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Abstract 

 
Thermal management of modern micro- and high-power electronic systems has become a progressively 

challenging problem due to current trends in miniaturization and increased heat generation. Conventional 

cooling methods, such as natural and force convection, have become insufficient to meet new challenges in 

electronics industries, transport and space applications where thermal management system size, mass, 

autonomy, high density and overall system reliability play a crucial role. Unlike active technologies, heat 

pipes are passive heat transfer devices without moving mechanisms which lead to greater reliability, even 

though they are limited by capillary, viscous and/or gravity factors. In contrast, the Pulsating Heat Pipe (also 

called Oscillating Heat Pipe) has recently become a source of increasing interest: first, due to fascination for 

the complexity of the internal two-phase phenomena; and secondly, due to novel applications, which are 

rapidly increasing the Technology Readiness Level of this device, for both ground and space environments. 

Pulsating heat pipe manufacturing can be divided into two categories: the classical tubular pulsating heat pipe, 

and the flat plate pulsating heat pipe. While the former is manufactured and developed from a single tube 

enrolled like a serpentine around heat and cold sources, the latter is obtained from a metallic plate including 

an engraved serpentine single channel, and hermetically closed on its top side by a second plate. These two 

manufacturing concepts lead to differences in operating behavior that are worth noting in order to better 

understand the functioning of the devices. 

This paper presents a review of recent scientific experimental studies on thermal and flow behaviors of 

flat plate pulsating heat pipes, which present particular interest due to their structural dissimilarity compared 

to classical tubular pipes, leading to different thermo-hydrodynamic behaviors. The dissimilarities can be 

largely explained by the square or rectangular channels, leading to capillary pumping in the corners, and to the 
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thermal spreading effect associated with the geometrical continuity of the plate. Local studies of self-induced 

evaporation have demonstrated the faster evaporation process in square channels versus circular ones, which 

was confirmed later by comparison tests of channel shapes in FPPHPs. Furthermore, FPPHPs tested in 

horizontal orientation are more often subject to dry-out of the evaporator zone than tubular ones. Based on 

these considerations, a literature overview of local hydrodynamic visualizations and physical analyses is 

presented first in order to fully understand the phenomenological aspects, which will help to analyze the 

following sections on: the most influential parameters (channel dimension, fluid/material, geometrical aspects, 

operating conditions); thermal performances and attempts at significant improvements and, finally, the 

potentially promising fields of application and the processes applied in manufacture of flat plate pulsating heat 

pipes. Synthesis in appendix highlights the behavior of effective thermal conductivities of many papers with 

parameters such as the heat flux applied at the evaporator, figures of Merit from the literature or hydraulic-

diameter-to-capillary-length ratio, showing its increasing trend with heat flux and diameter. Lastly, a table 

gathers all available material and geometrical characteristics and operating conditions of all devices tested in 

the presented literature. 

Keywords 

Flat Plate Pulsating Heat Pipes; Experimental; Slug flow; Annular flow; Heat transfer performances. 
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1 Introduction 

In recent years, miniaturization of electronics components has induced high heat flux generation. Along 

with stringent requirements such as compactness, lightness and small energy consumption for the 

aerospace/transport/energy applications, this factor has led to challenging issues in thermal management. 

Among the highly efficient passive heat transfer devices for electronic equipment, one of the most promising 

cooling technologies is the Pulsating Heat Pipe (PHP). PHPs are thermally driven two-phase passive devices 

based on phase change-induced liquid motion and capillary forces. They can be defined as a single capillary 

tube or channel bent in several interconnected turns [Khandekar,02]. The tube is partially filled with a 

working fluid at the liquid/vapor saturation state, and distributed by means of surface tension effects in the 

form of liquid slugs and vapor plugs. Under the effect of the heat sources, pressure instabilities in the 

evaporation and condensation zones initiate complex two-phase flow, ranging from bubbly flow to slug/plug 

flow and annular flow, with effects on the total heat flux transferred by the PHP from the heated to the cooled 

zones. 

Due to growing interest on the subject, many papers have been published in the literature about pulsating 

heat pipes since their initial appearance in the early 90’s. Many details on their definition, fabrication process, 

thermal performance, hydraulic behavior, etc. can be found in the complete review papers or books including 

those of Ma [Ma,15], Bastakoti et al. [Bastakoti,18], Marengo and Nikolayev [Marengo,18] and 

[Nikolayev,18], and Khandekar et al. [Khandekar,10] with regard to hydraulic behaviour inside pulsating heat 

pipes and micro-channels, among others. 

This paper will be specifically focused on a particular type of PHP known as the “Flat Plate Pulsating 

Heat Pipes” (FPPHP), which can be defined as: a flat plate with engraved/machined (or obtained by 

additive/etching manufacturing) single, generally square or rectangular channel forming a serpentine between 

one or more hot sources and one or more cold sources. This plate is sealed with a smooth plate cover to 

confine the channel. Figure 1 shows an example of copper plate with square serpentine channel machined on 

its top (a) and an example of micro-FPPHP designed and tested by Kamijima et al. [Kamijima,20] (b). It is 

essential to keep in mind two major issues that may differentiate a FPPHP from a capillary tube PHP; they 

have been discussed by Khandekar et al. [Khandekar,02] and thereafter by Yang et al. [Yang,09], Ayel et al. 

[Ayel,15a], as well as Qu et al. [Qu,12] regarding micro-FPPHPs. First, square shape channels engraved in the 

FPPHP plate have sharp angles in the corners, acting like capillary grooves assisting the liquid flow back to 

the evaporator zone; it may provoke premature rupture of the cross-sectional menisci, resulting in flow regime 

transition into annular flow. The liquid/vapor interface is thereby distributed over the edges and the corners of 

the channels. Operating in favorable vertical inclination, the FPPHP works quite efficiently in the capillary-

assisted thermosiphon mode, even for the lowest heat power inputs, which is not the case with circular shape 

channels [Khandekar,02] [Qu,12]. Second, due to the geometrical continuity between channels, transverse 

thermal resistance is very low and thermal spreading occurs and tends to strongly decrease the thermal 

gradients between channels. This causes homogenization of the pressure differences in the channels, which 
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are the main drivers of oscillations under slug flow regime, particularly in horizontal inclination. The FPPHPs 

tested under such configurations consequently often shows premature dry-out 

[Khandekar,02][Chien,12][Ayel,14][Jun,18]. To sum up, with respect to capillary tube PHPs, FPPHPs should 

work more effectively under favorable vertical orientation (bottom heated mode, BHM), while they may come 

to a complete stop when functioning in a horizontal position. The distinction between the two systems has 

rarely been raised in the literature; even if their operations are based on the same physical principles, we are 

dealing with two different devices. As a result, taking into consideration the peculiarities of such device, 

tubular PHPs embedded in flat plate structures will not be considered according to the above definition as 

FPPHPS, and not be taken up in this review. 

 

   

Figure 1: (a) Copper plate with machined engraved square channel forming U-turns; 

(b) photograph and (c) schematic diagram of a micro-FPPHP [Kamijima,20] 

 

Due to its specific design, in terms of applications the FPPHP does not have the same advantages and 

disadvantages as the tubular PHP; its flat and rigid shape does not allow integration capacity specific to the 

tubular structure, which can easily be wrapped around complex geometric shapes. On the contrary, due to its 

flat shape, good thermal contacts can be obtained with flat heat sources, which are favorable to heat transfer. 

Furthermore, its design is considerably more complicated than that of a tubular PHP and requires occasionally 

complex or expensive manufacturing techniques [Taft,15][Kearney,16][Betancur,20][Jung,20]. However, it is 

conducive to miniaturization, opening up the possibility of many applications in the field of micro-electronic 

cooling [Kearney,16][Guowei,19][Jang,19]. 

This paper will be focused exclusively on experimental studies conducted on flat plate pulsating heat 

pipes, and will be divided in four additional sections: 

 First, the thermal and hydraulic behavior of FPPHPs will be described in section 2; starting from 

fundamentals on the main physical phenomena, followed by a focus on the peculiarities of capillary 

flows in channels with sharp corners, the hydrodynamics analyses of the flow patterns observed inside 

the FPPHP channels will be presented with global visualizations. 

(a) (b) (c) 
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 Section 3 will be dedicated to the main parameters influencing the thermal performances of such 

devices, including the operating conditions (heat power, filling ratio and orientation), the geometrical 

aspects, particularly concerning the hydraulic channel diameter and shape, and the thermophysical 

properties of the working fluid. 

 Section 4 will focus on how the different authors have tried more or less effectively to enhance 

FPPHP performances, by modifying the internal structure or design (using alternated channels, Tesla 

valves, multilayer channels…) or by modifying fluid properties (binary mixtures, self-rewetting 

fluids, addition of nanoparticles). 

 Finally, in section 5, the main application fields for which these devices have been built and tested by 

the authors will be presented (from classical electronic cooling applications to space, transport and 

renewable and conversion energy applications), and the different manufacturing processes for this 

particular device will be shown. 

A comparison of the effective thermal conductivities of the devices drawn from the literature will be 

presented in appendix A.1 as a function of influencing the operating or geometrical parameters exerting an 

influence, such as heat fluxes, figures of Merit and diameter-to-capillary-length ratio. In appendix A.2, table 

A1 will bring together the main geometrical parameters and operating conditions of all the FPPHPs tested by 

the different authors in their respective studies. 

We have sought to present the most complete and relevant bibliographic study possible. Unfortunately, 

there will necessarily be some inadvertent oversights for which we wish to apologize to the concerned authors. 

2 Thermal-hydrodynamic behavior of operating flat plate pulsating heat pipes 

This section deals with the general physical phenomena involved in the operating of FPPHP. It presents a 

general overview of the studies contributing to the characterization of device behavior.  

2.1 Main physical phenomena in PHPs 

The basic physical operations of pulsating heat pipes are now relatively well-known. However, the 

complexity of the phenomena involved and the multiplicity of intense transfer sites along the tubes/channels 

make modelling approaches difficult. The objective of this section is to underline the main basic physical 

phenomena responsible for both heat and mass transfer inside PHPs, in view of better understanding the 

analyses and considerations to follow. An important work detailing PHP physics was written by Nikolayev 

and Marengo [Nikolayev,18], subsequent to the reviews authored by Zhang and Faghri [Zhang,08] and Ma 

[Ma,15]. In general, fluid flow pattern in capillary tube/channels of pulsating heat pipes is assumed to be slug 

flow (or “Taylor bubble flow”); liquid slugs and vapor plugs are initially distributed in the partially filled tube, 

moving according to the various driven forces between them. This is rendered possible when the channel 

hydraulic diameter becomes smaller than a threshold value called critical diameter, Dcrit, characterized by 
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most authors using the Bond number defined in static isothermal conditions as the ratio between gravitational 

forces and surface tension ones (𝐵𝑜 = (𝜌𝑙 − 𝜌𝑣)𝑔𝐷² 𝜎⁄ < 4): 

 𝐷𝑐𝑟𝑖𝑡,𝐵𝑜 ≈  2√
𝜎

(𝜌𝑙−𝜌𝑣)𝑔
  (1) 

When the channel diameter becomes inferior to Dcrit,Bo, surface tension forces dominate and vapor bubbles 

and liquid plugs are separated by menisci [Marengo,18]. The values of critical diameters have been discussed 

by some authors [Ma,15], and can be called into question, particularly insofar as they do not take into account 

either the viscous or inertial forces concerning fluid motion or the variation of the gravity/acceleration field. 

As analyzed by Mangini et al. [Mangini,15], these factors are obviously not applicable to microgravity 

conditions. In PHPs, liquid plugs and vapor bubbles move with velocity of which the order of magnitude 

ranges from 0 to 1 m.s
-1

, and due to its higher density, liquid inertia has been accepted as the predominant 

force between the two phases. In this case, new criteria considering inertial forces based on the Weber number 

(𝑊𝑒 = 𝜌𝑙𝑢𝑙
2𝐷 𝜎⁄ < 4) were proposed by Gu et al. [Gu,04] (eq (2)), or considering both inertial and viscous 

effects, based on Garimella number (𝐺𝑎 = √𝐵𝑜𝑅𝑒 < 160), leading to the more relevant criterion proposed by 

Harichian and Garimella [Harichian,10], defining the diameter limitation for reduced gravity fields (Eq. (3)). 

More details can be found in [Mangini,15] and [Mangini,17]. 

 𝐷𝑐𝑟𝑖𝑡,𝑊𝑒 ≈  4
𝜎

𝜌𝑙𝑢𝑙
2  (2) 

 𝐷𝑐𝑟𝑖𝑡,𝐺𝑎 = [
160𝜇𝑙

𝜌𝑙𝑢𝑙
√

𝜎

(𝜌𝑙−𝜌𝑣)𝑔
]
1 2⁄

 (3) 

First, considering the liquid slug motion, two main phenomena are necessary to model them: momentum 

and heat transfer represented by the Nusselt number. The main forces acting on slug-bubble system are due to 

surface tension, viscosity, inertia, tangential shear stresses and the force associated with the disjoining 

pressure at the molecular level. The non-dimensional numbers of interest in such configurations are the 

Reynolds number (Re = ρlulD/μl), Capillary number (Ca = μlul/σ), Bond and Weber numbers (see above), etc. 

For example, in the context of a PHP, in common working fluids such as water, acetone, and common 

refrigerants etc., typical Ca will ranging from 10
-4

 to 10
-1
. The integrated momentum equation over the 

channel cross-section S of a moving liquid slug of length Ls is given by (S = a.b for a square/rectangular 

channel of width a, and height b; or S = πR² for a circular channel of radius R = D/2): 

 
𝑑(𝑚𝑙𝑢𝑙)

𝑑𝑡
= [(𝑃𝑟 − 𝑃𝑎) − ∆𝑃𝑐 ± 𝜌𝑙𝑔𝑑ℎ]𝑆 − (𝐹𝜏 + 𝐹𝑡𝑢𝑟𝑛𝑠) (4) 

In Eq. (4), ml represents the liquid plug mass (ml = S.Ls) and ul the liquid slug velocity. ΔPc is the 

capillary pressure drop arising from hysteresis between advancing (θa) and receding (θr) contact angles during 

the motion of the slug (ΔPc = (2σ/R)(-cos(θa)+cos(θr)). This additional resistance is additive and gets 
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amplified if several slugs are simultaneously located in a channel (figure 2). The cumulative pressure 

gradients damp oscillations and, when contact angle hysteresis is too large, an excessive number of liquid 

plugs may rapidly block the flow, especially if the driving force is not sufficient [Khandekar,10]. ρlgdh 

represents gravity pressure drop, which is positive or negative according to the inclination of the tube and the 

direction of the slug motion. Fτ represents the viscous shear stress term (classically, Fτ = Λ(Ls/D)S(𝜌𝑙𝑢𝑙
2)/2, 

with Λ = 64/Re the Poiseuille flow friction for laminar flows); (it will be noted in section 2.2 that the 

“oscillating” motion and the vortices at the proximity of the menisci have additional effects on conventional 

viscous pressure drops), and Fturns a supplementary force coming from the pressure drop when the plugs in 

part or in their entirety enters inside the curved part of the tubes [Nikolayev,18]. For liquid slugs of high 

length-to-diameter ratio (Ls/D >> 1), the viscous shear stress terms becomes preponderant relative to the 

capillary ones. Finally, the pressure difference (Pr – Pa) in Eq. (4) is guided by the pressures of both vapor 

bubbles surrounding the liquid slug, and appears to be the main driver of the liquid slug motions inside tubes 

of pulsating heat pipes. Relevant modelling of mass and momentum transfer inside PHPs consequently 

necessitates precise evaluation of the vapor thermodynamic state, which add further difficulty. 

 

 

Figure 2: Pressure drop in Taylor bubble flow assuming (a) no pressure in individual bubbles; 

(b) liquid plug advancing angle lower than π/2 [Khandekar,10]. 

 

Some of the following is derived from [Nikolayev,18], who drew up from the literature concerning PHPs 

a complete and comprehensive review of the modeling approaches of the vapor thermodynamic phase, 

especially as regards the spring that provides oscillations. A major issue concerns thermodynamics: Is the 

vapor at saturation state or superheated state? On the one hand, according to Kim and Kim [Kim,20], vapor 

pressure can be regarded as the saturation pressure corresponding to the vapor temperature if the vapor plug is 

entirely covered by the liquid film (saturation state only). On the other hand, other authors showed that vapor 

can be superheated [Gully,15][Jun,18][Jun,19][Mameli,19]. Jun and Kim [Jun,18] measured fluid temperature 

in different micro-FPPHP locations; with a sufficiently long vapor plug, they highlighted both a superheated 

region in the evaporator zone, and a saturated temperature region in the adiabatic zone of the same bubble. 

This means that there can exist a wide temperature gradient in a vapor plug, with local superheated zones. In 

(a) (b) 
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addition, testing their hybrid thermosiphon / tubular PHP under microgravity conditions, Mameli et al. 

[Mameli,19] analyzed local thermodynamic states by measuring vapor temperatures at both ends of a tube 

between condenser and evaporator zones. They showed that the evaporator was mainly superheated and the 

condenser mainly subcooled, with increasing subcooling level with heat input in both zones. According to the 

authors, the fluid can be metastable (superheated liquid phase for temperatures above saturation, and 

subcooled vapor phase for temperatures below saturation). The level of energy that separates the fluid 

thermodynamic state at saturated equilibrium is exchanged as sensible heat (or latent heat in the metastable 

state), and should be taken into account in the overall energy balance of a pulsating heat pipe. 

Nevertheless, according to [Nikolayev,18], vapor behavior may be assimilated to that of the ideal gas 

law: 

 𝑃𝑣 = 
𝑚𝑣𝑅𝑣𝑇𝑣

𝑉𝑣
  (5) 

In Eq. (5), mv, Rv, Tv and Vv are, respectively, the mass, specific gas constant, temperature and volume of 

the vapor plug. This equation can be used as the exact equation of gas states of closely approaches the ideal 

gas law, rather than more sophisticated laws (the deviation from the ideal gas law can be corrected using the 

compressibility factor Z [Kim,20]). According to [Nikolayev,18], and contrary to what has been assumed by 

many authors, the vapor cannot be simultaneously and continuously both saturated and superheated. For 

example, in the author’s own words, during compression phases, if the vapor is compressed quickly enough 

and its compression is not strong, liquid drop nucleation does not occur and the vapor evolves in the 

metastable state. When superheated vapor is compressed or dilated, the pressure changes along the isothermal 

curve create a restoring force for oscillations. Concerning heat exchanges, they occur between vapor and dry 

walls, following: 

 �̇�𝑣 = ℎ𝑣𝜋𝐷𝐿𝑣(𝑇𝑤 − 𝑇𝑣)  (6) 

hv is the vapor heat transfer coefficient, Lv the vapor bubble length and Tw the inner wall temperature. In 

order to summarize the evolution of the vapor bubble pressure, the energy equation is used, starting from the 

first law of thermodynamics, for superheated vapor: 

 𝑚𝑣𝑐𝑣,𝑣�̇�𝑣 =  𝑅𝑣𝑇𝑣�̇�𝑣 − 𝑃𝑣�̇�𝑣 + �̇�𝑣 (7) 

cv,v is the vapor heat capacity at constant volume. Generally, this term can be neglected, simplifying the 

above Eq. (7), as in [Noh,20], but there is still some controversy concerning on the term which is sometimes 

replaced by a much larger quantity hlv, overestimating the power injection into the vapor and the consequent 

mechanical response. In any event, one important term in Eq. (7) is the vapor mass derivative, which comes 

mainly from the mass exchange rate due to evaporation/condensation processes, particularly through the thin 

deposited liquid film from receding menisci, as will be described below: one of the most important terms in 
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vapor bubble pressure variation inside evaporator comes from the vapor formation due to evaporation from 

thin film deposited on the walls of the capillary. Further details can be found in [Nikolayev,18] on the 

complex operation of the vapor thermodynamic state. 

 

  

  

Figure 3: (a) Schema of the film shape following receding in the PHP evaporator [Nikolayev,18]; (b) corresponding 

heat transfer in different zones [Kamijima,20]; (c) Schema of an evaporating thin film in heated copper tube; and (d) 

film infrared thermography of the outer wall temperature of the heated copper tube wherein water flows –the continuous 

line corresponds to numerical calculations on the basis of establishing laminar liquid flow- (Tsat  42°C, ul = 69 mm.s-1, 

�̇�𝑒𝑣= 17200 W.m-2) [Ayel,15b] 

A slug flow pattern appears when a liquid plug, separated by two (advancing and receding) menisci, 

flows inside a capillary tube, and a thin liquid film is deposited on the wall surrounding the vapor bubbles. 

The liquid film seems to be a result of competition between viscous and capillary forces in a transition region 

adjacent to the liquid meniscus [Nikolayev,18]. While viscous friction tends to immobilize the fluid near the 

wall, increasing its thickness, the surface tension forces tend to decrease the meniscus area, thereby decreasing 

its thickness. This competition is illustrated by the capillary number (Ca = μlul/σ), which has been developed 

in previous studies following the theory of lubrication by Bretherton [Bretherton,61], and establishing that the 

deposited film thickness δ follows the scaling (δ/R) ≈ Ca
2/3

 (for Ca ranging from 10
-3

 to 10
-2

, R being the 

radius of the channel). Figures 3a and b provide an overview of the key parameters affecting heat and mass 

transfer between a receding meniscus and its neighboring vapor bubble: liquid plug momentum, thin liquid 

film deposition, evaporation/condensation, contact line vicinity, dewetting effect and vapor thermodynamic 

(a) (b) 

(c) (d) 
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state. It is well-known that during phase-change heat transfer across menisci, as in PHPs, a major contribution 

comes from the thin films covering part of the interior of the capillaries [Khandekar,10]. These films strongly 

contribute to the motions of slugs and plugs due to rapid evaporation from heat transfer through their 

exceedingly low thickness (δ, few tens of micrometers) by providing a large amount of vapor in the closed 

volume bubbles, through which they are widened. 

