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Aerial cameras play an important role in obtaining ground information. However, the complex and changeable avi-
ation environment limits its application. Thermal control is vital in improving the environmental adaptability of
the camera to obtain high-quality images. Conventional thermal control of aerial cameras is to directly implement
active thermal control on the optical system, which is a single layer thermal control method. Such a method cannot
isolate the optical system from the external environment. It results in a sharp increase in thermal control power
consumption and in temperature gradient, which increases the difficulty of thermal control. Here, we propose a
multilayer system-level thermal control approach by partitioning the aerial camera into two parts, i.e., the imaging
system and the outline cabin. Two parts are connected by materials with poor thermal conductivity, and an air insu-
lation interlayer is formed in between. Theoretical analysis is carried out to model the internal and external thermal
environment of the aerial camera in a complex high-altitude environment. We study passive thermal control of the
thermal insulation layer of the outline cabin, the optical window, the imaging optics, the CCD device, and the phase
change material, and active thermal control of the thermal convection and heating film. Numerical modeling on the
multilayer thermal control of the system is carried out and verified by the thermal equilibrium test and actual field
flight test. The total power consumption of the thermal control system is 270 W. High-quality images are obtained
when the temperature gradient of the optical lens is less than 5◦C and the temperature of the CCD is lower than
30◦C. Our technology is simple, accurate, low cost, and easy to implement compared to the conventional thermal
control method. It effectively lowers the power consumption and reduces the difficulty of thermal control. ©2022

Optica PublishingGroup

https://doi.org/10.1364/AO.460335

1. INTRODUCTION

Aerial cameras with high resolution, real-time performance,
and a wide coverage area have been widely used in aerial remote
sensing, aerial surveying and mapping, aerial rescue, and other
fields [1–4]. Obtaining high-resolution and high-quality images
is the ultimate goal of aerial cameras. In high-altitude aerial pho-
tography, temperature is a key factor affecting the image quality
of the camera. The impact of temperature variation mainly has
three aspects. First, it changes the size and optical performance
of the optical elements. The change in the refractive index
of the glass material causes the optical system to defocus and
produces additional aberrations, which leads to deterioration
of image quality. Second, it lowers the performance of CCD
and reduces the imaging quality of the system. Lastly, it may
produce frost and fog on the optical window, resulting in imag-
ing failure. Therefore, thermal control technology is critical
to stabilize the temperature of the camera’s optical system and
eliminate the impact of the temperature gradient of the optical
system on the image quality of the camera.

Thermal control technology of space cameras has been well
established [5–8]. So far, there are limited studies on thermal
control of aerial cameras, especially system-level thermal con-
trol. Liu et al . [9] proposed an active thermal control method to
improve the imaging quality of aerial photoelectric platforms.
Liu et al. [10] focused on analyzing the different effects of tem-
perature changes on the imaging resolution of long focal length
aerial cameras, and advised the improvement, making it difficult
to further improve the image resolution. Fan et al. [11] used
passive control methods such as thermal insulation to make the
aerial camera optical system exceed the thermal time constant
and reduce the sensitivity of the optical system to the external
thermal environment. Compared with the thermal control
technology of space cameras, the thermal control technology
of aerial cameras has similarities in terms of thermal control
methods, thermal control strategies, and thermal simulation
analysis methods. However, the thermal control technology
of aerial cameras also has its own characteristics: first, aviation
cameras experience a rapid temperature change when lifted from
the ground, which will lead to a greater temperature impact on

1559-128X/22/175205-10 Journal © 2022Optica PublishingGroup

mailto:ylh761208@163.com
https://doi.org/10.1364/AO.460335
https://crossmark.crossref.org/dialog/?doi=10.1364/AO.460335&amp;domain=pdf&amp;date_stamp=2022-06-07


5206 Vol. 61, No. 17 / 10 June 2022 / Applied Optics Research Article

the optical window and optical system. Second, aerial cameras
stay in the troposphere or stratosphere of the atmosphere after
level flight, which is a non-vacuum environment. It is necessary
to consider factors such as convection heat transfer and aero-
dynamic heat due to the complicated environment. Third, the
flight time of the carrier is limited, and the thermal control cycle
is relatively short. Fourth, despite the fact that the carrier can
provide kilowatt-level thermal control power consumption,
there is a large temperature gradient due to the difference in
thermal conductivity of actual components, which increases the
difficulty of thermal control.

