increments 

p Parameter related to frequency, Hz 

Q Heat load, W 

q Heat flux, W/m 

2 

R Overall heat transfer coefficient, W/m 

2 /K 

r Radius, m 

std Standard deviation 

T Temperature, K 

t Time, s 

U Internal energy, J 

u Spatial coordinates in frequency domain 

u c Cutt-off frequency 

v Time coordinates in frequency domain 

W Wavelet transform 

y Signal 

z Axial coordinate 

Greek symbol 

δ Thickness, m 

η Non-dimensional time 

ρ Density, kg/m 

3 

σs Surface tension, N/m 

σd Standard deviation, K 

τ Time, s 

τsh Time shift, s 

ψ Wavelet mother 

ω 0 Non-dimensional frequency 

Subscript 

crit Critical 

ele Electrical 

en v Environment 

exact Known value 

f filtered 

in Inner 

l Liquid 

out Outer 

r estor ed Calculated value 

v Vapor 

w Wall 

z Axial coordinate 

truction, being lightweight and flexible, and having no internal 

ick structure. Low-cost and commercially available tubes can be 

sed for PHPs without special processing. Consequently, the man- 

facturing costs of PHPs are lower than those of other two-phase 

hermal devices. 

Until the early 2010s, most experimental studies used tubes or 

hannels with a larger inner diameter of 1 mm or more [ 9 , 10 ].

owever, some experimentations opened to the possibility of fab- 

icating and employing PHPs with very thin channels or grooves of 
2 
ess than 1 mm [11–18] . Using micro-PHPs in heat exchangers al- 

ows the development of equipment that is lighter and more com- 

act, and thus PHPs may be suitable for microelectronics. Despite 

he definition of micro device is well established for regular heat 

ipes [19] , no clear definitions for micro-PHPs are provided, to the 

uthors knowledge, by the literature. However, previous studies 

11–18] generally consider PHPs with an inner or hydraulic diame- 

er lower than 0.7 mm as micro-PHPs. 

Among other possible geometries, Si-based flat plate micro- 

HPs have been actively investigated in the last decade due to 

he possibility of simpler set-ups manufacturing, suitable for direct 

uid visualizations, i.e., having transparent substrates such as glass 

nd polymeric material. The experimental effort has been mainly 

evoted to the study on the effects of influencing parameters, such 

s working fluid, filling ratio or inclination angle [11–18] . Qu et al. 

11] investigated the characteristics of start-up, heat transfer, and 

ow characteristics of three Si-based micro-PHPs with different hy- 

raulic diameters (0.251 mm, 0.352 mm, and 0.394 mm), chang- 

ng working fluids (water, ethanol, R113, and FC-72), filling ratios, 

nd inclination angles. Yang et al. [12] fabricated a 40 mm long 

i-based PHP with identical rectangular microchannels 0.25 mm 

eep and of non-uniform width. The PHP operated at a heating 

ower of 6 W or more with methanol as the working fluid. Yoon 

nd Kim [13] conducted visualization experiments with a 5-turn 

i-based micro-PHP and proposed a semi-analytic vapor-spring- 

iquid-mass model validated with experimental results. They also 

uggested that the vapor distribution in a micro-PHP affects its 

hermal performance [14] . Kim and Kim investigated the effect of 

he length and temperature of a micro-PHP condenser on thermal 

erformance [15] and suitable working fluids, such as ethanol, FC- 

2, HFE-70 0 0, R-245fa, and R-134a [16] . Lim and Kim proposed a 

ovel channel layout of a Si-based micro-PHP for localized heat- 

ng condition in which a heater covers only 2 % of the whole PHP 

urface [17] . Kamijima et al. [18] performed visualization experi- 

ent with a 11-turn Si-based micro-PHP and investigated the flow 

attern with applying image-recognition technique to identify the 

ow characteristics and extract different flow patterns. 

Although numbers of studies on Si-based flat plate micro-PHPs 

ave been conducted, few studies have dealt with tubular micro- 

HPs, despite the applicative advantages related to tubular layouts. 

n fact, tubular PHPs provide triaxial flexibility, whereas flat plate 

HPs are flexible only biaxially, thus representing a suitable so- 

ution as a flexible thermal strap [20] . Moreover, Takawale et al. 

21] reported that the tubular PHP performed better than the flat 

HP due to the absence of lateral thermal conduction. On the other 

and, tubular PHPs do not allow an easy employment of transpar- 

nt inserts (e.g. glass or plastic tubes) for the direct fluid flow vi- 

ualization, thus greatly increasing the complexity of a proper in- 

estigation on their thermal behavior. 

Most of the experimentations on micro-PHPs have been mainly 

ocused on either analysing the heat transfer rate averaged over 

he evaporator and condenser areas or evaluating the overall ther- 

al resistance of the system. However, since the thermal behav- 

or of micro-PHPs is inherently time-dependent and varies from 

urn to turn, investigating the local heat transfer is important to 

ead to a better understanding of the basic physical mechanisms 

nderlying the micro-PHPs operation. In fact, the quantification of 

ocal heat transfer in PHPs provides important pieces of informa- 

ion not only in terms of fluid oscillations, but also in terms of 

hase-change phenomena. Mameli et al. [22] estimated the local 

eat transfer coefficient by measuring both tube wall and inter- 

al fluid temperatures in the evaporator section of a two-turns 

HP. They reported a minimum heat flux for the stable fluid mo- 

ion and a critical heat flux before the final dry-out. Nevertheless, 

n micro-PHPs a direct measurement of the fluid temperature can 

e hardly achieved due to the very limited geometry that hin- 
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Fig. 1. (a) Schematic and (b) appearance of micro-PHP. 
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ers the installation of temperature sensors in the flow path. Jo 

t al. [23] measured the distributions of temperature and heat flux 

t the fluid-wall interface of the Si-based micro-PHP which has a 

ultilayer structure in the inner wall. Since silicon is largely trans- 

arent to infrared (IR) radiation, the temperature of the inner and 

uter walls of the multilayer coated with a thin, IR opaque film 

an be measured by an IR camera [24] . 

