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Operating temperature and distribution of a working fluid in LHP
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Abstract

One of the main factors that influence the operating temperature of a loop heat pipe (LHP) is the distribution of a working fluid in the
device. The paper presents the classification of LHP operating modes on the basis of the criterion of presence or absence of the working-
fluid vapor phase in the compensation chamber (CC). It gives a description of method of calculating the LHP operating temperature for
every operating mode and shows the characteristic features, advantages and disadvantages of every mode.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The operation of many technical objects is accompanied
by the heat emission Q+, which disturbs the thermal regime
of their operation. This heat is harmful and should be
removed. The conditions for heat removal are significantly
complicated when the object to be cooled and the heat sink
are situated at a considerable distance from each other. To
ensure an efficient thermal link between them, it is neces-
sary to use an auxiliary element with a high thermal con-
ductivity. A loop heat pipe [1] may be used as such an
element. Presented in Fig. 1 is the scheme of one possible
version of LHP. The device contains an evaporator and a
condenser connected by smooth-walled pipelines for sepa-
rate motion of vapor and liquid, which have a relatively
small diameter. The evaporator is equipped with a special
wick and joined to a compensation chamber, which serves
to receive the working fluid displaced from the vapor line
and the condenser during the start-up and from the con-
denser in the process of operation of the device.

By its functional definition the LHP is a heat-transfer
device operating on a closed evaporation-condensation
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cycle with the use of capillary forces for pumping a work-
ing fluid. Owing to this the device contains no mechanically
mobile parts and consumes no additional energy. The heat
transfer in the LHP is realized with the use of latent heat of
vaporization, which ensures a relatively small mass flow
rate of a working fluid inside the device and an intense heat
exchange in the evaporation and the condensation zone. A
special system of vapor-removal channels in the evapora-
tion zone, intended for an organized vapor removal, makes
the process of evaporation at the surface of a fine-pored
capillary structure as efficient as possible.

Loop heat pipes have a high heat-transfer capacity
Qload � LLHP and at the same time a low thermal resistance
RLHP [2], which is determined in the following way:

RLHP ¼
T ev � T cond ext

Qload

; ð1Þ

where Tev is the temperature at the external heat-receiving
surface of the evaporator, Tcond_ext is the temperature at
the external heat-losing surface of the condenser, Qload is
the heat load transferred by an LHP, LLHP is the effective
length of heat transfer.

Fig. 2 shows the scheme of a system of thermoregulation
for a heat-generating object organized on the basis of an
LHP. The length LLHP corresponds to the distance between
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Nomenclature

G working-fluid mass flow rate, kg s�1

L length, m
P pressure, Pa
Q heat load, W
Qch heat load at which the LHP operating modes

change, W
R thermal resistance, K W�1

T temperature, K
V volume, m3

Greek symbols

a heat-transfer coefficient, W m�2 K�1

d diameter, m
u slope, deg (�)
k heat of vaporization, J kg�1

g free fall acceleration, m s�2

l dynamic viscosity, Pa s
P density, kg m�3

Subscripts and superscripts

cond condenser
cc compensation chamber
ev evaporator
ext external
int internal
l liquid
ll liquid line
sink heat sink or heat receiver
source heat source
v vapor
vc vapor removal channel
vl vapor line
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the object to be cooled and the heat receiver. The temper-
ature of the object being cooled Tsource exceeds the temper-
ature of the heat receiver Tsink by a certain value
DT R ¼ T source � T sink, which according to the diagram of
distribution of temperatures in such a system (see Fig. 2)
is determined by the contribution of three components:

DT R ¼ DT source þ DT LHP þ DT sink; ð2Þ

viz. the temperature drops in the heat-supply zone
DT source ¼ T source � T ev and in the zone of heat rejection
evaporator
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Fig. 1. Scheme of a loop heat pipe.
DT sink ¼ T cond ext � T sink, and also the temperature drop
DTLHP, which is caused by the LHP thermal conductance:

DT LHP ¼ T ev � T cond ext: ð3Þ

In this case, according to the data from Ref. [3], less than
50% of the total temperature difference DTR falls to the
share of DTLHP. Therefore for increasing the efficiency of
heat transfer in the thermal regulation system under con-
sideration it is necessary to pay attention to each of the
three components of the total temperature drop DTR.

