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Abstract The pulsating (called also oscillating) heat

pipe (PHP) is a simple capillary tube bent in meander

and filled with a two-phase fluid. We discuss numeri-

cal simulations of the 10-turn copper-water PHP under

vertical favorable (bottom-heated), vertical unfavorable

(top-heated), and horizontal orientations. Within the

present approach, the horizontal orientation is equiv-

alent to the microgravity conditions. The simulations

are performed with the in-house CASCO software. The

time-averaged spatial distribution of the liquid plugs

inside the PHP is influenced by gravity. This affects

the overall PHP performance. We show that, indepen-

dently of the PHP orientation, contribution of the la-

tent heat transfer is large with respect to the sensible

heat transfer. We discuss the phenomena occurring in-

side the PHP during startup and the stable regimes (in-

termittent and continuous oscillations followed by dry-

out).

Keywords Pulsating heat pipe · Oscillation · Liquid

films · Phase change · Simulation

Nomenclature

d tube inner diameter (m)

F evaporator coverage fraction by a phase

g gravity acceleration (m2/s)

L length (m)

P, Q̇ power (W)

Rth heat transfer resistance (K/W)

T temperature (K)
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E-mail: vadim.nikolayev@cea.fr

t time (s)

Greek symbols

φ volume fraction of liquid in PHP

Superscripts

lat latent

sens sensible

Subscripts

a adiabatic

c condenser

d dry

e evaporator

f liquid film

fb feedback section (vertical in Fig. 1)

l liquid plug

nucl nucleated

sat at saturation

thr threshold

1 Introduction

The pulsating (called also oscillating) heat pipe (PHP)

is a simple capillary tube bent in meander and filled

with a pure fluid that forms inside the vapor bubbles

and liquid plugs. When the heat power is applied to one

meander (evaporator) side, the sequence of bubbles and

plugs inside the tube begins to oscillate spontaneously.

This oscillation causes an efficient heat transfer from

evaporator to the cooled meander side (condenser). In

spite of such a simple structure, the PHP functioning

is not completely understood both from experimental

and theoretical points of view (Marengo and Nikolayev

2018). Tools for the PHP dimensioning are still absent.

The numerical simulation seems to be the only way to

predict the heat transfer for a given PHP design.



2 I. Nekrashevych, V. Nikolayev

There are many works where the influence of PHP

orientation on the PHP performance has been studied

experimentally (Marengo and Nikolayev 2018). By test-

ing a 10-turn transparent (teflon) PHP filled with R-114

refrigerant during a parabolic flight, Gu et al. (2005)

found that its performance was better in microgravity

that in the vertical favorable position. However most

authors agree that the PHP performance in the verti-

cal favorable orientation (evaporator below condenser,

called 90◦ below) is better than in the horizontal (0◦)

orientation, which is in its turn, more advantageous

that the vertical unfavorable (evaporator above con-

denser, −90◦) orientation. In the present work we sim-

ulate a 10-turn water-copper PHP by considering the

flow pattern inside the PHP and heat transfer for these

three orientations. In other words, we compare the func-

tioning of PHP under the Earth gravity influence (for

90◦ and −90◦) and in microgravity (within the present

simulation, equivalent to 0◦).

The principles of PHP simulation have been estab-

lished by Shafii et al. (2001). Because of the non-stationary

functioning that involves multiple vapor liquid inter-

faces, the 3D or even 2D direct numerical simulation are

too costly; 1D modeling appears to be an only viable

choice to make the parametric investigation. The sim-

ulation techniques has been recently reviewed in detail

by Nikolayev and Marengo (2018). To our knowledge,

the orientation effect has been studied by simulation

only by Mameli et al. (2012). However their study used

the code of Holley and Faghri (2005) who for some rea-

son used an incorrect vapor energy equation (the initial

approach of Shafii et al. (2001) was entirely correct), see

Nikolayev and Marengo (2018) for the discussion.

