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Abstract. Aerodynamic analysis is a crucial part of evaluating dome seeing, which is one of the main factors
affecting telescope image quality. Due to the large volume and high heat quantity inside the dome, dome seeing
is @ common issue. To characterize the thermodynamic performance of the 2.16-m telescope at the Xinglong
Observatory, we describe computational fluid dynamic analyses for modeling the effects of passive ventilation as
part of a preliminary study for a dome venting system. The aerodynamic modeling is built based on the structures
of telescope and enclosure. In addition, the distribution of the temperature and the airflow around the enclosure
are presented in several simulations with different slit orientations, including various wind-telescope relative
azimuth angles. The airflow distribution was studied for two cases. The temperature and turbulent contour
maps show that the current passive ventilation can cause turbulence and influence the accuracy of the
image. The dome seeing is estimated using a postprocessing analysis based on the mechanical turbulence
and temperature variations along the optical path. The results of dome seeing gave a suggestion of venting

strategy. © The Authors. Published by SPIE under a Creative Commons Attribution 4.0 Unported License. Distribution or reproduction of this
work in whole or in part requires full attribution of the original publication, including its DOI. [DOI: 10.1117/1.JATIS.5.2.024011]
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1 Introduction

The 2.16-m telescope, built in 1989, located at Xinglong
Observatory, is an English equatorial mount telescope, with a
primary mirror of diameter 2.16 m.! It has a large hemisphere
dome with a diameter of 23 m and a height of 15 m. The rotating
dome lies on a cylindrical wall comprising three layers: 1-mm
aluminum sheet layer, air layer, and bearing wall. Both sides of
the bearing wall are a 150-mm insulating layer. The 2.16-m tele-
scope and a sectional drawing of the three-layer cylindrical wall
are represented in Figs. 1 and 2, respectively.

Due to the large volume of the dome (~5600 m?) and high
heat capacity inside the dome, several small exhaust fans could
not balance the heat around the telescope. The wind coming
from the 5-m-wide dome slit may cause air turbulence inside
the dome. The accuracy and quality of images delivered by the
telescope are adversely affected by dome seeing. Dome venting
is an essential part of dome design. It could promote air circu-
lation and reduce the dome seeing effect. Adding a series of
large openings, “vents,” in the skin of the dome is an effective
method to achieve the thermal and aerodynamic requirements
for astronomical observations.

Efforts to improve the performance of the dome have been
done from the 2010s. In 2011, the ventilation system was
changed from blow to exhaust. These exhaust fans are triggered
by temperature difference inside and outside the dome, whereas
the old version was started-up by timing control. After a long
period of time, the outside surface of the dome was peeling off.
The dome was repainted with a new metal structural nanocoat-
ing in 2012. The reflectances in visible and thermal radiation of
the coatings are larger than 98% and 86%, respectively. Earlier
data showed that the dome repainting had an improvement on
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the temperature difference by reducing the temperature inside
the dome during daylight.

This paper describes the results of computational fluid
dynamics (CFD) analyses of 2.16-m domes with different
wind-slit angles, to characterize the thermodynamic perfor-
mance of the 2.16-m telescope. The dome seeing is calculated
using the temperature profiles along the optical path provided by
CFD. The CFD analyses are aimed to estimate the aerodynamic
performance of 2.16-m telescope and provide suggestions for
a future dome venting upgrade.

2 Computational Fluid Dynamics Analysis

2.1 Telescope and Dome Simplification

The original model of 2.16-m telescope—dome contains tiny
parts and complex shapes that can increase simulation time
and are not necessary. Therefore, the mechanical model should
be simplified (e.g., removing the screws and reconstructing
the top end assembly as an annular part).

The simplified CFD model has five basic components, as
shown in Fig. 3:

1. Dome
2. Mount

3. Simplified telescope structure (top end, M2, center
box, M1)

4. Vents (for vented case)
5. Fluid domain (air).

The altitude of 2.16-m telescope is 891 m above the sea level.
The height of the total building and cylindrical wall are 35 and
19 m, respectively. The rotating dome is 15-m tall and with a
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Fig. 1 2.16-m telescope and dome from a fisheye camera, credit:
Chao Zhang.
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Fig. 2 The sectional drawing of the three layers cylindrical wall.

diameter of 23 m. The width of the slit is 5 m. This mechanical
model was generated over a 3D SolidWorks model based on
the engineer collection of 2.16-m telescopes.” The CFD model
was imported from SolidWorks, using Ansys Fluent software
to make the simulations. The size of fluid domain is about
100 m X 45 m X 43 m, ensuring the visibility of the tendency
of airflow around the dome.