So far, conventional thermal control method of aerial cam-
eras is to directly implement active or passive thermal control
on the optical system, using conduction, convection, radia-
tion, and other methods to control the temperature level and
temperature gradient of important optical components in the
optical system to meet the design requirements, so as to obtain
high-quality imaging images. Liu et al. [12] designed a thermal
control for the main optical system of a long focal length aerial
camera with an external dimension of 1.36 m× 0.6 m× 0.6 m.
Conduction, convection, and radiation heating methods are
applied to achieve both axial and radial temperature differences
of the R-C main optical system less than 5◦C. Since conduction
heat exchange between the main optical system and the external
environment are not effectively isolated, the thermal control
power consumption is very high, about 800 W. The system
implementation is also complicated. Cheng et al . [13] proposed
a thermal control design for an aeronautical optoelectronic
platform with external dimensions of 0.58 m wide and 0.78 m
high. Combining active and passive thermal control technol-
ogy, they control the temperature gradient of the primary and
secondary mirrors in the optical system (R-C system) to be no
greater than 5◦C. Similarly, conduction heat exchange exists
between the primary and secondary mirror components and the
main frame of the photoelectric platform. The thermal control
power consumption is as high as ∼370 W. Besides, thermal
control design does not include the optical window and CCD.
Within the scope of the literature we can find, the thermal con-
trol design of both the aviation optoelectronic platforms and
the long-focus aerial cameras is the single layer thermal control
method. It is not able to effectively achieve thermal isolation of
the optical system from the external environment, resulting in
higher thermal control power consumption and higher cost.

Based on detailed analysis of the internal and external thermal
environment of the high-altitude vertical imaging aerial cameras
and the principle of heat transfer, we propose a generalized mul-
tilayer system-level thermal control method for aerial cameras,
especially for those exposed to the external environment directly
at work. Multilayer thermal control is realized by separating
the aerial camera system into two parts, i.e., the imaging system
and the outline cabin. A rubber damper with poor thermal con-
ductivity connects the two parts, which suppress the vibration
from the carrier platform and isolate the heat. For the first layer
thermal control, a thermal insulation layer is attached to the
inner surface of the outline cabin for passive thermal insula-
tion, and an active thermal control of the thermal convection
is applied to the optical window. For the second layer thermal
control, an air insulation layer with low thermal conductivity
is formed between the outline cabin and the imaging system.

For the third layer thermal control, a thermal insulation layer is
attached to the outer surface of the imaging system, combined
with optical element heating film thermal control and CCD
phase change thermal control. Numerical simulation on the
whole system is carried out to simulate the transient thermal
response and thermo-optical experiment at high altitude, and
a low-temperature and low-pressure environment is carried
out to verify the effectiveness of the multilayer thermal control
method. High-quality images are obtained in the actual flight
test. The method mentioned above demonstrates effective
thermal insulation on aerial cameras, reduces difficulties of
system thermal control, and lowers the power consumption
and implementation cost of active thermal control of the whole
system.

The rest of the paper is organized as follows: Section 2 dis-
cusses the modeling and analysis of the internal and external
thermal environment, Section 3 covers the multilayer thermal
control design, Section 4 provides the thermal simulation results
and data analysis, Section 5 shows thermal equilibrium test
and actual flight results, and Section 6 features conclusions and
highlights.

2. THERMAL ENVIRONMENT ANALYSIS

The high-altitude vertical imaging aerial camera uses a refrac-
tion optical system in the visible spectral range, as shown in
Fig. 1(a). Three mirrors are used to deflect the light path and
reduce the axial length. The scanning mirror is for vertical imag-
ing, which expands the coverage area and compensates for image
shift.

The external dimensions of the camera are 1000 mm×
450 mm× 580 mm, and the weight is 200 kg. According to
the proposed multilayer thermal control method, the camera
is designed in two parts—the outline cabin and the imaging
system—and the two are connected by a rubber vibration
damper, as shown in Fig. 1(b). The imaging system includes
the scan head assembly, front lens group, focusing lens group,
rear lens group, electric control box assembly, CCD assembly,

Fig. 1. (a) Schematics of the optical system of a high-altitude verti-
cal imaging aerial camera, (b) cross-section schematics of the internal
structure connection and internal heat exchange diagram of the aerial
camera, and (c) schematic diagram of camera installation and external
heat exchange.
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focusing assembly, and shutter assembly. The entire imaging
system is mounted on four vibration dampers installed in the
outline cabin. The vibration damper is made of rubber material
with poor thermal conductivity, so that the imaging system is
isolated from thermal transfer from the external environment.
The outline cabin is made from aluminum alloy including opti-
cal windows, storage, power box, etc. It retains conformity with
the flight carrier and is relatively sealed, providing mechanical
and optical interfaces for the imaging system.