We present here the simulation results obtained with

CASCO (French abbreviation of Code Avancé de Sim-

ulation de Caloduc Oscillant: Advanced PHP Simula-

Table 1: Parameters used for the simulation.

Length of one evaporator tube section Le = 126 mm
Length of adiabatic section La = 126 mm
Length of one condenser tube section Lc = 110 mm
Number of turns Nturns = 10
Feedback section length Lfb = 130 mm
Filling ratio φ = 0.5
Inner diameter d = 1.4 mm
Outer diameter 3.2 mm
Condenser temperature Tc = 22◦C
Working fluid Water
Tube material Copper
Time step ∆t = 0.01 ms
Tube mesh size 2 mm
Film thickness 20 µm
Bubble deletion threshold Lthr = 10 µm
Nucleated bubble length Lnucl = 100 µm
Nucleation barrier ∆Tnucl = 15◦C

tion Code, cf. Fig. 1). It is the 1D simulation in-house

software (Nikolayev 2011). The plug flow regime (most

commonly observed in PHP) can be simulated. Thin

liquid films deposited by the receding liquid menisci on

the internal tube walls are assumed to be of fixed thick-

ness (cf. Table 1). This is a “minimal” model adopted in

many previous simulation approaches (including those

cited above). The film thickness value depends on the

velocity of the receding meniscus (cf. Nikolayev (2013)

for the discussion). The characteristic meniscus veloc-

ity adopted here is 0.7 m/s, which is an average value

that we observe in our simulations. The film thickness

is kept fixed for all simulation runs presented here to

exclude the thickness effect on the results. Unlike older

approaches, the liquid films around bubbles have a vary-

ing length defined by meniscus motion and film evapo-

ration dynamics (Nekrashevych and Nikolayev 2017).

Similarly to previous simulation approaches, the grav-

ity is assumed to be constant along each branch; its vari-

ation along the curved parts is neglected while the ad-

ditional pressure drop in the curved parts has been ac-

counted for. In the present simulation, the vapor phase

model of Nikolayev and Nekrashevych (2018) is used.

More details about the simulation model were described

previously by Nekrashevych and Nikolayev (2017).

2 Oscillation startup at different orientations

The thermal boundary conditions chosen for the sim-

ulation are the imposed heat power per unit length of

the tube in evaporator (which mimics e.g. the heating

with electric isolated wires wound around the tube) and

fixed temperature Tc on the internal tube walls in the

condenser. The feedback section (vertical in Figs. 1) is

assumed to situate in the middle of the condenser sec-

tion and inside the condenser block. Since there is no

thermal spreader in the evaporator, thermal coupling

between the PHP turns is absent there. Such a design

is not practical for applications because the dryout in

one turn can cause the overall PHP dryout. However

this design reveals the local thermal coupling between

the tube wall and the fluid. The total evaporator power

Pe and other PHP material and working fluid proper-

ties used in simulation are shown in Table 1.

Initially (at t = 0 s), the whole PHP is isothermal at

Tc. Between 10 and 20 liquid plugs of the same length

are distributed uniformly throughout the PHP tube.

The start-up scenario depends on the PHP orientation.

As previously discussed (Nekrashevych and Nikolayev

2017), because of expansion of the vapor bubbles ini-

tially located in the evaporator, all the bubbles outside

evaporator are compressed and disappear by condensa-

tion. This occurs for all orientations, typically in less



Pulsating heat pipe simulations: impact of PHP orientation 3

 

(a)

liquid film  
dry tube 

Le / 2 Lc / 2 La 

Lfb 

liquid plug 

(b)

 

(c)

