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Introduction

With the thrust of science and technology as well as higher performance
requirements, the assembly density and power consumption of radar equipment
are getting higher (Ping et al.,, 2009). Unlike ground-based radars, airborne radars
are almost applied in controlling and guiding weapons, but also for aerial vigilance
and reconnaissance to navigate accurately and fly safely. Moreover, due to the
limitation of aircraft carrying capacity, the miniaturization and lightening of
airborne radars have become an urgent need (Tang et al, 2011). The rapid
development of electronic component integration technology has contributed to
the miniaturization and lightness of airborne radars (Wang et al., 2021). For
example, in 1990s, the heat flux of integrated circuits was only 20-30 W/cm?
(Ping et al., 2009), but now it has exceeded 100 W/cm?, and this development
trend is still expanding. However, the miniaturization of radar also increases the
heat flux density, making the thermal management of airborne radars more difficult.
In view of the increasing heat flux of airborne radar equipment, harsh
environmental conditions, and high reliability requirements, it is urgent to
carry out in-depth and systematic research on cooling technology of radar
equipment.

Thermal management of airborne radars is an important guarantee for its long-
term stable and reliable operation (Wang et al., 2018). As common thermal
management methods, forced air cooling (Khalaj, A et al, 2017) and single-
phase liquid cooling technologies (Flouris, A et al., 2006) have been widely used
to cool airborne radars. However, as the heat flux density of airborne radars
continues to rise, conventional cooling technologies (i.e., forced air cooling and
single-phase liquid cooling) are reaching their bottlenecks (Chen et al., 2015).
Consequently, cooling technologies with higher heat dissipation capacity need to be
sought to meet the cooling requirements of the next-generation airborne radars. To
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FIGURE 1

Cooling technologies of airborne radars: (A) Classification of airborne radar cooling modes, (B) Forced air cooling, (C) Single-phase liquid
cooling, (D) Loop heat pipe cooling, (E) Spray cooling, (F) Latent heat storage.

comprehensively understand the thermal management
development of airborne radars, the investigational status
of conventional cooling technologies is firstly reviewed. On
this basis, the feasibility of the new cooling technologies is
analyzed and discussed. Moreover, the
development of airborne radar cooling technology is also

also future

prospected, providing guidance and reference for the future

innovation of thermal management technology for airborne
radars, which is summarized in Figure 1A.
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Conventional cooling technologies
for airborne radars

Forced air cooling
Forced air cooling technology is a widely used way for the
heat dispassion of airborne radars (Wei et al., 2014), whose basic

principle is to carry away the heat generated by airborne radars
via forced cold air. It has the advantages of simple equipment,
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reliable performance, convenient operation, and maintenance
(Zhang et al., 2021). Moreover, cold air is easily accessible in
forced air cooling systems and avoids the issues of icing and
leakage that are common in single-phase liquid cooling systems.
Cheng et al. (2018) introduced the design and optimization of
forced air cooling systems for a radar transmitter in detail.
Figure 1B shows the working principle of the forced air-
cooling system for a radar transmitter. As shown in the figure,
the radar transmitter is arranged in a closed electronic chassis to
improve its ability to resist harsh environments. Given this, the
heat dissipation mode herein is the combination of heat
the
experimental results indicated that the optimized forced air-

conduction and forced convection. Moreover,

cooling system meets the cooling requirements of the radar
the
maximum permissible ambient temperature. Considering the

transmitter even when operating continuously at
environmental features of airborne radar, Liu et al. (2016)
carried out the thermal design of a closed airborne radar.
Simulation analysis and test results indicated that the forced
air cooling technology could guarantee the normal running of the
radar in the airplane at high temperatures. However, the cooling
effect of air is easily affected by the environment. Moreover, the
specific heat capacity of air is small and the temperature control
response speed is slow, leading to the phenomenon that the
temperature in the engine room keeps rising.

Single-phase liquid cooling

Compared with traditional air-cooling technology, single-
phase liquid cooling has significant advantages in heat
dissipation capacity and response speed. Moreover, the
improvement in convective heat transfer efficiency contributes
to the more compact structure of liquid cooling systems. Hence,
it can effectively alleviate the contradiction between the limited
space and the increasing power consumption of current airborne
radars. In addition, single-phase liquid cooling technology allows
airborne radars to be designed as confined spaces, avoiding the
risk of loss of life and reliability caused by dust, particles, and salt
spray erosion of airborne radars.Gao et al. (2022) designed a new
liquid cooling heat exchanger. The test and application results
indicated that the heat-sinking capacity of the equipment is
greatly enhanced. The automatic control of the liquid
temperature is realized and the support efficiency of airborne
radars is greatly improved. Wang et al. (2018) introduced a
compact liquid cooling model for airborne radars, as presented in
Figure 1C. Compared with other cooling methods, the volume is
reduced by 8.6% and the weight is reduced by 26% under the
same working condition. This paper has a practical reference for
the compact design of liquid cooling systems for airborne radars
and other electronic equipment. With the further requirement of
heat dissipation, the single-phase liquid cooling has been difficult
to meet the cooling demand of the new generation of airborne
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radars, so it is urgent to look for some new cooling technologies
(Zhang et al., 2021).