Recently, Cattani et al. [25] proposed a non-intrusive local heat 

ux estimation procedure based on thermographic measurements 

n the external wall of a single-loop PHP, used as inputs for the In-

erse Heat Conduction Problem (IHCP) resolution approach. Since 

he adoption of a transparent sapphire insert allowed simultane- 

us wall and fluid temperature measurements, the heat fluxes es- 

imated were proven to be correlated to different flow regimes oc- 

urring in PHPs. Pagliarini et al. [26] adopted a similar wall-to- 

uid heat flux estimation procedure within the adiabatic section 

f a multi-turn PHP fully made of aluminium under micro-gravity 

ondition. The results, additionally processed by a statistical ap- 

roach, verified the capability of the inverse method to provide 

 similar description of the device working regimes and oscilla- 

ion frequencies to that obtained by other techniques, e.g. employ- 

ent of pressure transducers or evaporator/condenser temperature 

onitoring. 

In order to understand the thermo-fluid interactions occurring 

n the condenser section of tubular micro-PHPs, this study pro- 

oses to extend the method, presented in [26] , which is suitable 

or opaque pipes, i.e., when the fluid is not directly visible. Ther- 

ographic acquisitions are used as inputs for the IHCP resolution 

pproach. The resulting space-time heat flux maps are therefore 

tatistically reduced to quantitatively information identifying the 

evice working regimes at varying heat loads to the evaporator. 

n addition, a frequency analysis based on the Wavelet method is 

arried out to obtain a channel-wise description of the fluid os- 

illatory behavior in the overall device. The provided data are be- 

ieved to be useful for the understanding of micro-PHPs thermal 

ehavior, as well as for the improvement of existing numerical 

odels. 

. Experimental setup 

A stainless-steel (SUS304) tube with inner and outer diameters 

f 0.32 mm and 0.52 mm, respectively, was bent into 7 turns as 

hown in Fig. 1 . The stainless-steel capillary tubes were used due 

o their commercial availability and cost-effectiveness: in this way 

he implemented device is representative of a possible industrial 

pplication. HFC-134a was charged as a working fluid. In the tem- 

erature range from 280 K to 350 K, the inner diameter is less 
3 
han the critical maximum diameter d crit defined by the following 

quation [27] : 

 crit = 2 

[
σs 

g ( ρl − ρv ) 

]1 / 2 

(1) 

here σs , g , ρl , and ρv are the surface tension, gravitational accel- 

ration (9.81 m/s 2 ), liquid density, and vapor density, respectively. 

sing the properties of NIST Reference Fluid Thermodynamic and 

ransport Properties Database mini-REFPROOP version 10.0 [28] , 

 crit for HFC-134a at 280 K to 350 K are calculated to be 1.8 mm

nd 0.99 mm, respectively. Before charging the working fluid, the 

irtightness of the micro PHP was checked with gas nitrogen up 

o 2 MPaG. Assuming that the inside of the PHP is filled with the 

aturated two-phase working fluid when the PHP is operating, the 

nternal pressure of 2 MPaG corresponds to the saturation pres- 

ure of HFC-134a at 70 °C [28] . The experiments were conducted 

s long as the evaporator temperature did not reach 70 °C. 

Fig. 2 shows the experimental setup. The evaporator channels 

ere attached to a 3 mm-thick spreader by aluminium tapes, while 

he heat load was provided by a polyimide sheet heater, placed 

n the back of the spreader. The condenser tubes were coated 

ith a thin film of high-emissivity paint. The evaporator and adi- 

batic section were insulated, while the condenser was cooled 

own by natural convection of air. The condenser temperature was 

onitored by an infrared camera (FLIR SC70 0 0, space resolution: 

40 × 512 pixels accuracy: ±1 K, thermal sensitivity at 303 K: 

0 mK). For the present configuration, the infrared spatial reso- 

ution at target surface was equal to 0.156 mm/pixel. During the 

ests, the PHP operated in vertical bottom heat mode, i.e. with the 

vaporator at the bottom. As shown in Fig. 1 (a), in the coordinate 

ystem of this study, the direction of gravity (i.e., the longitudinal 

irection of the PHP from the top of the condenser to the evapo- 

ator) was considered as + z direction. 

Five type-T thermocouples were attached: one was on the sheet 

eater, three were on the metal plate of the evaporator, and the 

ther was on the condenser. The last was to control the correspon- 

ence of the measured values between the camera and thermo- 

ouple. A stepwise heat load was provided to the evaporator from 

.1 W to 5 W (until the operating limit) by a DC power supply 

HEWLETT PACKARD 6631B). The experimental data were collected 

y a data acquisition system (AGILENT 34970A), for each power 

nput, when the device reached the pseudo-steady state. The ac- 

uisition frequency of the camera and the thermocouples were 

8 Hz and 1 Hz, respectively. The more details of the experimen- 

al setup were given in the authors’ previous study [29] . The mea- 

urement uncertainties of the T-type thermocouple and the volt- 

ge and the current of the power supply were ± 0.2 °C, ± (0.03% 
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Fig. 2. (a) Schematic and (b) appearance of test setup. 