However, in the early PHP studies PHPs, it was repeatedly established that vapor 

evaporation/condensation contributes to slug/plug flow motion mainly as a motor for PHP oscillations, and 

that a major part of the heat exchanged comes from the sensible heat of the liquid slugs flowing in both the 

heated and cooled PHP sections. More recently, it was experimentally proven that latent heat was predominant 

in the heat exchanges of pulsating heat pipes (see section 2.3.3 below, and analyses from [Jo,19], 

[kamijima,20] and [Jung,21], where it appears that between 55% to more than 80% of heat is transferred by 

latent heat exchanges in both evaporator and condenser). 

First, when considering the heat transfer through thin film evaporation, the mass evaporation flux is 

guided by: 

 𝜌𝑙
𝑑(𝛿)

𝑑𝑡
= −𝐽 and ℎ𝑙𝑣𝐽 =

𝜆𝑙(𝑇𝑤−𝑇𝑖)

𝛿
 (8) 

In Eq. (8), 𝐽 is the mass evaporation flux (per unit area), Tw the inner wall temperature and Ti the 

liquid/vapor interface temperature, nearly always equal to the saturation temperature Tsat corresponding to the 

vapor pressure (for a pure fluid). In the above equation, sensible heat flux in the vapor has been neglected with 

respect to the latent heat exchange [Nikolayev,18]. Heat transfer during thin film evaporation is consequently 

guided by heat conduction through thin film thickness δ. As mentioned above, the very low thickness leads to 

very high heat transfer coefficients (HTC), ranging from 10
3
 W.m

-2
K

-1
 for refrigerants at δ ≈ 100 μm to more 

than 50x10
3
 W.m

-2
K

-1
 for water at δ ≈ 10 μm. These values are considerable when compared to those obtained 

with sensible heat exchanges in liquid slugs in laminar flows and vapor plugs, even for temperature 

differences higher in sensible heat than in latent heat. For example, considering single liquid phase heat 

transfer measurements from Han et al. [Han,12], the Nusselt numbers tend to the classical value of 4.36 for 

established laminar flow, when the length of the liquid plugs Ls is very long (Ls/D >> 1), but it may increase 

by one order of magnitude when the velocity increases and/or the length is close to the tube diameter 

(Ls/D ≈ 1) [Nikolayev,18]. In the best conditions (common alcohols, ethanol or acetone, having intermediate 

values), one thereby obtains HTC values ranging from around 1 W.m
-2

K
-1
 for refrigerants up to less than 

10
2
 W.m

-2
K

-1
 for water. As regards sensible heat exchanges in the vapor phase under the same conditions, the 

maximum HTC obtained is lower than 1 W.m
-2
K

-1
, meaning that it is possible to neglect these aspects of heat 

exchanges in the overall heat balance of pulsating heat pipes. 

To illustrate this, Chauris et al. [Chauris,15] performed thermal measurements of thin liquid film 

evaporation in a 2 mm capillary copper tube (see figures 3c-d). It consisted of the flow of semi-infinite liquid 
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slugs (terminated by receding menisci, depositing thin film and followed by vapor phase theoretically at 

saturation state) inside a capillary tube heated by Joule effect, and painted in black on its outer surface (tube 

wall thickness: 0.2 mm). Infrared thermography allowed calculation of the temperature field at the top line of 

the tube and clearly distinguished the four heat transfer areas during the transient phase of heating, when the 

liquid slug crosses the heated area; on figure 3d, the transient temperature curve initially shows a temperature 

increase of the tube cooled only by classical convective cooling from single-phase liquid flow  (the 

experimental results are quite congruent with numerical CFD calculations of single phase liquid convection); 

after which, the region named “close to the meniscus” begins when the experimental and numerical curves are 

separated from each other (after 3.6 s); as discussed in section 2.2, the lower experimental temperature tends 

to prove that the Nusselt number increases in the region near the meniscus. The third zone corresponds to the 

liquid thin film evaporation phase; there is a sudden drop in wall temperature curves (linked to heat storage 

release). Due to the marked intensification of heat transfer in this area, the wall temperature seems to be 

almost constant in time, and its minimal value is very close to the vapor saturation temperature Tsat. The last 

zone corresponds to the sharp linear increase of temperature (“dried zone”, right-hand side of the curves). It 

starts when the thin film is completely evaporated, namely when the contact line passes through the 

corresponding abscissa. These results, which are also obtained with n-pentane and ethanol, confirm the above-

mentioned assertion that latent heat transfer via the liquid films accounts for a considerable portion of the total 

heat transfer rate in pulsating heat pipes. 

However, as has been observed in experiments, this affirmation requires reconsideration when nucleate 

boiling occurs in liquid plugs,. In that case, heat transfer during boiling of liquid flows inside small diameter 

tubes and mini-channels as described by Kandlikar [Kandlikar,02] appears to attain the same order of 

magnitude of HTCs as during thin film evaporation (10
3
:10

4
 W.m

-2
K

-1
). It then becomes necessary to insert a 

wall temperature trigger criterion for the appearance of nucleated bubbles with the corresponding heat transfer 

coefficient. When the wall temperature becomes higher than the wall superheat necessary to onset nucleation, 

the cavity on the capillary wall inner surface becomes active, and a small entrapped hemispherical vapor 

nucleus starts to grow. In their model, Qu and Ma [Qu,07a] included the classical criterion of superheated 

vapor temperature necessary to grow the vapor bubble, and found it to be associated with the size of the cavity 

(of radius rc) at the wall, evaluating the influence of rc on the degree of superheat as follows: 

 𝑇𝑛 − T𝑣 =
𝑅𝑇𝑛𝑇𝑣

ℎ𝑙𝑣
ln [1 +

2𝜎

𝑃𝑣
(
1

𝑟𝑐
−

1

𝑟𝑚
)]    (9) 

In Eq. (9), Tn, and Tv, represent the small vapor nucleus temperature and the temperature in the vapor 

bubble next to the liquid slug where nucleation occurs, respectively; rm is the radius of curvature of the liquid-

vapor cross-sectional interface in the capillary channel. In the subsequent study by Senjaya and Inoue 

[Senjaya,13], the degree of superheat was taken as a fitting parameter, initially set at 5 K.  Bae et al. [Bae,17], 

and Noh and Kim [Noh,20] took into account the roughness of the channel's inner walls (also noted rc), using 
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the Howel and Siegel correlation [Howel,67] to calculate the wall superheat criterion in their modeling 

approaches: 

 𝑇𝑤 − T𝑠𝑎𝑡 (𝑃𝑣) >

{
 
 

 
 

4𝜎𝑇𝑠𝑎𝑡

ℎ𝑙𝑣𝜌𝑣(
𝜆𝑙
ℎ𝑙−𝑠

)
                       𝑟𝑐 ≥

𝜆𝑙

ℎ𝑙−𝑠

(
2𝜎𝑇𝑠𝑎𝑡

ℎ𝑙𝑣𝜌𝑣𝑟𝑐
)

1

1−
𝑟𝑐

(
𝜆𝑙
ℎ𝑙−𝑠

)
⁄

      𝑟𝑐 <
𝜆𝑙

ℎ𝑙−𝑠

       (10) 

In Eq. (10), hl-s is the liquid slug convective heat transfer coefficient, and (λl/hl-s) represents the thermal 

boundary layer thickness. 

Finally, many other local phenomena occurring during phase change may likewise have an influence on 

heat transfer during evaporation and/or condensation; they include heat transfer at the contact line, involving 

contact line dynamics, or dewetting phenomena, as can be seen on figure 3a with the dewetting ridge. 

Similarly, thermal coupling with the solid walls of the PHP is of major importance, particularly when the 

evaporator is massive, as is the case for FPPHPs. The authors invite the readers to consult the papers by Bae et 

al. [Bae,17], Noh and Kim [Noh,20] and the book by Nikolayev and Marengo [Nikolayev,18] for further 

details concerning all these phenomena. However, these considerations become less relevant when the fluid 

flow regime turns into annular flow, leading to different physical phenomena, in which latent heat exchanges 

also predominate. 

2.2 Peculiarity of capillary flows in square/rectangular channels 

While several authors have used circular channels [Lin,08][Lin,09][Ibrahim,17][Facin,18][Betancur,20], 

most have preferred FPPHPs with square or rectangular channels due to manufacturing facilities (machining); 

moreover, sharp angles induce capillary pressure imbalance between the edges and the corners. Compared to 

studies on two-phase flows in circular tubes, research works on two-phase flows square channel remain 

limited. One example: Having measured liquid film thickness in a micro-square channel, Han and Shikazono 

showed that it varies along the channel perimeter, rendering a theoretical approach of two-phase flow more 

complicated [Han,09]. Essential information about the distribution of the film thickness along the perimeter, 

its minimum and maximum values, etc. is still elusive despite its pronounced interest for two-phase 

microfluidic systems, as stated by [Magnini,20], who performed a numerical analysis of the gas bubbles 

propagating in square capillaries. The first consequence of the presence of corners is that the trapped liquid 

films provide paths between the bulk meniscus and the neighboring vapor bubble (see figure 4a-c). Even in 

dry-out conditions or with non-moving bubbles, the liquid is transported within the films under the action of 

the pressure gradient induced by capillary effect (variation of the meniscus curvature along the interface). This 

efficient self-induced transport mechanism of liquid by the films is naturally absent in circular tubes. 

Gurumarthy et al. present examples of numerical visualizations of spontaneous rises against gravity of 

polydimethylsiloxane (PDMS) menisci along the corners of a 3 mm square tube, at t = 5 s after starting from 
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flat interface, according to the contact angle θ (figure 4a, between 0° -left- and 60° -right-) [Gurumarthy,18]. 

They showed that at the early stages of capillary rises, the corner rise precedes the bulk rise against gravity for 

contact angle values θ < 45°. Corner capillary rise can reach at least as many as 20 millimeters. By the same 

token, figure 4b show photographs of two successive menisci in a FPPHP tested during a parabolic flight 

campaign (2 mm square channel, FC-72, vertical orientation, without applied heat power). During transition 

between hypergravity (≈1.8g) and microgravity (μg) phases, the menisci, initially barely curved under the 

major effect of gravity forces vs. relatively low capillary ones (step 1), immediately undergo a decrease of 

their bulk radius of curvature (step 2). At the same time, liquid films start to flow along the corners of the 

square cross-section in the direction depicted by red arrows (steps 3-4) due to capillary forces and to the high 

wettability of FC-72 with copper. Due to the incompressibility of the liquid phase [Ayel,19] and coupled with 

thermodynamic instabilities in vapor phases, this phenomenon subsequently causes displacement of both 

menisci in two opposite directions (yellow arrows), . This capillary flow can help to improve the wetting of 

the evaporation zone, which is located at the top part of the schema of figure 4c. 

 

  

  

 

Figure 4: (a) Meniscus shapes in capillary square tube with different contact angles and at time t = 5 s (Dh = 2 mm, 

PDMS, from top to bottom: θ = 0°, 15°, 45° and 60°) [Gurumurthy,18]; (b) sequences of two isolated menisci 

during a transition between hyper -and micro-gravity phases (Dh = 2 mm, FC-72, vertical, Q = 0 W) [Ayel,19]; (c) 

(c) (d) 

Square / horizontal 

Square / vertical 

Circular (- model / o experiments) 

(a) (b) 
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schema of liquid films in a capillary square tube; (d) bulk meniscus position vs. time: comparison between square 

and circular tubes (Dh = 2 mm, n-hexane) [Chauvet,10]. 

Figure 4c illustrates a schema of a bulk meniscus with thick capillary films in the corners of a square 

capillary tube and dried edges. In their experimental study, Chauvet et al. [Chauvet,10] tested self-induced 

evaporation of n-hexane in capillary tubes of square or circular cross-section and open to stagnant ambient air 

(Dh = 1 mm). Their results confirmed a tendency indicating that evaporation in a channel with corners can be 

several orders of magnitude faster than in a circular channel with the same dimensions (figure 4d);  evolution 

of the bulk meniscus position z0 vs. time (z0 = 0 starting from the top of the tube), which is due exclusively to 

progressive evaporation of the fluid in the tube, is faster in horizontal than in vertical orientation for the square 

channel, and under the same conditions, both are much faster than in the circular tube. Whatever the tube 

orientation, the corner films considerably accelerate evaporation; as stated by the authors, the location of the 

phase change is not (in contrast with circular channels) at the bulk meniscus, and the evaporation rate is much 

greater owing to capillary pumping through the corner films, which results in phase change location closer to 

the evaporating zone than would be the case from a circular cross-section. 

 

   

Figure 5: (a) Elongated bubble travelling in a square capillary, and (b) representative cross-sectional bubble shapes; 

(c) channel center (hc), diagonal (hd) and minimum (hmin) film thicknesses vs. Ca (We << 1) [Magnini,20] 

As regards the liquid film deposited on the channel walls by the receding menisci of moving liquid slugs, 

its morphology in the transverse cross-section is, of course, very different from that found in circular tubes. 

Han and Shikazono [Han,09] measured the film thicknesses of water, ethanol and FC-40 deposited in square 

channels with hydraulic diameter ranging from 0.3 to 1 mm as functions of capillary and Weber numbers. 

They observed that the liquid tends to move towards the corner due to non-uniform pressure distribution at 

small capillary number. Liquid film thickness at the channel center (ex: along x-axis of figure 5a) decreases 

and remains much thinner than in an equivalent circular tube of the same diameter. On the other hand, the 

liquid film thickness at the channel corners tends to increase after deposition, approaching an asymptotic 

(a) 

(b) 

Pc(z) 

Pd(z) 

(c) 
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value; given the variation of curvature radii from centers to corners, the deposited liquid film flows from 

channel centers to corners due to pressure gradient along the channel perimeter. In a numerical study of the 

morphology of long gas bubbles propagating in square capillaries, Magnini and Matar [Magnini,20] explained 

that the radius of curvature is higher in the channel center (rc, figure 5a) than in the corners (“diagonal”, rd, 

figure 5a), so that the pressure in the centerline zone (Pc(z)) remains higher than in the corners (Pd(z)). The 

transversal pressure gradient drives a transverse flow of liquid that drains the thin-film region (see red arrow 

of figure 5b), thereby explaining a progressive thinning of the liquid from the center towards the corners. 

Figure 5c displays the liquid film thickness along the cross-section diagonal in the corners (hd), the channel 

center (hc) and minimum thickness (hmin) as functions of the capillary number Ca calculated with numerical 

simulations (Rh being the channel hydraulic radius) [Magnini,20]. Minimum thickness hmin corresponds to the 

formation of a dimble on the interface between center and corner, and has been numerically identified for low 

capillary numbers (Ca ≤ 0.01); the interface curvature changes and exhibits a saddle shape at the channel 

center. Figure 5c confirms that the diagonal (corner) film thickness is considerably larger than the uniform 

thickness measured in circular channels (dotted black line), with a difference of one order of magnitude when 

Ca ≤ 0.01. On the other hand, film thickness at the channel center is always below the value for circular 

channels, with a smaller order of magnitude when Ca ≤ 0.01. Thinning film can attain critical values with 

regard to the stability of the film of partially-wetting liquids, and may lead to rupture and the formation of 

dry-out patches along the channel walls [Khodaparast,18]. 

To quantify the mass/heat transfer performances in square capillaries, it is also imperative to study wall 

shear stress in capillaries. Pressure drop in a slug/droplet couple could be modelled as the sum total of the 

frictional pressure drops in the liquid slug, in the gas bubble, and of the interface pressure drop over the 

bubble. The pressure drop in the bubble region and the thin surrounding film can be modelled as annular flow, 

but only when the length of the bubble is at least as much as the channel diameter [Abdollahi,20]. While 

Khandekar et al. [Khandekar,10] drew up a wide-ranging inventory of hydrodynamic phenomena occurring 

inside pulsating heat pipes, from the influence of the three-phase contact line to the oscillating menisci inside 

capillaries, most other studies have dealt with circular tubes. The propagation of long bubbles inside a square 

capillary is naturally different from that observed in circular capillaries, especially at low Ca numbers. In 

circular capillaries, the flow assumes a cylindrical symmetry, acting like a tight-fit piston with liquid film 

lubricating the bubbles. Whereas for square sections, the flow is symmetric (along planes perpendicular to x-

axis, and y-axis, figure 5a, if gravity forces are neglected), but not axisymmetric [Taha,06]. It is essentially 

three-dimensional and in this case, the bubbles act like a leaky piston. At low Ca, the bubbles are not 

axisymmetric, flattening out against the walls and the liquid lenses at the leaky corners. At moderate and high 

capillary numbers, once the liquid film becomes thicker and the front meniscus sharper, resembling those 

inside circular tubes, the bubble bodies become more and more cylindrical and axisymmetric [Taha,06]. 

Figure 6a and b shows streamline patterns around bubbles rising inside a 2 mm capillary square channel filled 

with silicone oil, here for Ca = 0.06, and along two directions: side and diagonal of the square cross section 
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(ex: along rc, and rd, respectively, of figure 5a). Two vortexes are clearly noticeable ahead of the bubble, but 

they tend to disappear as Ca increases; this results in detachment of the back flow from the interface, 

producing a new recirculating flow pattern in which the recirculating rigs shrink toward the symmetry line. In 

figure 6a-b, the two views are quite similar, except that the liquid film close to the wall surrounding the vortex 

and the bubble is thicker and more discernable from the diagonal view (b). As it lacks cylindrical symmetry, 

the vortex in square capillaries is not toroidal, and its diagonal view is wider than its side view [Taha,06]. 

 

   

Figure 6: Flow velocity field around a gas bubble rising inside a 2 mm square capillary: (a) side direction, 

(b) diagonal direction (silicone oil, Ca = 0.06; arrows: flow direction) [Taha,06]; variation of non-

dimensional components of velocities vs. distance from the advancing meniscus of a liquid plug in a 1 mm 

horizontal square channel: (c) u/Uavg and (d) v/Uavg (Uavg = 0.277 m.s-1, Ca = 3.7x10-6) [Rana,14] 

Rana et al. [Rana,14], performed micro-PIV measurements and numerical simulations of the velocity 

field and its distribution near moving liquid/air interfaces flowing in a 1 mm square capillary tube. They 

demonstrated that the u-velocity profile along the x-axis of the channel is not parabolic in nature, but that it is 

flatter, and particularly close to the meniscus (from “interface” to “x = 0.377 mm”, figure 6c). Indeed, far 

from the interface, deeper in the liquid domain (“x = 0.841 mm”, figure 6c), it satisfies the Poiseuille flow 

condition. Close to the meniscus, the flow clearly becomes three-dimensional with both v (along y-axis) and w 

(along z-axis) velocities showing a double vortex. This leads to enhanced local transport of momentum. 

Figures 6c-d show the variation of velocity components u and v along the channel height at various locations 

of the liquid/gas interface (here, water and air) for a capillary number of 3.7x10
-6

. Both velocities are 

dimensionless, applying the average liquid supply velocity Uavg based on the total cross-section far from the 

(a) (b) (c) 

(d) 
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interface. While the u-velocity profile adheres to the parabolic Poiseuille distribution when sufficiently far 

from the interface (figure 6c), a significant drop in magnitude is seen at the center region close to the front 

meniscus. In fact, obstruction of fluid flow at the meniscus offers a free-surface boundary with only tangential 

velocities possible. This leads not only to the flatter profile close to the interface, but also and on the contrary, 

to a considerable increase of v-velocity magnitude, qualitatively varying like a sinusoid (figure 6d) [Rana,14]. 

They maintain that the characteristic of the flow field in the meniscus wake is the most important parameter 

affecting the viscous stress generated due to its motion. That said the complexity of slug flow in such 

geometry is particularly high and necessitates further studies regarding the parameters. 

Slug flows are even more complex when considering oscillations or intensified velocities leading to a 

change in flow patterns. In 2018, Youn et al. [Youn,18] performed liquid film thickness measurements of 

water and ethanol from oscillating liquid slug in a 1 mm diameter circular capillary tube, thereby depicting the 

influence of oscillating frequency (1-10 Hz); film thickness deviates from that found in steady conditions and 

becomes thinner when accelerated and thicker when decelerated. Similar trends are expected in channels with 

square or rectangular shapes. Shekhawat et al. [Shekhawat,09] measured the radii of curvature and contact 

angles of an oscillating meniscus of water (0.25-0.5 Hz) in a 2 mm square channel, and showed variations of 

contact angle along the stroke length; the advancing contact angle is higher than the receding one, with a 

difference increasing with frequency. This effect is attributed to inertial and viscous forces. Similarly, 

Srinivasan et al. [Srinivasan,17] and, later, Rahatgaonkar et al. [Rahatgaonkar,18] showed that a change in the 

oscillation frequency of a liquid slug in a 1 mm square channel drastically affects the nature of the hysteresis 

between advancing and receding curvature radii, even at low Capillary and Weber numbers. As a result, 

inertial effects play a significant role in deformation of the dynamic meniscus. PIV visualizations by 

[Srinivasan,17] showed that the vortices appearing near the meniscus (like in figure 6d), which change their 

direction according to the meniscus flow direction, can lead to an alternating recirculation pattern inside the 

liquid plug and be a major factor in the estimation of the pressure losses in such a flow pattern. This is 

particularly true when too many small liquid slugs are present in the capillary and are liable to rapidly block 

the flow if the driving force is not sufficient to counterbalance the cumulative pressure gradients damping 

oscillations due to large dynamic contact angle hysteresis [Khandekar,10]. 

