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ABSTRACT

The WIYN welescope primary mirror 15 the 3.5 meter number-two-mutor cast at the University ot Anzona. The Borosili-
cate glass temperature ot the mirror 15 regulated dunng use w limit the distoruons caused trom thermal expansion, and o
limit murror seeing caused by natural convecuon. The design ot the thermal regulation system includes a closed air cooling
picnum within the murror cell structure compiete with blowers and heat exchangers. Heat generated by this system and
also removed trom the glass s camed away by another hiquid coeling loop w0 a remowely posiuoned liquid chilling unit.
The system can regulate the muror temperature to +/- (0.2 degrees C {rom a iemperature set pownt near ambient air for typi-
cal stauc and dynamic environmenis. Evaluauon of the system includes a tull laboratory optical test of the muror, suppor,
cell and wwmperawure control system. Included i1s a descripuion ot the thermal control design. Data on the performance of
the thermal conmol s summanzed 1n Lhe quantitics of emperature deltas across the system components and flows or air.
water. and heat.

. INTRODUCTION

The Wisconsin-Indiana-Yale-NOAQO (WIYN) Telescope
15 a 3.5 Meter project currently in the design and con-
sauction phase. The telescope wiil be located on Kiut
Pcak, Arizona, in the place of the now dismantled
number-1 36 inch telescope. The site ¢eicvation 1s 2084m
6838 1), The wlescope design incorporates a light-
wei1ght Borostlicate glass pnmary murror which 1s the
second one of this size cast at the University of Arizona
Opucal pohishing of the muror s in work at NOAOQO.
Presently the murror 1s timished as a t1.75 sphere and
instatled i the prototvpe murror cell in preparauen for
cvaluauon ot the design ot the support and thermal con-
rol svstems. Figure 1 shows the assembly ulied up on
the table of our polishing machine.

Thermal conuol of hollow Borosilicate mirrors has long
been a subject of concem for large telescopes. Thermal
lesting expenments have been done, the most recent by
Stegmund et ak., 1990, % Others done by Davison, 7

Hart, > Angel, Cheng, >4 Pearson, * and wong ' date
hack o 1983, Finue element modeling has been done by
Pearson, and Stepp 1o esLirgat.a mutor distoruon f{rom
wemperature gradient input. 77 It was concluded from the
above that acuve regulauon ot wemperature 18 required on
the WIYN primary mirror.

Figare 1. The WIYN primary muror-cell assembly on
our 4m polishing machine and tlted 70 degrees.

THOperated by the Association of Universities for Research in Astronomy, Inc. under cooperative agreement with the National Science
Foundation,



Specific design goals are based on a contribution W error in the telescope image of 0.16 arc sec FWHM. [t is estimated
that to achieve this, the temperature uniformity of the mirror must be better than 0.24 degree peak t0 valley. Also ©
reduce mirror seeing there is a requirement to match the murror o the ambient air within +- 0.5 degrees.

The majonty of this paper is a descripton of the design of the mirror thermal control system. Section 3 is brief descniption
of the plan for testing the system. Section 4 summarizes some preliminary conclusions.

2. DESIGN DESCRIPTION

A description of the thermal control system design starts with the mirror and follows the direction of heat flow, ending at
the prevailing-down-wind rejection point far from the telescope. Interleaved with the description are discussions of the rea-
sontng that is required to optimize the system. The system 1S made to be integrated into the mirror cell and support system.
The air plenums are also the cell structure. There are three cooling 100ps which act in sertes to move heat from the mirror
to the rejection point. The first loop uses an enclosed volume of air within the mirror and cell structre to transfer heat out
to the next loop. During times when the mirror must be heated the second loop simply removes less heat than the blower
power which is sufficient 10 heat the muror a degree per hour. The second loop, using a coolant mix of 50-50 water and
glycerol, moves the heat about 30 meters off the telescope to a liquid chiller, The temperature of the chiller fluid is the
vanable used for control. The chiller 1s housed at ground level and adjacent to the telescope control room. The third loop
contains a water-glycol mixture. Its function is to reject the heat from the chiller 0 a convecuon heat exchanger down-
wind {rom the telescope.