Fig. 3. Energy balance at the infinitesimal wall section. 
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ull scale + 2 mV), and ± (0.2 % full scale + 1 mA), respectively.

he full scale of the voltage and the current of the power supply 

ere 8 V and 10 A, respectively. The measurement uncertainty of 

he data acquisition system for the temperature measurement was 

.0 °C. 

. Heat flux estimation 

.1. Estimation procedure 

Using the time-space temperature maps acquired by the IR 

amera as input data, the local wall-to-fluid heat flux was evalu- 

ted by solving the IHCP in the tube wall. Specifically, each straight 

art of the PHP channels belonging to the condenser section was 

odelled as a 2D-axisimmetric solid domain, outlined in Fig. 3 . By 

ssuming the thin-wall approximation, the temperature on the ex- 

ernal surface was considered equal to that on the internal surface. 

his thin-wall-approximation was verified for all the experimental 

ests. In addition, due to experimental observations, the tempera- 

ure gradients along the tube circumference were considered to be 

egligible. 

Following the previous assumptions, the local energy balance 

quation becomes: 

dU 

dt 
= Q z − Q z+	z + Q r in − Q r out 

(2) 

here Q z and Q z+	z are the conductive terms related to the axial 

irection z, while Q r in and Q r out are the heat exchange amount be- 

ween the inner tube wall and the fluid and the power dissipated 

o the environment by natural convection, respectively. The time 

erivative of internal energy is presented as dU 
dt 

. Each energy term 

f Eq. (2) is expressed as: 

dU 

dt 
= ρw 

c p w 

∂T 

∂t 
· π

(
r 2 out − r 2 in 

)
· 	z (3a) 

 z = −k w 

∂T 

∂z 
· π

(
r 2 out − r 2 in 

)
(3b) 

 z+	z = −k w 

∂T 

∂z 
· π

(
r 2 out − r 2 in 

)
− k w 

∂ 2 T 

∂z 2 
· π

(
r 2 out − r 2 in 

)
· 	z (3c) 

 r in = q · 2 π r in · 	z (3d) 
4 
 r out 
= 

( T − T en v ) 

R en v 
2 π r out · 	z (3e) 

here ρw 

, c p w 

and k w 

are the density (kg/ m 

3 ), specific heat (J 

kg/K), and thermal conductivity (W/m/K) of the tube wall, respec- 

ively. The outer and inner radiuses of the tube are represented as 

 out and r in as shown in Fig. 3 . In Eq. (3e) , T , T en v , and R en v are the

uid temperature, the environmental temperature, and overall heat 

ransfer coefficient between the tube outer wall and the surround- 

ng environment, respectively. For T en v , 26 °C was adopted based on 

he measured environment temperature during the experiments; 

 en v was taken equal to 10 W/m 

2 /K, and it was measured by a 

reliminary test using an electrically heated sample tube. By sub- 

tituting equations (3a) - (3e) into Eq. (2) , the heat flux from the 

uid to the tube inner wall q is found as follows: 

 = 

(ρw 

c p w 

∂T 
∂t 

− k w 

∂T 2 

∂z 2 
) ·

(
r 2 out − r 2 

in 

)
+ 

( T −T en v ) 
R en v 

· 2 r out 

2 r in 
(4) 

Eq. (4) was solved by means of the finite difference method as 

ollows. 

 ( z, t ) = 

(
ρw 

c p w 

T ( z,t +	t ) −T ( z, 	t ) 

	t 
− k w 

T ( z+	z,t ) + T ( z−	z,t ) −2 T ( z,t ) 

( 	z ) 
2 

)
·
(
r 2 out − r 2 

in 

)
+ 

( T ( z,t ) −T env ) 
R env 

· 2 r out 

2 r in 
(5) 

Due to the noise level of the raw data, a regularization method 

as applied to the temperature distributions to reliably solve 

t. The fluid-to-wall heat flux can be obtained by adopting in 

q. (5) the filtered temperature T f instead of the measured tem- 

erature T . As highlighted in the flowchart in Fig. 4 , filtering was

arried out in the following way: first, discrete Fourie transform 

as performed on the temperature map data acquired by the IR 

amera, which consists of M spatial steps 	z and N time incre- 

ents 	t , i.e., M × N elements. The discrete Fourier transform of 

he measured M × N temperature distribution T results in: 

 ( T ) = 

˜ T ( u, v ) = 

M−1 ∑ 

g=0 

N−1 ∑ 

h =0 

T ( g, h ) e − j2 π u 
M g e − j2 π v 

N h (6) 

here u and v are the spatial and time coordinates in the 

requency domain, respectively. Second, the Gaussian filter was 

dopted to the discrete Fourier transform: 

 

(
T f 

)
= 

˜ T f ( u, v ) = H ( u, v ) · ˜ T ( u, v ) (7) 

here H( u, v ) is the transfer function for the Gaussian filter. It is 

efined as: 

 ( u, v ) = e −( u 2 + v 2 ) / 2 u 2 c (8) 

here u c is the cut-off frequency. Last, the Fourier image is con- 

erted back to the time-space domain: 

 