The temperature jump DTsource in the heat-supply zone
is caused by the nonideal character of the thermal contact
between the LHP evaporator and the object being cooled.
The quality of the thermal contact joint between them
depends on the means of joining used in a concrete thermo-
regulation system. If the thermal resistance of the contact
zone is equal to Rcont, and the heat-release capacity of
the object being cooled is equal to Q+, one can write:

T source � T ev ¼ Qþ � Rcont: ð4Þ

As for the temperature drop in the zone of heat-load rejec-
tion DTsink (see Fig. 2), the relationship between the
temperature at the external heat-losing surface of the con-
denser Tcond_ext and the temperature of the heat receiver
DTsink may be expressed by the following relation:

T cond ext � T sink ¼
Q�

acond ext � Scond ext

; ð5Þ

where Scond_ext is the external heat-losing surface of the
condenser, acond_ext is the coefficient of heat exchange at
the external heat-losing surface of the condenser, Q� is
thermal capacity rejected. In most technical problems the
heat receiver has a sufficiently high heat capacity, which
is why with time its temperature remains unchanged
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Fig. 2. Scheme of a thermoregulation system on the basis of LHP and diagram of temperature distribution.
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T sink ¼ const: In the case that the heat exchange of the sys-
tem under consideration with the surrounding medium is
absent or reduced to a minimum we have

Qþ � Q� � Qload: ð6Þ
Assuming this condition, later we will use Qload.

The temperature of the object to be cooled, as the main
quantity sought, may be determined by stages, through
intermediate calculations of temperature values at the con-
trol points of the thermoregulation system under consider-
ation according to the following computational scheme:

T sink ) T cond ext ) T ev ) T source: ð7Þ
Usually the temperature of the heat sink Tsink is given.

Then Tcond_ext is determined by formula (5) with allowance
for the conditions of the external heat rejection Scond ext �
acond ext and the heat-release capacity on the object being
cooled. Thereafter the temperature Tev is determined,
whose peculiarities of formation will be discussed later.
And at the last stage of the main procedure of calculation
formula (4) is used to determine the temperature level of
the thermostatted object Tsource.

According to the above scheme (7), the thermal state of
the object being cooled is, finally, determined by the tem-
perature Tev at the external surface of the LHP evaporator,
and therefore it is quite an important parameter of the
thermodynamic system under consideration. Besides, the
temperature Tev characterizes the operating condition of
the heat-transfer device itself, or, in other words, the loop
heat pipe operating temperature. And, lastly, the LHP
thermal resistance, which is one of the critical parameters
that characterize the heat-transfer device efficiency, is also
determined according to (1) through the value of Tev.
In Ref. [4] it is noted that the LHP operating temperature
depends on a great number of factors and parameters. Sev-
eral of them are external with respect to the heat-transfer
device. Among these are the temperature of the heat sink,
the action of fields of mass forces, the relative positions of
the heat source and the sink, and if there is heat exchange
with the ambient medium, its temperature as well. Other
factors and parameters are internal, i.e. they characterize
the device itself and are determined by its design features.
To the internal factors and parameters one should refer
the thermophysical characteristics of the material and the
working fluid in use, the quantity of the working fluid Vch

in the LHP, and also the distribution of the working-fluid
liquid phase inside the heat-transfer device.

The role of the last-mentioned factor is caused by the fol-
lowing circumstances. First, by the fact that the LHP is a
two-phase heat-transfer device. Second, by the presence of
such a constituent in the LHP design as a compensation
chamber. The third reason is the fact that the LHP is a pas-
sive heat-transfer system the provision of serviceability of
which does not require any additional external thermal or
mechanical actions controlling the distribution of the work-
ing-fluid liquid phase inside the LHP and regulating the fill-
ing of the CC (or hydroaccumulator reserve), as is done, for
instance, in the CPL. At the same time it is known that the
presence or the absence of the working-fluid phase in the
CC, and also the position of the vapor–liquid interface in
it, may have a profound effect on the value of the LHP oper-
ating temperature and the character of the behavior of the
functional dependence T ev ¼ f ðQloadÞ [5–9]. From this it
follows that this topic is of undoubted interest for investiga-
tion. However, no systematic analysis was previously made
in this sphere. Therefore the aim of the present paper is to
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investigate the effect of the liquid distribution in the LHP on
its operating temperature.