2.1 Nozzle jet thermal regulation

The method of heat transport used to regulate the mirror temperature is convection to air from all of the back-surfaces of
the glass. Nozzles jet air into the back-plate hole of each cell and onto the outside and inside edges of the mirror. The noz-
zle design and air flows are nearly the same as proposed previously. >* The dimensional details are shown in figure 2.
The nozzles at the edge of the mirror are longer than at the cells. Each of the 354 units passes 5.7 I/sec at a pressure
differennal of 76 Pa.

2.2_Air jet temperature control

PN

Control of the mirror temperature depends on the control
of the air temperature exiung the nozzles. What tempera-
ture should the air be? Previous ideas published concen-
trate on the use of the ambient air temperature. 13,46
The argument 1s that the mirror needs to be regulated
near the ambient temperature for minimizing mirror see- : e6.7rn
ing, and that with convection coupling to the back of the
mirror the ume constants for cooling are short enough
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that the iemperature lag effect will be less than the / s

requirement. The first problem with this is finding the {fﬁ zfl:; A Ll
ambient air iemperature, and the second is how to control 175mm _""T

all of the nozzles 1o use this temperature "set-point”. The 10amm 127P7
vanauon of control will cause image distortion due to | l
mirror bendin g. -fff?;/fl_ RELLZAIILY WLl -

Two expenments to simply suck ambient air through the #

nozzles discovered that there is to much variation in : 76 Pa pressure

ambient aur properties (0 meet the requirement on mirror

bending. 2" This is an "open” system because the air

passes through one ame and 1s exhausted. Another open Figure 2. Air nozzle geometry. Note that the nozzle

system design that conditions the air with a blower and extends into the muror back-plate.
lherma% servo system to improve the umformity was
tested.



The altemnative “closed” system used for WIYN recvcles the same air within a closed plenum. Healt 1s not carnied away by
aur but 18 transterred to another liquid system. The blowers that recycle air are mounted on the muror ceil. Heat is tran-
sported awayv from the telescope through 25 mm diameter rubber hoses. Furthermore the air temperature 1s oniy conuolled
ndirecdy by setung the temperature of the liguid coolant.

The acuvelv conuolled open system will use more energy than a closed system because of the exhausung of the controlled
ar and conunual conditioning of new ar with larger thermal differenuals. Also open sysicms wiii have problems with dust
and water vapor entenng the systiem along with the air.

-

2.2 Plenum lavoul. dividing up the air low

The wr tiow channcls within the cell are shown in figure 3. a section through the ccll and murror center-line. The lower
nart of the section shows the murror supporung structure whnich 1s a welded steel box structure. The structure (s sealed and
ACLs as a plenum tor pressunized ar suppiled w the 354 wemperature regulaung nozzles. Radial shear webs denine 12 pic
shaped arcas. Each of these 1s divided by a shear web that 1s the mounung for a tin-and-tube heat exchanger. The tnangu-
lar shaped arca adjacent 1o the heat exchanger 1s pressunzed by 12 blowers from above., The air flows down through the
lowers and back radially wward the muror center and through the heat exchanger. The muror s supported 102mm 1n
ront of the steel cell by 66 axial push-rods that pass through the cell and are sealed at the faces with rubber gaskets (not
shown n the tigure). Air mgected into the core ot the muror 1tows back out through the annular passage around the nozzle
nd (nto the space between the murror and ceil. It s collected and retums radially back wo the blower 10 be recycled. Note
the relation ot the end of the nozzle to the gcometry of the hole 1in the muror back plate. Also the 12 nozzies at the inside
Jiameter and the <8 at the outside diamceter are longer. Sheet metal boxes with rubber seals cover the edges of the murror
1o complete the ¢losed plenum svsiem.

Fach facet along the outside
cdge ot the cell weldment has
AN access hole o the heat
cxchanger, and a  cover.
Access further into the cell s
avatlable by removing the heat
cxchanver.  When  removed
trom the cell the exchanger 13
still connected w the coolant
supply by two tiexsble rubber
noses, [he box  over c¢ach
clower aiso has a4 removable
SONVeT.
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qQure 3. Air plenum layout



We believe that the 12 pie sector geometry for air flow has specific advantages. The cross-sectional areas taper down uni-
formly along with the flow as the air moves in woward the center and back out o the blower. Direction of the back-
pressure behind the mirror is so that the effect on nozzle flow matches the direction of mirror mass variation. The radial
pressure gradient measured on our system is S Pa. Flow of the air has a symmetry that, when transferred to the mirror as a
residual thermal distortion, can be corrected by the mirror support system.

