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Abstract—The work proposes test one-dimensional
models of heat and mass transfer in heat pipes during
cooling of active phased antenna arrays, which can be used
in processing the test results of flat heat pipes in order to
determine their performance characteristics and identify
the parameters required for modeling in a more complex
setting (for example, in flat and taking into account the
presence of several localized sources of heat supply).

To take into account the influence of the heat release
power on the equilibrium temperature inside the heat pipe,
the model has been added to take into account the
dependence of the steam saturation temperature on the
pressure, which is realized inside the steam pipeline when
the heat pipe is heated.

Numerous calculations carried out made it possible to
refine the mathematical model. In particular, a significant
effect on the temperature distribution along the heat pipe
is shown, taking into account the dependence of the steam
saturation temperature on the pressure in the parawire.

It is shown that the introduction of standard functions
for the characteristics of the coolant (water) in the liquid
and vapor state, as well as taking into account the
capillary pressure on temperature, makes it possible to
refine the resulting solution.
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1. INTRODUCTION

C URRENTLY, active phased antenna arrays are widely
used in modern ground-based airborne radar systems.
They are used by the active aperture method, in particular to
generate very high power, which can be satisfied with active
phased systems. The main parameters of modern radar systems
are mainly due to the performance of the transmit/receive
amplifier modules used in the system. Receiving/transmitting
devices, which are located on the antenna web in each radiator
and emit a large amount of thermal energy.

Cooling of active phased antenna arrays at a high heat flux
density is especially important when moving to a higher
frequency range, when the dimensions of the element base and,
accordingly, modules decrease, and the heat release practically
does not change [1]-[9]. An increase in the efficiency of heat
removal can be achieved, in particular, with the help of liquid
cooling systems in a strictly limited volume for their
placement, which is the most important condition for the
creation of modern antennas. Therefore, today the use of flat
heat pipes is the most relevant. However, it is necessary to take
into account the distribution of heat power, the intensity of
local heat fluxes of heat-loaded elements and the small size of
the gap between the modules [10]-[26].

For mathematical modeling of heat and mass transfer in heat
pipes, we will use the model of flat heat pipes proposed in
[27]-[30] and used in works [31]-[53] in various complicated
and modified versions. A similar model was also used in works
[54]-[82]. This model is, in fact, a generalization of the one-
dimensional setting for the two-dimensional case.

In such conditions, it can be assumed that one-dimensional
heat and mass transfer processes are implemented inside the
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heat-dissipating base, the modeling of which is carried out in
this section of the report.

Earlier, a model was developed to describe the processes of
heat and mass transfer in the products under consideration.
This model, in particular, was used in the published work [40],
where optimization of the geometry of heat pipes was carried
out.

To take into account the effect of the heat release power on
the equilibrium temperature inside the heat pipe, the
mathematical model has been added to take into account the
dependence of the steam saturation temperature on the
pressure, which is realized inside the steam pipeline when the
pipe is heated.

To implement this modification, the model of the steam
flow in the parawire was supplemented with a time
dependence, which allows you to set the necessary initial
conditions (vacuum pressure in the heat pipe, set during the
manufacturing process) and determine the pressure and the
corresponding saturation temperature of steam in the steady
state.

II.

A variant of flat heat pipes of length a, width b and
thickness H is considered, and H << a, b, which is the basis
for the transition, at the beginning to a flat formulation of the
problem, and then to a one-dimensional one under specially
selected simplified test conditions. In particular, the following
experimental scheme is considered: at one end of the base
there is a heat source having a width b and a length ay, at the
other end there is a condensation zone, which also has a width
b and a length a, and ai, ap<<a. The schematic of this
experiment is shown in Figure 1. The length of the
condensation zone a», the evaporation zone ai, and the
adiabatic section a. The angle of inclination to the horizon 6.
In such conditions, it can be assumed that one-dimensional
heat and mass transfer processes are implemented inside the
heat-dissipating base, the modeling of which is carried out in
this section of the report.

STATEMENT OF THE TASK

az

b

Fig. 1 An example of a simplified heat pipe diagram allowing the
use of a one-dimensional setting.

Earlier, a model was developed to describe the processes of
heat and mass transfer in the products under consideration.
This model, in particular, was used in the published work [40],
where optimization of the geometry of heat pipes was carried
out. Within the framework of a one-dimensional problem and
stationary processes, the model is written as follows. The
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problem of thermal conductivity in the wall of the body of the
heat sink base, on which the source is installed, has the form:

k dT h h ;
sHs dxz = p(T _Tsat)+ O(T _TO)’
(1)
X=0:T =T
x=a:q:¢.
where T(x) — case wall temperature, ks — thermal

conductivity coefficient of the housing wall material, Hs — wall
thickness, ¢ - input heat flux in the evaporator zone, hy, = ki/H,
- coefficient of heat transfer from the wall of the base body to
the internal space (steam line), which is determined by the
ratio of the coefficient of thermal conductivity of the wick
layer saturated with liquid, ki  to its thickness Hi; hO
coefficient of heat transfer from the wall surface to the external
environment, which under conditions of free convection at
normal ambient temperature To 25°C, taken equal 5
W/(m?K); Tsat(Psat)~ temperature of saturated steam in the
steam line, depending on the given saturation pressure
(selected during manufacture), q = - ks dT/dx — is the heat flux
in the wall of the case.

