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Abstract. To control the mirror seeing effect and the thermal deformation, the actively cooled primary mirror is
utilized in a large ground-based solar telescope. Due to direct solar illumination and high reflectivity of the mirror
surface coating, the traditional contact or noncontact temperature measuring methods of the mirror surface are
not available. A noncontact temperature estimation method based on the analytical heat transfer model of
actively cooled primary mirror of a solar telescope is proposed. The experimental validation has been carried
out on the actively cooled honeycombmirror with 600-mm diameter. When the temperature on the mirror surface
fluctuates between 23.7 deg and 26 deg, the corresponding estimation error is not more than 0.4 deg. The
experimental results validate the correctness and accuracy of the proposed method. © 2017 Society of Photo-

Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JATIS.3.4.046001]
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1 Introduction
With the progress in solar physics, the higher temporal and spatial
resolution for solar observation is required. Relative studies indi-
cate that most scientific research focuses on a very small spatial
scale of 50 to 100 km at the solar atmosphere, corresponding to an
angle resolution of 0.1 arc sec.1 Therefore, only a solar telescope
with at least 1-m aperture can satisfy the latest solar physics
research. For difficulties in sealing and stress birefringence of
a large aperture window, open structure gradually replaces the
traditional vacuum structure for telescopes with meter-sized aper-
ture or above. However, for solar irradiance, the primary mirror is
heated and its temperature difference with the ambient air will
result in mirror seeing effect2 and thermal deformation.3

To mitigate the mirror seeing effect and thermal deformation,
the actively cooled primary mirror to control the mirror surface
temperature is gradually being utilized in large ground-based
solar telescopes. The actively cooled primary mirror has two
types. One is the lightweight sandwich mirror,4 the other is
the active thin mirror.5 The sketch of cooled system for two
types of mirror is shown in Fig. 1. The absorbed heat transfer
to the back surface of mirror and is cooled by the temperature-
controlled air from the nozzle.

Currently, all the large ground-based solar telescopes in oper-
ation or under development, such as GREGOR (the German solar
telescope with 1.5 m aperture),4 Goode Solar Telescope (GST),5

Daniel K. Inouye Solar Telescope (DKIST),6 European Solar
Telescope (EST),7 National Large Solar Telescope (NLST),8

and Chinese Large Solar Telescope (CLST),9 are equipped
with the actively cooled primary mirror. For a feedback control
system, the surface temperature of primary mirror, which is the
control objective, should be accurately detected.

Generally, there are two ways to detect the surface temper-
ature of an object. One is the contact estimation method and the

other is the noncontact estimation method based on infrared
detection. However, due to the solar irradiance and fragility
of the mirror surface coating, the contact temperature sensor
cannot be adhered on the mirror surface directly. Also, the
high reflectivity and the low infrared emissivity of the mirror
surface coating make the infrared thermal imaging not available.
As a compromise, the surface temperature of primary mirror is
usually replaced by the temperature in the vicinity of the mirror
surface, such as the back of the mirror face sheet or the shadows
of the spiders on mirror surface,10–12 where the traditional tem-
perature estimation method is available. Therefore, how to accu-
rately measure the temperature on the surface of an actively
cooled primary mirror is still an unsolved problem.

In this paper, a surface temperature estimation method for
actively cooled primary mirror surface is proposed. The pro-
posed mirror surface temperature estimation method is based
on the analytical heat transfer model of the actively cooled mir-
ror. Furthermore, the experiment is carried out to validate the
proposed temperature estimation method.

2 Analytical Heat Transfer Modeling of
Actively Cooled Primary Mirror

2.1 Heat Transfer Model of Primary Mirror

For simplification, two types of actively cooled primary mirror
can be simplified as the heat transfer model of plate with air jet
impingement cooling (Fig. 2).13,14

The above simplified heat transfer model can be described by
a one-dimensional (1-D) transient heat transfer model (Fig. 3).