2.4_Control loop strategies

With the proposed system the most simple control strategy is to use one thermal feedback sensor and treat the entire mirmor
as one temperature zone. The uruformity of temperature depends on the uniformity of the blowers, nozzles, heal
exchangers and plenums. Other possibihties are 12 pie shaped temperatire zones that match the 12 blower-heat-exchanger
circuits; and 354 zones that would coincide with each nozzle. The plan for WIYN is o try the simple solution first because
it costs less. The layout of the design allows addiuon of more sensors, conrol valves and electronics if more uniformity 1s
required.

2.4.1 Data sensing for control

The sensor chosen for feedback is a T thermocouple for several reasons.

. The quantty to be measured is a iemperature difference between the air and the mirror. The Peltier effect measures
differences directly if pairs of junctions are wired in series and altematve junctions are located across the temperature
difference as shown in figure 4. The air-to-mimror sensor uses four pairs wired like this at quadrants around the outside
diameter. One set of junctions extends into the air covered by a aluminum foul fin and the other set is attached to the out-
side diameter of the muror face. A T-type junction wired in this manner results in two copper wires to be connected 10 the
voitmeter so that thermal gradients at the voltmeter terminals do not cause errors.

2. The accuracy of the reading needs o be +- 0.01 C. This is +- 0.4 microvolts for one junction pair and muitiple pairs
muluply the voltage. Commercial voltmeters are available to measure these levels and interface directly with RS485 senal
l0 any compuler.

3. The sensor must not generate heat while being read. Thermocouples generate voltage directly and can be read by apply-
ing a very small current. Therefore there is no heat generated by the junctions.

4. There is ume to read the sensor accurately. Muldple readings can be taken and averaged to reduce the noise in the dada.
We are averaging 60 readings over a 5 minute time interval. The typical noise associated with a specific reading at these
low voltage levels comes from the amplifier and A/D converter in the voitmeter. There is a trade here between the cost of
the voltmeters and the amount of readings that are averaged.

5. Offset errors are the most demmental to sysiem opera-
tion. Lineanty and scale factor errors can be large and 24 goge copper
still not effect the operation of the servo contol algo- 24 gape constantan
rithm. Thermocouple junction paus have no offset at
zero output. The volitmeters used have up 10 5 micro-

volts of offset which does not drift rapidly. The offset in v o
the voltmeters can be divided by wining more sensor E ::'g
pairs in series, or can be nearly eliminated if a computer ¢ ocooooc K 0
driven latching relay is used to periodically reverse the g oooooc —_— - ¥
input leads to the volumeter. We have experimented with ¥ ocooooc = TOOE E
several relays and found one that works well. " Coooos g g :

7 - &

Figure 4. Thermopie connections for sensing air-to-
murror emperature differential
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~.o 1he control algonthm

A Proporuonal-Integral- Dcnvaﬂve (PID) controt aigornithm 1s used to calculate new values for the twemperature ot the
soolant entenng the muror ccli The values Irom the tcedback sensor are used o update the servo at 5 minute intcrvals,
The system s wned at a gan ot 10.5, a integrauon ume ot 17.5 minutes, and a denvauve ume of 3.72 munutes. The
coolant emperature 1s limited in the soltware 10 +- 3 degrees trom the ambient air 1o prevent excessive integrated winding
~t the conwol when the error signal 1s large. The software also allows input to put the muTor wmperature at a fixed wem-
perature ditterence from the air. The system will track the air temperature 1n our optics shop to +- .02 degrees. Response
10 4 step change tor the muror st point 18 about 60 minutes if the step 18 wathin the capacity ot our chiller unit.
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S oAIrmovers

[ransportaton ot heat by moving a tluid such as atr requures the addiuon of energy to move the Huid against fricuon
losses. Generaily the tricuon losses are greater when the fiuid 1s air rather than water. Air fans tend (o have mechanical
cticiencies around 20 percent. This means that for 1000 wals into the tan motor only 200 watts of air-velocity energy
come out of the tan and 800 watts of heat increase the temperature ot the air as it Hows through the fan. In the case of our
stosed systemn the other 200 waus s also changed to trictuion heat as the air Hlows around the plenums, heat-exchangers, and
nozzies. There are different designs tor the tan impellers depending on the motor speed and the required output pressure.
Our pressure of 120 Pa is on the high ¢nd ot fans with torward curved blade impellers and in the lower-to-middle range for
rackward curved impellers. We med both types on 4 st plenum box made from wood and found out that tor our design
:he torward curved mmpetler squurel cage type biower used less energy. This is a result of the favorable placement of the
squirrel cage so that the spinning acuon ot the blower tends w direct the wr back through the hcat exchanger. Preliminary
Jata trom tesung the complete system indicates a blower etliciency ot 22.5 percent. For this particular wst run the set of
2 blowers were running on 108 volts AC, supplying 2010 Vsec, and pumping 113 Pa. Electncal power input was 1212
watls and the aur temperature across the blower was 0.43 degrees (939 watts ).