2.2 Computational Fluid Dynamics Configuration

The Reynolds (Re) number is an important dimensionless
quantity in fluid mechanics used to help predict flow patterns
in different fluid flow situations; it is defined as®

L
Re = & (1)
v

where u is the velocity of the fluid with respect to the object
(m/s), v is the kinematic viscosity of the fluid (m?/s), and L is
the characteristic linear dimension. According to the weather
station data at Xinglong Observatory, wind speed is usually
1 to 2 m/s during the observing nights. For 2.16-m telescope,
characteristic length depends on the diameter of the dome. Thus,
Re is over 1.66 X 10° and turbulent flow occurs around dome.
The aerodynamic model is a transient problem, results after
4000 s of simulation are given in this paper. Pressure-based solver
and k-e model are used to simulate the incompressible airflow
at low speed, which are also used by thirty meter telescope.*
The initial value for the ambient temperature is set as 278 K.
The boundary conditions in CFD model are shown in Table 1.

2.3 Aerodynamic Performance

This CFD model simulates turbulent air flow of 1 m/s with the
telescope and dome in two different orientations relative to
wind: pointing parallel to the wind (slit to wind angle is
0 deg) and pointing perpendicular to the wind (slit to wind

00 5000(m) z ‘/I\‘ x

1250 3750

Fig. 3 (a) SolidWorks model and (b) CFD model of 2.16-m telescope.
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Table 1 2.16-m telescope-dome CFD boundary conditions.

Surface Temperature (K) Type
Inlet 273 Velocity
M1 278 Wall
Floor 276 Wall
Dome surface 276 Wall
Outlet 273 Outflow
Top of the fluid domain — Symmetry
Sides of the fluid domain — Symmetry

angle is 90 deg). Two cross sections are defined in fluent to
quantify the aerodynamic performance. As shown in Fig. 3,
one of them is the intersection plane along the middle of the
slit (black square), the normal vector of which is z axis. The
other is a cross section with the normal vector of y axis (blue
square). The red axis describes the orientation of the domain.
The green arrow shows the direction of wind.

Case 1: Wind parallel to the slit. As shown in Fig. 4, the
green arrow shows the direction of wind. Four contour maps are
velocity magnitude, vector, turbulent kinetic energy, and turbu-
lent intensity. The vector diagram is zoomed in for easy check
(in red square). Turbulent kinetic energy is the measurement of
turbulent intensity and is directly related to the transportation
of momentum, heat, and moisture inside the boundary layer.
According to Eq. (1), the wind speed is proportional to the Re
number. When the velocity is large, the Re of air also becomes
larger. The flow distribution diagrams (velocity and vector con-
tours map) show the eddying of air in the upper edge of the open
slit, which could cause air turbulent along the light path if tele-
scope points to zenith. The max wind speed around the upper
slit is 1.2 m/s while 0.6 m/s inside the dome. The turbulent
intensity here is 37.6%. M2 is the nearest part to the slit, thus
the turbulent kinetic energy and intensity values are larger than

other parts, showing “warmer” color. The air blown through the
slit will form a vortex at the leeward corner (left of the mount),
because there is no exit for the airflow to leave the dome
(velocity vector). But this area is far from the light path and the
turbulent kinetic energy is only 9.4 X 10~ m?/s2, not enough to
cause major concern or reduce the image quality.

Case 2: Wind perpendicular to the slit. Figure 5 describes
the wind orientation (in green arrow) and the coordinate system
(in red) of case 2. The auxiliary cross-section planes are the
same as case 1 (not shown in Fig. 5). Compared with case 1,
the dome has a rotation angle of 90 deg counterclockwise
and the fluid field does not change, noting that the coordinate
system is different from case 1. As can be seen in Fig. 6, the
wind direction is from left to right. In this case, the airflow is
blocked by the windward wall of dome and flows to two sides of
the dome, which produces the max wind speed (1.9 m/s)
around the slit. Thus, image quality will be damaged because
of the strong turbulent intensity (29.9%). There is no wind blow-
ing directly into the dome, but several vortices can be seen at
the left area of the mount. The max speed inside the dome is
0.8 m/s, larger than the max speed of case 1 as shown in
Fig. 7. Some data of case 1 and case 2 are shown in Table 2.
Turbulent kinetic energy and intensity data are presented at
the surface of primary mirror, which is crucial in light path.
The turbulent intensity values for case 1 and case 2 are approxi-
mate to the turbulent intensity in free atmosphere. The local
atmosphere cannot be more stable through manual intervention,
but we may use ventilation system and dome vents to reduce
the turbulent intensity inside dome, achieve good dome seeing.

2.4 Temperature Inside the Dome

Temperature variation may change the air refractivity and
then lead to turbulence airflow. Therefore, the temperature dis-
tribution inside the dome is another key point in the dome seeing
study. Figure 8 shows the temperature distribution in the cross
section along the slit at 100 s. Two different wind speeds have
been used to simulate the effective of velocity. The left two
images of Fig. 8 are for wind speed 1 m/s and the right two
images for 2 m/s. The heat above the primary mirror could
be removed away by wind. Temperature of primary mirror

/’ Cross section along the slit(x)

Fig. 4 The orientation information of the case: pointing parallel to the wind (slit to wind angle is 0 deg).
The green arrow shows the wind direction, and the orientation of the model is described by the coordinate

system in red. Two cross sections are orthogonal.
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Fig. 5 Contour maps for the case 1: wind parallel to the slit, (a) velocity magnitude and (c) vector;
(b) turbulent kinetic energy and (d) turbulent intensity.