The thermal environment of aerial cameras includes internal
and external thermal environments. The internal thermal envi-
ronment refers to the initial temperature of the camera and the
internal heat source. The external thermal environment mainly
refers to the atmospheric environment (altitude, temperature,
density, pressure) during flight and flight speed.

A. Internal Thermal Environment

As shown in Fig. 1(b), the heat exchange between the imag-
ing system and the outline cabin is mainly conduction heat
exchange 8in1 and radiation heat exchange 8in2. Because the
exterior outline cabin is sealed, the convective heat transfer
between the imaging system and the outline cabin is negligible.
The formula of conduction heat transfer is

8=
1T
R
, (1)

where R is the thermal resistance, including conduction thermal
resistance R1 and contact thermal resistance R2;1T is the tem-
perature difference between the two [14,15]. The conduction
thermal resistance R1 is the resistance of the heat conduction
within the part

R1 =
δ

λA
, (2)

where λ is the thermal conductivity of the material, A is the
contact surface area, 1T is the thermal conductivity temper-
ature difference, and δ is the contact surface thickness. R1 is
proportional to δ and inversely proportional to A.

Contact thermal resistance R2 refers to the additional thermal
resistance caused by void air gaps between two surfaces due
to the microscopic unevenness of the bonding surfaces of two
solids. R2 =

1
K t A , where the contact thermal resistance coeffi-

cient K t is determined by the solid material properties, contact
surface roughness, contact pressure, and media type.

In the transient thermal calculation, heat conduction can be
realized by assigning a certain thermal resistance in the simula-
tion software. The calculation shows that the internal thermal
resistance is 80.8 K/W, and the thermal resistance to the carrier
is 2.15 K/W. Higher internal thermal resistance is due to the
poor thermal conductivity of the rubber vibration damper. The
radiation heat transfer is

8in2 = εs A2σ(T1
4
− T2

4), (3)

where εs is the system emissivity, σ is the Stefan–Boltzmann
constant, A2 is the radiation surface area, T1 is the temperature
inside the outline cabin, and T2 is the surface temperature of the
optomechanical structure.

Table 1. Internal Power Consumption of the Camera

Component Power Consumption (W)

Plunge angle electric motor 28
Compensated electric motor 28
Parallactic angle electric motor 5.5
Focusing electric motor 2
Temperature control power level 7.5
Power supply component 10
Electric cabinet 40
CCD assembly 15
Sum 136

The internal heat source has significant influence on the tem-
perature distribution of the camera, and its uneven distribution
causes the temperature gradient. Table 1 shows the main heat
sources inside the camera.

B. External Thermal Environment

The mounting of the high-altitude vertical imaging aerial cam-
era system on the flight carrier is highly adaptable. The camera is
installed on the abdomen of the carrier. The upper part is inside
the carrier, while the cylindrical lower part is used as a part of the
carrier skin and is directly exposed in the high-altitude environ-
ment, as shown in Fig. 1(c). If the flight altitude is 6–20 km, the
atmospheric temperature is −24 to −55◦C, the atmospheric
pressure is 47.2−5.5× 103 Pa, and the atmospheric density is
0.660−0.088 kg/m3, it is a low-temperature, low-pressure, and
low-density environment. When the flying height is 6 km, the
typical flight Mach number is 0.3 Ma, the flight value is low and
belongs to low-speed flight, aerodynamic heat can be ignored,
and only the influence of thermal radiation and convective heat
transfer on the aviation camera is considered. When the flight
altitude is 20 km, the typical flight Mach number is 0.66 Ma,
and it is necessary to consider the influence of aerodynamic
heating, convection heat transfer, and thermal radiation on the
aerial camera.

Considering the actual situation of the constantly changing
environment around the camera during flight, there are sev-
eral heat exchanges between the outside of the camera and the
surrounding environment: conduction heat exchange with the
carrier 81, convective heat exchange with the outside atmos-
phere82, ground infrared radiation83, solar radiation ground
and cloud reflections 84, atmospheric radiation 85, heat radi-
ated from the outside of the camera86, and aerodynamic heat
87.

3. THERMAL CONTROL DESIGN

The conventional thermal control method generally imple-
ments active and passive thermal control directly on the aerial
camera imaging system, and the imaging system cannot be
directly isolated from the external environment. The schematic
diagram of the principle is shown in Fig. 2(a).