In the evaporator zone, the supplied heat flux is calculated
taking into account the power of the source P (we neglect the
losses from the source surfaces, which goes into reserve when
evaluating the temperature of its heating):

P

¢:b—HS

2

Outside the evaporation/condensation zone, it is assumed
that heat losses to the surrounding space can be neglected and
the processes taking place inside the heat sink base can be
considered adiabatic. It is also assumed that the temperature in
the condensation zone is kept constant using intensive air or
liquid cooling.

Filtration parameters of a liquid in a porous wick are
estimated using the Darcy model:

dy
dx
x=0,a:u,=0.

AH, =-a;

3)

where U, = —(K iy )dPI / dX - fluid filtration rate, P
T-T )/Lv — the rate of

sat
evaporation of the liquid, calculated as the ratio of the supplied
heat flux to the heat of vaporization L..
The total pressure in the fluid is calculated taking into
account the gravitational forces:

— fluid pressure, X = hp(
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P'=R+pg(a—x)siné .

With a horizontal arrangement of the heat-removing base (6
= 0) the influence of gravitational forces is neglected, but with
an increase in the angle of inclination (€ > 0), at which the
evaporation zone is above the condensation zone, the
contribution of gravity is approximately taken into account as
the pressure of a liquid column located above a given point
assuming that the wick is completely saturated with liquid
along its entire length.

The parameters of heat and mass transfer in a steam pipeline
are calculated on the assumption of a laminar flow based on
the following relations, which are valid for a gas flow between
two flat walls:

du

" dx
x=0,a:u,=0.

p,H =—q;

“4)

where U, :—(12HV2 /luv)dF’V / dX — gas flow rate, Py —

gas pressure, Hy — height of the steam line area (distance
between the walls of the heat sink base), o, 4 — gas density
and viscosity.

Thus, the related problem of heat and mass transfer is
solved and the temperature on the wall of the heat pipe body,
the pressure and velocity of the liquid in the wick and vapor in
the parawire are determined. A one-dimensional process of
heat propagation in the wall of a heat sink base is simulated
based on the solution of problem (1), (2), which takes into
account heat exchange with the heat carrier inside the steam
pipeline and with the external environment. The vapor
pressure in the steam line and the liquid in the wick are found
from solving the problems of mass transfer (3), (4), which take
into account the processes of condensation/evaporation, which
depend on the thermal state of the wall. Note that problems
(3), (4) are boundary value problems with boundary conditions
of the Neumann type and therefore their solutions are
determined up to a constant. This constant is determined from
the additional condition that in the steady-state mode of
operation, the average pressure in the coolant is equal to the
initial vacuum pressure (Psa), which is created inside the tube
during manufacture.

From the solution of the problem of thermal conductivity,
the temperature in the evaporator zone is determined, which is
measured in the experiment. Based on the solution of the
problems of mass transfer, the margin is determined according
to the capillary limit of the heat-removing base, taking into
account the following relation:

AP. > AR +APV’ )
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where AF:: =20/ Iy — wick capillary pressure, AP,

APy — pressure drop in liquid and steam, respectively, o -
surface tension, reft — wick characteristic pore size.
*
The value APC / (AP| +AR/) determines the

"margin" according to the capillary limit of the tube
operability at a given heat supply power. When the capillary

limit (APC /(Apl* + AR/) = 1) is reached, the pressure

drop becomes too large and the liquid cannot be returned to
the evaporation zone due to capillary forces. This limit
determines the maximum heat generation that the heat pipe can
transmit during normal operation (without overheating,
"drying out" of the wick in the evaporation zone, etc.).

IITI. CALCULATION RESULTS

The calculations were carried out using a one-dimensional
formulation of the model of heat and mass transfer in a flat
heat pipe.

Figure 2 shows the results of mathematical modeling. From
the presented results, it can be seen that heating and heat
transfer in a cooled base in the form of a heat pipe has a
fundamentally different character than in a solid material. In
the heat pipe, an equilibrium temperature is established
practically along the entire length, and a sharp temperature
change is realized near the zone of heat supply/removal.

The following important errors of the model can be noted.
First, the fixed value of the saturation temperature inside the
heat pipes leads to a constant value of the temperature of its
surface, which does not correspond to the experimental data.
Secondly, the overestimated values of the predicted
temperature in the area of the location of heat sources. Thirdly,
this is the presence of a zone of linear temperature change at
the cold end of the heat pipe - in the calculations in this zone,
after the equilibrium temperature value close to the saturation
temperature, a nonlinear (exponential) segment of temperature
change is realized.