2. The main LHP operating modes

The compensation chamber is an important element in
the LHP design. The CC is intended to accumulate the
liquid which is driven out of the vapor line and the con-
denser during a start-up. An obligatory condition of a suc-
cessful LHP start-up is a complete liberation of the vapor
line from the liquid because only in this case the vapor that
is generated in the evaporation zone can reach the con-
denser. At the same time a successful start-up and a stable
operation of the device do not require a complete liberation
of the condenser. Only such an amount of liquid is driven
out of the condenser into the CC as is required for the for-
mation of a condenser inner surface Scond_in sufficient for
the condensation of vapor, whose mass flow rate depends
on the value of the heat load transferred Qload:

G ¼ Qload

k
; ð8Þ

where G is the mass flow rate of the working fluid, k is the
heat vaporization. Therefore in the process of LHP opera-
tion under changes of heat load Qload the extent of libera-
tion of the condenser from the liquid may be different.
Consequently, there may also be changes in the extent of
the CC filling in the range from some minimum value at
low Qload to a complete filling at high Qload.

Of considerable importance for the distribution of a
working fluid in the LHP is the orientation of the device
in the gravity field, or, in other words, the relative positions
of the condenser and the evaporator to which the CC is
joined. According to the generally accepted designation,
the LHP slope u ¼ þ90� corresponds to the vertical orien-
tation of the device, with the evaporator located above the
condenser. At the horizontal orientation with u ¼ 0� the
evaporator and condenser are at the same level. At
u ¼ �90� the device is oriented vertically, but the evapora-
tor is under the condenser.

For the orientation of an LHP with slopes u P 0� LHP
operation with a fully-filled CC is not always possible, only
at certain relations between the CC volume Vcc and the vol-
ume of the working-fluid charge Vch [7]. At LHP orienta-
tions with slopes u < 0� the conditions prove to be more
favourable for the CC filling as in this case the evaporator
is situated below the condenser and the liquid flowing
down by gravity is poured into the compensation chamber.
The physical principles that form the basis for the LHP
operation allow the device to function both with a fully-
and with a partially-filled CC. Therefore the presence or
the absence of a vapor–liquid interface in the CC may be
used as a criterion for classification of the LHP operating
modes. According to such a classification there are two
main modes of LHP operation: the mode of operation with
a filled CC (the vapor–liquid interface is absent here); the
mode of operation with an unfilled CC (the vapor–liquid
interface is present). Investigations have shown that each
mode has its peculiarities, and the operating temperature
Tev forms depending on the LHP operating mode.

3. Formation of the LHP operating temperature in the

absence of a vapor–liquid interface in the compensation
chamber

Let us examine the LHP operation in the mode when the
compensation chamber is fully filled with a liquid. In this
mode the surface that is free for vapor condensation in
the condenser Scond_in does not change and is determined
by the amount of a working fluid in the device Vch. Making
use of the fact that both in the evaporation and in the con-
densation zone there are vapor–liquid interfaces, we can
write down an equation which relates the temperature
Tcond and the pressure Pcond of saturated vapor in the con-
densation zone to the temperature Tv and the pressure Pv

of the saturated vapor in the evaporation zone:

dP
dT

����
T

� ðT v � T condÞ ¼ DP v; ð9Þ

where dP
dT jT is the derivative that characterizes the slope of

the saturation line at the temperature T ¼ T v�T cond

2
, DPv

shows the pressure losses during the motion of vapor from
the evaporator into the condenser, which are the result of
the pressure drop on every ith section of the way along
which the vapor is moving:

DP v ¼
X

i

DP i: ð10Þ

Writing down Eq. (10) in expanded form, we have:

DP v ¼ DP vc þ DP vl þ DP v cond: ð11Þ
The terms in the right-hand side of Eq. (11) take into
account the pressure drop in the vapor removal channels
DPvc, in the vapor line DPvl and in the vapor section of
the condenser DPv_cond, respectively.

If the heat-transfer coefficient in the evaporation zone is
taken equal to aev, the relation between the temperature Tev

and the vapor temperature in the evaporation zone Tv may
be written as follows:

T ev ¼ T v þ
Qload

aev � Sq

; ð12Þ

where Sq is the evaporator surface to which heat is sup-
plied. Then with allowance for (9), (10) and (12) the expres-
sion for the temperature Tev will look like:

T ev ¼ T cond þ
dT
dP

����
T

�
X

i

DP i þ
Qload

aev � Sq
: ð13Þ

Eq. (13) is the base one in calculating the LHP operating
temperature depending on the heat load for the LHP oper-
ating mode with a filled compensation chamber.

Fig. 3 presents an experimental dependence of the oper-
ating temperature Tev on the heat load Qload obtained
in testing a vertically-oriented LHP at u ¼ �90�: The
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Fig. 3. Heat–load dependence of the operating temperature. The working
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condenser was above the evaporator, which created favour-
able conditions for liberation of the condenser from the
liquid, which drained down into the CC. Consequently, it
can be said with assurance that the LHP was functioning
in the mode with a filled CC. The working fluid was ammo-
nia. The temperature of the heat sink was equal to 19 �C.
The heat-transfer length was 500 mm.