Different from the single layer thermal control method, the
multilayer thermal control method divides the aerial camera
into the imaging system and the outline cabin without changing
the outline size, and uses the material with low thermal conduc-
tivity to connect to make the imaging system isolated from the
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Fig. 2. Schematics of (a) single layer and (b) multilayer thermal con-
trol principle.

external environment, and then implement active and passive
thermal control to form a three-layer thermal control on the
outline cabin, air interlayer, and imaging system. The schematic
diagram is shown in Fig. 2(b).

For the aerial camera studied in this paper, the first level
of thermal control is composed by a thermal insulation layer
mounted on the inner surface of the outline cabin for passive
thermal control and thermal convection active thermal control
on the optical window. The second layer is the air interlayer
between the exterior outline cabin and the optical system. It has
low thermal conductivity and keeps the inside relatively sealed.
The third layer is formed by a heat insulation layer mounted on
the outer surface of the optical system and thermal control of the
optical element heating film and CCD phase change thermal
control.

The overall thermal control guideline is to use the ground
air-conditioning insulation device to keep the aerial camera in
a constant temperature environment of 20◦C. The multilayer
thermal control is to maintain the temperature of the optical
system to meet the system’s thermal control requirements. The
whole system mainly includes the defrosting and defogging of
the optical window, the temperature maintenance of the optical
system lens, and the high-temperature heat dissipation of the
CCD, forming a system-level thermal control design combining
the passive and active thermal control, as shown in Fig. 3.

A. Insulation Layer

In order to reduce the heat exchange between the internal
optomechanical structure and the external environment, to
simultaneously create favorable conditions for active thermal
control and to lower the power consumption of active thermal
control, the entire interior outline cabin (except for the optical
window) and the outside of the imaging system must be covered
with a heat insulation layer for thermal insulation.

In order to adapt to the complex environment and through
the low-temperature and low-pressure experiment comparison,
we selected the microporous polyurethane rubber heat insula-
tion material. The technical specifications are shown in Table 2.

Imaging system 

Camera outline
cabin

Ground thermal 
control system

Fig. 3. Schematic diagram of ground thermal control and camera
system-level thermal control.

Table 2. Main Technical Specifications of
Microporous Polyurethane Rubber Heat Insulation
Materials

Property Value

Density (kg/m3) 240
Thermal conductivity W/(m·◦C) 0.086
Coefficient of thermal expansion (m/◦C) 5.8–7.8
Standard color Black
Dimensional stability ±1%
Water absorption, high humidity exposure 2% weight gain
Skin contact irritation Innocuous

This material has low thermal conductivity, good temperature
stability, resistance to low temperature and low pressure, low
density, a smooth surface free of impurities, black surface, good
flame retardancy, good waterproof and moisture-proof perform-
ance, good flexibility, excellent impact absorption ability, good
safety, and good operability.

The thickness of microporous polyurethane rubber needs
to be determined by the analysis of material thermal resist-
ance and material weight. Material thermal resistance is given
by Rm =

d
λm ·Am

, where Rm , d , λm , and Am are the thermal
resistance, thickness, thermal conductivity, and covering
area of the thermal insulation material, respectively. Material
thermal resistance is an important parameter to measure the
thermal insulation effect of a material, which is proportional
to the thickness of the thermal insulation material. The greater
the thickness, the higher the thermal resistance, and the bet-
ter the thermal insulation effect. However, more thickness
results in a heavier insulation layer under the same area, which
is not suitable for the lightweight design of aviation cameras.
In order to ensure the thermal insulation effect and minimize
the weight of the thermal insulation layer, the thickness of the
thermal insulation material is chosen to be 9.5 mm. The thermal
resistance of the thermal insulation layer of the outline cabin
is 0.041◦C/W, and the weight is 6.16 kg. The thermal resist-
ance of the thermal insulation layer of the imaging system is
0.164◦C/W, and the weight is 1.54 kg. Figure 4(a) illustrates the
insulation layer of the outline cabin.
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B. Thermal Control of Optical Window

The optical window interfaces the imaging system of the aerial
camera and is an important part of the aerial camera imaging.
It is directly exposed to the high-altitude, low-temperature,
and low-pressure environment during imaging. The external
low-temperature environment causes a large temperature dif-
ference between the inner and the outer surfaces of the glass
window. Frost and fog are formed on the glass surface, block the
transmitted light, and seriously affect the imaging quality of the
aerial camera.