Fig. 1: Start-up phase distribution for Pe = 200 W

and t = 3 s pictured by the CASCO software for dif-

ferent orientations: (a) −90◦, (b) 0◦, and (c) 90◦. The

direction of gravity is shown by arrow for two vertical

orientations. The round turns are not represented for

simplicity; black lines are simply connectors linking the

equivalent points of neighboring branches. Thin liquid

films (in violet) cover the internal tube walls inside the

vapor bubbles, except of the dry areas (white), see the

image (b). The liquid plugs are blue. The tube wall tem-

perature is shown with color varying from blue to red,

which corresponds to 22◦−40◦C interval. The notations

for the PHP sizes are shown in the image (b).

than a second after the Pe switching. After this, the

plug distribution is the same for different orientations,

see Figs. 1a,1c. For this reason, further PHP evolution

is almost independent on the initial liquid phase distri-

bution. We checked this by varying the initial number of

plugs and adding/removing liquid films between them.

The distribution of different fluid phases (liquid plugs,

liquid films and dry areas) in the evaporator are con-

sidered below for each orientation. The distribution of

a particular phase can be characterized by an averaged

over evaporator length fraction F . One distinguishes

the fraction covered by the liquid plugs Fl, liquid films

Ff and dry area Fd (Figs. 2); at each time moment

Fl + Ff + Fd = 1.

In the −90◦ (unfavorable) case, all the liquid gath-

ers in the condenser during the first second as discussed

above (Fig. 1a). The plug fraction Fl drops to zero,

see Fig. 2a. The film edges recede (Ff decreases while

Fd increases) and the vapor pressure grows due to the

film evaporation. The vapor pressure becomes so high

that the plugs lose their ability to penetrate into the

evaporator. This causes entire evaporator (and partially

adiabatic zone) overheating, and the oscillatory motion

ceases at about t = 2 s for the case of Pe = 200 W (cf.

−90◦ curve in Fig. 3a). The averaged over evaporator

tube temperature Te grows. However, this is not a dry-

out state as the film edges keep receding, which signifies

their evaporation; it is just the PHP stopover. At some

point (which typically coincides with the disappearance

of the film adjacent to the closest to evaporator liquid

meniscus), the menisci suddenly begin to oscillate with

the increasingly large amplitude (this occurs at t ' 12 s,

cf. −90◦ curve in Fig. 3a) until one of them penetrates

into the evaporator so Fl rises. One or several vapor

bubbles nucleate and grow inside the fluid. This bub-

ble growth causes a displacement of neighboring liquid

plugs to other hot evaporator sections, so bubbles can

be nucleated there. As a result, the whole PHP starts-

up within a fraction of a second and Te sharply drops.

For the 90◦ (favorable) orientation (Fig. 1c), all the

liquid first gathers in the evaporator but the bubbles

nucleated there soon expel the liquid into the condenser

in spite of the gravity force. The phase distribution be-

comes the same as in the −90◦ case (Fig. 1a). Being

hydrostatically unstable, this configuration is destabi-

lized much sooner than in the −90◦ case where it is

stable. The liquid plugs penetrate into the evaporator

at t ' 4 s for Pe = 200 W, cf. Fig. 2c. Bubble nu-

cleation begins and the stationary oscillations start-up.

Figures 3 show that the functioning becomes stable in

90◦ case much earlier than in the −90◦ case.

For the 0◦ orientation, in the beginning of evolution,

some bubbles (among those situating in the evapora-

tor) begin to expand at the expense of the others. The

plugs are large so their inertia is strong. The smaller

bubbles (even those situating in the evaporator) com-

pressed during the plug motion. They cannot stop the
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Fig. 2: Evaporator coverage by liquid plug, liquid film and dry area during the first 50 s of functioning at different

PHP orientations for Pe = 200 W.

plug motion and finally disappear, i.e. the liquid plugs

coalesce. This means that thee plugs become longer;

their inertia becomes even larger, which causes further

disappearance of small bubbles. As a result, several long

liquid plugs (longer than one PHP branch) form during

first several seconds so the evaporator sections of some

turns are completely covered by liquid (Fig. 1b). Vigor-

ous oscillations appear when the superheating of tube

walls in the evaporator section become high enough to

overcome the nucleation barrier.