To take into account the effect of the heat release power on
the equilibrium temperature inside the heat pipe, the
mathematical model has been added to take into account the
dependence of the steam saturation temperature on the
pressure, which is realized inside the steam pipeline when the
pipe is heated.
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Fig. 2 Distribution of temperature along the length of the heat
pipe. The colors indicate the heat dissipation power at the sources:

blue - 30 W, green - 40 W, orange - 50 W, red - 60 W.
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To implement this modification, the model of the steam
flow in the parawire was supplemented with a time
dependence, which allows you to set the necessary initial
conditions (vacuum pressure in the heat pipe, set during the
manufacturing process) and determine the pressure and the
corresponding saturation temperature of steam in the steady
state.

The dependence of the saturated steam temperature on the
pressure Tsa(Py) was taken from the reference data for the
selected type of coolant (bidistillate), and is shown in Fig. 3.
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Fig. 3 Dependence of the saturation temperature on the pressure
for the coolant (bidistillate), specified in the calculations.

The calculation results obtained with the addition of the
specified refinement are shown in Fig. 4. It can be seen here
that the equilibrium temperature of the TT surface turns out to
depend on the specified heat release power (vertical
displacement of the horizontal section of the graphs). This
effect is in qualitative agreement with experimental data. As
can be seen from Fig. 4 in the area where the sources are
located, a temperature increase of 20 degrees or more is
predicted. The reason for this error is the specification of the
heat supply condition in the form of boundary conditions for
the flow at the left end of the computational domain. In reality,
when carrying out an experiment, the heat flux is set not at a
point, but at a certain area on which the resistors are located.
To take this effect into account in the model, instead of the
boundary conditions for the flow on the left boundary, it was
proposed to use the condition of distributed volumetric heat
sources in the initial section of the computational domain with
a length of 30 mm. This made it possible to reduce the
predicted overheating at the left end of the pipe (Fig. 5). The
next refinement in the model is aimed at taking into account
the nature of the temperature changes in the condensation
zone.
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Fig. 4 Change in temperature along the length of the heat pipe,
obtained within the framework of the model in a non-stationary
setting, taking into account the dependence of the steam saturation
temperature on the pressure in the parawire. Color designations are

similar to Fig. 2.
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Fig. 5 The results of calculations within the framework of the
model from the substituted boundary conditions along the flow at the
left end to the condition of the presence of distributed volumetric
sources in the initial section with a width of 30 mm - the temperature
change along the length of the heat pipe. Color designations are
similar to Fig. 2.

An explanation of this effect was obtained by introducing
the assumption that the capillary limit in this zone is reached,
that is, that the liquid pressure drop in the wick is exceeded the
maximum capillary pressure that can be created by the used
capillary-porous material. As can be seen from Fig. 4 in the
area where the sources are located, a temperature increase of
20 degrees or more is predicted. In reality, when carrying out
an experiment, the heat flux is set not at a point, but at a
certain area on which the resistors are located. To take this
effect into account in the model, instead of the boundary
conditions for the flow on the left boundary, it was proposed to
use the condition of distributed volumetric heat sources in the
initial section of the computational domain with a length of 30
mm. It means, in other words, that in this case, in the most
remote cold zones of the TT, the coolant stops moving towards
the condensation zone and the section where the capillary limit
is reached turns out to be "turned off" from work. In the
model, this was taken into account by introducing the
assumption of a decrease in the heat transfer coefficient from
the parawire to the wall of the TT (the mathematical
formulation is given below). The results of the calculations
refined in this way are shown in Figure 6. The corresponding
pressure distribution along the length of the TT is shown in
Figure 7.
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Fig. 6 Calculation results taking into account the achievement of
the capillary limit in the condensation zone (the right end of the
computational domain) - temperature change along the TT length.
Color designations are similar to Fig. 2.
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Fig. 7 Calculation results taking into account the achievement of
the capillary limit in the condensation zone - pressure distribution in
the capillary-porous material, kPa. The dotted line shows the
capillary limit. Color designations are similar to Fig. 2.

From Figures 6, 7 it can be seen that reaching the capillary
limit (the point of intersection of solid lines and dashed lines in
Fig. 7) leads in the proposed formulation of the model to a
kink in the temperature graph, which qualitatively corresponds
to the experiment. According to the results of the analysis, it
turned out that the revealed effect can be explained by the
dependence of the characteristics of the coolant on
temperature. It is shown that the introduction of standard
functions for the characteristics of the coolant (water) in the
liquid and vapor state, as well as taking into account the
capillary pressure on temperature, makes it possible to refine
the resulting solution.

Iv.

In this study, one-dimensional models of heat and mass
transfer in heat pipes during cooling of active phased antenna
arrays were developed, which can be used in processing the
test results of flat heat pipes in order to determine their
performance characteristics and identify the parameters
required for modeling in a more complex setting.

Numerous calculations carried out made it possible to refine
the mathematical model. In particular, a significant effect on
the temperature distribution along the heat pipe is shown,
taking into account the dependence of the steam saturation
temperature on the pressure in the parawire.

CONCLUSION
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It is shown that the introduction of standard functions for
the characteristics of the coolant (water) in the liquid and
vapor state, as well as taking into account the capillary
pressure on temperature, makes it possible to refine the
resulting solution.
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