The influence of non-circular channels on transfer, and specifically on heat transfer, remains an open 

question. Considerable work has been done on such geometry by Khandekar et al [Khandekar,10] 

[Majumber,13][Mehta,14][Gatapova,19]. For example, even without latent heat of evaporation, Taylor bubble 

flows tend to increase the transport of heat up to 1.2-1.6 times more than laminar single-phase liquid flow 

[Majumber,13]. Gatapova and Khandekar also highlighted strong thermo-hydrodynamic coupling between the 

tube wall (thermal conduction) and the moving Taylor liquid plug through local thin film hydrodynamics and 

its subsequent evaporation [Gatapova,19]. That said the specificity of heat transfer in square/rectangular 

channels vs. circular ones has only sparsely been covered in the literature. Except for self-induced evaporation 

open to ambient air cases (see figure 4c-d [Chauvet,10]), the influence of heat power or heat flux on FPPHP 
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operation (see section 3.1.1) and the influence of the channel shape on the thermal performances of FPPHPs 

(see section 3.2.1), heat transfer have generally been treated as in conventional PHP tubes. 

In this section, a discussion was initiated on slug flow pattern, but as regards its transition to other flow 

patterns, such as annular flow (when inertial or viscous forces increase and lead to breaking menisci or droplet 

flow), it is considered not here but in the literature, for example in [Wu,19] for liquid/liquid flows in square 

capillary. 

2.3 Flow visualizations and hydrodynamics analyses 

One of the major advantages of flat plate pulsating heat pipes is that the entire fluid flow can be 

visualized by placing a transparent window on the top face, while preserving the metallic substrate. Many 

experiments have been performed since the precursor tests by [Miyazaki,99], [Khandekar,02] or [Kim,03]. As 

observations in the literature are few and far between, the main fluid flow regimes will be presented in the 

following parts, with a particular focus on the vertical and horizontal orientations, which lead to different fluid 

flow modes, particularly for this kind of device. A distinction will be made concerning the definition of 

“normal” FPPHPs (with channel diameter of about 1-4 mm) and “micro” FPPHPs (with channel diameter 

below 1 mm) as defined in [Qu,10]. Quantitative information will also be summarized at the end of this 

section. That said, all observations transcribed below depend on the geometrical and operating conditions of 

each test (particularly concerning channel dimensions, filling ratios and working fluid), and must be analyzed 

in relative terms. 

2.3.1 Flow regimes in vertical bottom heated mode 

The vertical bottom heated mode (BHM, i.e. evaporator below the condenser) is an orientation favorable 

to the functioning of FPPHPs, except sometimes concerning the start-up phases: due to some observed liquid 

accumulation in the bottom part of the channels (see figure 7a, from [Markal,20a]), the minimum heat input 

for the start-up of oscillations requires initiation of nucleation, at internal wall temperatures sometimes higher 

than that obtained at low heat fluxes: the wall temperature of the channels has indeed to be higher than the 

saturated temperature of the working fluid. In the case of [Kim,03], the generation and growth of vapor 

bubbles continuously occurred when heat was applied to evaporating section in a 4-turns FPPHP filled with 

ethanol (channel: 1.5x1.5 mm²). But, according to Takawale et al. [Takawale,19], the minimum heat flux 

required for the start-up of oscillations increases with increasing filling ratio (17 turns, 1.2x1.2 mm², ethanol): 

the initial oscillations were observed for 49% FR at input power of 80 W, whereas, for 60% and 80% FR, it 

starts above 106 W. In the case of micro-FPPHP, as described by [Qu,10] (7 turns, Dh = 352 or 394 μm, FC-

72), during the start-up process, no obvious nucleation was observed. The vapor plugs are mainly formed at 

the evaporator due to break-up of liquid slugs. The temperature difference between evaporator and condenser 

increases and induces some pressure difference, mainly due to the increase of (∂P/∂T)sat. As long as this 

pressure difference is large enough to overcome the flow frictional and capillary forces, oscillation motion 
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begin within the channels. Then, for a further increase of oscillation amplitudes, the fluid start to move across 

the U-turns and migrate into adjacent channels, eventually extending the oscillating flow to all channels, 

leading to the final stage of start-up. 

 

  

Figure 7: Flow regimes in copper FPPHPs (square 2x2 mm² channels): (a) �̇� = 21 W; (b) �̇� = 49 W (methanol, 

FR = 40%, BHM, TII° = 20°C): [Markal,20a]; and visualizations in the adiabatic section: (c) annular flow, �̇� = 40 W; 

(d) semi-annular flow, �̇� = 100 W (ethanol, FR = 50%, BHM, TII° = 20°C) [Ayel,14] 

Once started, the bubbles grow and coalesce to become vapor plugs, and small bubbles continue to be 

generated in the liquid plugs. Different operating modes can be observed according to operating conditions. 

Yang et al. [Yang,09] described several operating modes with increasing filling ratio. At low filling ratios 

(below 20%), the spreader behaves as an interconnected array of two-phase thermosyphons. This operating 

mode is specific to the sharp angles of square channels and was not distinctly observed in previous studies 

with circular channels/tubes [Khandekar,02]. This trend was confirmed by [Ayel,14], [Manno,15], 

[Kearney,16], [Takawale,19] and [Markal,20b], where it appeared that the flow pattern was annular, even for 

a filling ratio close to 50%, the situation being reinforced by capillary pumping in the corners of the square 

channels. The vapor rises through the center of the channel and the condensed liquid returns as a liquid film 

along the corners (also see section 2.1). However, in [Ayel,14] and [Manno,15], the annular flow was 

prevalent in the central and lateral channels and distributed along the whole length of the FPPHP, whereas 

excess liquid was trapped in adjacent channels, therefore not contributing to in heat transfer, as can be seen in 

figure 7c (dotted yellow rectangles). The waves visible in figure 7c show some instability at the liquid/vapor 

interfaces caused by counter-current vapor flow. This trend is all the more pronounced as the diameter is high, 

as in [Ayel,18], testing a FPPHP with a hydraulic channel larger than the critical diameter for FC-72 at 20°C 

(2.5 mm / 1.65 mm, respectively). 

(c) 

(d) 

(a) (b) 
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For higher filling ratios, there is a transition from classical thermosiphon mode to pulsating slug flow 

regime [Yang,09], which represents the true pulsating mode and is the most efficient in terms of thermal 

performance. This situation is the same for increasing heat fluxes with filling ratios around 50%. with higher 

heat fluxes, in bottom-heated orientation, the flow pattern is a mixture of classical thermosiphon-type counter-

current annular flow in some channels and capillary slug flow in others. In this case, liquid plugs are carried 

away by the vapor flow (figure 7d), with a random and rapid movement [Ayel,14]. They arise from the 

entrapped excess of liquid which, as they start their motion, contribute to the heat transfer by addition of a 

significant portion of sensible heat to total heat transfer [Khandekar,04]. For Takawale et al. [Takawale,19], in 

their FPPHP (17 turns, 1.2x1.2 mm², ethanol), tested in vertical orientation, slug flow was found to be the 

dominant flow regime, particularly for higher heat inputs. At times, slug flow was mixed with rapid boiling 

and thin film condensation in the bottom part of the evaporator [Ayel,18][Ayel,19]. Otherwise, a circulation 

occurs, enhancing the capacity of the working fluid to transport heat from both sections [Kim,03a]. According 

to Yang et al. [Yang,09], when filling ratio is more than 70%, the excessive liquid reduces (a) the degree of 

freedom of the system and (b) the effective advantage of the sharp angle corners. It becomes almost 

impossible for the vapor to reach the condenser area without encountering liquid plugs on the way. As a 

result, oscillating/pulsating action markedly decreases or even disappears [Markal,20]. Lastly, the increase of 

heat input causes dry-out in the evaporator region; the entire evaporator section remains dried-out and most 

liquid plugs oscillate in the condenser/adiabatic sections [Takawale,19]. 

Similar observations has been made for micro-FPPHPs. Qu et al. [Qu,12] observed in their devices (5 or 

7 turns, Dh = 251 to 394 μm, FC-72 and R113) that at lower power inputs (below 5.4 W), the bottom of the 

evaporator was flushed with the liquid pool, even with low channel hydraulic diameters, and that the pool was 

decreased with increasing heat inputs. Nucleate boiling occurred suddenly (after 8.7 W) with tiny bubbles 

being generated and expanding rapidly and continuously from the nucleation sites. The bubbly flow quickly 

turned into slug flow, with induced bulk circulation throughout the microchannels. For higher heat power 

inputs, nucleate boiling became more intense, and dry-out occurred in the evaporator. However, for the lowest 

channel diameters (251 – 352 μm), intense film evaporation was observed instead of nucleate boiling, and 

neither nucleate boiling nor bulk circulation was observed, even at relatively high power inputs. Figure 8a 

shows representative flow behavior in the micro-FPPHP of Kamijima et al. [Kamijima,20] (11 turns, 

0,35x0,35 mm², FC-72); liquid slugs and vapor plugs appear alternatively along the flow channel. The 

condenser contains many liquid slugs, while liquid films are formed along the channel due to the counter-

current vapor flow from the evaporator. In this zone, dry walls without liquid films are present, as is rapid 

boiling in the bottom part of the channels. In another configuration, the authors observed two different modes 

for the same heat power (�̇� = 12 W, figure 8b-c); in mode 1 (b), the evaporator is dried, and the amplitude of 

self-oscillations is quite small and the liquid slugs are constantly stopping. By contrast, in mode 2 (c), the 

working fluid self-oscillates, leaving a significant amount of liquid film on the channel wall. This difference 
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in flow behavior results in a pronounced difference in heat transfer performances, the second mode being 

obviously the most efficient. 

 

  

Figure 8: Examples of an internal flow images in a micro-FPPHP (square 0.35x0.35 mm² channels): (a) 

TII° = 20°C / �̇� = 20 W; and TII° = 20°C / �̇� = 12 W: (b) dry-out mode 1; (c) self-oscillation mode 2 

(FC-72, FR = 48%, BHM) [Kamijima,20] 

2.3.2 Flow regimes in horizontal orientation 

In horizontal orientation, without the help of gravity driving forces, the flow pattern can only be slug 

flow. If in some cases the devices operated efficiently [Yang,09] [Qu,12] [Betancur,18] [Winkler,20], for 

many others, operations in horizontal inclination lead the FPPHP to unstable operation and low thermal 

performances caused by intermittently long-term stopover phenomena (momentary stops of liquid slugs 

oscillations [Jun,16]), or even to a complete stop of operation due to early dry-out of the evaporator 

[Khandekar,02][Chien,12] [Ayel,14][Jun,18][Ayel,18]. This is more specifically attributed to a lack of 

pressure perturbations and/or other mechanisms on account of a low number of turns [Markal,20a]. Figure 9a-

c shows successive photos of a FPPHP tested in a horizontal position at 30 W of applied heat power (8 turns, 

2x2 mm², water) [Chien,12]. Oscillations occur only for short time periods and completely stopped at steady-

state. As a result, heat transfer takes place by conduction from evaporator to condenser, thence the very poor 

thermal performance of the device. In 2002, Khandekar et al. [Khandekar,02] provided their own explanations 

for such unsatisfactory performances; as mentioned in the introduction, the very thin wall between 

neighboring channels in the massive metallic plate is conducive to exceedingly low transverse thermal 

resistance, particularly when compared to disconnected tubes of tubular PHPs. The low resistance quickly 

equalizes the thermally created pressure gradients, which represent the primary driving potential for stable 

PHP operation. Furthermore, if sharp-angled edges act as capillary structures, thereby enhancing heat 

transport capability, their effect is in all likelihood negligible for high filling ratios, under which multiple 

(a) (b) (c) 
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liquid plugs prevent a direct vapor flow from the evaporator to the condenser. Authors also lay blame on the 

capillary resistance due to dynamic contact angle hysteresis (see section 2.1), and the effect of latent heat 

which, once it reaches a high level, no longer effectively contributes to the oscillation motions (bubble volume 

change has become insufficient). On the one hand, capillary pumping may be efficient, once the liquid plugs 

are not too far from the evaporator; on the other hand, when the filling ratio is too low, as in figure 9d, the 

liquid slugs are too far from the evaporator to be transported by capillary forces into the evaporator zone.  

In a channel with a hydraulic diameter higher than the critical one, which is calculated by means of the 

Bond number, channel dimensioning yields fluid stratification; acting like a hybrid loop thermosiphon under 

normal gravity and a PHP under microgravity conditions, the FPPHP of [Ayel,18] (11 turns, 2.5x2.5 mm², 

FC-72), is dried out in horizontal inclination, even though gravity and capillary-assisted flow helps the liquid 

to flow back close to the evaporator zone, like an open-channel flow. Furthermore, capillary pumping in the 

corners gives rise to liquid film flowing closer to the evaporator direction, thereby improving thermal 

performances compared to those of classical dry-out FPPHPs with smaller channels and sharp liquid/vapor 

frontier imposed by capillary forces, as in the previous studies. 

 

  

Figure 9: High speed internal flow images in horizontal FPPHPs (square 2x2 mm² channels): (a) initial state; (b) after 1 

min of heating; (c) steady-state operation (�̇� = 30 W, water, FR = 70%, horizontal) [Chien,12]; and (d) dry-out FPPHP 

(�̇� = 42 W, methanol, FR = 25%, horizontal, TII° = 20°C) [Markal,20a] 

However, starting from a dried-out configuration (i.e. long liquid slugs accumulated in the cold edge of 

the channels, forming U-shaped liquid columns of approximately the same length, as in figures 9c or d), 

several authors have observed fluid flow reactivation processes, which are associated with different sources of 

(a) (b) (c) (d) 
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instability; for example, the FPPHP of Jun and Kim [Jun,18] (10 turns, 1x0.5 mm², ethanol) exhibited  

amplitude oscillation defined by the authors as short-large, followed by a relative and repeated long-term 

stopover phenomenon. During the stopover periods, the vapor plugs are always superheated. The channels in 

the evaporator zone are totally occupied by vapor plugs exposed to dry wall without liquid film, and they are 

more superheated, until subsequent instability, which is attributed to a mathematically unstable mass-spring 

system. When the fluid starts to flow, the ends of a U-shape liquid column oscillate in opposite directions. If 

the amplitude of oscillations is sufficient, liquid flow into the evaporator and vapor flow into the condenser 

occur, completing the circulation cycle. As the heat load increases, oscillations become larger, with the liquid 

occasionally overflowing into neighboring turns. Because the phases of liquid column oscillations are not 

independent from one another, they vary continuously and the menisci at each end move in a waveform 

[Miyazaki,99]; due to the spring effect of the vapor bubble, the fluid motion is sequentially transmitted from 

one branch to another along the FPPHPs. Figure 10a depicts a rapid waveform interconnecting the ends of 

long liquid slugs at each flow channel [Kim,03]. In one case [Kim,03a], waves are generated from the right, 

grow as they propagate to the left, and are finally damped and disappear until the next cycle. Oscillation 

frequency is influenced by the heat flux and heat energy accumulated in the solid walls. Ayel et al. [Ayel,18], 

tested their large-channel FPPHP (11 turns, 2.5x2.5 mm², FC-72) under microgravity conditions (during an 

ESA parabolic flight campaign) and observed an alternation of stopover periods and waveform fluid flow 

reactivations, with exceedingly high amplitude oscillations, until the menisci ruptured. In the absence of 

gravity forces, even with large-dimension channels, the flow pattern turns into slug flow: low capillary forces 

are strong enough to maintain liquid slugs between two vapor bubbles. Otherwise, due to very low capillary 

and friction forces, both of which are linked to the large hydraulic diameter, the liquid slugs move quite 

impulsively, the menisci break, and the flow pattern evolves into a more chaotic condition. Under such 

conditions, the fluid tends quickly and spontaneously to dry out in the evaporator, while isolated liquid plugs 

can easily move, even under the influence of small pressure variations, thereby enhancing the heat transfer 

during the operating periods. 

 

   

Figure 10: (a) Schematic diagram of oscillating wave in a 10 turns FPPHP [Kim,03a]; FPPHP orientation 

regarding gravity vector: (b) horizontal; (c) edge, (d) vertical and (e) gravity pressure drop in one bend in edge 

orientation [Ayel,14]  
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Another configuration was tested by [Ayel,14], [Manno,15] and [Pagnoni,18a]: the so-called “edge”(or 

“side”) orientation; in this case, the FPPHP is oriented vertically, but with horizontal channels, as in figure 

10c. Pressure imbalance in the liquid slugs is occasioned by difference in height at each U-turn (see figure 

10e), leading to a particularly high gravity pressure head for the last surrounding bend; this can drive a 

continuous long-term oscillatory motion between all liquid slugs, even for the lowest heat powers applied, 

without encountering any dry-out at the evaporator. As in [Miyazaki,99] and [Kim,03a], the liquid slugs 

oscillate in a waveform from top into bottom, through the vapor phase into the evaporator region, as 

oscillation velocities and amplitudes increase with heat input augmentation. 

On the basis of the literature, a systematic description of the parameters (heat power input, filling ratio, 

U-turn number…) influencing the horizontal operation of FPPHPs is depicted in section 3.1. Several authors 

managed to exceed such operating limits by employing different parameters: alternated channel dimensions in 

[Chien,12][Shi,16], fluid mixtures in [Markal,20b], etc. This is explained in detail in section 4. 

2.3.3 Quantitative analysis 

With image post-processing, the displacements of multiple liquid slug motions have been calculated by 

several authors, contributing to quantitative analyses of the relationships between hydraulic behavior and 

thermal performances. For example, Borgmeyer and Ma [Borgmeyer,07] measured the positions and 

velocities of menisci oscillating in a horizontal FPPHP (2x14 turns, 1.59x1.59 mm², ethanol/Flutec 

PP2/water), and found that the nature of the working fluid significantly affects the oscillating motion of liquid 

slugs. With water, no oscillating motions were observed, whereas the largest amplitudes and velocities were 

created with ethanol compared to other fluids in the same operating conditions (see velocity curves of figure 

11a). When heat power increases, displacement, velocity and frequency correspondingly increase, but with 

highly irregular oscillating motions. When velocity measurements yielded maximum values up to 50 mm.s
-1

, 

in this case with ethanol (at 160 W), Pagnoni et al. [Pagnoni,18a] found maximum velocities of around 0.6, 

and 1 m.s
-1

, and frequencies from 2.5 and up to 4 Hz, for heat powers of 80 W, and 200 W, respectively, in 

their edge-oriented FPPHP (11 turns, 2.5x2.5 mm², ethanol). These velocity values are particularly high and 

one order of magnitude higher than the classical value of 0.1 m.s
-1

 used in the literature to classify the critical 

diameter based on Weber or Garimella criteria. 

 
(a) (b) (c) 
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Figure 11: (a) Liquid slug velocity measurement in a FPPHP (N = 2x14, 1.59x1.59 mm², �̇� = 160 W, FR = 50%, 

horizontal, TII° = 20°C) [Borgmeyer,07]; and velocities of liquid slugs inside (b) FPPHP and (c) CTPHP for various 

heat power inputs (N = 17, 1.2x1.2 mm², ethanol, FR = 60%, BHM, TII° = 22°C) [Takawale,19] 

Similarly, Takawale et al. [Takawale,19] measured positions and velocities of liquid plugs oscillating in 

both FPPHP and capillary tube PHP (“CTPHP”) with similar geometries (17 turns, 1.2x1.2 mm², ethanol) 

under the same operating conditions. They observed that oscillation amplitude goes up with increasing heat 

power, but that the amplitude is several times larger in CTPHP. Figure 11b-c shows a comparison of liquid 

slug velocities between FPPHP and CTPHP for three heat power inputs; the boxes contain 50% of the total 

values, whereas the bars contain 90%. Absolute velocities measured in the CTPHP (case (b)) are about 8-10 

times higher than those inside FPPHP (case (a)). While slug flow pattern is the dominant flow regime 

observed in both PHPs, the CTPHP is seen to have vigorous large-amplitude self-sustained oscillations as 

compared to FPPHP. 

 

  

Figure 12: (a) Calculated heat transfer rates in a micro-FPPHP (N = 11, 0.35x0.35 mm², FR = 48%, 

BHM, TII° = 40°C) [Kamijima,20]; and (b) proportion of latent heat to overall heat at various input 

powers (N = 5, Dh = 0.84 mm, ethanol, FR = 45%, BHM, TII° = 30°C) [Jung,21] 

Lastly, some authors have coupled the flow mapping obtained from visualizations with the synchronized 

temperature measurements and heat fluxes obtained from thermocouples arranged on the outer wall of the 

(a) (b) 
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device ([Lee,18],[Jamijima,20]) or from infrared thermography ([Jung,21]), the common objective being to 

define sensible heat influence on heat transfer performance. Based on a modeling approach of heat transfer 

through the different parts of the mapped bubble/slug train, taking into account not only sensible heat through 

liquid and vapor slugs and latent heat through the thin film (see figure 3a-b in section 2.1), but also heat 

conduction through the walls, Jo et al. [Jo,19], Jamijima et al. [Jamijima,20] and Jung and Kim [Jung,21]  

reconstituted the decomposition of heat transfer rates from the fluid to the wall, according to heat flux (figure 

12a) or heat input (figure 12b). It can be seen, as already maintained in section 2.1, that latent heat transfer via 

the liquid films accounts for a considerable portion of the total heat transfer rate by the fluid [Kamijima,20]. 