Considering the structural characteristics of the segmented
assembled optical window and the installation space of the
convection device, a thermal convection heat exchange device is
applied to provide hot air convection on the window glass dur-
ing the ascent of the flight carrier and during the non-shooting
time, as shown in Figs. 4(b) and 4(c). This is to maintain the
temperature equilibrium and to avoid the formation of frost
and fog on the window. Two sets of fans and heating devices
provide hot air to flow through the windpipe, and the air blow-
ing holes are arranged in a staggered arrangement maintaining
air circulation on the window. The total power consumption is
40 W.

C. Thermal Control of Optical System

The optical system is the core of the entire aerial camera.
Temperature variation directly affects the image quality of the
camera. It requires the most stringent thermal control. After
analyzing the thermo-optical characteristics, the lens tem-
perature of the entire optical system requires 20◦C±2.5◦C.
Both axial and radial temperature differences are less than 5◦C,
respectively.

The polyimide heating film is wrapped on the front lens bar-
rel, focusing lens barrel, rear lens barrel, and other parts where
the optical lenses are installed. The partition heating control
method is adopted. When the internal and external heat flow
conditions change and the temperature of the optical system is
affected, active heating compensation is used to maintain the
environment temperature. Each heating zone is composed of
a heating film, a control unit, and a temperature sensor. The

Fig. 4. (a) Schematics of the interior of the exterior outline cabin
covered with thermal insulation materials, (b) convection thermal
control scheme, and (c) physical image of optical window.

Fig. 5. Heating zone of (a) front lens, (b) focusing lens, and (c) rear
lens barrel and the position of the temperature control reference point.

heating film and the temperature sensor adopt a dual-circuit
cold backup method to improve reliability.

For the lenses, the best temperature control reference point
should be placed on the periphery of the lens and arranged
evenly. However, due to the limitation of actual operation, the
temperature sensor cannot be directly attached on the lenses.
The best practical position is evenly arranged on the outer wall
of the lens barrel where the lens is mounted. Figure 5(a) shows
the heating zone of the front lens barrel and the installation posi-
tion of the temperature sensor. Two heating zones are arranged
symmetrically, and the power consumption of each heating zone
is 100 W. Figure 5(b) shows the heating zone of the focusing lens
barrel and the installation position of the temperature sensor.
The total power consumption is 90 W. Figure 5(c) shows the
heating zone of the rear lens barrel and the installation position
of the temperature sensor. The total power consumption is
40 W.

D. CCD Phase Change Thermal Control

The CCD is in continuous working mode. If the heat generated
by the CCD cannot be dissipated in time, the temperature of
the CCD will rise sharply. It results in rising thermal noise and
dark current, and reduces the signal-to-noise ratio of the system
and thus the image quality. The actual test shows that after 2 h of
continuous operation, the temperature of the CCD rises from
18◦C to 41.4◦C. The heating rate is too fast, and it exceeds the
thermal control requirement of 18◦C–30◦C.

Because the CCD is in motion when the camera is working,
the traditional heat pipe heat conduction method is not easily
implemented. A thermal control method based on phase change
n-octadecane material with a fixed melting point is proposed.
A completely sealed aluminum alloy packaging container is
used to hold the phase change material to prevent liquid phase
leakage. The heat dissipation surface of the CCD is filled with
thermal grease to absorb the heat from the CCD by thermal con-
duction and thus cool down the CCD. The schematic diagram
is shown in Fig. 6, where the material parameters are shown in
Table 3.

Taking 1T = 10◦C, where the initial temperature is 18◦C,
we need 0.0125 kg phase change material. Place the CCD with
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Fig. 6. CCD phase change thermal control composition diagram.

Table 3. Thermophysical Parameters of
n-Octadecane

Physical Parameter Value

Phase transition temperature◦C 28–31
Latent heat J/kg 2.43× 105

Density kg/m3 777 (Liquid)
Thermal conductivity W/(m2

·
◦C) 0.1507

Specific heat capacity J/(kg·◦C) 2.16× 103

Fig. 7. CCD temperature response curve.

the phase change thermal control device installed in the constant
temperature room (18◦C), and place four temperature sensors
around the CCD; the temperature as a function of time is shown
in Fig. 7. After 2 h of continuous operation, the maximum
temperature of the CCD without thermal control is 41.4◦C,
and the heating rate is fast. With thermal control, the maximum
temperature of the CCD is 28◦C and the heating rate drops
significantly. In an indoor environment, the CCD temperature
level can be maintained at 18◦C–28◦C within 2 h.