−1 
(˜ T f 

)
= T f ( m, n ) = 

1 

M · N 

M−1 ∑ 

k =0 

N−1 ∑ 

l=0 

˜ T f ( k, l ) e j2 π
k 
M m e j2 π

l 
N n (9) 
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Fig. 4. Flowchart of filtering procedure. 
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In practice, the optimum cut-off frequency is unknown a priori. 

n this study, it was obtained by an iterative calculation where the 

nitial cut-off frequency was set at 2 Hz and increased by 2 Hz un- 

il the optimum frequency was found, as shown in Fig. 4 . According 

o the discrepancy principle [30] , when the difference between the 

easured T and the filtered T f temperatures are nearly equivalent 

o the standard deviation of the raw measurements, the solution 

o the inverse problem is considered sufficiently accurate. The cut- 

ff frequency was defined as the frequency satisfying the following 

onditions: ∣∣∣∣T f − T 
∣∣∣∣

2 √ 

N · M 

∼= 

σd (10) 
5 
here || || 2 stands for the 2-norm, N · M is the size of the matrix 

 and σd is the standard deviation of the raw data, estimated by 

easuring the wall temperature distribution while maintaining the 

ystem under isothermal conditions. 

The processing target area of the condenser is constituted by 

very straight tube where the distance from the U-shaped apex is 

rom 12 mm to 45 m, which is equivalent to 214 pixels in the lon-

itudinal direction of the IR camera. Each tube is identified from 

h 1 to ch 14 as shown in Fig. 5 . 

.2. Validation 

The post-processing method presented in the previous section 

as validated to assess its reliability for the present application. 

ynthetic temperature data were first generated by solving the di- 

ect problem within a COMSOL Multiphysics® environment. Here, 

 known distribution of the heat flux q exact ( z, t ) was provided as 

oundary condition at the internal wall surface of the test section 

f Fig. 3 , simulating the heat transfer by forced convection occur- 

ing inside a single PHP branch in transient conditions. According 

o the expected results in the real cases, the convective heat flux 

 exact was assumed as a sinusoidal function characterized by time- 

pace variations, where L z is the length of the considered channel 

ortion: 

 exact ( z, t ) = A · cos ( pπt ) + 125 − z · 250 

L z 
(11) 

The noisy temperature distributions were therefore used as in- 

uts for the IHCP solution approach, i.e., for Eq. (5) . The effec- 

iveness of the proposed approach at different heat flux ampli- 

udes and frequencies was evaluated by taking A equal to 20 0 0 and

0 0 0 W/m 

2 , while the p parameter was varied from 1 to 2, corre-

ponding to frequencies of 0.5 and 1 Hz, respectively. According to 

he literature [ 31 ], the chosen values of amplitude and frequency 

re representative of the oscillatory phenomena that characterize 

he PHPs thermo-fluid dynamics within the adiabatic section. 

The resulting temperature distributions were then spoiled by 

 Gaussian noise level, characterized by a standard deviation σd 

qual to 0.06 K. Specifically, such a value was considered since it 

epresents the noise level related to the adopted experimental set- 

p, quantified by means of isothermal measurements on the de- 

ice. The thin-wall approximation adopted in the Section 3.1 was 

urthermore validated by the application of Fourier’s law to the 

ube wall. The heat conduction in the tube wall is expressed by 

he Fourier’s law as follows. 

 = −k w 

dT 

dx 
(12) 

Eq. (12) was expressed by finite differences and the tempera- 

ure difference in the wall between the inner and outer surfaces of 

he tube was calculated as follow: 

T = − δw 

q 

k w 

(13) 

here δw 

is wall thickness and q is the convective heat flux ex- 

hange between the fluid and the wall. For a maximum heat flux 
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Table 1 

estimation error E q for different amplitudes and fre- 

quencies of q exact (considered noise level σd = 0.06 K). 

Amplitude [W/m 

2 ] Frequency [Hz] Error [%] 

2000 0.5 10 

2000 1 16.1 

4000 0.5 7.4 

4000 1 14.2 
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qual to 60 0 0 W/m 

2 , with a wall thickness of 0.1 mm and con-

idering the thermal conductivity of SUS304, 15 W/m 

2 /K [ 32 ], the 

aximum temperature difference between the inner and outer 

urfaces of the tube is about 0.03 K. This is half of the noise level

elated to the experimental set-up (0.06 K). However, it must be 

ointed out that the adopted inverse approach in transient con- 

itions might be affected by the thermal inertia of stainless-steel 

alls that eventually hamper a clear observation by thermogra- 

hy of high-frequency phenomena, e.g., alternation of slugs and 

lugs within the fluid flow [ 26 ]. To study such inertial effects on

he wall-to-fluid heat flux evaluation procedure, the direct prob- 

em was solved by adopting distributions of q exact with p ranging 

rom 2.5 to 8 and A equal to 20 0 0 W/m 

2 . For oscillation frequen-

ies greater than 4 Hz, the maximum variation of the external wall 

emperature was found to be lower than the noise level of the 

xperimental set-up, suggesting that the thermographic measure- 

ents on the outer wall can catch transient phenomena that occur 

n a time higher than 0.25 s. Other significantly faster phenomena 

annot be fully perceived due to the filtering effect of the stainless- 

teel wall. 

To quantify the efficiency of the applied approach at different 

ignal-to-noise levels, an error analysis was performed by evaluat- 

ng the estimation error E q , defined as follows: 

 q = 

| | q rest ored −q exact | | 2 
A 

√ 

M · N 

(14) 

here q restored is the wall-to-fluid heat flux distribution evaluated 

y means of Eq. (5) . 