For [Jo,19], the proportion of latent heat reaches 74% at the evaporator and 66% at the condenser, for a 14 W 

heat power input. For Jung and Kim [Jung,21], the proportion of latent heat reaches more than 80% in both 

evaporator and condenser sections for the highest heat inputs: in their study, the proportion of latent heat 

increases from around 55% to 82% with input power increasing from 6,5 W to 16 W (figure 12b). Two 

conclusions emerge from these findings: first, latent heat transfer not only induces an oscillating flow, but also 

significantly contributes to overall heat transfer, while sensible heat is a by-product of the oscillating flow 

[Jo,19]. Second, it is necessary to take into account the thin film evaporation and condensation phenomena 

when modeling heat and mass transfer inside pulsating heat pipes. 

3 Thermal performances of flat plate pulsating heat pipes: the influential 

parameters 

Based on the same physical phenomena as for tubular PHPs, FPPHPs are often subject to the same 

influential parameters. For example, for both devices it has been shown by most researchers that PHP with 

closed ends (Closed Loop PHP) show better heat transfer performances than those with open ends 

[Kim,03a][Zhang,04][Mehta,16]. This point will not be developed here, and the main observations will be 

presented below, based on parametrical investigations on channel dimensions, the working fluid, the 

geometrical aspects and/or the operation conditions (particularly applied heat power, orientation and filling 

ratio). A parameter widely used by authors to characterize the thermal performances of pulsating heat pipes is 

given by thermal resistance: 

 𝑅𝑡ℎ = 
�̅�𝑒𝑣−�̅�𝑐𝑑

�̇�
 (11) 

where �̅�𝑒𝑣 and �̅�𝑐𝑑 are, respectively, evaporator and condenser (or secondary cold source) temperatures 

averaged in space and time, and �̇� the heat power applied, at times taking into account the heat losses, and/or 

heat conduction through the plate of the device. In certain cases, the authors use equivalent thermal 

conductivity for purposes of comparison with the thermal conductivities of heat conductive materials such as 

copper, aluminum, etc. It can be defined as: 
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 𝜆𝑒𝑓𝑓 = 
�̇�𝐿𝑒𝑓𝑓

𝐴𝑡(�̅�𝑒𝑣−�̅�𝑐𝑑)
 (12) 

where Leff is, according to the authors, an effective length between evaporator and condenser zones or a length 

defined between two temperature measurements in the adiabatic zone; and At is the FPPHP transverse cross-

section. 

An attempt will be made below to identify the main parameters influencing on the working operation of 

flat plate pulsating heat pipes. However, such an analysis appears to be highly complicated insofar as many of 

the parameters are interconnected with one another. In appendix A.1 have been brought the main values of 

effective thermal conductivities found, when possible, in the literature. They are relevant only to FPPHPs with 

one layer of channels, with evaporator and condenser disposed at both ends of the device, and having been 

tested in horizontal and vertical BHM positions. Figure A.1-2 presents all values in the same graph as 

functions of heat flux density at the evaporator; it highlights the strikingly scattered values of effective 

thermal conductivities, ranging from a few tens of W.m
-1

K
-1

 up to more than ten thousands of W.m
-1

K
-1

. 

Effective thermal conductivities have also been plotted as functions of Figures of Merit extrapolated from the 

analyses of [Kim,20] in figure A.1-3a and those of [Noh,20] in figure A.1-3b. Conclusions can be drawn on 

some tendencies, but sometimes are hardly conclusive. With that in mind, the main trends from the literature 

will be evoked in the following parts. 

3.1 Operating conditions 

3.1.1 Heat power, heat flux, start-up conditions 

This parameter is the most often and the most systematically studied, insofar as all authors have tested 

their device(s) sweeping heat power from the lowest to the highest values provided by the power supply or the 

operating limits of the FPPHPs. The influence of heat power remains very similar to tubular PHPs, as soon as 

the oscillating operation occurs. 

Several authors have discussed the start-up conditions of their devices. As regards the minimal heat 

power triggering the start of FPPHP operations, the results are too dispersive to be comprehensively 

mentioned. Section 2.3.1 introduces some observations made on start-ups in vertical BHM mode through 

visualizations. From the experimental point of view, a start-up has been established when the thermal energy 

accumulated in the evaporator is high enough for the pressure instabilities to overcome the self-excited flow 

resistance of liquid/vapor slug flow and consequently to transport heat from evaporator to condenser zones 

[Qu,12]. The initial start-up phase is accompanied by a smooth increase of evaporator wall temperature. 

Betancur et al. [Betancur,20] attribute this mode to conductive heat transfer. Occasionally, fluid presents 

random isolated temperature oscillations, mainly in a horizontal position; the liquid slugs’ displacements are 

characterized by high amplitude and low frequency and tend to disappear over time. 
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Above a certain heat input value, thermally-driven two-phase oscillating flow begins to occur; concerning 

micro-FPPHPs, this threshold value was found for heat powers higher than 4 W for [Jung,21] (5 turns, 1.1x0.5 

mm², ethanol, 45%, BHM), 4.8 W for [Qu,12] (5 turns, Dh = 251 μm, R-113, 50%, BHM), 6 W for [Yoon,18] 

(5 turns, 1x0.5 mm², ethanol, 55%, BHM) and 6.9 W for [Qu,10] (5 turns, Dh = 394 μm, FC-72, 50%, BHM). 

The micro-FPPHPs of Qu et al. did not start using water or ethanol as working fluids [Qu,12]. Jo et al., 

similarly to [Yoon,18], observed an oscillation of liquid slugs with an amplitude of several millimeters from 6 

W heat power applied [Jo,19] (5 turns, Dh = 835 μm, ethanol, 50%, BHM). After start-up, the oscillation 

amplitude increased with increasing power, resulting in decreased thermal resistance. Concerning classical 

FPPHPs, the threshold values also obviously vary among authors. According to [Li,13], the FPPHP started at 

heat input of 12 W for acetone and 18 W for ethanol under the same operating conditions (10 turns, 1x1 mm², 

50%, BHM). For Ayel et al. [Ayel,15], in vertical orientation, the heat input necessary for FPPHP start-up 

differed in some tests, according to the initial distribution of the fluid. In the initial phase of the start-up, the 

formation and expansion of the vapor bubbles at the evaporator provide the driving force triggering the fluid 

flow motion. It has been observed that the minimum heat power level needed to trigger such motion increases 

with increasing filling ratio [Shi,17][Betancur,20][Markal,20a]; start-up occurred at 40 W, 60 W and 80 W, 

for filling ratios of 25%, 37,5% and 50%, respectively [Betancur,20] (5 turns, Dh = 2.5 mm², water, BHM). In 

the case of [Markal,20a], small differences were noted between 25% and 40% filling ratios (5 turns, Dh = 2.5 

mm², water). They argued that the adverse effects of the liquid excess are clearly present and can be 

associated with a restriction of motion or pumping action. Lastly, few authors have observed nucleation 

during start-up conditions; in some cases, it seemed as though some liquid pool remained accumulated in the 

bottom region of the evaporator, as in [Markal,20a-b] (8 turns, 1-2x2 mm², methanol, 40%, BHM) (see figure 

7a, section 2.2.1). 

 

  

Figure 13: (a) Thermal resistance and oscillation amplitude of micro-FPPHP (N = 5, Dh = 0.84 

mm, ethanol, FR = 45%, BHM, TII° = 30°C) [Jung,21]; and (b) effective thermal conductivity 

hysteresis (N = 11, 0.35x0.35 mm², FR = 39%, BHM, TII° = 40°C) [Kamijima,20] 

(a) (b) 
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Generally speaking, whatever the conditions, thermal performances increase with increasing heat 

power/heat flux due to an intensification of driven forces caused mainly by evaporation/boiling and 

condensation processes, and also ascribed to the thermophysical properties of the fluids. The main conclusions 

are given in the sections and figures below (and appendix A1), and confirm this overall trend insofar as the 

device works “nominally” under slug flow up until operational limits, which are mainly due to the appearance 

of dry-out in the evaporator zone. Intriguing trends concerning micro-FPPHP operation are indicated in figure 

13a; Jung et al. [Jung,21] have superimposed the thermal resistance curve with quantitative estimation of 

oscillation amplitudes based on visualizations (see section 2.3.3 for details). For heat power less than 4 W, no 

oscillation was detected and most of the heat is transferred by conduction alone through the silicon substrate. 

Above 4 W, the micro-FPPHP starts to operate and thermal resistance decreases pronouncedly. After 7 W, 

thermal resistance continues to slightly decrease, whereas mean oscillation amplitude increases in such a  way 

as to favor heat transfer. On the other hand, figure 13b presents the hysteresis effect observed in the micro-

FPPHP of Kamijima et al. [Kamijima,20], suggesting that for large heat inputs, the device exhibits two 

different self-oscillation modes with different resulting effective thermal conductivities, even for identical heat 

input rates, depending mostly on whether heat power is delivered increasingly or decreasingly. All relevant 

heat power or heat flux ranges in the literature (from 0.3 up to 43 W.cm
-2

) are given in appendix A.2 (table 

A.1). 

3.1.2 Filling ratio 

Even though the influence of filling ratio has been experimentally studied by many authors, it remains 

quite difficult to reach definitive conclusions insofar as optimal filling ratios strongly depend on operating 

conditions, particularly as regards orientation (horizontal or vertical, BHM or THM, inclinations), on the 

nature of the working fluid, on the distance between evaporator and condenser, on their respective lengths, 

etc. The influence of filling ratio was discussed in section 2.3.1, particularly concerning vertical BHM; Yang 

et al. [Yang,09] explained that below or close to 20% of filling ratio, the FPPHP behaves as an interconnected 

array of thermosyphons. Increasing FR leads to transition to semi-annular flow including liquid slugs in the 

channels. Figures 14a-c present the influence of filling ratio on the thermal resistance of a FPPHP (N = 20, 

2x2 mm², ethanol) tested under three orientations. Under vertical BHM, the device can operate under a wide 

range of FR (from 5% to 95%), whereas the ranges are reduced under horizontal (30-85%) and vertical THM 

(45-75%). All in all, the influence of FR decreases as heat input increases. It seems that in BHM, the higher 

the FR, the lower the performance. In horizontal and THM, there seems to exist an optimal value, around 50-

60%, leading to lower thermal resistances. 

Under vertical BHM (N = 8, 2x2 mm², methanol, TII° = 20°C), Markal et al. [Markal,20], who tested 

filling ratios ranging from 10% to 85%, confirmed this trend, finding that 30% FR provides more outstanding 

thermal performances than 60%. At 30%, annular or semi-annular flow characterizing thin film evaporation is 

dominant, and rapid bubble growth following explosive boiling in narrow channels play an active role. At 
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60%, bubbly or slug flow becomes dominant, but most of the channels are covered by an inactive liquid zone 

(motionless liquid, see figure 7a in section 2.3.1), liquid plugs further restricts low flexibility, given that vapor 

pressure in some channels do not suffice to drive heavier liquid mass. This was also the case of Kearney et al. 

[Kearney,14] [Kearney,16] who found better thermal performances in BHM when the FPPHP (N = 26, 

1.9x1.55 mm²) was filled with 30-40% of fluid (Novec® 649, Novec® 774 or ethanol) than with 50-70%. For 

Takawale et al. [Takawale,19], a filling ratio between 40% and 80% had low influence on the performances of 

their FPPHP (N = 17, 1.2x1.2 mm², ethanol, TII° = 22°C). As for micro-FPPHPs, figures 14d-e show that the 

best performances were obtained for FR close to 50% (48-54% at TII° = 20°C and 48% at 40°C), particularly 

in the operating range of heat inputs prior to dry-out [Kamijima,20]. Similarly, in [Qu,12], optimum filling 

ratios were found around 40-60%. Higher optimal FR in micro-FPPHPs under vertical BHM is probably due 

to an increased ability to remain on slug flow due to lower hydraulic diameters leading to higher capillary 

forces. 

Kim and Kim [Kim,20] observed that the contribution of latent heat transfer was dominant in the 

evaporator section but became reduced in the condenser section of their micro-FPPHP (N = 10, 1x0.5 mm², 

ethanol, FR = 50%, BHM). Flow visualizations showed that the thin liquid film enclosing vapor bubbles 

remained mainly located in the evaporator section, while the liquid slugs stayed in the condenser section. In 

the evaporator section, thin film evaporation occurred in the vapor bubbles, and nucleate boiling in the liquid 

slugs. In the condenser section, however, film condensation in the penetrating vapor bubbles was the only 

latent heat transfer. Therefore, in the authors’ opinion, the increase in the latent heat transfer region in the 

condenser is the most important factor in the enhancement of the thermal performances of their micro-FPPHP. 

The optimal filling ratio is a compromise based on this type of assessment, at once avoiding dry-out with 

overly low values of FR, and an excess of liquid that would prevent vapor from reaching the condenser with 

overly high values. 

 

(a) 
(d) 
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Figure 14: Effect of filling ratio on: the thermal resistance of FPPHP (N = 20, 2x2 mm², ethanol, TII° = 20°C) 

(a) bottom heated mode, (b) horizontal, (c) top heat mode [Yang,09]; and on effective thermal conductivities 

of a micro-FPPHP (N = 11, 0.35x0.35 mm², FC-72, BHM) (d) TII° = 20°C, (e) TII° = 40°C [Kamijima,20] 

Obviously, in horizontal inclination (and up to THM), the optimal FR will be different than in vertical 

BHM, as can be seen in figure 14b. As in tubular PHPs, in this configuration most authors found optimal 

filling ratios close to 50%, with a variably wide range according to their operating conditions. 

3.1.3 Orientation / gravity field 

Influence of orientation was mentioned in section 2.3 with regard to fluid flow patterns. While in some 

studies the FPPHP failed to operate in horizontal inclination, in the cases where it does operate, the best 

performing conditions have always been found in the vertical bottom-heated mode. As mentioned in the 

previous section and in figures 14a-c, the FPPHPs tested by Yang et al. [Yang,09] (N = 20, 2x2 mm² or N 

= 33, 1x1 mm², ethanol, TII° = 20°C) can operate well in all orientations, even in top heat mode; that said, the 

gravity vector augments the driving forces, improving performance in BHM orientation as compared to all 

other orientations. Figure 15a depicts the performances of the FPPHP tested by Laun and Taft [Laun,14] (N = 

20, 1.3x1.3 mm², acetone, FR = 80%); before oscillatory start-up at power levels from 100 to 200 W, and due 

to a high filling ratio, which markedly hinders performance, the BHM presents lower resistance, creating 

natural convection, which acts like a thermosyphon. Once oscillations begin (after 250 W), the orientation has 

no longer has any effect on thermal resistance. On the contrary, in figure 15b, Ayel et al. [Ayel,14] (N = 10, 

2x2 mm², ethanol, FR = 50%) found that thermal performances strongly depended on inclination, from 

horizontal, where it was dried-out, to the best performing vertical BHM, while the above-mentioned “edged” 

inclination (see section 2.3.2) showed intermediate performances between horizontal and vertical BHM. The 

(b) 

(c) 

(e) 



32 

 

FPPHP of Gu et al. [Gu,04] (N = 48, 1x1 mm², R-114, TII° = 25°C) was tested during parabolic flight 

campaign, under vertical and microgravity conditions, and was shown to operate whatever the inclination 

(even THM) and the level of gravity. 

 

  

Figure 15: (a) Thermal resistances curves of FPPHP for three orientations: (N = 20, 1.3x1.3 mm², 

acetone, FR = 80%) [Laun,14]; and (b) (N = 10, 2x2 mm², ethanol, FR = 50%) [Ayel,14] 

To illustrate the change of flow regime between vertical BHM and horizontal orientations, figure 16a 

shows the transient responses of the evaporator temperature of the FPPHP of [Yang,09] for the three tested 

inclinations; if the temperature fluctuations are very low in BHM and begin after 100 W (specific to annular 

flow), they are more pronounced in horizontal and particularly in vertical THM. After 250 W, temperature 

levels and fluctuations are very similar in the three orientations. In figure 16b, one can observe the fluid flow 

pressure fluctuations in the condenser zone of the FPPHP of [Ayel,18] for two orientations; the pressure 

fluctuations are much larger in amplitude and period in horizontal inclination, and also much more irregular 

than in vertical inclination. These fluctuations are the result of hydraulic instabilities, which are particularly 

large in slug flows. 

 

 

(a) (b) 

(a) (b) 
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Figure 16: (a) Transient responses of: evaporator temperature (N = 20, 2x2 mm², ethanol, FR = 55%, TII° = 20°C) 

[Yang,09]; and (b) pressure in the condenser zone (N = 12, 1.6x1.7 mm², FC-72, FR = 50%, TII° = 20°C) [Ayel,18] 

Regarding micro-FPPHPs, Qu et al. [Qu,12] and Lee et al. [Lee,18] tested their device under several 

orientations (from horizontal to vertical BHM). As was the case with conventional FPPHPs, the best thermal 

performances were recorded under vertical BHM, and as the devices turned from the horizontal orientation to 

BHM, thermal resistances tended to decrease, and the occurrence of dry-out was delayed, findings indicating 

that the influence of gravity could not be ignored, even in micro-FPPHPs with hydraulic diameters as small as 

251 μm [Qu,12]. In the case of [Lee,18], figure 17a shows not only the same trend for the 5-turn device but 

also, and more remarkably, that the curves of figures 17b register very good performances and are perfectly 

superimposed for a 20-turn micro-FPPHP, whatever the inclination angle. Furthermore, the maximum 

allowable heat fluxes for the five inclinations are almost the same, and are largely extended compared to the 

5-turn device. In view of these results and of those obtained in conventional FPPHPs by [Yang,09] and 

[Laun,14], it appears that flat plate pulsating heat pipes with a large number of turns (20 turns or more) have 

orientation-independent thermal performances and maximum heat fluxes. 

 

  

Figure 17: Thermal resistances curves of micro-FPPHP for different orientations 

(Dh = 480 μm, FC-72, FR = 50%): (a) N = 5; and (b) N = 20 [Lee,18] 

3.2 Geometrical aspects 

3.2.1 Channel dimension and shape 

First, considering square or rectangular channels, it appears that the critical diameter governed by the 

Bond number (see section 2.1, Eq. (1)) is inappropriate for channels with sharp-angled corners. As the flow 

regimes are governed by an interplay of gravity, capillary, viscous and inertia forces, the relative magnitude of 

the forces is clearly affected by the hydraulic diameter of the tube cross-section as well as its shape [Yang,09]. 

It is to be expected that the larger the hydraulic diameter, the better the performances, as long as the above 

(a) (b) 
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criteria are not exceeded. In terms of channel dimension influence, Winkler et al. [Winkler,20] compared the 

heat transfer performances of two FPPHPs with the same overall dimensions (50x100 mm², acetone, FR = 

50%) but with two channel dimensions and number (1x1 mm² / N = 13 and 1.5x1.5 mm² / N = 10), their 

objective being to reach a maximum channel density per surface. They found that a larger channel diameter 

leads to lower thermal resistances, in both horizontal and vertical BHM, but with premature dry-out appearing 

in horizontal inclination at 130 W, whereas it was not observed with the 1x1 mm² channel up to 180 W. As 

soon as heat input increases, the amplitude and velocity of liquid plugs oscillations increase. This is all the 

more significant insofar as the diameter is large, which brings the slug menisci diameters closer to the critical 

diameter, as seen in section 2.1. Both FPPHPs have operations becoming independent of orientation for heat 

inputs above 50 W. 

During a parabolic flight campaign, Ayel et al. [Ayel,18] tested four FPPHPs of the same length (200 

mm) but with width depending on  channel dimension (N = 11, 1.5x1.5 mm² / 2x2 mm² / 2.5x2.5 mm² and 

3x3 mm², FC-72, FR = 50%). They tested the behavior of the device under normal vertical BHM and 

microgravity conditions. They observed that thermal performances increase with increasing diameter, both in 

vertical BHM (interconnected thermosyphon mode, with the hydraulic diameters being above the critical 

diameter for this fluid) and microgravity transient phases. As explained in section 2.3.2, during those phases, 

for which the one possible flow pattern is slug flow, the fluid was subjected to alternated phases of stopover 

and reactivations. The larger the channel diameter, the higher the number and cumulated time of reactivation  

or active phases, up to a limit that seemed to be situated between 2.5 mm and 3 mm of diameter. This suggests 

that there exists an optimal hydraulic diameter in such a configuration beyond which performance will not 

necessarily increase, due to higher inertial forces and/or the lower capillary forces necessary to maintain the 

menisci in slug/plug distribution. Concerning micro-FPPHPs, Lee et al. [Lee,18] compared three 5-turn 

devices with different hydraulic diameters (0.39x0.39 mm² / 0.48x0.48 mm² and 0.57x0.57 mm², FC-72, FR = 

50%). Figure 18a shows that the maximum allowable heat flux increases with hydraulic diameter, and also 

with orientation, from horizontal to vertical BHM. Generally speaking, thermal performances were also better 

with larger diameters. Figure A.1-4 (appendix A.1) shows the effective thermal conductivities of micro-

FPPHPs from the literature plotted as functions of the ratio Dh/Lcap (𝐿𝑐𝑎𝑝 = √𝜎 (𝜌𝑙 − 𝜌𝑣)𝑔⁄  the capillary 

length). It shows that the range of effective thermal conductivities strongly increases with this ratio, 

confirming the global trend that increasing the channel diameter enhances the thermal performances of 

FPPHPs, until a critical value defined in section 2.1. 