From the graph it is evident that the experimental curve
had a near-linear shape. In the whole range of changing
heat load the operating temperature increases with increas-
ing Qload. In the graph one can also see the calculated
dependence T ev ¼ f ðQloadÞ obtained with the use of Eq.
(13). It should be noted that one can observe here quite a
good agreement between the results of calculation and
experiment. In the whole range of changing heat load Qload

the calculation and the experimental curve behave identi-
cally, having in doing so almost a linear dependence. Such
an operating mode is often called the mode of constant
conductance.

It can be shown that it is precisely the linelike type of the
operating curve T ev ¼ f ðQloadÞ that is characteristic of the
operating mode with a filled CC. For this purpose we
transform Eq. (13). We make use of relation (8), which
relates the mass flow rate of the working fluid with the heat
load Qload, and present the pressure drop DPi on every ith
transportation section for a laminar and a noncompressible
vapor flow in the following way:

DP i ¼ W i � F i � Qload; ð14Þ

where Wi is the complex taking into account the geometri-
cal parameters of the transportation section, Fi is the com-
plex taking into account the thermophysical parameters of
the working fluid. For instance, when vapor is moving in a
pipe of circular section, the W-complex and the F-complex
have the form:

W ¼ 128 � L
p � d4

; ð15Þ

F ¼ lv

qv � k
; ð16Þ
where L is the pipe length, d is the pipe diameter, qv is the
vapor density, lv is the vapor viscosity. With allowance for
(14), Eq. (13) for the operating temperature of an LHP
functioning with a filled CC may be written as follows:

T ev ¼ T cond þ
dT
dP

����
T

�
X

i

W i � F i þ
1

aev � Sq

 !
� Qload: ð17Þ

Since the derivative dT/dP taken on the saturation line is
also a thermophysical characteristic of the working fluid,
it may be combined with the F-complex. The product of
the Fi-complex by dT/dP will be denoted as Fni:

Fni ¼ F i �
dT
dP

����
T

: ð18Þ

Expression (17) for Tev includes the vapor temperature in
the condenser Tcond, which is related to the temperature
of the heat sink Tsink by the following relation:

T cond ¼ T sink þ
1

acond ext � Scond ext

þ Rcond body

�

þ 1

acond int � Scond int

�
� Qload; ð19Þ

where Rcond_body is the thermal resistance of the condenser
wall, acond_int is the heat-exchange coefficient during vapor
condensation in the condenser, Scond_int is the internal sur-
face of the condenser accessible to vapor condensation.
With allowance for the two latter relations (18) and (19),
Eq. (17) for Tev will look like

T ev ¼ T sink þ
1

acond ext � Scond ext

þ Rcond body

 

þ 1

acond int � Scond int

þ
X

i

W i � Fni þ
1

aev � Sq

!
� Qload:

ð20Þ

Analyzing Eq. (20) we can note the following:

1. The curve T ev ¼ f ðQloadÞ described by Eq. (20) is a
monotonically increasing function as T sink ¼ const and
the multiplier Qload is always positive, because it
includes only positive values

1

acond ext � Scond ext

þ Rcond body þ
1

acond int � Scond int

þ
X

i

W i � Fni þ
1

aev � Sq
> 0: ð21Þ

2. The dependence of the operating temperature Tev on the
heat load Qload can be strictly linear if and only if the
expression in brackets is a constant. It is possible if
the heat-exchange conditions remain unchanged or
change only slightly:
acond ext � const; acond int � const; aev � const;

and if the Fn-complex, which is composed of thermo-
physical characteristics of the working fluid, remains
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constant under changes of Qload. But the thermophysical
characteristics of the working fluid included in the Fn-
complex depend on the temperature, which in its turn
changes itself with changing heat load Qload. In this case,
the closer the LHP operating temperature is to the
critical temperature Tcrit of the working fluid, the more
considerably the Fn-complex changes with changing
temperature. Away from the critical temperature Tcrit

and under a small change of the value of heat load Qload

we may assume that FnðQloadÞ � const. In this case the
functional dependence of the operating temperature
Tev on Qload may be regarded in some approximation
as a straight line. With weak nonlinearity the expression
in brackets in Eq. (20) may be regarded as the coefficient
Rev_sink, which determines the slope of the operating
curve T ev ¼ f ðQloadÞ. The value of the slope Rev_sink sets
the tempo of increase of the operating temperature with
increasing heat load and is the thermal resistance of a
particular section of a thermoregulation system, which
is between the control point Tev and the control point
Tsink (see Fig. 2):