Since the added noise intrinsically depends on the random se- 

uence generated, the error estimation procedure was replicated 

or 100 different random sequences of noise added to the synthetic 

emperature distributions and an average value of E q was calcu- 

ated for each validation case. 

In Table 1 , values of E q are listed for all the considered ampli-

udes and oscillation frequencies of q exact . Here, the estimation er- 

or increases with frequency, while it decreases with the increase 

f A , in accordance with the validation outcomes presented by 

agliarini et al. [ 26 ] for different PHP material and geometry. The 

aximum estimation error within the analyzed application ranges 

as found to be equal to 16.1 % of q exact , thus providing a reference

or the accuracy of the proposed inverse approach. 

. Results and discussion 

.1. Flow regime 

The fluid oscillation started at the minimum electrical power 

nput ( Q ele ), 0.1 W. The oscillation is intermittent with up to five

econds of stopover in the whole PHP and the liquid slug or the 

apor plug from the evaporator did not reach the top of the con- 

enser. The oscillation amplitude increased along with the increase 

f the heat input. At the power input of 0.5W, it was observed 

hat the slug/plug from the evaporator penetrate the condenser 

nd moved to the next tube repeatedly. Fig. 6 shows the repre- 

entative IR images of the condenser at power input of 0.1 W and 

.5 W. The images were extracted every three seconds from a nine- 

econds video taken during pseudo-steady state. In addition, the 
6

ideos S1 and S2, taken by the IR camera during pseudo-steady 

tates at the power input of 0.1 W and 0.5 W, respectively, are 

iven as the supplementary data. The images and videos show that 

he flow in higher temperature than the surrounding rises up from 

he bottom (the adiabatic and evaporator sides) to the condenser 

n both power input cases. The interface between the higher and 

ower temperature sections, shown as a representative pink arrow 

n Fig. 6 , is considered to be a meniscus of vapor and liquid. The

igher temperature part consists of a liquid slug or a chain of 

lugs/plugs heated in the evaporator. The fluid coming from the 

vaporator stops in the middle of the condenser and does not re- 

urn to the evaporator at 0.1 W. It was caused by the low driving 

orce that did not overcome the counterforce of the gravity or the 

ressure loss and the rapid temperature drop of the liquid slugs 

ue to the heat exchange with the tube wall of the condenser. 

hen the heat input was increased, the driving force of the fluid 

scillation increased, which led the higher amplitude of the oscil- 

ation and thus the overall penetration of the plug/slug in the con- 

enser and more persistent and active oscillation. However, even 

t 0.5 W, the flow was still intermittent in all the tubes: the fluid 

ow n from the evaporator to the condenser rose up to the bend- 

ng part at once and then stopped for less than a few seconds. 

t started flowing again in the same or the other directions. This 

ntermittent oscillation was due to insufficient heat input for the 

ontinuous active oscillation. 

Fig. 7 shows the time variation of wall surface temperature dis- 

ribution of the tube positioned in the center of the PHP (ch9) at 

ower input of 0.1 W and 0.5 W. The temperature shown was fil- 

ered by the method described in Section 3.1 . The position of ch9 

s shown in Fig. 5 . The duration time that the flow stopped (i.e., 

topover period) at 0.1 W was more than 5 s larger than that of 

.5 W. As shown in Fig. 5 , the flow from the evaporator stopped

t the middle of the tube at 0.1 W whereas the fluid flowed more 

ctively at power input of 0.5 W. 

Along with increasing the power input, the oscillation became 

ore continuous and active. The stopover period more than one 

econd was no longer appeared. From 1.5 W to 3.5 W, the fluid di- 

ection changed with time and tubes. Figs. 8 and 9 show the rep- 

esentative IR images of the condenser at power input of 2.5 W 

nd 4.5 W, respectively. Moreover, the IR videos S3 and S4 during 

seudo-steady state with the power inputs of 2.5 W and 4.5 W, 

espectively, are also given as the supplementary data. The images 

ere extracted every 0.5 s from the video taken during pseudo- 

teady state. In Fig. 8 , the upper four images ( Figs. 8 (a)) show the

hole PHP and the lower images ( Figs. 8 (b)) are the central three

ubes (i.e., 6 channels from ch5 to ch10) extracted from the top im- 

ge because they were hardly distinguishable in the upper images 

ue to the wide temperature scale. In both power input cases the 

emperature of edge tubes was more than 5 °C lower than that of 

he central tubes. In Fig. 8 , the flow directions shown as the yellow 

rrows varied depending on the time and channels. The flow from 

he evaporator tended to pass through the condenser and reach the 

vaporator in the next tube, but it did not flow in one direction in 

ll tubes, it was relatively random. 

This random flow was also observed from the temperature dis- 

ribution of the channels. Fig. 10 shows the temperature history for 

 minute at an input power of 2.5 W for the position of z = 40 mm

n the central six tubes (i.e., three turns), indicated by yellow dots 

nd numbers in Fig. 8 (b). The temperature shown was not filtered, 

ut measured raw data. Different trend was shown between left 

wo turns (ch5–6 and 7–8) and right one turn (ch9–10). In the lat- 

er turn, the ch9 temperature was always 1 °C higher than that 

f ch10, even though both temperatures fluctuated with the am- 

litude of 0.5 °C at the maximum. Considering that the condenser 

all temperature decreases along the fluid flow from the evapora- 

or due to the heat exchange with surroundings, the fluid flowed 
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Fig. 6. IR images at 0.1 W and 0.5 W for nine seconds. The time shown are relative, not absolute. 