 

(b) 
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Figure 18: (a) Maximum allowable heat flux vs. inclination angle for three channel hydraulic diameters 

(N = 5, FC-72, FR = 50%, TII° = 20°C) [Lee,18]; and square and circular channels of same hydraulic 

diameter: (b) photograph of cut sections, and (c) scheme of the fluid distribution at FR = 22% [Facin,18] 

Taking account the shape of the channels, Yang et al. [Yang,09] and subsequently Facin et al. [Facin,18] 

commented on the differences between circular and square channels of the same Dh. Even if they share the 

same hydraulic diameter, the volume per unit length of the square channel is 4/π higher than that of the 

circular one. In figure 18b-c, if a square channel is filled below 22%, the liquid will tend to accumulate in the 

corners, giving rise to capillary action generated due to sharp angle corners, and the menisci will recede if the 

filling ratio is lower. Such phenomena are obviously not to be expected in circular channels. The probability 

of distinct liquid plug formation is much higher in circular than in square channels, the hydraulic diameter 

being much reduced by the presence of the liquid film in the former configuration [Yang,09]. For this 

purpose, Facin et al. [Facin,18] compared two similar FPPHPs (N = 5, Dh = 3.18 mm, water, FR = 40-60%) 

with square or circular cross-section channels (figure 18b). They observed that generally, a square cross-

section FPPHP works better than a circular FPPHP in terms of thermal resistance and evaporator temperature, 

especially in horizontal orientation, but also that for low power inputs (below 60 W), the thermal resistance in 

the square channels is higher than in the circular channels, the reason being that the oscillations have yet to 

start (figure 19a). Similarly, Lee and Kim [Lee,16][Lee,17] compared six different micro-FPPHPs of the same 

dimensions but with either square or circular channels, with three hydraulic diameters (N = 5, Dh = 390-480-

570 μm, FC-72, FR = 50%). They found that when tested in vertical BHM, the square channel FPPHP 

obtained not only lower thermal resistances, but also a wider range of input powers than the circular one. This 

trend was confirmed by the faster self-induced evaporation observed in an isolated square channel compared 

to a circular one, under the same operating conditions, as discussed in section 2.2 (figure 4d [Chauvet,10]). 

 

(a) 

(c) 
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Figure 19: (a) Best thermal resistance comparing square and circular cross-section channels (N = 5, water, FR = 40-60%, 

BHM, Dh = 3.18 mm, TII° = 40°C) [Facin,18]; and (b) comparison between square and triangular cross-section channels 

(N = 10, acetone, FR = 50%, BHM, Dh = 1-1.7 mm, TII° = 32°C) [Li,13] 

Qu et al. [Qu,07b] and Li and Jia [Li,13] compared four FPPHPs of the same dimensions but with square 

or triangular channels with two hydraulic diameters (N = 4, Dh = 1-1.5 mm, water, FR = 30% for [Qu,07b] 

and N = 10, Dh = 0.58-1 mm, acetone, FR = 50% for [Li,13]). It appears that the thermal performances of the 

triangular-shape FPPHP of [Qu,07b] always operate more effectively than the square-shaped FPPHP, 

whatever the channel diameter. By the same token, in the paper by [Li,13], figure 19b shows that the thermal 

performances of the square channel FPPHP tested in vertical BHM are lower and with premature dry-out than 

those of a triangular channel of the same hydraulic diameter (1 mm). Moreover, the device with a triangular 

channel diameter of 0.58 mm appears to operate less effectively than the previous ones. According to the 

authors, the triangular cross-section has a larger capillary force than the square cross-section, which causes 

evaporation of a larger amount of liquid, more intense phase transition and an increased driving force at the 

same hydraulic diameter and heat flux. Concerning specific cases of flat plate pulsating heat pipes, it seems 

that the presence of sharp corners enhances their heat transfer performances and capabilities when compared 

with circular channels. 

3.2.2 Considerations on external geometry 

Very few authors have studied the influence of condenser and/or adiabatic lengths on heat transfer. 

Winkler et al. [Winkler,20] tested their FPPHP (N = 10, 1.5x1.5 mm², acetone, FR = 50%) with five different 

condenser lengths, ranging from 10 to 50 mm. Results can be seen in figure 20a-b: a larger condenser area 

leads to lower evaporator temperatures (here, “heater” temperature, TH) for both horizontal (figure 20a) and 

vertical (figure 20b) inclinations, due to increased probability of liquid formation closer to the evaporator; the 

increased cold plate length delays the occurrence of dry-out; at 40 and 50 mm condenser lengths, no dry-out 

occurred and the FPPHP worked similarly to vertical orientation. Pagnoni et al. [Pagnoni,18b] tested three 

adiabatic lengths (5.8, 8.7 and 10.8 cm) on their FPPHP (N = 12, 1.6x1.7 mm², ethanol, FR = 50%) simply by 

moving the 100 mm long cold plate at different abscissa from the evaporator. They found that adiabatic 

Dh = 0.58 mm 

Dh = 1 mm 

Dh = 1 mm 

(a) (b) 
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lengths also play an important role in PHP behavior and performance; as in [Winkler,20], thermal resistances 

are decreased when condenser is moved towards evaporator, and at the minimal tested distance, gravity seems 

no longer to affect the thermal performance, as the resistance curves are superimposed for the highest heat 

power inputs (above 90 W). 

 

       

Figure 20: Influence of the condenser length L on the heater temperature TH (N = 10, 1.5x1.5 mm², 

acetone, FR = 50%,) (a) horizontal, (b) vertical BHM [Winkler,20]; and schematic geometry of grooved 

(c) and smooth (d) FPPHPs (N = 12, 1.6x1.7 mm², ethanol, FR = 50%,) [Pagnoni,18b] 

Pagnoni et al. [Pagnoni,18b] also attempted to reduce the effect of transverse conduction by introducing 

separating grooves between the channels, as can be seen in figure 20c-d. As stated by Khandekar et al. 

[Khandekar,02] (see section 2.3.2), the inter-channel heat balance plays a negative role, particularly in 

horizontal orientation, insofar as it reduces the local temperature gradient, which decreases the pressure 

instabilities degrading thermal performance. For this purpose, the authors compared two similar FPPHPs, one 

with separating grooves (“grooved FPPHP”), the other without (“smooth FPPHP”) (N = 12, 1.6x1.7 mm², 

ethanol, FR = 50%). Against all odds, it appeared that the overall thermal performances of the grooved 

FPPHP were invariably degraded compared to the smooth FPPHP. In horizontal orientation, it was totally 

dried-out with performances close to the empty device. According to the authors, this specific point calls for 

further study. 

3.3 Working fluid properties 

“A suitable fluid should have a larger (∂P/∂T)sat than water or ethanol, thereby creating large pressure 

fluctuations with smaller heat input”. Since this sentence by Khandekar et al. [Khandekar,02], many 

assertions or assumptions have been put forward by many authors on ways of enhancing FPPHP performances 

, particularly in horizontal orientation. For example, Kearney et al. [Kearney,14] and [Kearney,16] wrote that 

higher surface tension increases the critical channel diameter, allowing pulsation in larger tubes, resulting in 

increasing heat transfer capacity. A fluid with low latent heat of vaporization will evaporate more quickly, 

creating more vapor, which in turn increases vapor flow and pumping power. The second consequence is that 

it allows for start-up at lower heat powers. Furthermore, a fluid with low liquid viscosity will have more 

(a) (b) 
(c) 

(d) 
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vigorous pulsations. Increased heat capacity will increase the sensible heat capacity of liquid slugs. Obviously, 

large (∂P/∂T)sat is desired, since pressure rise due to increasing temperature drives pulsations; this assertion 

was deduced from the knowledge of the main physical phenomena driving the operation of PHPs. Section 2.1 

gives a brief overview of such phenomena, including thin film deposition (through the Capillary number, 

requiring low surface tension σ and quite high liquid viscosity μl for increased thickness), thin film 

evaporation (through heat conduction across the film, Eq. (8), involving high liquid thermal conductivity λl), 

liquid slug momentum (through Eq. (4), requiring low liquid viscosity μl, moderate surface tension σ and low 

liquid density ρl when considering inertial and gravity forces), and vapor thermodynamic state and energy 

(through Eq. (5) to (7), requiring not only high (∂P/∂T)sat as previously mentioned, but also low density ρv and 

low latent heat hlv to maximize the driving forces). However, it has also been demonstrated that latent heat 

through thin film evaporation is of major importance for many operations in pulsating heat pipes involving 

large latent heat of vaporization. 

These diversified combinations are difficult to gather under a single Figure of merit, as in capillary heat 

pipes; as the multiplicity of phenomena is sizable and hardly conducive to classification. However, Kim and 

Kim [Kim,20] recently developed a highly interesting analysis leading to the establishment of a Figure of 

merit of particular relevance under their operating conditions. Based on observations and quantitative analyses 

carried out on their micro-FPPHP (N = 10, 1x0.5 mm², FR = 50%, BHM) and tested with several working 

fluids (ethanol, FC-72, HFE-7000, R-245fa and R-134a), they developed their analysis from a series of 

following assumptions: 

 First, each vapor bubble is entirely covered by a thin liquid film. Vapor pressure can consequently be 

regarded as the saturation pressure corresponding to its temperature, and can be expressed using the 

Clapeyron equation and the ideal gas law (Eq. (3)) corrected with compressibility factor Z: 

 𝑃𝑣 = (
𝜕𝑃

𝜕𝑇
)
𝑠𝑎𝑡

𝑍𝑅𝑇𝑠𝑎𝑡
2

ℎ𝑙𝑣
 (13) 

 Second, as the pressure difference (Pr - Pa) of the vapor bubbles surrounding a liquid slug appears to 

be the main driver for its motion (Eq. (4)), and considering that the terms of Eq. (13) can be assumed 

to be evaluated at Tsat = (Tsat,r + Tsat,a)/2, the pressure difference is given by: 

 ∆𝑃𝑣 = (𝑃𝑟 − 𝑃𝑎) ≈  2 (
𝜕𝑃

𝜕𝑇
)
𝑠𝑎𝑡

𝑍𝑅𝑇𝑠𝑎𝑡

ℎ𝑙𝑣
(𝑇𝑠𝑎𝑡,𝑟 − 𝑇𝑠𝑎𝑡,𝑎) (14) 

 Third, the frictional pressure drop due to viscous forces in the vapor phase is assumed to be negligible 

compared to liquid phase pressure. The motion of the liquid slug is assumed to be laminar and fully 

developed (like the force Fτ of Eq. (4) in section 2.1). 

 Fourth, the velocity ul of the liquid slug is related to the sensible heat transfer rate due to convective 

heat transfer of the moving liquid slug (𝑢𝑙  ≈  �̇�𝑠𝑒𝑛𝑠/𝜌𝑙𝑐𝑝𝑙𝑆(𝑇𝑒𝑣 − 𝑇𝑐𝑑) with ρl and cpl the density and 
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specific heat of the liquid phase, S the cross-sectional area of the channel; (Te – Tc) corresponds to the 

mean evaporator-to-condenser temperature difference); according to Kim and Kim, the sensible heat 

transfer rate can be expressed by multiplying the total heat input �̇� by a certain ratio (�̇�𝑠𝑒𝑛𝑠 = 𝛾𝑠𝑒𝑛𝑠�̇�, 

γsens being obtained from experimental quantification) [Kim,20].Thus, the frictional pressure drop can 

be expressed as follows:  

 ∆𝑃𝜏 = 32𝜇𝑙 (
𝐿𝑠

𝐷2
) 𝑢𝑙 ≈ 32𝜇𝑙 (

𝐿𝑠

𝐷2
) [

𝛾𝑠𝑒𝑛𝑠�̇�

𝜌𝑙𝑐𝑝𝑙𝑆(𝑇𝑒𝑣−𝑇𝑐𝑑)
] (15) 

 Finally, the Figure of Merit is assumed to be proportional to the ratio of the driving pressure for fluid 

motion ΔPv to the frictional pressure drop ΔPτ, as can be seen in comparison of the experimental 

thermal resistance of the Micro-FPPHP with the inverse of the pressure ratio, in figure 21a, for the 

five tested fluids. The trend of (ΔPv/ ΔPτ)
-1

 with operating temperature is consistent with the change in 

Rth, whatever the working fluid, making the pressure ratio suitable for characterization of the Figure of 

Merit: 

 
∆𝑃𝑣
∆𝑃𝜏

≈
(
𝜕𝑃

𝜕𝑇
)
𝑠𝑎𝑡
𝑍𝑅𝑇𝑠𝑎𝑡(𝑇𝑠𝑎𝑡,𝑟−𝑇𝑠𝑎𝑡,𝑎)

16ℎ𝑙𝑣𝜇𝑙(
𝐿𝑠

𝐷2
)

(
𝜌𝑙𝑐𝑝𝑙𝑆

𝛾𝑠𝑒𝑛𝑠
)
(𝑇𝑒𝑣−𝑇𝑐𝑑)

�̇�
 (16) 

According to the definition of the thermal resistance of Eq. (11), from previous equation (16), this leads 

to: 

 𝑅𝑡ℎ =
(𝑇𝑒𝑣−𝑇𝑐𝑑)

�̇�
≈ [

𝜌𝑙𝑐𝑝𝑙(
𝜕𝑃

𝜕𝑇
)
𝑠𝑎𝑡

𝑍𝑅𝑇𝑠𝑎𝑡

ℎ𝑙𝑣𝜇𝑙
]

−1

(
16𝐿𝑠𝛾𝑠𝑒𝑛𝑠

𝑆𝐷2(𝑇𝑠𝑎𝑡,𝑟−𝑇𝑠𝑎𝑡,𝑎)
) (17) 

First term of right-hand side of Eq. (17) brings together all the fluid thermophysical properties from the 

pressure ratio, while the second term corresponds to the residual term. Therefore, the Figure of Merit for 

working fluid selection in a FPPHP having the same operating conditions as in [Kim,20] has the following 

simplified relation: 

 𝑀𝑃𝐻𝑃 =
𝜌𝑙𝑐𝑝𝑙(

𝜕𝑃

𝜕𝑇
)
𝑠𝑎𝑡

𝑍𝑅𝑇𝑠𝑎𝑡

ℎ𝑙𝑣𝜇𝑙
 (18) 

Figure 21b presents the variations of MPHP as functions of the operating temperature for several working 

fluids. This figure highlights an initial qualitative selection of fluids when considering operating conditions 

similar to those of Kim and Kim [Kim,20]. Here, R134a presents the highest value of MPHP among all working 

fluids, which is confirmed by its lower thermal resistance value among the five tested fluids in figure 21a. 

However, this analysis is not suitable for all situations, as it implies that the criterion of predominant capillary 

forces (Eq. (1-3)) is always effective. If the FPHP operates with dried walls in the evaporator zone, leading to 
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the superheated vapor phase, or if boiling appears in some liquid slugs, or if liquid slug velocity appears to be 

so large as to cause the rupture of menisci, then the set of equations (11-16) is no longer relevant. The driving 

forces to be considered are not the same when operating under annular flow pattern (favorable inclinations) or 

slug flow patterns (horizontal and unfavorable inclinations). This is particularly true in larger devices with 

higher heat fluxes. In such conditions, for the highest heat fluxes tested and the highest operating 

temperatures, it has often appeared that, contrary to what is shown in figure 21b, water is the best performing 

fluid. All in all, it remains difficult to conclude when comparing one fluid to another in the specific and 

complex context of pulsating heat pipes. 

 

  

Figure 21: (a) Comparison of the thermal resistance (markers) of the Micro-FPPHP with the inverse of the pressure ratio 

(ΔPv/ΔPτ) (continuous lines) at various operating temperatures; and (b) change in the value of the proposed figure of 

Merit MPHP with operating temperature and working fluid (N = 10, 1x0.5 mm², FR = 50%, BHM) (corrected from 

[Kim,20]) 

Some authors have tested their devices with different working fluids, comparing the performances 

according to the nature of the fluid and the operating conditions. Kearney et al. [Kearney,14] and 

[Kearney,16] compared the thermal performances of an FPPHP filled with acetone, ethanol, Novec® 649 and 

Novec® 7200. Curves of (∂P/∂T)sat are plotted in figure 22a for the four fluids. The device showed 

particularly good thermal properties for Novec® 649 (with the highest values of (∂P/∂T)sat), which manifested 

significant potential as an appropriate dielectric fluid for operation in a FPPHP. Li and Jia [Li,13] compared 

acetone and ethanol in their device tested in vertical BHM. They found that the thermal resistance curves of 

acetone was lower than that of ethanol. Qu et al. [Qu,12] compared R-113 and FC-72 in their different 

devices, but were unable to determine the best performing fluid according to the different operating 

conditions. Once they were filled with water and ethanol, their micro-FPPHPs could not be activated at all; 

even though these two fluids are widely used in traditional-sized PHPs.  

 

(a) (b) 
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Figure 22: (∂P/∂T)sat of various working fluids as function of temperature [Kearney,14] (left) and effect of TII° on the 

thermal performance of a FPPHP (N = 12, 1.6x1.7 mm², FR = 50%, edge) [Pagnoni,18b] (right) 

Another interesting way of observing the influence of thermophysical properties consists in varying the 

cold source temperature, TII°, thereby orienting the set of properties in one direction or another; increasing 

temperature will not only cause decreased latent heat, liquid viscosity, surface tension, liquid density and 

increased (∂P/∂T)sat, all of which are favorable to higher driving forces, but also increased vapor density, 

which is unfavorable to driving forces. Generally, increased TII° leads to better thermal performances of 

FPPHPs. But the counterpart can be lower critical heat flux before dry-out, due for example to lower capillary 

forces. The single influence of TII° lies in the variation of thermophysical properties of the working fluid inside 

the device.  Testing their FPPHP with water, Facin et al. [Facin,18] observed lower thermal resistance at 40°C 

cold source temperature than at 20°C; in horizontal inclination, however, the device started operating only 

when power inputs was higher than 200 W. For higher cold source temperatures, the device would start up 

more easily. The same conclusion was reached by Pagnoni et al. [Pagnoni,18b], as can be seen on figure 22b; 

between 5°C and 40°C cold source temperature, the device operates more proficiently with increasing 

temperature, particularly in the case of ethanol, compared with FC-72, for which, contrary to the trend shown 

in figure 21b, thermal resistance variations are rather low. In their micro-FPPHP, Kamijima et al. 

[Kamijima,20] compared the performances of their device at 20°c and 40°C. The results, presented in figure 

14b of section 3.1.2, confirm the better results obtained at 40°C compared to 20°C. However, premature dry-

out also occurred at the higher temperature. 

Lastly, in addition to efficiency, safety, compatibility with the solid substrate, environmental and security 

issues have got to be considered when choosing the working fluid according to a specific application. This can 

drastically reduce choice, one example being the use of dielectric fluid for electronic cooling applications.  

Long-life operation is also a key point, and Taft tested the influence of non-condensable gases (NCG) 

appearing during one year on non-operation. It was found that while the addition of NCG did not prevent 

operation, it degraded thermal performances, producing an overall rise in the steady-state evaporator 

temperature and thermal resistance [Taft,13]. 

(a) (b) 
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4 Performance improvement 

Some of the multiple attempts to enhance heat transfer intensification on pulsating heat pipes are 

proposed below. This presents the interest of showing different ways of improving heat transfer performances 

of such devices on the basis of the main parameters exerting a physical influence on their operating behavior. 

One of the great interests of flat plate pulsating heat pipes is that the design and configuration of the channels 

can be easily formed by machining while remaining two-dimensional. However, now 3-D structures can be 

easily obtained by additive manufacturing, which opens a wide range of improvements. 