The 1-D transient heat transfer partial differential equation is
applied along the x-direction through the face sheet of primary
mirror. For the front of the face sheet, there are convection with
air, absorbed solar radiation, and thermal radiation with the envi-
ronment. On the back of the face sheet, where the air jet
impingement is formed, there is the forced convection between
the air jet and the mirror and the thermal radiation with the*Address all correspondence to: Changhui Rao, E-mail: Chrao@ioe.ac.cn
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environment. For lower temperatures and the emission rate of a
coating with high reflectivity, the thermal radiation is neglected
on both sides of face sheet. The heat transfer model of the face
sheet of the actively cooled primary mirror is expressed as15

EQ-TARGET;temp:intralink-;e001;63;435

8>><
>>:
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k, ρ, and Cp are the thermal conductivity, the density, and the
specific heat of the mirror material, respectively. TcðtÞ, TambðtÞ,
and qðtÞ are the outlet temperature of the air jet, the ambient
temperature, and the absorbed solar radiation as functions of
time, respectively. Tðx; tÞ is the temperature of x-position at

time t. hn and hc are the heat transfer coefficients on the front
and the back of the face sheet of primary mirror, respectively.

To solve Eq. (1), we discretize Eq. (1) in time and space
domain. Central and forward differences are, respectively,
applied for the second- and the first-order differential terms.
For time stability of solution, the implicit scheme is used.
The differential equations are given as
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Equation (2) expressed in matrix forms is given as

EQ-TARGET;temp:intralink-;e003;326;434AT ¼ BC; (3)
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Fig. 1 Sketch of actively cooled primary mirror (a) lightweight sandwich mirror and (b) active thin mirror.

Fig. 2 Heat transfer model of plate with air jet impingement cooling.

Fig. 3 1-D transient heat transfer model for the face sheet of the
actively cooled primary mirror.
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where Lthickness is the thickness of the face sheet and N is the
number of nodes along the x-direction. Using the inverse of
matrix A, Eq. (7) is obtained

EQ-TARGET;temp:intralink-;e007;63;313T ¼ A−1BC. (7)

Matrix T represents the temperature distribution along the
x-direction at the next moment. Using Eq. (7), the temperature
distribution at any time can be obtained.

2.2 Heat Transfer Coefficient on the Front of the
Face Sheet

The convection on the front of the face sheet is equivalent to the
forced cooled model of a flat plate. In the model, the diameter of
a round plate is the characteristic length.

According to the experiments,15 Eqs. (8)–(10) are obtained

EQ-TARGET;temp:intralink-;e008;63;172NuL ¼ hnL
λ

¼ 0.664Re1∕2L Pr1∕3; ðReL ≤ 5 × 105Þ; (8)

EQ-TARGET;temp:intralink-;e009;63;134NuL ¼ hnL
λ

¼ 0.037ðRe4∕5L − 871ÞPr1∕3; ðReL > 5× 105Þ;
(9)

EQ-TARGET;temp:intralink-;e010;63;88ReL ¼ uLL
ν

: (10)

The heat transfer coefficient hn on the front of the face sheet can
be calculated. ReL is the Reynolds number, which is decided by
the flow velocity uL (unit: m∕s), the diameter of plate L (unit:
m), and the dynamic viscosity ν (unit: m2∕s). Nondimensional
parameters Pr and NuL are the Nusselt number and the Prandtl
number, respectively. λ [unit: W∕ðm · KÞ] is the thermal con-
ductivity of the air flow.

2.3 Heat Transfer Coefficient on the Back of the
Face Sheet

The air jet-cooled system on the back of the face sheet is equiv-
alent to the single round air jet-cooled model (Fig. 4).