Rev sink ¼
T ev � T sink

Qload

: ð22Þ

At the same time, it should be borne in mind that under
rigorous treatment the dependence T ev ¼ f ðQloadÞ is always
quasi-linear. In this case the deviation from the rectilinear
dependence is expressed in the fact that with increasing
Qload the temperature curve T ev ¼ f ðQloadÞ will turn up.
The wider the operating temperature range embraced, the
more distinct the effect of nonconformity to linearity,
which is confirmed, in particular, by the behavior of the
dependence T ev ¼ f ðQloadÞ in Fig. 3.
4. Formation of the LHP operating temperature with a

vapor–liquid interface in the compensation chamber

A different mechanism of formation of the vapor oper-
ating temperature Tv is realized in the LHP operating mode
with a partially-filled CC. The main difference is the fact
that the presence of the working-fluid vapor phase in the
CC has a considerable effect on the vapor operating tem-
perature Tv. With allowance for the relation between Tv

and Tev, which is expressed by Eq. (12), this effect can be
extended to the value of the LHP operating temperature.

The operation of a heat-transfer device in the mode
under consideration is possible only when the following
relation is fulfilled:

dP
dT

����
T

� ðT v � T ccÞ ¼ DP ext; ð23Þ

which means that for the circulation of a working fluid it is
necessary to create a certain vapor temperature and pres-
sure drop between the wick evaporating surface and the
compensation chamber. The pressure drop should be equal
to the value of DPext, which corresponds to the sum of the
pressure losses in all the sections of the transportation line
for the working fluid, with the exception of the wick. The
pressure losses DPext may be written as the sum of the
hydrostatic pressure DPg, the pressure losses in the trans-
portation section along which the vapor moves DPv (11)
and also in the section along which the liquid moves DPl:

DP ext ¼ DP l þ DP v þ DP g; ð24Þ

where

DP l ¼ DP l cond þ DP ll ð25Þ

and

DP g ¼ ql � g � LKTT � sin u: ð26Þ

Rearrangement of Eq. (23) with allowance for Eq. (24)
gives an expression for the vapor temperature Tv:

T v ¼ T cc þ ðDP v þ DP l þ DP gÞ �
dT
dP

����
T

: ð27Þ

Then the equation for the temperature at the external sur-
face of the evaporator of an LHP operating in the mode
with a partially-filled CC will look like:

T ev ¼ T cc þ ðDP v þ DP l þ DP gÞ�
dT
dP

����
T

þ Qload

aev � Sq

: ð28Þ

The dependence of the operating temperature Tev on the
heat load Qload for the mode of LHP operation with an
unfilled CC is U-shaped, owing to which this mode is often
called the mode of variable thermal conductance [6]. It can
be observed when an LHP operates at low heat loads and
the device orientation is determined by slopes u P 0�. The
specific U-shaped behavior of the temperature curve is
expressed in the fact that with increasing heat load the
LHP operating temperature first decreases, and then begins
to increase. On the basis of experimental results it has been
concluded [9,10] that the lower is the condenser cooling
temperature Tsink as compared with the temperature of
the ambient medium Tamb, the more pronounced becomes
this sagging on the operating curve T ev ¼ f ðQloadÞ. But if
these temperatures differ from each other only slightly,
the U-shaped sagging on the temperature curve becomes
quite insignificant. When the cooling temperature Tsink

considerably exceeds the ambient temperature Tamb, the
U-shaped sagging on the experimental curve T ev ¼
f ðQloadÞ is absent. In this case the LHP operating tempera-
ture always only increases with increasing heat load and the
temperature curve has the form of a quasi-linear depen-
dence characteristic of the regime of constant conductance.