There 15 a gquestion about vibrauon because the biowers
are mounted direcily on the cell. The attachment ot the
motor W the blower housing s modifed to incorporate a
rubber 1solator as shown in higure 5. Relative motion due
W 1solauon of the motor and squirrcl cage 1s allowed by
the aur gap bewtween the squurel cage and the housing
infets. The housing ot the blower is attached to the cell
using a gasket made trom 3 mm sheet 1sodamp rubber.

2.6 Heat exchangers

Coolant supphied o the 12 heat exchangers on the cell 1s
connected at the edge ot the cell on the 2 o-clock posi-
1on as one locks into the bore of the honzon pointed
2lescope. The connecuons have pairs of ball valves with
a4 pipe union between to allow a disconnect with
minimum i0ss of coolant. Two rubber hoses connect o
he telescope voke with a loop to allow the clevation
mouon of the w©lescope. Al the cdge of the ccil the
upper connection extends around the 1nside 1n a counter-
dockwise direction to make a supply maniteld. The

jower connection 18 cxtended 1n the clockwise dirccuon Figure 5. The blowers mounted on the murror cell are
0 form a return mantiold. The mamiolds tit into the shown with the covers removed. The black square
nternal niche of the cell weldment directly between the attached to the side ot the housing with rubber spacers 13

blower and the heat exchanger as can be seen in tigure 6. Lthe vibrauon 1solator.



These are made of one-inch-copper pipe wnt 12 sccuons
connected with pipe unions so that removal 15 possible.
Extension of the manifolds in opposite directions {orms a
>qualt length path tor the fduid 1o cach heat exchanger in
order to balance the tlow. Insulation over the pipes
raduces wmperawure differences due to heat wanster from
the manutold.

The heat exchanger used 1s made with 3/8 nch copper
tube and copper fins. The design maxamum pressure {or
the liguid s 1350 Kpa. The wbces pass through the fins
~U umes an g senes-serpenune manner. The Cross 5¢c-
nonal area tor ar flow 15 0091 m ™ . As shown n tigure
7 the exchanger 1S5 connected w the supply on the air-
low down-stream side. The cooier ituid follows the ser-
nenung path to the wp and then returns back across the
up-stream side to the rcium manitold. The copper tin
connecung the two planes of wubes averages the coolant
wemperature Jiferenual caused from the heat transfer.
Because of this pecometry the vanation of the ¢xit air
temperature across the area of the hins (s reduced.

Heat c¢xchangers are rated with respect to  cnergy
exchanged per unit of inlet temperature dilference tor any
agiven flud and air flow condiuon. Measurements from
our system of 12 exchangers indicate an air flow of 2010
l/sec with a pressure drop of 35 Pa. A [luid (water) flow
of 0.61 l/sec with a pressure drop of 138 Kpa (at the
pump). At these flow rates and an inlet temperature
Jitference of 1.29 degrees C the heat transferred 1s 1270
% atts/degree.

‘lll—|

2.7 Secondarv Liguid coolant loops

in sclecung a design for a hiquid chiller we first studied
commercial treon coolers and found out that most of
them loose thewr capacity when the condenser empera-
ure drops o zero degrees or lower. The temperature on
Kitt Peak someumes drops 1o -16 degrees. Also uniike
normal ar-conditioning, we are always requiring an out-
nrut that 1s less than nve degrees oflset trom the ambient
outside temperature. For these two reasons we decided
w0 ook at a catfler design that uses Thermo-Elecuric-
Cooling (TEC). Peltier effect cooling devices overcome
wome low emiciency problems when they are used across
smalier wmperawre differentials. There are some advan-
Lges trom the view ot ease of conurol, heat or cool from
the same device., and noise generauon. There 1S 4 Cost
disadvanwage ot about 30K dotlars. We have designed
and are currently construcung a cooler that will have a
KW cooling capacity at a temperature difference of 5
degrees C. The part ot this that reguired the most
engineenng work s a plate heat exchanger that incor-
porates 334 scparate TEC cooling modules between the

not and cold plates.