The hc is the heat transfer coefficient on the back of the face
sheet. The mean heat-transfer coefficient hc in the jet zone of
radius r is expressed as15

EQ-TARGET;temp:intralink-;e011;326;579

hcD
λ

¼ ðNuDÞM
¼ 2Re0.5D Pr0.42ð1þ 0.005Re0.5D Þ0.5

×
1 − 1.1D∕r

1þ 0.1ðH∕D − 6ÞD∕r
D
r
; (11)

EQ-TARGET;temp:intralink-;e012;326;494ReD ¼ uDD
ν

; (12)

where D;H, and r (unit: m) are the dimensions as shown in
Fig. 4. Nondimensional parameters ðNuDÞM , ReD, and Pr
are the mean Nusselt number, the Reynolds number with char-
acteristic length D, and the Prandtl number of air. hc and λ are
the mean heat transfer coefficients on the plate and the thermal
conductivity of the air jet.

Equation (11) is validated by the experiments when it satis-
fied the conditions as

EQ-TARGET;temp:intralink-;e013;326;3692 × 103 ≤ ReD ≤ 4 × 105; 1 ≤
H
D

≤ 12; 2.5 ≤
r
D

≤ 7.5:

(13)

Fig. 4 A single round jet-cooled model.
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3 Noncontact Surface Temperature
Estimation Method on Actively Cooled
Primary Mirror Based on the Heat Transfer
Model of the Mirror Face Sheet

The noncontact surface temperature estimation method is based
on the heat transfer model of actively cooled primary mirror face
sheet. The proposed estimation method includes the follow-
ing steps:

a. Ambient parameters definition: Sensors are used to
measure the ambient air temperature (denoted as
Ti
amb, unit: K), the outlet air jet temperature of nozzle

(denoted as Ti
c, unit: K), the solar irradiance (denoted

as qi, unit: W∕m2), and the ambient air velocity
(denoted as uiL, unit: m∕s). The sampling period of
these sensors is denoted as Δt.

b. Mirror parameter definitions: The heat conductance,
the specific heat, and the density of mirror material
are, respectively, denoted as k (unit: W∕mK), Cp
(unit: J∕kgK), and ρ (unit: kg∕m3). The thickness
of the mirror face sheet is Lthickness (unit: m).

c. The heat transfer coefficient on the front face sheet is
obtained from a look-up table: based on the measured
ambient temperature Ti

amb, the dynamic viscosity,
and the thermal conductance and the Prandtl number
of the ambient air is obtained by looking-up table.
Substituting these parameters into Eqs. (8)–(10)
produce the heat transfer coefficient on the front
of the face sheet, which is denoted as hn (unit:
W∕m2 K).

d. The heat transfer coefficient on the back of the face
sheet is obtained from a look-up table: Based on the
measured outlet air jet temperature of nozzle Ti

c, the
dynamic viscosity, and the thermal conductance and
the Prandtl number of the ambient air is obtained by
looking-up table. Additionally, the inner diameter, the
gap between the outlet of the nozzle and the back of
mirror face sheet, and the radius of the jet zone (mir-
ror cell) are, respectively, denoted as D (unit: m), H
(unit: m), and r (unit: m). Substituting these param-
eters into Eqs. (11)–(13) produce the heat transfer
coefficient on the back of the face sheet, which is
denoted as hc (unit: W∕m2 K).

e. Mirror surface temperature calculation: Substituting
the above parameters into Eq. (7) produce the esti-
mated surface temperature Tiþ1

N of actively cooled
primary mirror.

In the next section, the proposed temperature estimation
method is experimentally validated in a specific actively cooled
primary mirror.

4 Experimental Validation

4.1 Prototype of Chinese Large Solar Telescope
and Its Actively Cooled Primary Mirror

To fill the gap of high-resolution solar observation in east Asia,
China is planning to build a CLST with 1.8-m aperture.16–18 To
validate a series of key technologies including the actively
cooled primary mirror, the Prototype of Solar Telescope
(POST) has been built19 (Fig. 5).

The primary mirror of the POST is an actively cooled honey-
combmirror made of ultralow expansion glass (ULE, Table 1). The
diameterL and the thicknessLthickness of the primary mirror are 600
and 20 mm, respectively. The inner diameter D of nozzle and the
gapH between nozzle and plate are 15 and 20 mm (Fig. 4), respec-
tively. The radius r of inscribed circle of hexagon cell is 45 mm.

