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Precision Tempersturs Control for Opties WManufscturing

by
Jaffrey ¥, Roblee

Lavrence Livermore Nationsl Laboratory
P. 0. Box 808, L-792, Livermore, Cslifornis 94550

Abstract

The principles of preciajon tempersture control are presanted in thia paper. Eaphasia
is placed on the wuse of heat exchangera with large flourates of coolant. Deaign
considerations for auch systems sre highlighted. In particular, the selection of aystem
components apprapriate to the deairad lavel of performance is discussed. Several feedback
econtrol technliques are also presented.

Introduotion

One ¢of the largest sources of inacourasy in optical cosponents arises from thermally
induced diastortions. Theae can ocour in the sanufacture, gnspection, and assemdly of |
optical components. A number of techniques are presented for achieving teaperature
control at asppropriate levels of precisjon. The emphasia ia on the design principles
required for constructing & system for aupplying temporature controlled ooolant to @

sachine or instrusent. The specifir details of how that coolent §s used are not
discussed. A number of practicsl, precision fecdback control techniques are presented,
and alternative aystem designa, consisting of commercially available componenta, are
discuased.

At the Lavrence Livermore Notional Laboratory (LLNL), precise diamcnd turning machines
are brought to & thermal equilibriua {and I{l!tlin!ﬂ theré) by using massive flows of
temperature controlled air and liquids. Brysn'’ has used extﬁrqu oil shovera on msachine
tools to. greatly !lproif‘tnalr thermsl ostability and othersd*” have used air ahowvers.
Other machinea at LLUL®'® combine an external air showsr with internal wvaster cooling
in areas of oconcentrated heating. Alr shovers ars not effective for remuving large
quantities of heat, but they are convenient for minimizing the influence of external hest
pources on atructures with negligible imternal heating. For moat applicstiona, a theraal
gradient in 8 structure ia permissidle, as long ss it is stadle with reapset Lo time.
Therefore, all heat loads on precision machinss should be made =s constant us possidble.
It ls the suppression of time-varying heat 1loads that determines the smount of cooling
required for a mschine. Nowever, if s short thermal "posk out™ time is not neccovary,
eriticsl struetural slements should ba insulated. This reduces their sensitivity to time-
varying heat loads. The thersa) response time of » mashine also has & great impact on the
tespersture control systea. It determines the frequency range over whieh the control
aystem wmust perform. This implies that the required temperature stadbility of ths machine
coolant is frequency dependent, with large, high-fregquency fluctuations being tolerabdle.

Heat Exchanger Design

At LLNL, the primary method for controlling machine-coaolant temperature uses &
ehilled-vater-000led heat. exchanger. This is true wvhether the machine coolant is air,
water, oil, or some other fluid. Water, however, is an excellent coolant dbecause or 1ts
high hest capaoity and low viscosity. Beth the flovrste and the temperature of the
enilled water influepce the machine-coolant temperature 'at the heat exchanger outlet.
* However, hoat exohangers respond faster to flowrate changes, and rlewrate is easier to
manipulate than chilled-water temperature. Therefore, most systems at LLNL sanipulate
ehilled-water flowrate to achieve temperature control, vhile holding the chilled~uater |
temperature constant. By controlling & heat exchanger with this teechnique, the
temperature cantrol problem becomes one of flowrate control., Different flowrate-control
smethoda are presented in the following aection. |

The design or selection of a hsat exchanger 1s eritical if precise temperature control
is to be achieved. The following discusaion focuses on 1iGuid heat exchangars cQaled by
chilled water, but most of the cemments are spplicable to air heat exchangers a3 well.
The static and dynasic characteristics of candidate heat exchangers must be examined to
determine their ablility to provide preciae temperature control. This is complicated by
the faet that the transient response and the steady-state heat transfer are @ nonlinear
function of onilled-watsr flowrate. The steady-atate heat balance for a heat exchanger 18
given by the equation:
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Q= VR ATy = Com (Ty - Ty) m
vhere :
Q = hoat load (energy/time)
Ua = Overall haat tranafer factor of the haat
sxchanger
ATy, = logarithaic mean tempersture differonce
acroas the heat exchanger

Cp = specific hest of elther fluid
[ = Mass flowrate of either fluild
To = dbulk outlst temperature of either fluid
Ty = bulk {nlet temperature of either fluid

Here the DUlK temperature i1s defined as the averaga teaperature of a rluid, integrated
~ across its cross section at & particulsr peint fn a pipeline. A4 typical solution to this 5

aquation ia ahown in Fig. 1. It indicktes the chilled-wvater flowrate and teaperature

required to obtain a apecified rate of heat tranafer. For- this sxasple, 1t s assumed

that the flovrate of the machine coolant is fixed and 1ts outlet temperature 1a noainally .