Fig. 7. Wall temperature distribution of ch9 at power input of (a) 0.1 W and (b) 0.5 W. 
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b  
rom left to right (from ch9 to ch10 or -x to + x) with local os-

illating. On the other hand, in the two left turns, the tempera- 

ure of the even-numbered tubes was basically higher than that 

f the odd-numbered tubes, but periodically the temperatures of 

oth were equal or the temperature of the even-numbered tubes 

ere lower than that of the odd-numbered tubes. It indicated that 

n these two turns basically the fluid flowed from right to left ( + x

o -x) but the direction varied depending on time. 

At power input of 4 W or more, in all seven-turns, the fluid 

owed from the even-numbered tube to odd-numbered tube (from 
7 
ight to left or from + x to -x), as the yellow arrows in Fig. 9 . In ev-

ry turn, the temperature gradually decreased from the bottom of 

he even-numbered tube to the bottom of the odd-numbered tube. 

t indicated that the hot fluid from the evaporator moved from the 

ight to left through the condenser with dissipating the heat to the 

nvironment and reducing the temperature. 

Fig. 11 shows the temperature history for 1 minute at an in- 

ut power of 4.5 W for the position of z = 40 mm in the central

ix tubes (i.e., three turns), indicated by yellow dots and num- 

ers in Fig. 8 (b) and 9 . Same as Fig. 10 , the temperature shown
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Fig. 8. IR images at 2.5 W for 1.5 s: (a) all tubes and (b) extracted tubes (ch5 – 10). The time shown are relative, not absolute (The same applied to Fig. 9 ). 

Fig. 9. IR images at 4.5 W for 1 s. 

Fig. 10. Temperature histories of ch5-8 at z = 40 mm for one minute with 2.5 W power input. 
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as not filtered but measured raw data. Contrary to Fig. 10 , the 

emperatures of even-numbered tubes (i.e., ch6, 8, and 10) kept 

ore than 2 °C higher than the odd-numbered tubes (i.e., ch5, 7, 

nd 9). This is resulted from the hot fluid flowing from the bot- 

om of odd-numbered tubes (i.e., the evaporator) to the adjacent 

ven-numbered tube with lowering its temperature by dissipat- 
8 
ng heat to the environment. Due to the fact that the fluid flowed 

n the same direction in all turns, there was a possibility of the 

irculation flow in the PHP. Kim and Kim [16] reported that the 

ow pattern of the 10-turn micro-PHP with HFC-134a charged at 

0% filling ratio changes from the pulsating flow to the circula- 

ion flow along with the heat input increments in the condenser 
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Fig. 11. Temperature histories of ch5-8 at z = 40 mm for one minute with 4.5 W power input. 
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emperature range of 20 °C to 40 °C. The PHP in this study has

ome disadvantages that make it difficult to maintain the circula- 

ion flow compared to theirs, such as longer adiabatic section and 

maller number of turns. Moreover, since not the whole PHP but 

nly the condenser was visualized by the IR camera, it cannot be 

oncluded with 100% assurance that the fluid was circulating in the 

HP. In Fig. 11 , compared to the temperature stability of the even- 

umbered tubes with the oscillation amplitude of less than 2 °C, 

he temperature of the odd-numbered tubes fluctuated more, with 

 maximum of 6 °C. It is possibly caused by the local oscillation of 

he fluid or the non-uniformity of the heat exchange between the 

uid and the environment including phase-change. 

.2. Wall temperature and heat flux 

Fig. 12 shows the one-minute history of the wall temperature 

nd the corresponding heat flux calculated by the IHCP at four 

ubes positioned near the edges (ch1 and 2) and the center (ch7 

nd 8), at the power input of 0.5 W, 2.5 W, and 4.5 W. Same

s Fig. 7 , the temperature shown was filtered by the method de- 

cribed in Section 3.1 . The period extracted was after reaching 

seudo-steady state, at each heat input condition. A clear differ- 

nce of flow regimes was shown between low heat input and high 

nput. 

At heat input of 0.5W, the flow was intermittent in all tubes as 

hown in the previous section. In the edge tubes, the fluid coming 

rom the evaporator flowed from ch1 to ch2 and it seldom flowed 

own to the adiabatic section of ch2. On the contrary, in the mid- 

le tubes the fluid often flowed from one tube to the other tube 

n both directions with penetrating the tube in the condenser. 

Almost the same behavior was observed at higher heat input 

alues. At 2.5 W, the fluid rose up from the evaporator of ch2 and

he vapor/liquid meniscus of the working fluid that is shown as the 

nterface of high and low temperatures oscillated in the condenser 

ection of ch2. It was due to the fact that the oscillation was not 

ully penetrated overall condenser sections of the ch2. On the other 

and, the fluid oscillated and reached overall condensers more ac- 

ively in the middle tubes. This kept the condenser wall tempera- 

ure of ch7 and 8.5–10 ̊C higher than that of ch2. The oscillation 

requency and the amplitude of the heat flux was increased along 

ith the increments of the heat input regardless the tube position. 

At the power input of 4.5 W, the flow became in one direc- 

ion from the even-numbered channel to odd-numbered channel 

from right to left) and a meniscus oscillated in the condenser at 
9 
ach turn, as the IR video S4 and images of Figs. 9 and 11 shows.

his behavior reflected in the wave-like oscillation of the heat flux 

hown in Fig. 12 (c). 