3 PHP stable operation at different

orientations

Karthikeyan et al. (2014) described the regimes of sta-

ble operation which are observed experimentally in the

PHP: continuous oscillations, intermittent or stopover

regime and dryout. Our simulations also produce these

regimes. Let us continue the description of the −90◦

case for Pe = 200 W. The initial startup that occurs

at t ' 12 s is short-lasting and stops at t ' 14 s.

The liquid films deposited by the receding plug menisci

slowly (with respect to the system dynamics during the

initial oscillation burst) evaporate; Ff remains to be

nonzero for a much longer time than Fl, cf. Figs. 2a,3a.

The evaporator temperature keeps rising because Ff is

not large enough to provide efficient evaporator cool-

ing. The system is thus again in the stopover configu-

ration that lasts during the film drying. This second

stopover is similar to the first stopover discussed in

sec. 2. At t ' 21 s, a new oscillation burst occurs

and Te drops sharply again. Then another stopover fol-

lows. The stopovers and oscillation bursts (that corre-

spond to the sharp Te drops in Fig. 3a) alternate but

their duration is irregular. This is a signature of the

intermittency well known from the theory of dynami-

cal chaos (Ott 2002). Such a process finally leads to a

stable regime (Fig. 3b) where the temperature Te oscil-

lates around an average value 〈Te〉. This regime can be

seen in Fig. 4a where the heat exchanged with the evap-

orator section is analyzed. The total power Q̇e trans-

ferred from the evaporator can be divided into three

distinctive parts: the latent heat Q̇lat
e associated with

the phase change at the surface of the liquid films and

plug menisci, the heat Q̇sens
e received by the fluid via

the sensible heat transfer and the heat conducted via

the tube. The latter is not represented separately in

Figs. 4 but can be deduced from them by subtraction

of two other contributions from Q̇e. The sensible heat

exchange appears mostly due to the thermal interaction

of the liquid plugs with the tube walls appearing during

the oscillating motion inside the PHP. Another part of

the sensible heat exchange (the vapor phase heat ex-

change with the walls appearing within the dry areas)

that has been accounted for is much smaller.

The stopovers can be clearly seen in Fig. 4a because

during them both Q̇lat
e and Q̇sens

e drop sharply and the

heat is transferred only through the tube walls; the wall

contribution to Q̇e slightly grows in time because dur-

ing the stopovers Te grows (cf. Fig. 3a). During the

oscillation bursts, the instantaneous heat exchange is

extremely strong and can be an order of value larger

than Pe. The heat is transferred mainly as the latent

heat; the sensible contribution is negligibly small be-

cause of the rare and brief residence of the liquid plugs

in the evaporator. This can be seen from a very low

average value of Fl, see Table 2. The predominance of

the latent heat transfer (see Table 2) discussed earlier

by Nikolayev (2011) has been recently confirmed exper-
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Fig. 3: Evaporator temperature evolution for Pe = 200 W. (a) Short-time curves (during the first 50 s of functioning)

for different PHP orientations and (b) Long time evolution for −90◦ case. The dashed line shows the average

temperature 〈Te〉 ' 109◦C for the stable intermittent regime.
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Fig. 4: Long-time evolution of the latent, sensible, and total heat exchange rates for Pe = 200 W. The horizontal

dash-dotted lines show 〈Q̇e〉 ' Pe.

imentally by Jo et al. (2019) who measured experimen-

tally its relative value situating between 0.66 and 0.74

for the 90◦ case.

Table 2: Relative contributions of average latent and

sensible heat transfer (normalized by Pe) and of cover-

age fractions of evaporator by different phases for dif-

ferent PHP orientations at Pe = 200 W.