New cooling technologies for
airborne radars

Throughout the current cooling technologies for electronic
devices, there are also several new cooling technologies with
excellent application prospects, mainly including loop heat pipe,
spray cooling and latent heat storage technology.

Loop heat pipe

A loop heat pipe is a heat transfer equipment that driven by
the capillary force, whose heat transfer capacity can reach up to
30 W/em? (Xue, Qu et al,, 2020). The loop heat pipe system has
the advantages of long transmission distance, anti-gravity
operation, autonomous start, and adaptive temperature
control (Liu et al, 2013). Moreover, the loop heat pipe is
highly reliable because it does not contain mechanical moving
parts (Sohel et al, 2017). For the thermal management of
airborne radars, a new cooling method of loop heat pipe was
proposed by Wei et al. (2014), which is presented in Figure 1D.
As shown in the figure, the evaporator absorbs heat from the
airborne radar to evaporate the working fluid in capillary tubes.
As the steam pressure increases, a pressure differential is created
along the capillary tube length, driving the two-phase flow of
working fluid towards the condenser where it is condensed into a
liquid phase. Since the liquid saturation in the evaporator
decreases, self-compensation of working fluid is produced by
the capillary action of capillary cores. Simultaneously, the
condensate is pumped or returned to the evaporator by
gravity. Therefore, an automatic circulation system of
evaporation, condensation, and liquid reflux is formed,

providing a solution for the heat dispassion of airborne radars.

Spray cooling

Spray cooling relies on the process of vapor-liquid phase
change. Atomized droplets are sprayed upon the heat exchange
and the heat is taken away by the evaporation phase change of the
medium. Although spray cooling has the disadvantages of large
volume and high cost, it has an excellent heat transfer
performance, low superheat and large critical heat flux.
Therefore, spraying cooling is a competitive thermal control
technology for airborne radars in the long run. The schematic
diagram of a spray cooling system is presented in Figure 1E
(Wang et al., 2017). As plotted in the figure, the liquid coolant is
quickly atomized into small droplets through the interaction with
air after ejecting from the pressurized nozzle, and then moves to
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the heat source surface of airborne radars. In this context, the
flow and evaporation of the liquid film take away part of the heat
consumption. Simultaneously, the violent movement of the
liquid film also excites the creation of numerous bubbles,
resulting in nucleation boiling on the airborne radar surface
and heat dissipation to the environment.

Latent heat storage

Latent heat storage technology can absorb heat from airborne
radars and use the isothermal latent heat storage capacity to
extend the release time of heat load. Latent heat storage unit can
be existed in a manner of fin tube, single phase-change capsule
(Chen et al, 2015; Chen et al, 2017), multiple phase-change
capsule (Gao et al,, 2019), heat pipe coupled with latent heat
storage. Since the latent heat storage technology breaks through
the mismatch of energy supply and demand in time and space
through the melting and solidification of PCMs, it ensures that
the heat load of airborne radars can be reasonably and effectively
utilized. Due to the advantages of high energy density, almost
constant phase change temperature, and high controllability, the
latent heat storage technology is extensively applied in area of
electricity peak shaving and valley filling (Haupt et al., 2020),
waste heat recovery (Sun et al., 2019), building energy saving and
thermal management of electronic devices (Zhang et al., 2010).
The application of latent heat storage units in the thermal
management of airborne radars is presented in Figure 1F. The
heat from the airborne radar is stored in the latent heat storage
unit and then taken away by the cooling circuit. This cooling
method is mainly applied for airborne radars in intermittent
operation mode.

Opportunities and challenges

How to achieve efficient heat dissipation for airborne radars
has become one of the key research points in the development of
future thermal management systems for airborne radars. The
traditional cooling method has reached the technical bottleneck,
which limits the further development of airborne radars. Driven
by economic and social benefits, it is urgent to innovate the
cooling technology for airborne radars to guarantee the reliable,
and efficient running of airborne radars. Wang, 2018.

1. Conventional heat-sinking technologies, including forced air
cooling as well as single-phase liquid cooling, cannot satisfy
the heat dissipation demands of high-power airborne radars.
Loop heat pipe and spray cooling, which can realize large heat
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load under limited temperature difference, has gradually
become the main research direction. However, there are
still some problems to be studied and solved, such as the
effective temperature control for airborne radars via loop heat
pipe cooling technology.

2. With the development of existing cooling technologies
develop from passive to active and single-phase to
multiphase flow, the cooling system’s heat dissipation

substantially. Although the

introduction of new heat dissipation modes may lead to
the the
improvement in heat dissipation capability is significant, it

capability has increased

changes in overall structure, as long as
is important for developing thermal management technology
of airborne radars.

3. The application of latent heat storage technology can
effectively mitigate the impact of short-term high heat flux
on the thermal management system of airborne radars.
Moreover, the constant temperature during the phase
change process can also be applied to electronic devices
with temperature control requirements. The application of
this technology in the thermal management system of

airborne radars is an inevitable development trend.
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