The thermal control system for honeycomb primary mirror of
the POST is shown in Fig. 6.

Air jet impingement cools the back of the face sheet of pri-
mary mirror directly. Refrigerator and electrical heater collabo-
ratively work to regulate the cooling air temperature to realize
the active thermal control of the primary mirror surface. The
ventilator works at a fixed frequency, and the mean outlet veloc-
ity of nozzles uD is 3.16 m∕s. Experimental measurements of
the air jet flow rate differences for the nozzles are <5%. For mir-
ror temperature measurement, two temperature sensors are
installed at the outlet of nozzle (S1) and the front of the face
sheet corresponding to the same cell [S2, Fig 7(a)]. Temperature
sensor S3 is used to measure the ambient temperature. After the
calibration and modification, the maximum measurement error
of each temperature sensor is <0.05 deg.

4.2 Experimental Results

To validate the proposed temperature estimation method, a lab-
oratory experiment has been carried out. Since there is no solar

Fig. 5 (a) Three-dimensional sketch of POST and (b) cross section of POST primary mirror cell.
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irradiance in the room, the absorbed solar irradiance qi equals
zero. To test the thermal response of the primary mirror in the
room, the refrigerator and electrical heater work alternately to
produce the temperature fluctuation. The ambient temperature
of the laboratory is not controlled. The following temperatures

are measured: the variation in the temperature of the environ-
ment (temperature sensor S3), the front-sheet (temperature sen-
sor S2), and the air jet in the cell (temperature sensor S1). These
are identified in Fig. 6 and their variations versus time are shown
in Fig. 8.

For the small temperature range (<5 deg) and the low
humidity of the air in the room (the dehumidification is on),
the properties of dry air are assumed as constant quantities.
Refer to the dry air at 25 deg,15 the properties are shown
in Table 2. The velocity of ambient air flow uL in the room
is about 0.1 m∕s (tested by the hot-wire anemometer of
TESTO 425).

Substituting the parameters into Eqs. (8)–(11), the heat trans-
fer coefficients on the front of the face sheet and the back of the
face sheet are 1.6 and 47 W∕m2 K, respectively.

The number of nodes N is set as 20. For the sampling, fre-
quency of temperature sensor is 0.2 Hz, the corresponding time
step Δt equals 5 s. Substituting the measured temperature into
series of the environment (measured by temperature sensor S3)
and the air jet in the cell (measured by temperature sensor S1)
into Eq. (7), the measured temperature on the front of the face
sheet is obtained (Fig. 9). Here, the calculated temperature series
is the result of the proposed noncontact temperature estimation
method.

To validate the proposed estimation method, the calculated
result is compared with the real temperature on the mirror
(measured by temperature sensor S2). The estimation error is
defined as

EQ-TARGET;temp:intralink-;e014;326;444errorabsoluteðNÞ ¼ TexperimentalðNÞ − T theoryðNÞ: (14)

The estimation error with time variations is shown in Fig. 10.
Figure 10 shows that the error is no >0.4 deg. In the mean-

while, the mean value of the error is 0.14 deg. Based on the
analysis, the acceptable temperature rise on mirror surface
should be within 2 deg.20 Therefore, the error of the proposed
noncontact temperature estimation method is acceptable.

Table 1 Properties of the ULE.

Property Value

Density (kg∕m3) 2210

Thermal conductivity (W∕mK) 1.31

Specific heat (J∕kgK) 766

Fig. 6 Thermal control system for primary mirror of the POST.

Fig. 7 (a) The temperature sensor S2 for experimental validation on the mirror surface (the probe is in the
circle) and (b) the photo of the POST after assembly.
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5 Summary and Conclusions
In this paper, a noncontact temperature estimation method based
on the analytical heat transfer model for actively cooled primary
mirror is proposed. To validate the method, the experiment
based on the prototype POST has been carried out. Using
this method, the surface temperature on the actively cooled pri-
mary mirror surface can be obtained without traditional temper-
ature measurement methods.
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