The heat flux in each power input showed the positive val- 

es because the condenser was cooled by natural convection and 

herefore the condenser temperature could not be lower than the 

mbient temperature. 

.3. Coefficient of variation 

The inverse heat transfer approach provides a large amount of 

ata about local time-space heat fluxes exchanged at the wall-fluid 

nterface that needs to be adequately reduced to be efficaciously 

mployed. To precisely quantify the thermal behavior of the PHP in 

erms of time and space distribution of the wall-to-fluid heat flux 

n every channel, two coefficients were introduced by Pagliarini 

t al. [ 26 ]: the coefficient of variation over time (cvt) and along

pace (cvs), respectively. For the heat flux at position z i of the n-th 

ube, the cv t n,z i from time τ1 to τM 

is expressed as follows: 

v t n,z i = 

std ( | q n ( z = z i , τ = τ1 , . . . , τM 

) | ) 
mean ( | q n ( z = z i , τ = τ1 , . . . , τM 

) | ) (15) 

here std and mean refer to the standard deviation and the arith- 

etic mean, respectively. For the heat flux of the n -th tube at time 

j , the cv s n,τ j 
from position z 1 to z N in the Z-direction is expressed 

s follows. 

v s n,τ j 
= 

std 
(∣∣q n (z = z 1 , . . . , z N, τ = τ j 

)∣∣)
mean 

(∣∣q n (z = z 1 , . . . , z N, τ = τ j 

)∣∣) (16) 

In the present study, cvt and cvs were evaluated for a 30-mm 

ection of all condenser tubes during sixty seconds of pseudo- 

teady state at each heat input condition. 

Fig. 13 shows cvt and cvs for three different power input condi- 

ions of 0.5 W, 2.5 W, and 4.5 W. 

At low heat input of 0.5 W, the cvt was as high as 1 to over 2 in

ach tube and it decreases along with increasing of power input. 

he cvs showed the high peaks over 2 at power inputs of 0.5 W 

nd 2.5 W, whereas they weakened to less than 1.5 at 4.5 W. This 

esults of cvs showed the difference in flow regimes between low 

nd high-power inputs described in the previous section, i.e., flow 

n random direction (0.5 W and 2.5 W) and unidirectional flow in 

hole PHP (4.5 W). 

At low heat input, the variations of the heat flux over time 

nd along the axial coordinate were significant, which caused by 
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Fig. 12. Wall temperature distribution and heat fluxes of channel 1, 2,7, and 8 at power input (a) 0.5W, (b) 2.5W, and (c) 4.5W. The vertical axes indicate the distance from 

the top of the condenser. 

10 
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Fig. 13. Cvt and cvs of estimated heat flux at 0.5 W, 2,5 W, and 4.5 W. 

Fig. 14. Wavelet scalogram of estimated heat flux at the position of z = 30 mm at power input of 0.5 W, 2,5 W, and 4.5 W. 

11 
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he intermittent oscillation of vapor/liquid meniscus of the work- 

ng fluid in the tubes as shown in Fig. 5 . The dependence of cvt on

he z-direction position varied along the tubes: the dependency for 

he middle tubes (ch6, 7, and 8) was lower than that for the other 

dge tubes. Even at high power input (2.5 W and 4.5 W), the cvt 

ecreased to less than 1.5 for most of the tubes, but the edge tubes 

till showed higher cvt than that of the middle tubes. It was be- 

ause the fluid in this area did not often flow through the tubes in

he condenser from one tube to other tube as it happened in the 

entral tubes. This difference was probably caused by the fluids in 

he T-joint, the valve, and the tube between them. Since the PHP in 

his study had a very small inner diameter of 0.32 mm, the inter- 

al volume of these three parts was almost equivalent to one-third 

f the total volume. They were insulated from the environment but 

ere not heated as the evaporator and were located at the bottom. 

ence, the liquid remained there, and it worked as a buffer or a 

eservoir to absorb the oscillation: the stopover phenomenon was 

ore likely to occur in the edge tubes, which resulted in the larger 

vt there throughout all power input. In other word, in the edge 

ubes, the perturbation effect which led the stable and continuous 

uid oscillation was smaller than in the central tubes because one 

ide of them was connected to the T-junction and the valve acting 

ike a reservoir. Previous study reported that the single loop PHP 

d

Fig. 15. Power spectrum of estimated heat flux 

12 
s more likely to occur the stop-over phenomena compare to the 

ulti-turn PHP and the increment of number of turns leads the 

igher level of the perturbations [33] . 

.4. Frequency analysis of local heat flux 

The frequency analysis was performed for the local heat trans- 

er at every point in each tube to clarify the variations of the os- 

illating motions depending on the positions in the condenser. Last 

ecade, the fast Fourier transform (FFT) was popularly employed 

or the PHP frequency analysis, whereas, recently, the wavelet 

ransform has been chosen as the powerful tool to overcome the 

FT’s limit that is related to the difficulty in determining the dom- 

nant frequency in the large amount of the complicated transient 

ata [ 26 , 34 , 35 ]. In this study, the wavelet transform was applied

sing the Morlet wavelet, which was demonstrated to be effective 

or transient localization [36] . The Morlet wavelet ψ for dimen- 

ionless time η is defined by the following equation. 