4. THERMAL SIMULATION ANALYSIS

There are recent approaches for structural–thermal–optical
performance analysis and modeling of optical systems [16–18].
Numerical thermal simulation is critical in the entire thermal

Fig. 8. Thermal analysis model of aerial camera.

control design. It calculates the temperature change of the opti-
cal system in the aerial camera based on the internal and external
thermal boundary conditions and thermal control measures of
the aerial camera. It predicts the actual temperature of the aerial
camera under given conditions, and verifies whether the thermal
design can control the temperature of the optical system within
the required temperature range. The thermal analysis software
is used to simplify the thermal model of the aerial camera in
accordance with the principle of energy equivalence. The finite
element model is shown in Fig. 8. We choose two working con-
ditions. Working condition 1: the initial camera temperature is
20◦C, the flying altitude is 20 km, and the flying Mach number
is 0.66. Working condition 2: the camera initial temperature is
20◦C, the flying height is 6 km, and the flying Mach number
is 0.3. Since the first working condition is more demanding,
the calculation and analysis of the first working condition are
emphasized.

A. No Thermal Control Analysis

Figure 9(a) shows the lens temperature cloud picture and the
whole machine temperature cloud picture after 2 h under work-
ing condition 1 without any thermal control, respectively. The
lens temperature is between 4.5 and 15.8◦C, the maximum tem-
perature difference is 11.3◦C, and the deviation from the initial
temperature of 20◦C is large. There is a large temperature gra-
dient on the lenses. The imaging system has a large temperature
difference.

Figure 9(b) shows the lens temperature cloud picture and
the whole machine temperature cloud picture after 2 h under

Fig. 9. Lens temperature cloud map and the whole machine tem-
perature cloud map after 2 h without thermal control. (a) Under
working condition 1 and (b) under working condition 2.
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Fig. 10. Lens temperature cloud map and the whole machine tem-
perature cloud map after 2 h with passive thermal control. (a) Under
working condition 1 and (b) working condition 2.

working condition 2 without any thermal control. The lens
temperature is between 8.8 and 17.0◦C, the maximum tem-
perature difference is 8.2◦C, and the deviation from the initial
temperature is 20◦C. There is a large temperature gradient
on the lenses. The imaging system has a large temperature
difference.

The above results show that the temperature level of the aerial
camera will change significantly without thermal control in a
low-temperature and low-pressure environment. There is a large
temperature gradient between the optical lenses, which cannot
meet the thermal control requirements of the optical system.
The temperature level of the imaging system decreases as the
external temperature decreases.

Figure 10(b) shows the lens temperature cloud picture and
the whole machine temperature cloud picture after 2 h under
working condition 2 with passive thermal control. The lens
temperature is between 11.9 and 18.0◦C, and the maximum
temperature difference is 6.1◦C. The absolute temperature level
increases compared to that without thermal control. The outline
cabin has a thermal insulation, but the temperature difference of
the imaging system is still significant.

The above results show that the temperature level of the aerial
camera will increase in a low-temperature and low-pressure
environment when passive thermal control measures of the
insulation layer are adopted. It indicates that the first and second
levels of thermal control are effective. However, a large temper-
ature gradient on the optical lenses cannot meet the thermal
control design requirements. In addition, the lower the ambi-
ent temperature, the lower the temperature level of the aerial
camera.

B. Overall Thermal Control Analysis

Figure 11(a) shows the lens temperature cloud picture and
the whole machine temperature cloud picture after 2 h under
working condition 1 with whole thermal control. The lens tem-
perature is between 17.3 and 21.9◦C, and the maximum
temperature difference is 4.6◦C. The deviation from the ini-
tial temperature of 20◦C is small. The lens temperature gradient
is small, and the temperature difference of the imaging system is
small.

Figure 11(b) shows the lens temperature cloud picture and
the whole machine temperature cloud picture after 2 h under

Fig. 11. Lens temperature cloud map and the whole machine
temperature cloud map after 2 h with whole thermal control. (a) Under
working condition 1 and (b) under working condition 2.

working condition 2 with whole thermal control. The lens
temperature is between 18.3 and 21.3◦C, and the maximum
temperature difference is 3.0◦C. The deviation from the ini-
tial temperature of 20◦C is small. The lens temperature gradient
is small, and the temperature difference of the imaging system is
small.

Therefore, the temperature level of the optical system lens
can be maintained at 20± 2.5◦C with the multilayer thermal
control method in a low-temperature and low-pressure environ-
ment. The temperature difference of the optical and mechanical
structure is small, which meets the thermal control requirements
of the optical system.