〈Q̇lat
e 〉 〈Q̇sens

e 〉 〈Ff 〉 〈Fl〉 〈Fd〉
−90◦ 0.73 0.02 0.14 0.01 0.85

0◦ 0.80 0.02 0.24 0.04 0.72
90◦ 0.73 0.17 0.42 0.37 0.21

A regime that can be characterized as intermedi-

ate between intermittent and continuous oscillations

occurs for Pe ≥ 180 W in the horizontal (0◦) orien-

tation. It develops after an initial transient, where a

long stopover typically occurs (15 s< t < 20 s for Pe =

200 W, cf. Fig. 3a). Such a regime shows very short

(one or several seconds) and rare complete stopovers.

The stable regime is achieved after first 30 s (cf. the

0◦ curve in Fig. 3a; see the curve in Fig. 7 below cor-

responding to ∆t = 10−5 s for the long time evolu-

tion). In spite of almost continuous motion, the liquid

plugs situate in the condenser and adiabatic sections

most of the time. Their excursions to the evaporator

are short-lasting so 〈Fl〉 is of the order of several per-

cent (Fig. 2b). This value is intermediate between the

respective values for intermittent (Fig. 2a) and contin-

uous oscillations (Fig. 2c) regimes.

When one performs the simulations for larger and

larger power Pe, the stopover periods become longer
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and longer until the oscillation bursts do not occur any

more. Such a situation corresponds to the dryout.

When Pe < 100 W at the same horizontal orienta-

tion (0◦), the continuous oscillation regime is observed.

The PHP then behaves exactly like in vertical favorable

orientation (90◦). This can be seen in Fig. 5 where we

present the dependence of the thermal resistance calcu-

lated as

Rth =
〈Te〉 − Tc

Pe
(1)

on Pe. The data for 0◦ and 90◦ coincide in this region.

The continuous oscillation regime occurs almost in

the whole Pe range in the 90◦ case. The evaporator

cooling in continuous oscillation regime is more efficient

than in the intermittent regime: Rth values are lower in

qualitative agreement with experimental results of Lips

et al. (2010). This is explained by a much more frequent

and durable residence of the liquid plugs (cf. Table 2)

in the evaporator. The moving plugs deposit the liquid

films that provide the efficient heat transfer. In addi-

tion, when the plugs situate within the evaporator, the

bubble generation occurs inside the plugs. The bubbles

escape quickly from the evaporator and their conden-

sation occurs in the adiabatic section and condenser.

Therefore, a permanent presence of the liquid plugs in

the evaporator is a necessary condition for a good PHP

performance. Accordingly to the frequent liquid plug

presence in the evaporator, the sensible heat exchange

(Fig. 4c) can in this regime be comparable to the latent

heat exchange.
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Fig. 5: The PHP thermal resistance as a function of

Pe at different orientations. Triangles show the −90◦

data, circles, 0◦ and squares, 90◦. The lines are the eye

guides.

The behavior of the thermal resistance with the heat

load (Fig. 5) is similar to the experimental observa-

tions of Lips et al. (2010); Mangini et al. (2015). The

curves for both vertical orientations are monotonously

decreasing. The quantitative agreement is not bad ei-

ther, at least the order of value is similar. This is sat-

isfactory (the PHP structures are not the same). The

curve for 0◦ is non monotonous. As mentioned above,

it nearly coincides with the 90◦ curve at low Pe (where

the oscillations are continuous) and is thus decreasing

too. At high Pe, Rth is nearly constant and the oscil-

lations are intermittent. There is a transition region at

100 W< Pe < 180 W where the system is sensible to

small change in simulation parameters. It should be re-

called at this point that the system is chaotic, which

means that a very small change in any parameter like

initial condition or numerical precision (related e.g. to

different processor models) results in different instanta-

neous values at a given t. However the simulation model

is robust, which means that the average values of simu-

lated variables are independent of these small changes.

The situation is however different in the transition re-

gion where there is some data scatter shown in Fig. 5.