The experimental data presented in Fig. 4, which were
obtained in testing an ammonia LHP, show a typical form
of the operating curve T ev ¼ f ðQloadÞ for the regime of var-
iable conductance. The device operated at a vertical orien-
tation with a slope u ¼ þ90�, when the evaporator was
located above the condenser. The heat-transfer length
was equal to 700 mm, and the evaporator diameter
was 6 mm. LHP investigations were conducted in condi-
tions with T sink < T abm. The temperature of the condenser
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cooling Tsink was equal to �20 �C, and the temperature of
the ambient medium Tamb was 19 �C. The LHP start-up
was realized with a minimum heat load Qmin ¼ 3 W . It is
seen that with increasing heat load the operating tempera-
ture initially decreases. Then there appears a section of
quasi-stabilization, after which the temperature begins to
rise. Such a behavior of the LHP operating temperature
is caused by the simultaneous action of two factors: the
vacation of the condenser at the expense of the liquid dis-
placement into the compensation chamber and the change
of temperature in Tcc as a result of the complex heat and
mass exchange processes occurred here. A cold liquid
enters the CC from the condenser, and its mass flow rate
changes with changing heat load Qload. Simultaneously
with this, part of the heat flow supplied to the evaporator
penetrates into the CC and heats the working fluid there.
It is the so-cooled parasitic heat flows, which in its turn,
also depends on the value of the heat load Qload. The total
thermal action on the compensation chamber in the long
run determines the thermal state of the working fluid in
the CC and forms the temperature of saturated vapor over
the vapor-liquid interface Tcc. According to Eq. (27), this
temperature determines the operating temperature in the
evaporation zone Tv, and according to Eq. (28), the oper-
ating temperature Tev. From the graph it is seen that from
a certain value of Qload and on the operating temperature
only increases. Such a behavior is characteristic of the
LHP operating mode with a filled CC.

An analysis of the operating curve makes it possible to
assume that at low heat loads the LHP functioned in the
variable-conductance mode. All this time inside the LHP
there proceeded a process of liquid redistribution between
the CC and the condenser. It was terminated when during
a regular heat-load increase a new portion of the liquid dis-
placed from the condenser entered the CC filling the whole
of it. It was the closing stage of the process of the working
fluid redistribution between the condenser and the compen-
sation chamber. This is followed by a change of operating
mode, and at higher heat loads the LHP operated in the
mode of constant thermal conductance.

The trustworthiness of the assumptions made on the
mechanism of formation of the operating temperature
depending on the degree of CC filling and the two modes
of LHP operation has been confirmed by the calculations
presented in Fig. 4. The data were obtained by the proce-
dure of calculating the operating temperature of an LHP
with mixed operating modes. At low heat loads the temper-
ature Tev was calculated for the LHP mode of variable con-
ductance. In this case allowance was made for the liquid
redistribution between the condenser and the CC. Simulta-
neously the heat load at which the liquid filled the whole
compensation chamber was traced. Such a procedure made
it possible to control ‘‘the point of mode changing”. After
its detection further calculation of the operating tempera-
ture for higher heat loads was made for the LHP mode
of constant conductance. From the same graph it is seen
that there is sufficiently good agreement between experi-
mental and calculated data.

5. Comparative analysis of two operating modes of a loop

heat pipe

If we compare Eqs. (13) and (28), we can note that at the
same heat load Qload and in similar external conditions an
LHP may have different operating temperatures depending
on the mode which it operates. The difference in operating
temperatures DTev is determined with the help of the
following expression:

DT ev ¼ T cc � T c þ ðDP l þ DP gÞ�
dT
dP

����
T

: ð29Þ

From analysis of Eq. (29) it follows that in the presence of
the vapor phase of the working fluid in the CC a loop heat
pipe has to operate at a higher temperature level. The
increase of the operating temperature is caused by the con-
tribution of two components, viz. the temperature
component:

DT cc c ¼ T cc � T c; ð30Þ
and the hydraulic component:

DT hyd ¼ ðDP l þ DP gÞ�
dT
dP

����
T

: ð31Þ

The indicated temperature difference DTev was noted exper-
imentally in testing different LHPs [11,12]. The incongruity
of operating temperatures was observed during a cyclic
change of the heat load. The incongruity manifested itself
in the fact that in the region of low heat loads on the oper-
ating curve T v ¼ f ðQloadÞ there was a hysteresis loop. One
of the examples of such a hysteresis behavior of operating
temperatures may be the graph T v ¼ f ðQloadÞ presented in
Fig. 5. The experimental data were obtained in testing an
LHP with a heat-transfer length of 750 mm. The length
of the vapor line was 500 mm, and its internal diameter
was 4.5 mm. The length and the internal diameter of the li-
quid line equaled, respectively, 750 mm and 3 mm. The
external diameter of the evaporator was 24 mm. The tests
were performed at T sink ¼ 25 �C . The LHP was located
vertically, the evaporator was above the condenser, i.e.
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Fig. 5. Heat–load dependence of the operating temperature. The working
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experiment.
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the LHP orientation was u ¼ þ90�. Pentane was used as a
working fluid. In the course of tests the operating temper-
ature Tev was registered at different values of heat load
Qload, which changed cyclically. A cycle included two
stages of changes in Qload. At the first stage the heat load
increased (forward motion of changes in Qload"), at the sec-
ond stage it decreased (reverse motion of changes in
Qload;). In the graph the direction of changes in the heat
load is shown as arrows. It is seen that the experimental
curves behave in different ways. In the range of low heat
loads the operating curve T ev ¼ f ðQload "Þ has a U-shaped
sagging, and on the curve T ev ¼ f ðQload #Þ it is absent.
Besides, at low heat loads the LHP operated at a higher
temperature level during the forward motion of changes
in Qload". Here the curve T ev ¼ f ðQload "Þ is situated above
the curve T ev ¼ f ðQload #Þ. The greatest difference in oper-
ating temperatures DTev is observed at minimum values
of Qload. Thus, for instance, at a heat load Qload ¼ 25 W
the temperature difference DTev is almost 30 �C. With
increasing Qload the value of DTev gradually decreases
and reaches the zero value at a heat load of 175 W. At
higher values of Qload both the curves behave in the same
way and have a quasi-linear dependence. It should also
be mentioned that there is an insignificant discrepancy be-
tween operating temperatures in the region of high heat
loads. Here the experimental curve for Qload" is situated
slightly below the curve obtained on the reverse motion
of changes in Qload;. The most probable reason for such
a discrepancy of Tev is capillary hysteresis. It manifests it-
self in the fact that on the attainment of sufficiently high
heat loads, close to maximum ones, large pores in the wick
surface layer are dewatered. As a result, the evaporating
thermal layer shifts into the wick, which leads to an in-
crease in its thermal resistance and a decrease in the inten-
sity of heat-exchange processes in the evaporation zone.
This tells on the LHP operating temperature, whose rate
of rise increases. When the heat load changes in the oppo-
site direction, the filling of previously-dewatered pores pro-
ceeds with a certain delay. The inertial character of
restoration of the evaporating layer is the reason for ele-
vated values of Tev on the reverse motion of changes in
the heat load Qload; in the region of its high values. Thus,
the incongruity of operating temperatures at the low and
high values of Qload is caused by different reasons. The
incongruity of Tev at low heat loads is caused by different
operating modes of the LHP, and at high heat loads – by
capillary hysteresis.

Calculated curves 1 and 2 presented in Fig. 5 confirm the
assumption that in the range of low heat loads at Qload" the
device operates with an unfilled CC, and at Qload; with a
filled one. Curve 1 corresponds to data calculated by the
procedure described in Paragraph 4, which takes into
account the redistribution of the working fluid between
the CC and the condenser. In the region of heat loads from
Qmin to Qch on Curve 1 there is a characteristic U-shaped
sagging indicative of the LHP operation in the mode of
variable conductance. Curve 2 corresponds to data
obtained by a calculating programme for a one-phase
liquid state in the CC. The dependence T ev ¼ f ðQloadÞ pre-
sented by Curve 2 simulates the LHP operation on the
reverse motion of heat load Qload;. Thus, the calculated
dependence T ev ¼ f ðQloadÞ for a complete LHP operating
cycle may be obtained by combining Curves 1 and 2. Suf-
ficiently good agreement between calculated and experi-
mental data in the range of heat loads from Qmin to Qch

points to the correctness of model presentations of LHP
functioning.

As for the results at heat loads from Qch and higher, in
this interval experimental and calculated data for the for-
ward motion of changes in Qload also coincide, and on
the reverse motion one can observe an insignificant discrep-
ancy. Experiments have yielded higher values of the tem-
perature Tev than those predicted by calculation. The
most probable reason for such a discrepancy is capillary
hysteresis, which took place in the experiment but was
not taken into account in the calculation. When the evap-
orating menisci are shifted deep into the capillary structure,
an additional excess pressure DP v

wick is required for vapor
removal from the wick. And this should be taken into
account in calculating the operating temperature Tev on
the reverse motion of changes in Qload;. In calculating
the vapor pressure losses instead of Eq. (11) one should
use its modernized analog:

DP v ¼ DP vc þ DP v þ DP v cond þ DP v
wick: ð32Þ

At the same time the presence of capillary hysteresis com-
plicates the problem considerably for, as is well known,
hysteresis effects in capillary structures with all typical
peculiarities are difficult for theoretical description [13].