Figure 6. Heat exchanger mounting and c¢onnection
details. The three toil fins in front of the air flow path
are thermocouples. The device directdy below the blower
1S a paddle flow switch. One of the thermocoupie
ampiliticr interfaces 1s visible.

SUPPLY
MANIFOLD

| RETURN
MANIFCOLD

__j_uATER? TEMP AVERAGED
BY THE COPPER FINS

Figure 7. Heat exchanger connections



0.61 I/sec, 138 Kpa
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l CHILLER

Figure & TEC chiller block dagram

Temperature and heat trensfer o
for 02 degrees/hvw cooling 0
COOLANT 2
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trangfer COOLANT 1
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Figure 9. These are sone measured performance valugs for
Qa cooling rate of 5.2 degrees/HR. Terperatures for 7, &
9, andd coolant loop 2 are estimated



The pair of figures 8 and 9 show a block diagram of the TEC chiller and some typical performance values for the heat
transfer in the mirror cell. The numbers in the balloons on figure 9 correspond w0 the locations indicated on figure 8.

3 TESTING

There are a series of tests planned for the WIYN 3.5m mirror that will be run in the NOAO optics polishing facility. 10

The attachment of the assembly to the tilt table of the 4m polishing machine allows testing at two positions; zenith pointing
and zenith-82 degrees. The test setup allows a comparison of optical wavefront errors and thermal control performance.
The mirror and cell prototype design also includes a 66-point active axial-muror-support system that will be used to study
the compensation of thermal bending with active supports. The 1uual tests are being done with a NESLAB water chiller
which will be replaced by the TEC chiller when 1t 1s available.

Temperature in and around the mirror is recorded using a system of 1024 sensors. 7 Sensors are located inside each cell of
the mirror and around the outside and inside diameter. Data from the muror sensors is reduced to thermal contour maps
that show the back-plate and face-plate lemperature vanations. A map of the air varation at the mid-plane of the cells is
also generated. The vanation on the outer and inner diameter ribs at the mid-plane is shown on the maps. Additional tem-
peratures are measured at various points in the temperature control system. Flow of air in the system is calculated from
measured electrical power to the blowers and differenttal temperatures measured across the components. Pressures are
measured at the coolant supply pump, and across the components in the mirror cell. Heat transfer values are computed
using the specific heats of the fluids and the measured flow rates.

The following i1s a summary of the planned test procedures.

1. Measurement of the vibration caused by the blowers and/or water flow.

2. Venfy the calibrauon of the thermal temperature sensors by vanation of the heat flow direction.
3. Test the ability of the system to negate an external thermal disturbance.

4. Test the control with a simuiated dynamic thermal environment

4 PRELIMINARY RESULTS AND CONCLUSIONS

Wwe have determined a few conclusions based on preliminary tests of the system. The findings are mostly positive but one
must note that we are in the process of checking out the system.

The blowers can operate within the mirror cell without a problem of vibration. We have taken numerous scatter-plate inter-
ferograms with the systemn running and cannot se¢ a difference when the blowers are switched. We looked at a point image
with an auto-collimating microscope while switching the blowers and could see about 1/20 arc second of mouon only dur-
ing starting and stopping. Otherwise we could not see the effect of the blowers. We investigated the vibratuon at slower
blower speeds and nouced a mouon sunilar to the starting moton.

We could not detect image motion from the water flow,

We have measured some variaton in air temperature across the individual heat exchangers. We suspect the major part of
the cause to be variauon in blower output. We will need 1o test the blowers and adjust them to a matched output.

The thermal servo is doing a fine job with matching the mirror to the air temperature. It has run now in the shop for days
and controls to within + 0.02 degrees. Even when temperature gradients are increased by opening doors the conuol is
betier than +- 0.2 degrees. The transient time for a stepped change in the mirror temperature is one hour.

QOur temperature maps show an improvement in the mirror uniformity by a factor of two when compared with the system
not running. The peak-to-valley readings go from 0.8 to 0.4 degrees. A portion of the improved 0.4 value appears {0 be
offsets in the temperature readout. )
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