4.1 Structural design 

4.1.1 Non-uniform channels 

Some authors have striven to improve FPPHPs heat transfer performances, particularly given the fact that 

PHPs with fewer turns generally fail to operate at horizontal orientation because they are lacking in gravity 

assistance [Shafii,01]. For this purpose, Chien et al. [Chien,12] proposed a new concept by varying the 

channel hydraulic diameter of the PHP; additional un-balancing capillary force may consequently prevail in 

bundles of adjacent channels, thereby promoting fluid motion along the PHP and amending the loss of gravity 

contribution. Fig. 23 presents a schematic view of alternate channel configuration ([Jang,19], figure 23a-c) 

and a representation of various forces acting on a bubble located at a bend between two channels of different 

dimensions ([Yang,15b], figure 23d). Yang et al. explain that increased pressure Pvap of a growing bubble 

under evaporation causes bubble growth. As viscous (Ff,Dh) and capillary (Fcap,Dh) forces are two major  

hindrances to the forward motion of the slugs, the narrower channel (figure 23d) causes higher flow resistance 

and capillary forces, thereby blocking the expanding vapor slug interface. The bubble is consequently forced 

to grow along the wider channel, leading to a preferential flow in a specific direction. Chien et al. have 

compared two similar devices - one with uniform channels (2x2 mm²) and the other with alternating 

dimensions (“non-uniform”: (w1-w2)xh on figure 23b: (1-2)x2 mm²) – filled with water with filling ratios 

between 40% and 70%, and orientations between horizontal and vertical BHM. The authors showed that 

inclination has a lower impact on the thermal performances of “non-uniform” FPPHPs than on uniform ones 

[Chien,12]. Similarly, Yang et al. [Yang,15a-b] tested two silicon-based micro-FPPHPs (both of them “non-

uniform”, (0.3-0.5)x0.25 mm²) filled with pure water (70%) and pure methanol (80%) in vertical BHM. The 

micro-FPPHP filled with water failed to operate, but with methanol, pulsating two-phase flow was achieved, 

accompanied by decreasing thermal resistance of the micro-FPPHP with increasing input heat power, without 

encountering dry-out due to the high FR. Shi and Pan [Shi,16] found that their FPPHP with alternated channel 

widths ((1-1.5)x1 mm², N = 17) had better performances than an FPPHP with uniform channels (1x1 mm², N 

= 40), whatever the filling ratio and the fluid (acetone, ethanol). Markal and Varol [Markal,20] also tested an 

alternated-channels FPPHP ((1-2)x2 mm²) to evaluate the performances of binary mixtures (see section 4.2). 
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On this basis, Jang et al. [Jang,19] conducted an optimization study comparing five different channel 

configurations (3 uniform: 0.82x0.3 mm² to 3.25x0.3 mm²; and 2 non-uniform: (0.82-3.25)x0.3 mm² and 

(1.55-3.25)x0.3 mm²; figure 23a-c) in the aim of developing a model for mobile electronic applications (see 

section 5.1). Based on the observation that FPPHP with non-uniform channels ((1.55-3.25)x0.3 mm²) clearly 

yielded the lowest thermal resistance, owing to the increased driving force with optimized channel geometries 

and asymmetric structure, they designed a “finished” ultrathin graphite/Mg FPPHP with the same channel 

dimensions (0.5 mm overall thickness and FC-72 as working fluid): the thermal resistances were, in vertical 

BHM and horizontal orientations, 63%, and 56% lower, respectively, than those of an equivalent graphite 

sheet. 

 

     

Figure 23: Schematic of FPPHPs with (a) symmetric channels and (b,c) asymmetric channels [Jang,19]; and (d) 

representation of various forces on a growing and collapsing vapor slug in the evaporation section [Yang,15b] 

4.1.2 Non-uniform heating 

To go further, on the basis of alternated channel dimensions (non-uniform: (0.5-1.5)x0.5 mm²), Lim and 

Kim [Lim,19a-b] imagined different specific channel layout configurations compared to classical straight 

channels in the evaporator zone. The channel layout configurations can be seen on figure 24a;  the first 

objective is to rearrange the channels so that they all partially overlap with a “spot” heating section (small 

heating area, as in electronics); the second objective, studied via the different channel configurations, is to 

promote non-uniform channel heating conditions, providing better thermal performance than uniform heating 

patterns. The proposed concept of effective dissimilarities was previously validated by Mangini et al. 

[Mangini,17] by applying non-uniform heating patterns in a tubular PHP. By distinguishing 5 different 

heating sources at the top of the five U-turns of the evaporator zone, the authors showed that heating up the 

tubes non-uniformly at the evaporator leads to preferential direction fluid circulation, improving thermal 

performances, especially for the lower heat powers tested. Moreover, non-uniform heating configuration has a 

beneficial impact. In one case [Lim,18][Lim,19], the difference in heating power was transformed into a 

difference in heated lengths of the channels in the evaporator section. Figure 24b shows the thermal 

(a) (b) 

(c) 

(d) 
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resistances of the FPPHPs, filled with HFE-7000 and tested in horizontal orientation, as functions of input 

heat power; it was found that the evaporator temperature and the thermal resistance of the micro-PHP with 

uniform channel layout (case 1, figure 24a) were much higher than those of all other randomly-arranged 

configurations (cases 2-6). Case 5 has the lowest thermal resistance, 32% lower than that of the uniformly-

arranged FPPHP. Not only the thermal performances but also the operating range is greatly extended (from 7 

W -case 1- up to 12 W -cases 3, 5 and 6- maximum input power). Another FPPHP heat spreader with complex 

channel layout was tested by Laun et al. [Laun,15] and can be viewed in section 5.1 (figure 32a). 

 

  

Figure 24: (a) Channel layout configurations; (b) corresponding thermal 

performances of the MPHPs tested in horizontal orientation [Lim,19] 

4.1.3 3D configurations 

In order to increase the channel-to-heating/cooling surface ratio (maximizing the number of channels per 

unit area and minimizing the overall dimensions of the device), several authors have designed 3-dimensional 

multi-layered flat plate PHPs [Thompson,09][Thompson,11a][Ibrahim,17][Natsume,13]. Furthermore, the 

concept of deviating from the traditional planar PHP design to a 3-D (non-planar) PHP would increase gravity 

participation, thereby enhancing the PHP restoration/instability forces regardless of operating orientation 

[Charoensawan,10]. Thompson et al. [Thompson,09] proposed a 3-D FPPHP with two layers of channels 

(square, 0.762x0.762 mm²), all of them interconnected with one other, including 15 U-turns per layer; at the 

end of each layer, a circular channel allows the fluid to flow within another channel. While they did not test 

the device in horizontal orientation, they found comparable performances in vertical BHM and horizontal 

edge orientations and filled with acetone. The different temperature oscillation modes between two 

orientations indicate that the device remains partially influenced by gravity. Furthermore, the high-channel 

density design has proven to be suitable for high heat flux applications, up to 20 Wcm
-2

. Thompson et al. 

(a) (b) 
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[Thompson,11a] tested another device with 8 U-turns distributed over two layers of 1.175x1.7 mm² 

rectangular channels (figure 25a-c). Filled with water and acetone (FR = 73%) and taking into account two 

heating areas (11.49 cm² and 1 cm²), the 3-D FPPHP operated successfully during all investigated experimental 

conditions (horizontal and vertical BHM). The small heating area showed that the device could efficiently manage heat 

fluxes as high as 300 Wcm
-2
. Ibrahim et al. [Ibrahim,17] designed a 4 layer 3-D FPPHP made of titanium alloy 

(Ti-6Al-4V, figure 25d; see manufacturing in section 5.3), with the particularity of circular channels (1.52 mm 

diameter, four U–turns per layer, see figure 25d). Filled with water, Novec® 7200, acetone or n-pentane, the 

device operated efficiently, almost independently of orientation (vertical BHM, horizontal, vertical THM). 

However, they also concluded that there existed an optimum number of layers within the FPPHP of which the 

total depth should not exceed the “thermal penetration depth”. As a result of the heat source and the diffusivity 

of the solid, this depth can be defined as the depth above which the temperature remains unchanged, thereby 

rendering the inner layers unnecessary for heat transfer. Depending primarily on the internal fluid heat transfer 

coefficient and external cooling rates, the thermal spreading resistance of the evaporator/condenser material 

should be taken into consideration during design. 

 

   

Figure 25: 3D multi layered FPPHPs: (a) photograph, (b) scheme and (c) inter-channel configuration 

[Thompson,11a]; (d) Ti-6Al-4V additively manufactured multi-layered FPPHP [Ibrahim,17] 

4.1.4 Tesla valves 

Following the concept of ball check-valves within the adiabatic section in tubular PHPs [Rittidech,07], 

Thompson et al. [Thompson,11b] [Thompson,11c] and, more recently, Wits et al. [Wits,18] installed Tesla-

type check valves within FPPHPs for fluid flow rectification; Tesla valves (TVs) are non-moving-parts valves 

that connect in-parallel to a channel containing circulating fluid, and they are capable of promoting net 

circulation flow by creating a higher pressure drop in the backward direction, mainly by jet flow interaction at 

the valve exit [Thompson,11b]. One example of FPPHP rectified with Tesla-valves on surrounding channels 

can be seen in figure 26b. The two authors compared their device to a similar “regular” one, without TV. If 

Thompson et al. found that the presence of TV promoted a circulatory flow direction absent in the regular 

(b) (a) 

(c) 

(d) 
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device, and also found that TV-FPPHP thermal resistance was reduced by approximately 15-25% when filled 

with water (for a 6 TV / 6 turn copper FPPHP) [Thompson,11b][Thompson,11c], one can see on figure 26c 

that the effect is largely mitigated in [Wits,18]. Indeed, their device (2 TV / 6 turn stainless-steel FPPHP) did 

not operate properly in horizontal orientation (except for ammonia at low input heat powers) and, tested in 

vertical BHM, the TVs did not provide the performance improvement expected from one-directional 

circulation. This is particularly true in the case of ammonia, for which the heat transfer performances are so 

high that the effect of the TVs appears to be non-existent (on figure 26c, only FPPHP filled with methanol 

seems to be slightly promoted by TVs, but the effect is much less effective than that of the working fluid using 

ammonia): in that case, the thermal performances are much more affected by the fluid change than by the 

presence of TVs. As a result, use of such valves to improve performances of FPPHP remains questionable, 

and the number of valves must be considered when designing FPPHPs. 

 

  

Figure 26: (a) Regular and (b) tesla-type check valves FPPHPs; and (c) overall 

thermal resistances in vertical BHM for three working fluids [Wits,18] 

4.1.5 Liquid supply to the evaporator 

Finally, other techniques have been used by authors searching to increase heat transfer rate by different 

ways. Among them, let quote the study of Sedighi et al. [Sedighi,18] who placed additional dead branches 

(AB) below the evaporator section (figure 27a). Since one end of the branch was closed, generation and 

expansion of bubbles push up liquid slugs and drew the circulated cold fluid into the branch, on the basis of 

the bubble pump effect (successive discharging and suction –mixing and filling- phases of liquid slugs in the 

dead branches). Experimental comparison with a conventional FPPHP (without AB) demonstrated better 

performances for the device with AB (around 18% lower average resistance at a 50% filling ratio), 

particularly in the low input power ranges. In order to improve PHP dry-out limitations, Chauris et al. 

[Chauris,18] proposed a remote electro-hydro-dynamic pump (“EHD”, without mechanical parts), between 

two branches of the evaporator and the condenser sections (figure 27b). By bringing liquid from cooled to 

heated zones, this EHD allows a restart of the oscillations due to local evaporation, but at the cost of an 

(a)
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) 
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additional source of energy (a few milli-watts). The authors showed that the EHD pump can enhance FPPHP 

start-up and control the temperature of the evaporator zone. Finally, Smoot and Ba [Smoot,11] presented a 

hybrid FPPHP in which the channel is formed by a wick structure (50 μm sintered copper powder) rather than 

a typical solid wall. When heat is applied, evaporation from the wick takes place and builds vapor pressure 

between the liquid plugs located near the evaporator, causing motion similar to that occurring in conventional 

PHPs. They highlighted a significantly decreased start-up heat power requirement compared to typical PHPs, 

with the highest peak performances found for acetone, and a wider usable heat power input range for water as 

working fluids. However, compared to the first technique, the last two techniques are effective, but work to 

the detriment of the simplicity of FPPHP development, and shall be considered only once the limits of the first 

technique have been reached. 

 

   

Figure 27: (a) FPPHP with additional branches in the evaporator section [Sedighi,18]; 

and (b) FPPHP with remote EHD pump [Chauris,18] 

4.2 Modification of fluid and fluid/solid properties 

4.2.1 Effect of the internal channel surface wettability 

Several authors have attempted to modify the internal surface of tubes or channels with hydrophilic or 

hydrophobic coatings in order to influence the wettability of fluid/solid couples, thereby influencing the thermal 

performances of PHPs. Water has been particularly targeted for its good thermophysical properties, but is often 

ineffective, particularly at low input heat powers, due to its low wettability with many surfaces. On the one 

hand, Hao et al. [Hao,14a] investigated heat transfer and slug motion for hydrophilic and pure copper 

channels of FPPHPs, and found that the thin liquid film at the end of a receding liquid slug increased with 

surface wettability (i.e. with an hydrophilic surface coating). On the other hand, Khandekar et al. 

[Khandekar,02] maintained that a surface with negligible dynamic contact angle hysteresis should be 

preferred in PHPs, the objective being to reduce capillary resistance under slug flow conditions. Using 
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) 

(b) 
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superhydrophobic coatings to produce drag reduction (with negligible contact angle hysteresis) in both 

laminar and turbulent flows [Rothstein,10], Hao et al. [Hao,14b] carried out their study by comparing three 

similar copper FPPHPs filled with water: one with pure copper surface (I), one with superhydrophilic (CuO 

coating layer) evaporation zone and superhydrophobic (C18H38S coating layer) condensation zone (II), and the 

last with uniform superhydrophobic surface (III). It appeared that the device with both hydrophilic and 

hydrophobic coatings (II) presented a stronger oscillating motion and lower thermal resistance, (about 5-20%), 

in comparison with that of copper FPPHP (I). However, heat transfer performance was significantly decreased 

in the uniform superhydrophobic device (III). 

4.2.2 Self-rewetting fluids 

More recently, several authors have demonstrated the benefits of self-rewetting fluids (SRWF) instead of 

pure water, particularly in pulsating heat pipes: SRWFs are mixtures of which the surface tension increases 

with temperature above a certain threshold value (see figure 28a). As regards SRWFs on heated surfaces, 

liquid/vapor interfaces and temperature gradients should lead to surface tension-driven convection, preventing 

dry-out of the heated surface. Figure 28b-e shows a comparison between the flow structures of water and a 

water / 5% butanol SRWF mixture, near the contact line of evaporating menisci in a capillary heated tube (1 

mm inner diameter) under the same operating conditions [Sefiane,20]. For water (b,c), there is only a slight 

liquid supply flow from the central part to the meniscus corner, whereas for SRWFs (d,e), convection appears 

more effective; the temperature-induced thermo-capillary flow, or reversed Marangoni flow, leads cool liquid 

at the center of the meniscus to move towards the hot region of the tube. The evaporation rate appeared higher 

for SRWF than for pure fluids. The Marangoni effect becomes more pronounced when fluid temperature 

exceeds critical temperature. However, due to the overall fluid motion during normal operation, questions can 

be raised on the effective performances of SRWFs in PHPs compared to the enhancement brought to static 

evaporative meniscus in capillary structures. 

 

  

Figure 28: (a) Temperature-dependence of the surface tension of a SRWF mixture compared to both 

mixture constituents; flow structure (liquid side) near the meniscus during evaporation in a tube: (b,c) 

(b) 

(d) 
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water, Tw = 75°C and (d,e) water / 5% butanol mixture, Tw = 75°C [Sefiane,20] and (f) thermal 

resistance as function of heat power for 4 SRWF concentrations [Yamagani,16] 

Fumoto and Kajawi [Fumoto,09] and Yamagami et al. [Yamagami,16] tested mixtures of water with 

different concentrations of butan-1-ol as working fluids in FPPHPs. The first results showed that, tested in 

vertical BHM, the effect of butan-1-ol concentration on the operation of the FPPHP is quite low, but that 

better thermal performances are obtained for the highest concentrations (up to 1% in weight) [Fumoto,09]. 

Furthermore, the maximum input heat power before dry-out was significantly increased with higher butan-1-

ol concentrations. Yamagami et al. [Yamagami,16] also observed that performance is only modestly enhanced  

when a given concentration of butan-1-ol is exceeded in BHM (figure 28f). Nevertheless, Cecere et al. 

[Cecere,18] tested a FPPHP filled with a SRWF mixture composed of water and 4 wt.% of butan-2-ol during 

the 65
th
 parabolic flight campaign of ESA. They found that, tested in vertical BHM, the FPPHP had poorer 

thermal performances with SRWF than with water under normal gravity conditions, but that under 

microgravity, it appeared to operate with much better performances than with water. Visualizations showed 

that for water, during microgravity conditions the fluctuations are stopped and that liquid accumulates at the 

condenser section, while in only one or two channels, liquid plugs move towards the evaporator.  

 

   

Figure 29: Flow regime for: (a) water, and (b) SRWF, under vertical BHM in a copper FPPHP [Cecere,18]; 

and (c) resulting temperature differences under normal ((Tev – Tcd), dotted lines) and microgravity (ΔTev,μg, 

continuous lines) conditions 

Figure 29a-b shows the liquid slug flow patterns for water and SRWF [Cecere,18]; on the one hand, the 

contact angle of water/copper is high and water does not properly wet the wall; on the other hand, with butan-

2-ol the contact angle is strongly reduced and thin liquid films are clearly visible along the corners of the 

walls. During operation in microgravity phases, the liquid re-wet several times the evaporator zone triggering 

the oscillating regime. Plotting the difference of temperatures between averaged evaporator zone and averaged 

condenser one in vertical BHM and normal gravity ((Tev – Tcd), dotted lines, figure 29c), the relative 

evaporator temperature appears to be the lowest for water, even when compared to FC-72 tested during a 

(a) (b) (c) 
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previous parabolic flight campaign in the same device [Ayel,19]. That said, the mean evaporator temperature 

increases during the transient periods of 22 s of microgravity (ΔTev,μg, figure 29c) are apparently much lower 

with SRWF than with water, showing clear improvement in thermal performances using SRWF with butan-2-

ol under the relevant operating conditions (also in horizontal orientation). 

4.2.3 Binary mixtures 

However, not only SRWF mixtures but also binary mixtures, without self-rewetting effect, enhanced 

thermal performances of FPPHPs compared to pure fluid performances. Markal and Varol [Markal,20b] tested 

mixtures of ethanol and n-pentane with different concentrations (volume mixing ratios Veth/Vpent of 1:1, 1:3 

and 3:1) in an alternated channel width FPPHP ((1-2)x2 mm²). The mixture with volume ratio of 1:3 appeared 

to yield the best thermal performances compared to other mixing ratios (3:1 ratio being the worst), both in 

both vertical and horizontal orientations, and they did so for two filling ratios (30% and 60%). For the authors, 

boiling point, latent heat, surface tension and dynamic liquid viscosity values were significantly lower for n-

pentane compared to ethanol. On the other hand, saturation pressure variation with temperature (dP/dT)sat is 

far greater for n-pentane than for ethanol, better promoting the flow motion. These analyses remain to be 

validated due to the difficulty of differencing phenomena in such complex systems. By the same token, a 

question is raised in the study by Slobodeniuk et al. [Slobodeniuk,20] on the actual origin of the FPPHP 

performance improvements using SRWFs [Fumoto,09], [Yamagami,16] and [Cecere,18]: Do the observed 

enhancements come from the self-rewetting effect, or simply from better wettability using such mixtures 

rather than pure water, or do they come from other factors associated with thermophysical properties as 

described above in [Markal,20b] (increasing (dP/dT)sat, etc.). Comparisons of aqueous mixtures of water with 

5 wt. % of butan-2-ol and with 20 wt. % of ethanol (both mixtures having approximately the same surface 

tensions at 40-50°C), tested in a copper FPPHP at 50% filling ratio showed very similar performances for the 

two fluids, and much better performances than with pure fluids when tested in horizontal inclination; due to 

the gravity forces that help the liquid to flow back to the evaporator, becoming less influenced by surface 

tension forces, the vertical BHM does not yield similarly conclusive results. 

To sum up, improving the thermal performances of FPPHPs by combining different fluid mixtures 

according to their properties seems quite promising, especially in terms of ease of implementation. 

4.2.4 Nanofluids 

Several authors have tested the influence of nanofluids inside tubular PHPs, but very few have provided 

comparable testing inside FPPHPs. Wu et al. [Wu,16] tested an FPPHP using ethanol mixed with fullerene 

C60 nanoparticles with concentrations between 0.1 and 0.3 wt. %. They observed real improvement of 

thermal performances with increasing concentrations (R, figure 30a), a finding that can be explained by an 

intensification of boiling and condensing processes, particularly at low heat loads (up to 35% lower thermal 

resistance compared to pure ethanol for 0.3 wt. % concentration, at 20 W). On the other hand and against all 
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odds, notwithstanding the better performances the maximal heat power attained before dry-out was severely 

decreased, with increasing concentration of nanoparticles (Qcr, figure 30b). They explain this phenomenon by 

an increase of active nucleation sites resulting in sharper liquid boiling, rendering the FPPHP easier to dry out. 

This point becomes critical and needs to be analyzed if the use of nanoparticles is to be considered. 

 

  

Figure 30: (a) Thermal resistance as function of input heat power for different nanoparticles concentrations, and (b) 

critical heat power vs. nanoparticles concentrations (2x2 mm², ethanol, FR = 50%, orientation: 50°) [Wu,16] 

5 Applications and manufacturing 

Due to their specific shape and manufacturing process, flat plate pulsating heat pipes should be 

considered differently from tubular PHPs with regard to applications. By allowing good contact between the 

two surfaces, their external flat shape makes them suitable for removing heat from flat hot sources such as 

dissipative electronic components. They can also be used as efficient thermal spreaders. Conversely, their 

disadvantages lie in lower capability of integration flexibility compared to tubular PHPs, and probably higher 

mass due to continuity of solid material between the channels in the massive plates. Moreover, they can 

generally not be considered as enhanced heat exchangers between two fluids such as TPHPs. 