Wind

Fig. 6 The orientation information of the case: pointing perpendicular to the wind (slit to wind angle is
90 deg). The green arrow shows the wind direction, and the orientation of the model is described by
coordinate system in red. Two auxiliary cross sections are the same as case 1.

for Fig. 8(b) is 276 K while Fig. 8(a) is still 278 K. This could be The frequency of air changes is only 4 to 6 times/h. In contrast,

seen from both cross sections. Due to the single-slit type of Large Synoptic Survey Telescope (LSST) has a series of vents to
the dome, turbulent air can only be removed through the slit exhaust the air, about 150 air changes/h even the size of LSST’s
where the fresh air comes in, an inefficient way of heat balance. dome is larger than 2.16 m (30 m in diameter).
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Table 2 Aerodynamic performance for case 1 and case 2. A
0 =0.975863 —, 5)
o
Parameter Case 1 Case 2 where D7 is the structure function, C2T is the temperature structure
Max speed inside the dome (m/s) 0.61 0.83 coefficient, Ar is the separation, P is the pressure (mb), T is
o the ambient temperature (K), r( is the Fried parameter, and y is
Turbulent kinetic energy (k - m?/s?) 0.01 0.02 the height from primary mirror. For a vertical direction zenith
. . distance y = 0 deg and 1 = 500 nm at Xinglong Observatory
Turbulent int ty (% 5.41 10.73
urbulent intensity (%) (pressure P = 90125 Pa = 901 mb), the FWHM is expressed as
8.418 x 10° 3/5
- 2
The full width half maximum (FWHM), 6, is computed ¢ =724 [ A Cr(y)dy} : (©)
using the functions derived by Blanco, Zago, Kolmogorov,
Tatarskii®!! According to the above equation, the dome seeing can be
calculated by monitoring the temperature at different heights
Dy = ([T(r) = T(r + Ar)]?) = C2AF/3, ) above the primary mirror. The 42 symmetrical temperature mon-

itoring points locate above the primary mirror in CFD (y = 0 to
P12 14 m, Ar = 1.5 m), as shown in Fig. 9.
2 =C2 [77.6 x 1076(1 4+ 7.52 x 1073172) _2} , (3) The temperature data are recorded at different wind speeds
T (v = 1 and 2 m/s) and different times (100 and 600 s) for case 1
and case 2. The ambient temperature T is set to 273 K. Table 3
27\ 2 -3/5 shows the calculated dome seeing for case 1 and case 2. For a
rg = [0.423 (7) (cos y)~! / c, (y)dy] , “4) faster wind speed (v = 2 m/s), dome seeing is larger at 100 s
Vertical but lower at 600 s, because the quick heat balance rate. Due to
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Fig. 7 Contour maps for the case2: wind perpendicular to the slit, (a) velocity magnitude and (c) vector;
(b) turbulent intensity and (d) turbulent kinetic energy.
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Fig. 8 Temperature contour at 100 s; (a) and (c) wind speed = 1 m/s; and (b) and (d) 2 m/s, from two
directions: along (a and b) the slit and along (c and d) y axis.

DDDDD

X

Fig. 9 Monitoring points distribution (shown as “+”); horizontal
distance (z) for two points is 1.5 m and perpendicular distance (y) is
0 to 14 m from M1 surface.

the different wind-slit angles, the dome seeing for case 1 is quite
smaller than that for case 2. The results give us a venting strategy
that the dome vents should be parallel to the wind direction,
i.e., open the vents that face to the wind.
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Table 3 Dome seeing for case 1 and case 2.

v=1100s v=1600s v=2100s v =2600s

FWHM_Case 1 0.33" 0.14" 0.52” 0.03”

FWHM_Case 2 1.14" 0.59” 2.54" 0.30”

3 Conclusions

CFD simulations have provided a method to determine the aero-
dynamic and thermal performance of 2.16-m telescope to meet
the image quality requirements by a thorough study in dome
seeing. The image quality through the telescope is critically
affected by dome seeing, as can be concluded from the CFD
data. The dome seeing comparison shows the wind-slit angle
is an important factor and gives us a strategy for a venting sys-
tem. In future work, the venting system will be designed and the
differential image motion monitor (DIMMs) will play a role in
dome seeing monitoring. Two or three DIMMs will be needed to
compare seeing outside the dome with that inside the dome.
However, dome seeing measurements have several difficulties,
including concurrent observation and the dome seeing relationship
with wind direction, slit to wind angle, and ambient temperature.
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