C. Data Analysis

The external environment temperature (−55◦C) of working
condition 1 is lower, and the effect of the multilayer thermal
control method can be investigated more. Extract the relevant
temperature data of working condition 1 for comparison.
Figure 12(a) shows the temperature change with time of the
lens components inside and outside the exterior outline cabin
and the imaging system under working condition 1 without
any thermal control. The temperature drop rate of the exte-
rior outline cabin is extremely fast. The temperature drops to

Fig. 12. Temperature change curve with time under working condi-
tion 1. (a) Without any thermal control, (b) with passive thermal con-
trol, and (c) with whole thermal control.
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−47.4◦C at 2400 s. There is almost no temperature difference
between the inside and outside of the outline cabin, and the
final temperature is −52.8◦C. The outside temperature of the
imaging system drops slower. The temperature is 41.5◦C higher
than the inside temperature of the outline cabin, which is good
for maintaining the temperature of the lens components in
the imaging system. All lenses maintain a good temperature
level within 2400 s (20◦C± 2.5◦C). The lowest temperature
is 18.1◦C. But the temperature level of all lenses has a speeding
decrease along the time, and the temperature difference between
lenses becomes larger.

Figure 12(b) shows the temperature change with time of
the lens components inside and outside the exterior outline
cabin and the imaging system under working condition 1 with
passive thermal control. With passive thermal control, the
temperature drop rate inside the outline cabin is significantly
slower. At 7200 s, the lowest temperature is−30◦C, indicating
that the outline cabin has a good thermal insulation effect. The
temperature level outside the imaging system increases 5.5◦C
at maximum over that without any thermal control measures.
All lenses maintain a better temperature level (20◦C± 2.5◦C)
within 4200 s, and the lowest temperature is 18.3◦C. The
overall temperature level of the lenses declines along the time,
but the rate slows down. The lowest temperature increases by a
maximum of 6◦C compared to that without thermal control.

Figure 12(c) shows the temperature change with time of the
temperature control point of the lens assembly with the whole
thermal control under working condition 1. The temperature
overshoot value of the temperature control point of the lens
assembly is within 1.5◦C, and the temperature uniformity is
good, which meets the thermal control requirements.

Comparing the above data, we can obtain the following
conclusions:

1. After the first and second layers of thermal control are
implemented, the maximum temperature difference
between the lenses is reduced from 11.3◦C to 8.5◦C. The
first and second layers of thermal control increase the
temperature level of the optical lenses and reduce the tem-
perature gradient. They increase the thermal inertia of the
aerial camera, prolong the retention time of the tempera-
ture level, reduce the influence of the external environment
on the camera imaging system, slow down the overall
cooling speed, and improve the temperature uniformity.

2. After multilayer thermal control is implemented, the maxi-
mum temperature difference between the lenses is reduced
from 11.3◦C to 4.6◦C, which meets the thermal con-
trol requirement. The multilayer thermal control greatly
increases the temperature level of the camera and effectively
controls the temperature gradient of the optical system.

3. The temperature level of the external environment has a
greater impact on the internal temperature distribution
of the aerial camera. The lower the external environment
temperature, the lower the overall temperature level of the
camera, and the greater the difficulty of thermal control.
It provides a favorable theoretical basis for the thermal
test. The thermal test is carried out according to working
condition 1.

Fig. 13. Results of thermal optical analysis.

D. Thermal Optical Analysis

The main factors affecting the thermal optical properties are the
refractive index of the lens optical material and the linear expan-
sion coefficient of the lens material and lens barrel material. The
lens materials are ZBAF1, ZBAF3, and TF3, and the lens barrel
material is TC4. Through temperature analysis of the optical
system, the influence of temperature change on the defocusing
amount, focus, and height-of-image of the optical system is
obtained as shown in Fig. 13.

When the lens temperature varies from 17.3◦C to 21.9◦C,
the maximum absolute value of focus amount of the optical
system is 39µm, which is acceptable.

5. THERMAL EQUILIBRIUM TEST AND FLIGHT
TEST

A. Thermal Equilibrium Test

The thermal equilibrium test of the aerial camera is relatively
complicated and difficult. The laws and methods of various
thermal tests need to be continuously explored during the test
process. With existing laboratory conditions, it is impossible
to simulate the external boundary conditions such as wind
tunnels (convection heat transfer), but the low-temperature
and low-pressure environment can be used to verify the effect of
active thermal control. The thermal equilibrium test equipment
of the camera is shown in Fig. 14, which is mainly composed of
environmental equipment and testing equipment.