5.1 Electronic cooling 

As mentioned above, one of the most promising fields of application for FPPHP is in dissipative 

electronic component cooling. Mehta and Mehta [Mehta,16] proposed a short review of the development of 

FPPHP products with emphasis on its applications in heat spreading, heat sinking and electronic cooling over 

the coming years. Li and Jia [Li,13] experimented with aluminum flat plate PHPs combined with natural 

convection fins for cooling high-power LED (up to 100 W). They showed that a high-power LED could be 

cooled by an FPPHP with a finned area through natural air convection, with pronounced influence of the fins 

area. Boswell et al. [Boswell,15] investigated light weight heat sink embedded with an FPPHP for thermal 

management of circuit credit card assembly. Mehta [Mehta,20] tested an FPPHP embedded in a massive 

aluminum heat sink for MOSFET (Metal Oxide Semiconductor Field Effect Transistor) cooling (Fig. 31a). It 

(a) (b) 
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was shown that the device was able to transfer heat with acetone as working fluid in vertical orientation 

through natural convection. Of course, FPPHP can be mixed with other solutions such as a vertical radiator 

with plane evaporator end and multi-pulse condenser ends for CPU cooling applications [Guowei,19]. And 

Laun et al. [Laun,15] developed a radial FPPHP, with very complex channel configuration, to study the effect 

of central heating of a 30x30 mm² heat source on the 100x100 mm² heat spreader (figure 32a). Heat power 

reached 525 W, corresponding to a heat flux of 58 W/cm². 

 

     

Figure 31: (a) FPPHP embedded in heat sink for MOSFET cooling [Mehta,20]; (b) spreader 

FPPHP for power electronics and (c) laser diode in communication and defense systems 

(Courtesy of ThermAvant Technologies, LLC) 

Concerning micro-electronic cooling, miniature flat plate PHPs are presented on figure 31b-c 

[Thermavant,21]. Jang et al. [Jang,19] showed thermal performance improvement of an ultrathin FPPHP 

(0.4 mm thick) against an equivalent graphite sheet for use in mobile electronic devices (see section 4.1 and 

figure 23a). They designed an optimized prototype made of magnesium covered by a thin graphite sheet, 

which, filled with FC-72, displayed thermal resistance lower than that of the pure graphite sheet. They 

concluded that flat plate pulsating heat pipes are highly recommended for the cooling of mobile electronic 

devices owing to their higher thermal performances at all inclination angles. 

 

          

Figure 32: (a) Radial heat spreader FPPHP [Laun,15]; and (b) two PCBs with 

an exposed embedded meandering mini-channel [Kearney,16] 

(a) (b) 

(a) (b) (c) 
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Kearney et al. [Kearney,14] and [Kearney,16] tested an embedded FPPHP for integrated electronic 

cooling applications (figure 32b). The device was directly machined in the FR4 substrate of a PCB (Printed 

Circuit Board) for direct integrated cooling, and the inner walls were coated with a nickel-based layer of 

several microns, ensuring impermeability and low surface roughness. While their experiments with ethanol, 

Novec 649 and Novec 774 clearly demonstrated the potential of such prototype as a heat spreading device, the 

authors concluded that further investigations were necessary in order to achieve greater heat flux (up to 50 

W.cm
-2

) in integrated power cooling electronic applications. 

5.2 Other fields of applications 

5.2.1 Space and transport applications 

Flat plate pulsating heat pipes have been considered for space applications, using the same kinds of 

electronic component cooling as in the previous section, but with a microgravity environment 

[Gu,05][Taft,15][Belfi,18]: Taft and Irick [Taft,19] present the feedback of six months of space flight 

experiments with their ASETS-II (Advanced Structurally Embedded Thermal Spreader) aluminum Pulsating 

Heat Pipes. The extensive data set comparison between three devices, filled with butane and R134a and tested 

in microgravity aboard the X-37B reusable space plane, showed expected heat transfer performances 

compared to ground tests. More specifically, the FPPHPs experienced no significant hysteresis effects and 

performed steadily and successfully during a continuous six-week-long operation. Similarly, Ayel et al. 

[Ayel,15a] tested a copper flat plate PHP filled with FC-72 (with 1.6x1.7 mm² channel dimensions) on ground 

and in hyper –and micro-gravity conditions during the 60
th

 parabolic flight campaign of the ESA. They 

showed that tested in horizontal inclination, the FPPHP was not influenced by changes of gravity levels, 

particularly during the 22 s of microgravity, confirming that such a system can be an efficient candidate for 

thermal control in different space applications, once a greater channel size will has been combined with a 

sufficient number of turns. Further investigations have been conducted by the same authors 

[Ayel,18][Ayel,19], performing visualizations of flow patterns in copper/borosilicate glass FPPHPs filled with 

FC-72 (during ESA 62
nd

 and 64
th
 parabolic flight campaigns), and showed that heat transfer performances 

seem to increase with increasing channel hydraulic diameter under microgravity conditions, up to a certain 

limit associated with the fluid and its corresponding critical diameter, taking inertial and viscous forces into 

consideration. According to Taft et al. [Taft,15], when a PHP is not terrestrially independent, it is likely to 

perform better in a microgravity environment. 

FPPHPs should also be seriously considered for transport applications. For example, Manno et al. 

[Manno,15] tested a flat plate copper PHP in specific operating conditions to evaluate its thermal performance 

and behavior in accordance with possible application in automotive engineering for thermal management of 

hybrid electric vehicles’ crucial components (electronics, batteries, etc.). They tested their device filled with 

ethanol under different orientations, particularly during transient tests simulating the variations of vehicle 
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stability by dynamically varying the pitch (±22.5°, along the longitudinal axis of the device) and roll (±22.5°, 

around the median longitudinal axis) angles. The results show that FPPHP thermal response is positive when 

pitched up in favorable gravity conditions, and vice versa. Variations of roll angle lead to acceptable 

variations of the temperature of the device. 

5.2.2 Various applications and heat recovery 

Several industrial manufacturers now offer FPPHPs for different cooling applications: heat sinks, 

including air or liquid cooling, heat spreaders, including power electronics and amplifiers, and laser diodes in 

industrial communication and defense systems and thermal straps, for high-power, temperature-sensitive 

devices, including long-distance to flexible 3-D structures [Thermavant,21]. Among less likely applications, 

Chao et al. [Chao,13] successfully adopted a specific design of defrosting plates using FPPHPs to substitute 

for the design using traditional heat pipes, and Natsume et al. [Natsume,13] tested a flat-plate cryogenic PHP 

filled with H2, Ne and N2 to improve HTS (“High Temperature -20-77 K- Superconductors”) magnet cooling. 

The very good performances of these fluids at such low temperatures (from 18 K to 84 K) has prompted 

consideration of PHPs and FPPHPs for cryogenic applications. 

Finally, another important field of applications in the current context of sustainable development lies in 

thermal management of renewable and conversion energy systems, often involving electric dissipative 

components. Alizadeh et al. [Alizadeh,20] proposed a flat plate PHP to reduce the rear surface temperature of 

a photovoltaic solar panel by comparing different architecture scenarios using air convection or water flow 

channels to cool the condenser. Another approach was proposed by Zabek et al. [Zabek,16], using outer wall 

driven temperature fluctuations from FPPHPs for waste heat recovery and thermal energy harvesting, by 

means of pyroelectric generators that can effectively charge a storage capacitor to convert thermal energy 

from high frequency temperature oscillations, thereby generating electrical energy that would be available for 

discharge. While the amount of electrical energy would be very low, the couple has the potential to cover 

ranges from watts to kilowatts of heat power, and is capable of replacing conventional blower fans and large 

sized heat sinks and providing electrical power from μW to mW, for wireless sensor nodes, internet of things 

devices, and battery-less technologies. Of course, the list of potential applications is very long and virtually 

any system can be imagined as soon as energy production/conversion systems can ensure thermal 

management. 

5.3 Process manufacturing 

5.3.1 Milled/engraved substrates bonding 

FPPHPs can be easily obtained from a base plate machined with a single channel wound in a serpentine 

between two ends, and covered with a second plate of the same dimensions (except thickness). Both plates 

have to be brazed on the edges and between channels to guarantee perfect sealing from outside and from 
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adjacent channels relative to one another. While this is the most common way, some authors propose other 

fabrication processes to be described hereinafter. Facin et al. [Facin,18] and Betancur et al. [Betancur,20] 

fabricated copper FPPHPs using diffusion bonding process; the two flat plates are mechanically pressed and 

subjected to thermal cycle at temperatures closed/below the melting point (about 0.7Tmelt), under a high 

vacuum environment (< 10
-6

 Torr). The advantages reside in solid state union of the plates at microscopical 

level, so that the united surfaces present the properties of the bulk material, thereby avoiding the use of filler 

material as in conventional soldering/brazing. Taft et al. [Taft,15] used ultrasonic consolidation (UC) to 

manufacture their FPPHP; UC is an additive/subtractive manufacture technique that allows for the creation of 

high-strength materials with internal features that significantly exceed the strength-to-weight ratio of many 

current aerospace materials. In the FR4-FPPHP of Kearney et al. [Kearney,16], low thickness nickel-based 

layers are diffusion-bonded together, forming a monolithic substrate encapsulating the PHP. 

Another method presented by Lin et al. consists in molding Polydimethylsiloxane (PDMS, the most 

widely used silicon-based organic polymer) [Lin,08], and PDMS with copper powder in order to increase 

thermal conductivity, PDMS being a heat insulation material [Lin,09]. The original mold was obtained from 

milling an aluminum plate. The device facilitated (a) visualizations of flow pattern using methanol and 

ethanol as working fluids and (b) parametric investigation of its performances. 

5.3.2 Additive manufacturing 

Belfi et al [Belfi,18] describe an embedded FPPHP built by additive manufacturing technology, on the 

basis of 3D objects made from adding layer-upon-layer of material. According to them, the most suitable 

techniques are direct metal laser sintering and direct metal laser melting, both of which use lasers to 

completely or partially melt an ultra-thin layer of metal powder on a print bed. In their paper, the powder 

material chosen is CL 31AL, and they tested two levels of printing layer definition: 25 μm (high) and 50 μm 

(standard), highlighting the capability and the limits of such technique. By the same token, Ibrahim et al. 

[Ibrahim,17] employed the laser powder bed fusion additive manufacturing method to fabricate a multi-

layered titanium alloy (Ti-6Al-4V) 3D pulsating heat pipe including four layers of circular channels (see 

figure 25d, section 4.1), using gas atomized spherical particles with a diameter range of 15-45 μm. Additive 

manufacturing provides a unique opportunity to build heat transfer devices with better matching coefficients 

of thermal expansion, “CTE” (the CTE of titanium being much closer to silicon than the CTE of copper or 

aluminum in direct cooling of electronic components) and higher melting temperatures, but also with low 

thermal conductivity (6.7 Wm
-1

K
-1

), which can be damaging according to the heat flux level. In parallel, 

Hideyama et al. [Hideyama,18] manufactured a transparent FPPHP using 3D printing technology and  

Acrylonitrile Butadiene Styrene (ABS) filament as a material. Tests with HFE-7000 confirmed the pulsating 

behavior of the device, but heat transfer performances required additional experiments to optimize the thermal 

design. 
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5.3.3 Flexible FPPHPs 

Lastly, Der et al. [Der,18] presented a new kind of FPPHP, the “pulsating heat stripes”, having no 

equivalent among state-of-art commercial or research-based heat transfer devices; a thin, low-cost flexible and 

lightweight FPPHP was obtained by assembling three layers of composite polypropylene sheets joined 

together by selective laser welding (figure 33a). Tests performed with FC-27 as working fluid showed a six-

fold increase of equivalent thermal conductance in comparison with a single polymer plate of same 

dimension, thereby suggesting a promising way to address the demand for heat transfer devices characterized 

by low weight, small thickness, low cost and high mechanical flexibility. More recently, Jung et al. [Jung,20] 

developed another kind of flexible FPPHP composed of a 0.5 mm thick polycarbonate plate (“PC”, figure 

33b), engraved with 15-turn alternated micro-channels, and wrapped in flexible 70 μm copper-clad-laminates 

(“FCCL”). This packaging prevents the permeation of non-condensable gases from the ambient while 

remaining flexible (figure 33c). Once filled with HFE-7000, the device has a maximum thermal conductivity 

approximately 2.7 times higher than that of copper at a heat flux of 2.8 W.cm
-2
. 

 

  

Figure 33: (a) flexible polymer FP pulsating heat stripe [Der,18]; (b) schematic and 

(c) photograph of bent flexible FPPHP (right) [Jung,20] 

6 Conclusions 

In this paper, an exhaustive review of numerous recent scientific experimental and some theoretical 

studies on thermal and flow behaviors of flat plate pulsating heat pipes, as well as two-phase flows in 

rectangular mini- and microchannels, has been presented, the objective being to improve understanding of 

thermofluidic working principles of rectangular-channel FPPHPs. 

The reviewed papers mainly dealt with the complicated two-phase flow mechanism in the channels of the 

flat plate pulsating heat pipe. As mentioned above, one of the great advantages of FPPHP is the possibility of 

providing complex visual investigations of flow with simultaneous measurements of pressure and temperature 

fluctuations, via both temperature sensors and infrared approaches. A visualization approach has been used by 

authors to determine the flow regime patterns, flow regime transition parameters or/and to understand the 

(a) (b) (c) 
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influence of liquid slug on heat transfer parameters. Few researchers have investigated the influence of 

capillary rewetting in the channel corners on the start-up mechanism and dry-out phenomena. 

Although it is very difficult to provide an overall synthesis on the influence of all the parameters acting 

on their operation, as they are interconnected to each other, the main trends are summarized here: 

 The physical equations that describe the physics of FPPHPs remain similar to classical tubular PHPs. 

But specific supplementary effects (capillary forces in the corners and transverse heat conduction) 

brings new phenomena necessary to take into account. 

 Thin film evaporation is of major importance when considering heat transfer in pulsating heat pipes. 

Authors have shown that the exchanged latent heat was preponderant relative to sensible heat. 

 The square or rectangular shape of the channels leads to capillary pumping in the corners that improve 

the wetting of the evaporation zone and enhances evaporation in comparison with round channels. 

This has been experimentally demonstrated both in single channels and in complete FPPHPs. 

Furthermore, considering equivalent hydraulic diameter, thermal performances of triangular channels 

prove to be better than square channels, and the latter better than circular channels. 

 Visualizations of flow patterns in the overall channels of the devices highlighted mixed flows from 

slug flow to annular flow patterns in vertical bottom heated mode. Nucleate boiling was sometimes 

observed in the evaporator zone, it was accompanied by intense film evaporation, specific to intense 

heat transfer in these zones. In horizontal orientation, dry-out of the evaporator zone has often been 

observed and was attributed to the transverse conduction between channels, resulting in a decrease in 

pressure instabilities and being the motor of the liquid slug motion. 

 Thermal performances depend on many parameters, the first one being heat flux or heat input at the 

evaporator zone: the bigger the heat flux, the better the thermal performances. Like in tubular PHPs, 

other parameters like the working fluid, the filling ratio or the orientation have also an important 

influence on operations. Generally speaking, the more U-turns, the less the FPPHPs are influenced by 

these parameters. 

 Channel hydraulic diameter is also of primary importance and a higher diameter leads to better 

performances while a critical value depending on the working fluid and the operating conditions, is 

not exceeded. 

 The thermophysical properties of the working fluids directly impacts performances. Vapor 

thermodynamic state, although difficult to evaluate between saturated and superheated states, is of 

primary importance for fluid heat and mass transfer modeling. Some authors have proposed some 

Figures of Merit which are relatively well correlated with their experimental results. But an extension 

to other studies has shown that these numbers are not adapted to all situations. 

 Improved thermal FPPHP performances will necessitate attempts to reach unidirectional flow using 

asymmetric channels (different diameters of the neighboring channels), check-valves, pumping 
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systems or additional closed-ended branches in the evaporation zone; an increased number of channels 

in the evaporation zone simulating hot-spot cooling; fluid modification using self-rewetting fluids, 

surfactant and nanoparticle addition evaluating the expected effect of channel wall rewetting, 

wettability increase etc.; and, finally, hydrophobic or hydrophilic coating deposition on the channel 

wall surface in order to modify liquid/solid pair iterations. 

 Due to their design features, flat plate pulsating heat pipes have been developed for electronic cooling 

application. In microelectronic and portable electronic applications, however, FPPHPs with micro-

channels are preferable due to their small dimensions, whereas aerospace and high-power applications 

require more efficient thermal rejection systems capable of rejecting heat to longer distances. 

There have been many disagreements between the works authored by different teams, and even though 

numerical modeling has begun to be efficient, reliable predictive tools are lacking, and there exist virtually no 

correct practical recommendations for FPPHP design. Hence, more studies will be required, primarily 

visualization studies needed to understand the coupling of different phenomena influencing on two-phase flow 

behavior. 

Nomenclature 

a,b Channel cross-section dimensions (m) 

A Cross-section (m2) 

AB Additional Branches 

ABS Acrylonitrile Butadiene Styrene 

BHM Bottom Heated Mode 

Bo Bond number 

Ca Capillary number 

cp,cv Specific heat capacities (J.kg-1K-1) 

CTE Coefficient of Thermal Expansion 

D Diameter, dimension (m) 

E Edge orientation 

EHD Electro-Hydro-Dynamic 

ESA European Space Agency 

F Force (N) 

FCCL Flexible Copper-Clad-Laminates 
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FPPHP Flat Plate Pulsating Heat Pipe 

FR Feeling ratio (%) 

Ga Garimella number 

g gravity acceleration (m.s-2) 

h Heat transfer coefficient (W.m-2K-1) 

h Latent heat (J.kg-1) 

h height, thickness (m) 

H Horizontal 

HTC Heat transfer coefficient 

J Mass flux (kg.s-1m-2)  

L Length, dimension (m) 

m mass (kg) 

M Figure of Merit 

N Number of U-turns 

P Pressure (Pa) 

PDMS Polydimenthylsiloxane 

PHP Pulsating Heat Pipe 

PIV Particle Image Velocimetry 

�̇� Heat flux density (Wm-2) 

�̇� Heat power (W) 

r Radius, radial coordinate (m) 

R Radius (m) 

R Thermal resistance (K.W-1) 

R Specific gas constant (J.K-1kg-1) 

Re Reynolds number 

S Surface (m2) 

SRWF Self-Rewetting Fluid 

t Thickness (m) 
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T  Temperature (°C) 

THM Top Heat Mode 

TPHP Tubular Pulsating Heat Pipe 

TV Tesla Valve 

u,v,w Velocities along x, y and z-axes, respectively (m s-1) 

u,U Velocity (m s-1) 

UC Ultrasonic consolidation 

V Volume (m3) 

w Width (m) 

We Weber number 

x,y,z Cartesian coordinates (m) 

Z Compressibility factor 

Greek symbols 

γ Ratio 

δ Liquid film thickness (m) 

θ Contact angle (°) 

λ Thermal conductivity (W.m-1K-1) 

Λ Poiseuille number 

μ Dynamic viscosity (Pa.s) 

ρ Density (kg.m-3) 

σ Surface tension (N.m-1) 

τ Shear stress (Pa) 

Subscripts 

II° secondary cooling fluid 

a advancing 

avg average 

c,cap capillary 

c center /cavity/covering (plate) 
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cd condenser 

crit critical 

cryo cryothermostat 

d diagonal 

eff effective 

ev evaporator 

f friction 

H heater 

h hydraulic 

i interface 

l liquid 

l-s liquid slug heat transfer 

m machined (plate) 

min minimum 

n nucleus 

r receding 

ref reference 

res residual 

sat saturation 

sens sensible (heat) 

t transverse 

v vapor 

s solid 

th thermal 

theo theoretical 

turns U-turns 

w wall 

μg microgravity 
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τ shear stress 
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Appendices 

A.1 Quantitative comparison of FPPHPs effective thermal conductivities 

In this appendix, a synthesis was carried out on the thermal performances achieved by most authors based 

on the data available in the literature. It is important to specify that only the papers with complete information 

on the geometrical features described in figure A.1-1 concerning operating conditions (orientation, heat input 

or heat power, cooling fluid temperature) and experimental results (effective thermal conductivity, thermal 

resistance or evaporator and condenser temperatures) were selected. They are indicated in the reference 

column of table A1 (appendix A.2) by the asterisks*, for the classically sized FPPHPs, and **, for the micro-

FPPHPs. Two orientations were chosen: horizontal and vertical BHM, and a selection of three values of 

thermal conductivities were extrapolated from each paper, for each orientation and for the overall heat power 

range. 

 

 

Figure A.1-1: Simplified scheme of FPPHP geometrical parameters used for the comparative analysis 

On the basis of the definition of the thermal conductivity λeff presented in section 3, the same parameters 

have been used for all papers, the objective being to make the most accurate and fair comparison possible. 

First, only 1-layer channels FPPHPs, with the evaporator and condenser zones placed at both ends of the 

device, were considered. In the effective thermal conductivity equation below (A-1), Leff is defined as the 

effective length of the device, according to the equation widely used for heat pipe systems (Leff = Lad + (Lev + 

Lcd)/2); �̇� is the heat input; �̅�𝑒𝑣 and �̅�𝑐𝑑 are, respectively, the evaporator and condenser outer wall 

temperatures, averaged in space and time; At is the transverse cross-section of the FPPHP, defined as the 

overall section (At = w.t), taking into account both solid and fluid channel areas. 