Another demonstration of the effect of changing LHP
operating modes on the operating temperatures Tev may
be the experimental data presented in Fig. 6, which have
been obtained in testing the same LHP filled with acetone.
The tests were conducted in similar conditions, including
the cyclic change of the heat load. Worthy of attention here
is the fact that on the reverse motion of changes in the heat
load Qload there occurs boiling-up of the working fluid in
the CC with a subsequent change of operating modes.
The transfer process noted in the experiment is designated
in the graph as the zone of mode changing – ‘‘zone C”.
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It is well known that a liquid in the CC may be in the
superheated state. According to the theory of nucleation
of the vapor phase in a superheated liquid, the boiling-up
has a random nature [14]. This is how matters stand in
the experiment with the LHP too. The process developed
as follows. At a regular heat load decrease from 175 W
to 150 W temperature-sensitive elements recorded stabiliza-
tion of the operating temperature. It meant that the tran-
sient processes in the LHP had been successfully
completed, and the heat-transfer device had passed into a
new operating level. A temperature jump DTev was
recorded after a stable LHP operation for about 15 min.
The device began to operate at a higher temperature level.
Such changes might be caused by a random formation of
the vapor phase in the CC followed by a change of operat-
ing modes. Notable here is the fact that as a result of these
internal changes the operating temperature Tev increased to
the value that the LHP had on the forward motion of
changes in Qload" at the same heat load. From the graph
in Fig. 6 it is seen that with a further decrease in the heat
load to Qmin the mode of variable conductance was
retained. The operating temperatures Tev are situated on
the high-temperature branch of the cyclogram, i.e. corre-
spond to the temperatures characteristic of the operating
mode with an unfilled compensation chamber.

The above example shows that the change of the LHP
operating temperature under changes of operating modes
may be realized in different ways. It proceeds either
smoothly, as, for instance was the case on the direct motion
of Qload", or stepwise, as was observed on the reverse
motion of Qload;. It is significant that the LHP, as a self-reg-
ulating heat-transfer system, independently realizes a trans-
fer from one operating mode to the other. From the
viewpoint of thermodynamics of heat and mass exchange
processes inside the LHP, the transfer is realized from a less
stable into a more stable state. The internal changes influ-
ence the thermal state of the heat-transfer device in the form
of an ambiguous behavior of operating temperatures which
take place at the same external conditions and the same heat
load. Here it is important to understand that such a hyster-
esis behavior is not a manifestation of any troubles or mal-
functions in the LHP operation. But at the same time, it is
necessary to be aware of such peculiarities and take them
into account in designing LHPs developed for thermal reg-
ulation of objects with variable heat generation.

A few words should be said about the behavior of the
experimental curve T ev ¼ f ðQloadÞ at high heat loads (see
Fig. 6).The values of temperatures Tev on the forward
motion of Qload" and the reverse motion of Qload; coincide
and correspond to calculated values of operating tempera-
tures Tev. The absence of a hysteresis loop on the experi-
mental curve means that limiting heat loads, i.e. loads
close to maximum one, were not achieved in LHP tests.
Thus, by setting the upper limit of the operating range of
heat loads somewhat lower than their utmost values one
can avoid the ambiguous behavior of operating tempera-
tures caused by the effect of capillary hysteresis, which is
what was experimentally demonstrated with the last exam-
ple (see Fig. 6).

In comparing the two modes of LHP operation mention
should be made of the advantages and the drawbacks of
each of them. Thus, when operating with a filled compen-
sation chamber an LHP has lower operating temperatures
Tev and a lower thermal resistance RLHP. In the operating
mode with a partially-filled CC parasitic heat flows have an
appreciable effect on the LHP operation, increasing the
operating temperature of the device Tev. In the operating
mode with a filled CC such an effect is absent, and therefore
the temperature Tev proves to be easier to predict. A con-
siderable advantage of the operating mode with a par-
tially-filled CC is the possibility of active regulation of
the LHP operating temperature by means of an additional
thermal action on the compensation chamber [6–8,15,16].
By regulating the temperature Tcc, one can realize temper-
ature control over the object to be cooled. This procedure
makes it possible to realize thermostabilization of a cooled
object with a variable heat generation at a certain predeter-
mined temperature level.
6. Conclusion

1. As a result of experimental and analytical investigations
two main operating modes of LHP have been revealed:
� An LHP operates in the presence of the working-fluid

vapor phase in the compensation chamber.
� An LHP operates in the absence of the working-fluid

vapor phase in the compensation chamber.

2. It has been found that the LHP operating temperature

depends on the operating mode of the heat-transfer
device.

3. It is shown that at the same heat load and identical
external conditions an LHP has a higher operating tem-
perature when it functions with a partially-filled com-
pensation chamber.

4. The reason of temperature hysteresis in the region of
low heat loads is different LHP operating modes, and
in the region of high heat loads – capillary hysteresis.
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