 ( η) = 

1 √ 

π
e −

η2 

2 e iω 0 η (17) 

here η is the non-dimensional time and ω 0 is the non- 

imensional frequency. Then the Wavelet transform of a signal y ( t ) 
at power input of 0.5W, 2.5W, and 4.5W. 
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an defined as [22] : 

 ψ 

( a, τ ) = 

1 √ 

a 

∞ ∫ 
−∞ 

y ( t ) ψ 

∗
(

t − τsh 

a 

)
dt (18) 

here a and τsh are the Wavelet scale and time sift, respectively, 

nd the superscript ∗ denotes the complex conjugate. The out- 

ut of the wavelet analysis is a so-called magnitude scalogram, 

hich represents the power related to each frequency over the 

ample duration, and the power spectrum, which is the time inte- 

ral of the magnitude scalogram, for every frequency. Specifically, 

he scalogram enables to identify the main oscillation frequencies 

f the analysed oscillatory phenomenon, i.e., the frequencies with 

he greatest related power over time, while the power spectrum 

efines the frequency with the greatest power within the entire 

bservation window. According to Perna et al. [35] , the dominant 

requency is defined here as the maximum value of the wavelet 

ower spectrum. 

The wavelet transform analysis was then performed for the lo- 

al heat flux. Fig. 14 shows the scalograms at three different power 

nputs conditions, for an edge tube (ch1) and middle tubes (ch7 

nd ch8). The local heat flux showed a strong time dependency in 

ach tube at the power input of 0.5 W, which weakened as the 

eat input increases, particularly in the middle tubes. 

The power spectrums at three representative positions (z = 13, 

7, and 44 mm) of three tubes at power input of 0.5 W, 2.5 W, and

.5 W are shown in Fig. 15 . For the low power input (0.5 W), all

he tubes showed multiple peaks. The energy increased along the 

osition on the condenser got closer to the top, but this tendency 

f the multiple peaks was kept. Compared to it, the dominant fluid 

scillation frequency was found more clearly in higher heat input 

onditions. At the power input of 2.5 W, the dominant frequency 

as found to be around 0.95 Hz. The energy of the edge tubes os- 

illation was higher than the others, which resulted from the rel- 

tively high fluid-to-wall heat flux induced by the non-penetrative 

ulsating flow described in the previous section. At the highest 

ower input condition (4.5 W), most of the tubes showed the peak 

round 1.2 Hz regardless the positions. 

Similar result was found in the previous study performed fre- 

uency analysis of local heat flux [26] : the dominant frequency in- 

reased along the power input up to 1.1 Hz. In [26] , it was also

eported that the 80th percentile of the frequencies agrees with 

hose evaluated by processing the pressure acquisitions. Note that 

he measurement target in [26] is an adiabatic section of a 14-turn 

HP with FC-72 and it was measured under the microgravity con- 

itions. Some of other studies reported the oscillation frequency 

f around 1–2 Hz [ 37 , 38 ]. Although the configuration and the test

nvironment of the PHPs were different, there could be a possibil- 

ty that the frequency reaches 1–2 Hz when the oscillation is fully 

ctivated. 

. Conclusion 

The local wall-to-fluid heat flux distributions were evaluated 

ithin the condenser section of a 7-turn micro-PHP to lead to a 

etter understanding of the fundamental governing mechanisms of 

HPs, which are, so far, only partially understood. The PHP con- 

isted of stainless-steel tubes with inner diameter of 0.32 mm and 

FC-134a was filled with the filling ratio of 46% as the working 

uid. The experiments were conducted at the bottom heat condi- 

ion and the condenser was cooled by the natural convection. The 

ime-space temperature maps of the condenser were acquired by 

igh-resolution IR camera. The local heat flux was calculated by 

olving the IHCP at the tube wall using the temperature maps as 

he input data. A frequency analysis was performed to clarify the 

ariations of the oscillating motions depending on the positions in 
13 
he condenser, and the wavelet scalogram and the power spectrum 

as evaluated. The main outcomes are as follows. 

• The fluid oscillation started at power input of 0.1 W with low 

amplitude which did not cover whole condenser and contains 

up to 5 s stopovers in whole PHP. 
• Two flow regimes were observed during the fluid was continu- 

ously oscillating: random-direction flow (from 1.5 W to 3.5 W) 

and unidirectional flow throughout PHP with local oscillation in 

the tube (from 4 W to 5 W). 
• The fluid motion in each tube were reflected to the local fluid- 

to-wall heat flux and therefore the oscillation can be success- 

fully assessed by the heat flux. 
• The coefficient of variation over space cvs allows the identifica- 

tion of the flow regime: in the case of the flow in random di- 

rection at relatively low power input (0.5 W and 2.5 W), the cvs 

has high peaks more than 2, whereas during the unidirectional 

flow in whole PHP at high power input (4.5 W), the peaks of 

the cvs decreased to less than 1.5. 
• At all power input, the coefficient of variation over time cvt of 

edge tubes is larger than that of the central ones due to the 

buffer effect caused by the extra fluid in the tube junction and 

valve. 
• The frequency analysis results also highlight the flow regime 

transient with the increment of the heat input: the multiple 

peaks were shown in each tube at low input whereas the peaks 

became more concentrated at high power input and increased 

to 1.2 Hz. 

The thermographic acquisitions and IHCP resolution approach 

how a complete picture of working regimes of the tubular micro- 

HP which is difficult to obtain by the direct measurement. The 

rovided data will lead better understanding of micro-PHPs ther- 

al behavior, as well as for the improvement of existing numerical 

odels. 
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