 𝜆𝑒𝑓𝑓 = 
�̇�

𝐴𝑡

𝐿𝑒𝑓𝑓

(�̅�𝑒𝑣−�̅�𝑐𝑑)
=

𝐿𝑒𝑓𝑓

𝐴𝑡𝑅𝑡ℎ
 (A-1) 

The first curve which may be presented concerns the overall effective thermal conductivities plotted as 

functions of the heat flux �̇�ev (�̇�ev = �̇�/Aev, with Aev = Lev.w). A choice was made for �̇�ev to be calculated with 

regard to the evaporator plate area Aev, instead of the channel walls-to-fluid area. Indeed, it is certain that the 
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heat flux passes through Aev, whereas the wall-to-fluid area is not precisely defined; longitudinal heat 

conduction through the solid substrate leads to a greater length of the zone, which cannot be preliminarily 

defined. The set of values of λeff as functions of �̇�ev is shown in figure A.1-2, distinguishing the orientation and 

the size of the FPPHP (micro or not), and using a logarithmic scale for the y-axis. If the overall trend shows 

increasing values of λeff with increasing heat flux, it is clear that the values are pronouncedly dispersed, 

ranging from around 72 W.m
-1

K
-1

 for the lowest [Yang,15] (micro-FPPHP, vertical BHM) up to 11x10
3
 W.m

-

1
K

-1
 for the highest [Winkler,20] (vertical BHM). A distinction can be drawn between micro-FPPHPs vs. 

classical ones, and horizontal vs. vertical BHM positions. Generally speaking, higher values are obtained in 

vertical BHM than in horizontal orientation (for both types of FPPHPs), and also the micro-FPPHPs mean 

effective thermal conductivities (mean value in BHM: 370 W.m
-1

K
-1

) are about one order of magnitude lower 

than those of classical devices (mean value in BHM: 2300 W.m
-1

K
-1

). The difference can be attributed to the 

effective length of these devices, which is used in the definition of λeff, is also around one order of magnitude 

lower than for classical FPPHPs. 

 

 

Figure A.1-2: Comparison of effective thermal conductivities vs. heat flux from the literature*,** 

Attempts can be made to plot trends of effective thermal conductivities as functions of Merit numbers 

from the literature. For example, from the expression of the thermal resistance of Kim and Kim [Kim,20], the 

right-hand term of Eq. (17) (section 3.3) corresponding to the so-called residual term, depends largely on the 

FPPHP geometry: 

 𝑅𝑡ℎ ≈ [M𝑃𝐻𝑃]
−116𝛾𝑠𝑒𝑛𝑠 (

𝐿𝑠

𝑆𝐷ℎ
² (𝑇𝑠𝑎𝑡,𝑟−𝑇𝑠𝑎𝑡,𝑎)

) (A-2) 

If one considers that the motor term for evaporation in vapor bubbles is directly proportional to the heat 

flux at the evaporator (replacing (𝑇𝑠𝑎𝑡,𝑟 − 𝑇𝑠𝑎𝑡,𝑎)), that the liquid slug length Ls is of the order of magnitude 
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of the effective length Leff, and the section S is proportional to Dh
2
, another kind of Figure of Merit (named 

“residual” from the terminology of Kim and Kim [Kim,20] when designating the right hand side of Eq. [A-2]) 

could be extracted from the operating condition (�̇�𝑒𝑣) and the geometrical parameters (Leff and Dh):  

 𝑀𝑟𝑒𝑠 = 
�̇�𝑒𝑣𝐷ℎ

4

𝐿𝑒𝑓𝑓
 (A-3) 

Finally, from the numerical study of Noh and Kim [Noh,20], the authors found a Merit number for 

optimum number of turns of a PHP under the constraint of fixed space. Their results indicated that D²N can be 

used as the Merit number designing a PHP when other variables except channel diameter and number of turns 

are fixed. In the literature, all other parameters obviously vary from one case to the other, which makes 

comparison particularly difficult. Nevertheless, on the basis of the two proposed numbers, Figure A.1-3a 

shows the evolution of λeff from the literature as function of Mres calculated for all studies (referenced by * and 

** in table A1). Because the theoretical analysis leading to Eq. (A-2) and (A-3) is based on pure slug flow 

pattern, classical FPPHPs tested in vertical BHM have not been plotted insofar as they may operate under 

annular flow pattern. Except for the horizontal micro-FPPHPs, of which the evolution does not seem linked to 

this parameter, an overall increase of the values of λeff from the literature is noticeable, particularly for the 

largest FPPHPs. On the other hand, figure A.1-3b shows the evolution of λeff as function of the Merit number 

D²N from [Noh,20]. With this number, the results seem more dispersed, and the increasing trend is barely 

distinguishable. However, it allows for a fairly clear distinction between what have been defined as “micro-

FPPHPs” and classical FPPHPs, and seems to justify such a distinction. 

 

 

Figure A.1-3: Comparison of effective thermal conductivities from the literature*,** as functions of (a) Mres; and (b) D²N. 

Lastly, an interesting trend has been highlighted in figure A.1-4: the effective thermal conductivities of 

micro-FPPHPs have been plotted as functions of the ratio between channel hydraulic diameters Dh and the 

capillary length, Lcap, calculated thanks to the fluid thermophysical properties (𝐿𝑐𝑎𝑝 = √𝜎 (𝜌𝑙 − 𝜌𝑣)𝑔⁄ ). 

Interestingly, this ratio does not exceed unity in the literature range for such kind of FPPHPs. Nevertheless, it 

(a) (b) 
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appears that the disparity of effective thermal conductivity values strongly increases with increasing ratio. 

This confirms the idea that increasing the channel diameter enhances the thermal performances of FPPHPs as 

soon as this diameter is not above a critical value, not exceeded in the case of micro-FPPHPs. 

 

 

Figure A.1-4: Effective thermal conductivities of Micro-FPPHPs from the literature*,** as functions of the ratio Dh/Lcap. 
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A.2  Table A1. FPPHPs material, geometrical characteristics and experimental operating 

conditions 
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Material

Overall 

dimensions

Evap. / 

cond. 

lengths Channels Fluids

Filling 

ratio

Heat power 

applied

Cooling 

system T II°

Orientation / 

gravity field

machined plate 

/ covering plate

 wxLx(t m +t c ) 

(mm3)                

Visu. (Y/N)

L ev (mm)                

L cd (mm)

N                        

Shape                          

D (mm) / axb 

(mm²)

%
(W) or 

(W/cm²)

fluid /           

cooling block

[Ayel,14]*
copper / 

borosilicate

125x265x(5+5)           

Y

45                  

67 

12                         

square                       

2x2

ethanol 50 0-100 W
water /     

copper block
20°C BHM / H / E

[Ayel,15a]* copper
120x200x3                 

N

10               

120

12                 

rectangular               

1.6x1.7

FC-72 50 0-180 W

air /          

aluminum 

heat sink

≈ 22°C BHM / H / μg

[Ayel,18]*
copper / 

borosilicate

124x204x(2.5+5)           

Y

10             

160

11                         

square                

2.5x2.5

FC-72 50 0-150 W

air /          

aluminum 

heat sink

≈ 22°C BHM / H / μg

[Ayel,19]*
copper / 

borosilicate

(118-140)   

x204x(2.5+5)              

Y

10             

100

11                         

square               

1.5x1.5-3x3

FC-72 50 0-200 W
water /          

copper block
≈ 25°C BHM / μg

[Betancur,20]* copper

150x208    

x(2.5+2.5)                

N

40                  

82

5                             

circular                       

2.5

water 10-75 20-350 W

water /          

aluminum 

block

20°C BHM / H

[Borgmeyer,07] copper / glass
76.2x76.2x(2.54+?)     

Y

15             

2x15

2x14                      

square                    

1.59x1.59

water    

ethanol    

Flutec PP2      

fluoroinert

50           

80
0-160 W

water /          

aluminum 

block

20°C BHM / H

[Cecere,18]*
copper / 

borosilicate

140x210x(2.5+5)           

Y

10             

100

11                             

square                          

3x3

water          

water / 4% 

butan-2-ol

50 0-200 W
water /          

copper block
≈ 25°C BHM / μg

[Chauris,18]* copper
80x200x(1.5+1)         

N

10             

100

16                              

square                        

1.1x1.1

HFE-7200 50 20-120 W
water /          

copper block
30-40°C H / -5°

[Chien,12]* copper / glass
57x122x5.5                 

Y

15                  

39

8                         

square/rect              

2x2 / 1-2x2

water

40          

50         

60          

70

0-100 W
water /          

cold plate
?

BHM / 60° /         

30° / H

[Der,18] polymer
98x250x1.5               

Y
?

3              

Rectangular               

9x0.7

FC-72 48 0-32 W air ?
bended        

BHM / H

[Facin,18]* copper
150x210x?                 

N

40                  

80

5                             

circ./square              

2.5 / 2.5x2.5

water

40         

50           

60 

20-400 W

water /          

aluminum 

block

20-40°C BHM / H

[Fumoto,09] aluminum
25x145x2                    

N

50                 

50 

6                         

square               

1.26x1.26

water          

water / 0.1-

1% butan-1-

ol

20         

30          

40         

50

0-140 W

air /          

aluminum 

heat sink

22-25°C BHM

[Gu,05] aluminum
250x60x2                   

N

28                  

?

48                      

square                    

1x1

R-134a 50 1.4-5.9 W

air /          

aluminum 

heat sink

? vertical

[Hao,09a]         

[Hao,09b]

copper / 

polycarbonate

?x106x?                       

Y

28                  

36

6                         

square                    

2x2

water 54.4 30-320 W
water /          

cold plate
5-25°C BHM

[Hideyama,18] ABS
34x160x?                    

Y

25                  

25 

7                         

square               

1.3x1.3

HFE-7000 50 4-7 W
water /          

cold plate
4°C BHM

[Ibrahim,17] titanium
38.1x50.8x15.75          

N

25.4                  

25.4

4x4 layers                 

circular                  

1.52

acetone       

water               

n-pentane      

Novec 7200

80 0-50 W

water /          

aluminum 

block

≈ 20°C
BHM / H / 

THM

[Jang,19a]
aluminum / 

quartz glass

60x110x(0.5+?)         

Y

25                  

25 

15               

rect./alternate      

0.5-1.5x0.5     

FC-72 50 0-5 W TEC 25-35°C
BHM / H / 

THM

[Jang,19b]* graphite
60x110x0.5                

N

25                  

110 

14             

rect./alternate         

1.55-3.25x0.3

FC-72 50 0-5 W

air /         

natural 

convection

25°C
BHM / H / 

THM

[Jo,19]** silicon / pyrex
67.5x28x(0.5+1.1)                

Y

10                   

10

5                            

semi-circular                  

0.835

ethanol         50 2-21 W
water /       

copper block
20°C BHM

Material / geometry Operating conditions

Reference            
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Material

Overall 

dimensions

Evap. / 

cond. 

lengths Channels Fluids

Filling 

ratio

Heat power 

applied

Cooling 

system T II°

Orientation / 

gravity field

machined plate 

/ covering plate

 wxLx(t m +t c ) 

(mm3)                

Visu. (Y/N)

L ev (mm)                

L cd (mm)

N                        

Shape                          

D (mm) / axb 

%
(W) or 

(W/cm²)

fluid /           

cooling block

[Jun,18] silicon / pyrex
33.5x50x(1+0.7)                      

Y

10                

15 

10              

rectangular               

1x0.5

ethanol 50 ?
water /      

copper block
20°C BHM / H

[Jung,20]** polycarbonate  
53.4x85.5x0.64          

N

17.1                 

17.1 

12-28              

rect./alternate      

0.82-3.25x0.3     

HFE-7000 ? 0-2.8 W/cm²
water /      

copper block
20°C

BHM / 45° 

bent / H

[Jung,21]** silicon / glass
28x67.5x1.6                   

N

10                

10 

5                  

rectangular               

1.1x0.5

ethanol 45 0-16 W
water /      

copper block
30°C BHM

[Kamijima,20]** silicon / glass

20x40x        

(0.525+0.525)                           

Y

12                  

16

11                        

square             

0.35x0.35

FC-72 39-63 2-24 W
water /      

copper block
20-40°C BHM

[Kearney,14]*
FR4 / 

polycarbonate

158x575x(2.3+5)       

Y

50                 

50 

26              

rectangular               

1.9x1.55

ethanol  

Novec 649   

Novec 7200    

30-70 0-2 W/cm²
water /          

cold plate
10°C

BHM / 45° / 

H

[Kearney,16]*
FR4 / 

polycarbonate

158x575x(2.3+5)       

Y

50                 

50 

26              

rectangular               

1.9x1.55

Novec 649    

Novec 774
30-70 0-2.5 W/cm²

water /          

cold plate
10°C BHM

[Khandekar,02]
aluminum / 

polycarbonate

130x45x(3+3)                

Y

30              

13.5

12                               

rectangular/circ.            

2.2x2-1.5x1 / 2

water       

ethanol
0-70 0-70 W

water /          

cold plate
? BHM / θ / H

[Kim,03]* brass / glass
78x265x(15+12)                

Y

70                   

70

4-10                        

square                 

1.5x1.5

ethanol           

R-142b
40 0-1.2 W/cm²

water /          

cold plate
? BHM

[Kim,20]** silicon / pyrex
80x35x(1+0.7)                

Y

20                   

20

10                        

rectangular                  

1x0.5

ethanol          

FC-72              

HFE-7000          

R-134a            

R-245fa     

50 9-21 W
water /        

copper block

(-10)-

60°C
BHM

[Laun,14]* aluminum
300x300x6                  

N

80                      

150       

20                            

square                 

1.3x1.3

acetone 80 0-500 W

water /          

aluminum 

block

?
BHM / H / 

THM

[Lee,16]**      

[Lee,17]**
silicon / pyrex

16x50x(1+1)             

Y

10                    

15

5                            

square/circular              

Dh = 390 / 480 /            

570 μm 

FC-72 50 0-8.46 W
water /          

cold plate
20°C BHM

[Lee,18]** silicon / pyrex
16-44.5x50x(1+1)             

Y

10                  

15

5-10-15-20                        

square/circular               

Dh = 390 / 480 /                    

570 μm 

FC-72 50 0-12 W
water /          

cold plate
20°C BHM / H

[Li,13] aluminum
61x180x?                    

N
?

10                        

square/triangular            

1x1 / D h  =  0.58 - 

1

acetone     

ethanol

38         

50         

70 

0-100 W
air /       

aluminum fins
32°C BHM

[Lim,18]     

[Lim,19]
silicon / glass

33.5x80x(0.5+0.8)    

Y

15                 

15 

10             

rect./alternate         

1.5-0.5x0.5

HFE-7000 50 0-12 W
water /          

copper block
30°C H

[Lin,08]          

[Lin,09]

PDMS          

PDMS + copper 

powder

50x56x5                       

Y

10                 

10 

6                          

circular                           

2

ethanol     

methanol
60 0-8 W

water /          

copper block
15°C BHM / H

[Manno,15]
copper / 

borosilicate

125x265x(5+5)             

Y

45                  

67 

12                          

square                        

2x2

ethanol 50 0-100 W
water /     

copper block
20°C BHM / H / E

[Markal,20a-b]* copper / glass
55.5x116x(4+?)          

Y

20                  

40

8             

rect./alternate         

1-2x2

ethanol 

pentane  

eth./pent.

30         

60
5-45 W

water /     

copper block
20°C BHM / H

[Miyazaki,99]
copper / 

polycarbonate

120x285x(5+16)             

Y
?

25                         

rectangular                          

?

R-142b 42 0-80 W
water /          

cold plate
? ?

[Natsume,13] ?
95x225x5                       

N

30                   

30

11x2 layers         

square              

1.5x1.5         

H2                  

Ne                  

N2 

25-50 0-4 W
Cryocooler / 

copper block
15-30 K BHM

Reference            

Material / geometry Operating conditions
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Material

Overall 

dimensions

Evap. / 

cond. 

lengths Channels Fluids

Filling 

ratio

Heat power 

applied

Cooling 

system T II°

Orientation / 

gravity field

machined plate 

/ covering plate

 wxLx(t m +t c ) 

(mm3)                

Visu. (Y/N)

L ev (mm)                

L cd (mm)

N                        

Shape                          

D (mm) / axb 

%
(W) or 

(W/cm²)

fluid /           

cooling block

[Pagnoni,18a]*
copper / 

borosilicate

145x210x(2.5+5)           

Y

10             

150

11                     

square               

2.5x2.5

ethanol 55 0-200 W
water /          

copper block
20°C BHM / H / E

[Pagnoni,18b]* copper
120x200x(2+1)              

N

10               

100

12                 

rectangular               

1.6x1.7

ethanol         

FC-72
50 0-260 W

water /          

copper block

5-20-

40°C
BHM / H / E

[Qu,07] copper
25x60x6                      

N
?

8                           

square/triangular                 

D h  = 1 - 1.5

water 25-45 0-55 W
water /          

cold plate
?

BHM / H / 

THM

[Qu,10]**       

[Qu,12]**
silicon / pyrex

25x60x(0.5+0.525)      

Y

9.5                  

15

5-7-5                    

trapezoidal               

D h  =  251 / 352 /        

394 μm 

water     

ethanol          

FC-72                

R-113

0-73 0-11 W
water /          

cold plate
25°C BHM / H

[Sedighi,18]*
aluminum / 

glass

148x346x(5+?)               

Y

80                   

80

4                             

square                        

2x2

methanol 40-70 0-200 W
water /          

cold plate
20°C BHM?

[Smoot,11]
copper + copper 

porous rods

30x30x?                       

N

20                  

10 

7                            

square             

0.794x0.794

acetone       

water
30-80 0-120 W

water /          

cold plate
20-60°C

BHM / H / 

THM

[Taft,13]* 

[Taft,15]*
aluminum

300x300x6                       

N

76             

127  

20                        

square               

1.3x1.3         

acetone 80 100-500 W
water /          

cold plate
?

BHM / H / 

THM

[Taft,19] ?
50.8x152.4x2           

N

2x25.4             

1 or 2x12.7  

17                          

square                       

1x1

butane             

R134a
45 0-40 W Cold plate ? μg

[Takawale,19]* copper / glass
101.4x193.6x(5+?)                     

Y

32                  

65

17                         

square                   

1.2x1.2

ethanol

40           

60        

80

20-180 W

water /          

aluminum 

block

22°C BHM

[Thompson,09] copper?
63.5x101.6x2.54              

N

25.4              

76.2 

15x2 layers             

square          

0.762x0.762

acetone 80 0-200 W

water /          

aluminum 

block

20-60°C BHM / E

[Thompson,11a] copper
38.1x130.2x2.86       

N

15                 

76

4x2 layers             

square          

1.175x1.70

acetone       

water
73 0-300 W

water /          

aluminum 

block

20-60°C BHM / H

[Thompson,11b]   

[Thompson,11c]
copper

74.5x136x3                 

N

38                  

38

6                            

square                  

1.5x1.5         

water 70 0-250 W

water /          

aluminum 

block

20°C BHM

[Winkler,20]* copper
50x100x2-2.5              

N

8-25                    

10-50

13-10                        

square                       

1x1/1.5x1.5         

acetone 50 0-300 W

water /     

copper bl. -        

air / alu

20.5°C BHM / H

[Wits,18] stainless steel
50x200x?                    

N

50                  

50

6                             

square                         

2x2         

methanol    

water         

ammonia

40 0-100 W
TEC / water / 

cooling block
10°C BHM / H

[Wu,16]
aluminum / 

plexiglas

54x168x?                    

Y

35                  

40

4                            

square                        

2x2         

ethanol / 0.1-

0.3 wt. % 

C60

50 20-70 W

water /          

aluminum 

block

? 50°

[Yamagami,16]*
aluminum / 

polycarbonate

119x236x(3+?)           

Y

40                  

40

12                         

square                        

2x2

water        

water / 1-

7.15% butan-

50 0-320 W

water /          

aluminum 

block

20°C BHM

[Yang,09]*
aluminum / 

polycarbonate

120x180x(3+?)           

Y

30                  

60

20 - 33                         

square                        

2x2 - 1x1

ethanol 0 - 95 48-338 W
water /     

copper block
20°C

BHM / H / 

THM

[Yang,15]** silicon / glass
35x40x1.25                

Y

7                      

7

32                

rect./alternate           

0.5/0.3x0.25

methanol       

water

70          

80
6-19 W

water /     

copper block
5°C BHM / 45°

[Yoon,17]** 

[Yoon,18]**
silicon / pyrex

50x18.5x(1+0.7)                

Y

10                   

15

5                        

rectangular                  

1x0.5

ethanol         55 2-30 W
water /     

copper block
20°C BHM

[Zabek,16]* copper
120x200x3                  

N

10               

80

12                 

rectangular               

1.6x1.7

ethanol 50 120 W

water /          

aluminum 

block

20°C BHM / 45°

Reference            

Material / geometry Operating conditions
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Nomenclature of appendix A.2:  

a: channel width 

b: channel height 

w: FPPHP width 

L: length 

tm: machined plate thickness  

tc: covering plate thickness 

ABS: Acrylonitrile Butadiene Styrene 

PDMS: PolyDiMethylSiloxane 

 

References used for the calculations carried out in appendix A.1: 

* Normal FPPHPs 

** Micro-FPPHPs 
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