Figure 15(a) shows the temperature change with time of
the temperature control point of all lenses. The temperature
overshoot value of the temperature control point of the lenses is
within 1◦C. The experiment result is better than the simulation
result. This is because the simulation step is 10 s in the thermal
analysis. In the experiment, the control period is 1 s, and the
thermal control accuracy is higher.

Figure 15(b) shows the CCD temperature change curve with
time. Within 2 h of continuous operation, the CCD’s temper-
ature rises slowly and the maximum temperature is 29.4◦C,
which is slightly higher than the laboratory environment
temperature and meets the thermal control requirements.
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Fig. 14. Actual thermal test equipment.

Fig. 15. (a) Time dependent temperature curve of the temperature
control point of the lenses in the thermal test and (b) CCD temperature
change curve with time.

B. Flight Test

Flight test is the most direct and effective way to check the ther-
mal control effect of the aerial camera. It can avoid errors caused
by simulated calculation of thermal boundary conditions and
thermal coupling, and can truly reflect the temperature distribu-
tion and imaging results of high-altitude aerial cameras. We use
actual installation condition on the aircraft, the flying altitude
is about 6 km, and the flying Mach number is about 0.3 Ma.
During the flight test, no frosting or fogging was observed on the
optical window, the CCD worked normally, and high-quality
aerial images were obtained, as shown in Fig. 16.

The temperature distribution of various parts of the aerial
camera after 2 h is shown in Table 4. The temperature distribu-
tion of the aerial camera measured during the flight is basically
the same as the thermal calculation result, with a maximum
error of 6.7%, which is caused by various errors such as low-
temperature simulation error, external heat flow simulation
error, and thermal coupling error. Moreover, the temperature
difference of the interior and exterior outline cabin and the sur-
face temperature of the imaging system have little impact on the
imaging quality of the aerial camera. Therefore, the maximum
error of 6.7% is acceptable. For the lens group, since the active
thermal control period in the actual flight test is 1 s, and the
calculation step length in the thermal analysis is 10 s, the actual
flight test results are better than the analysis results.

Fig. 16. Aerial image.

Table 4. Actual Flight and Thermal Simulation
Analysis Temperature Control Point Data of the Aerial
Camera after 2 h

Point for Measuring
Temperature

Initial
Temperature

(◦C)

Actual
Temperature

(◦C)

Simulation
Temperature

(◦C)

Exterior surface of
camera

19.7 −22.2 −23.7

Inside of camera outline
cabin

19.8 −12.1 −13.0

Outside of
optic-mechanical
structure

19.8 9.0 8.4

Front lens component 19.9 20.1 20.7
Focusing lens
component

19.9 19.9 20.5

End lens component 19.9 19.8 20.6

Given the thermal test results and the flight images, the
multilayer thermal control method can effectively increase the
overall temperature level of the imaging system, and effectively
control the temperature level and temperature gradient of the
optical lenses, which contribute to acquiring stable and clear
aerial images.

6. CONCLUSION

The single layer thermal control method is known to increase
the thermal control power consumption and the difficulty of
thermal control. We propose a multilayer and system-level
thermal control system for aerial cameras, especially for those
are directly exposed to the external environment during work.
Based on detailed analysis of the internal and external thermal
environment of the high-altitude vertical imaging aerial cam-
eras, the effective thermal isolation of the optical system from
the complex external environment is achieved by using a rubber
damper, a thermal insulation outline cabin, and an internal air
interlayer. The lens temperature in the optical system is well
buffered, and the active thermal control power consumption is
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effectively reduced. This distinguishes our method from the tra-
ditional thermal control method. In addition, the system-level
thermal control design is provided from the optical window, the
optical system lens to CCD, so as to obtain higher-quality aerial
images. Thermal simulation analysis and thermal test results
show that the thermal control power consumption of the system
is 270 W, the temperature gradient of the optical system does
not exceed 5◦C, and the CCD temperature does not exceed
30◦C, which meets the thermal control design requirements.
Therefore, the multilayer thermal control method is simple,
accurate, low-cost, easy to implement, and can effectively
reduce thermal control power consumption and the difficulty of
thermal control. This method has been successfully applied to
high-altitude vertical imaging aerial cameras, and high-quality
aerial images have been obtained. In this paper, the exterior
outline cabin is sealed but not airtight. In the future, airtight
outline cabins can be studied to further improve the thermal
insulation effect.
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