4 Simulation reliability

The heat and mass conservation in the system is impor-

tant to be satisfied throughout the simulation. In any

stable regime, the average heat power transferred from

the evaporator should be equal to the amount received

by the liquid: on average, there is no heat accumula-

tion both in the tube wall and in the fluid. The sum Q̇e

of all the contributions (latent and sensible heat trans-

fer through the fluid and the solid) should be equal to

the input power Pe, see Fig. 4. Since the oscillations are

chaotic, a small error always appears in the summation.

We verified that this error does not exceed at most one

percent for the simulated time t = 5 min.

The total fluid mass that consists of the mass of

the liquid plugs, liquid films, and the vapor should ide-

ally be conserved throughout the simulation. However,

a small deviation always exists. The most evident rea-

son is the overlap of the film edges and the menisci

during their coalescence. Such an overlap appears be-

cause of the numerical error associated with the finite-

ness of the time step. The plug coalescence (i.e. bubble

deletion) events are frequent, their number can be as

large as 106 during a run. The numerical algorithms

used in CASCO were carefully worked out to minimize

the mass deviation. In a typical continuous oscillation

regime run, where the number of generated and deleted

bubbles is of the order of 103, the relative mass devia-

tion is smaller than 10−4. A case of high thermal load

where the regime is intermittent and the total number

of the processed bubbles is about 105 is shown in Fig. 6.
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Another important issue concerns the grid and time

step independence of the results. It has been verified

that the frequency of the liquid plug spatial remeshing

applied during the simulation does not impact the re-

sults. The influence of the time step is shown in Fig. 7

for the “worst” case of the intermittent regime that ex-

hibits strong chaotic fluctuations. One can see that a

change of the time step as large as ten times does not

have a strong impact on the long-time Te average value

after the start-up.

To give an idea about the CASCO efficiency, a typ-

ical simulation of 300 s of the PHP functioning takes

about 8 hours on an Intel Core i7 based computer for

∆t = 10−5 s and 1 hour for ∆t = 10−4 s.
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Fig. 7: Te evolution calculated with two different time

steps for 0◦ and Pe = 200 W.

5 Conclusions

The 10-turn copper-water PHP with separately heated

turns has been simulated for three different orientations

with respect to gravity and for different power inputs.

The CASCO software is capable of long-time reliable

simulations with a reasonably small required computer

resources and good numerical stability. In the vertical

favorable orientation (evaporator below condenser) the

continuous oscillations were observed for all heat loads.

In the horizontal position, continuous oscillations oc-

cur until a threshold power, then a transition to the

intermittent (stopover) regime was encountered. In the

vertical unfavorable orientation (condenser below evap-

orator) the intermittent oscillations occur for all pow-

ers. The PHP dryout is observed for each regime when

the heat load exceeds a threshold. The thermal resis-

tance is obtained as a function of heat load. The ob-

tained change of the thermal resistance with the heat

load corresponds at least qualitatively to the experi-

mentally obtained curves. The order of value of the re-

sistance is similar to the experimental measurements.

More detailed quantitative comparisons are necessary

to tune the simulation parameters.

Our analysis shows that the difference in PHP per-

formance at different orientations is linked to the dif-

ference in the phase distribution inside the PHP evap-

orator.

The contribution of the phase change to the overall

heat exchange in the PHP is large in all the oscillation

regimes. The relative contribution of the latent and sen-

sible heat transfer rates controlled by the presence of

the liquid plugs and liquid films inside the evapora-
tor. The average fractions of evaporator sections cov-

ered by these phases are different at each PHP orien-

tation. When PHP works efficiently (vertical favorable

orientation and horizontal at small heat loads), the ma-

jor part of the transferred heat is the latent heat. This

agrees with recent experimental data. The sensible heat

exchange through the fluid is usually larger than that

through the tube walls. In the intermittent oscillation

regime (vertical unfavorable and horizontal for large

heat loads), the fluid sensible contribution is very low.
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