0°C. Thia type of a plot ta very useful in the evaluation of candidate heat exchangers. N

For 8 constant Iinlet temperature, Equation 1 ghowvs that a change in the heat tranafer rate

Q produces a praportional change n the cgutlet tespsrature of the machine coolant.

Therefore, the slopes of the curves in Fig. 1 {ndicate the temperature senaitivity to

flowrate errors at different chilled-vater temperatures. For control ayatem deaign, tne

slope also represents the input-oulpul gsin of the aystem, which 1deally should be

conatant. However, the gain varies greatly with flowrate, with the ateepest slope

ocourring at emall flowrates, Also, the slope increcases as the chilled-wvater temperature |

dropa. Therefare, if the heat load ia reduced, then the chilled water temperature can he |

rajised to reduce the sensitivity to flowrate erraors.

The ah{lled~water get-point temperaturds is chosen from Fig. ' so0 that the necessary

chilled-water flawrate i3 (n the sid-range of the flow oapscity. However, the flow

capacity ahould not de greatly overaized, decsuse it degrades the precision of the flow

control. The required range of the flow controller deponds on the range of hest loads and

the fluctuations in the ohilled-water supply tempersature. The operating region shown in |

Fig. 1 indicates the range af flowrates required to remove different hest loads wvhen the |

ehilled-water temparaturs varies $1.0°C about its set point. If s wide range of flourates |

ia required, the nonlinear effects of manipulating flourate are more significant. An l
. s#lternative solution is to vary the sat-point temperature of the ohilled-water supply so |

that the varistion in flourate is reduced when the heat load changea. Fortunately, with

careful design and operation, many precision maschines do have a fairly constant heat :

load. A large fraction of the heat often comes from pumping the coolant, It {a assumed 1

here that the temperature control systea haa only to provide net coaling, and never net |

heating. 7This greatl)y aisplifies Lhe system deaign and the control task. |

‘" To provide precise temperature control, the process o0f hast removal fros the sachine
coolant must bs clasely oontrolled. In most applications, heat exchangers are designed
for efficiently tranaferring heat, dut for precision temperature control, Jaccurate
manipulstion of ssall amounts Oof heat 1s most important. Therefore, the heat exchanger
must be selected in s different manner from the industrial nors. For instance, if a
NOO 1/umin flov of uster requires temperature stability to 10.0001°C under s heat load of
2.3 k¥, the equivalent heat removal accuracy 1s only #£0.1% of full l08d, In teraa of heat
resoval control, the tempsrature comtrol problem ia actually made easier with large
flowrates of sachine coolant. Thiws is true because the TERpPErature error Corresponding to
& given error in heat removal i3 smaller for larger flourates (see Equation t).

Many types of heat exchangers van sutisfy Lhe bdasic design goala of adequate heat
capacity and structural integrity. HNowever, the following factors, {n approximate order
of priority. must be considered {n the design or selection of heat exchangers for
precision temperature control:

(1) Lowv sensitivity to flowrate errors

(2) Good mixing and unifors heat transfer

(3) Fast transient reaponse

(X) Ease of favrication ‘s
(5) Low presaure drop

Decrezsing the sensitivity to errors in the ohilled water flowrats 18 moat {importvant,
because it dictates hovw closely the Flow must de controllsd. Good mixing and uniform heest
transfer are next in lpportance because they are nesded for accurately measuring the bulk
temperatuyre of the rluid. Because outlet temperature ism usually sensed at one point iIn
the outlet crosa mection, it may not be representative of the bulk temperature of the
fluid, For example, a time-varying teaperature distridbution across the fluid cross
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phenomencon ia often the factor deteraining the ultimste precision of the teaperature
control. The third deaaign objective is & fast tranaient reaponse. The hest exchanger
dynasics lisit the bandwidth of the vontral ayatea, which in turn detersines the asount of
disturbance rejection at any given frequency. Finslly, the last two design objectives are
carry-overs froa standard heat-exchanger design practice.

Some of these deaign odbjectives confliot, but a crosa-flow heat exchanger design
satisfies them more than most other types of heat eoxchangors. They sre siaple to bullg,
have wall-defined flov patterns., and have a amall pressure drop. 0ood wmixing of the
machine coolant occura with it flowing on the shell slde of the heat exghanger. Mixing ia
also prosoted by avoiding oblong flov psoceges On the ahell aide and by arranging the
tubes in & staggered pattern. The apacing of the tudbeaa glso influencas heat Transfer and
mizing. To abtaln a compact, fast responding heat exchanger with uniforas heat transfer, a
large number of small diametor tubes is necessary. The convection coefficients inside and
outside the tudes and the heat losd determine the size of the heat exchanger. To improve
convection ané enhance wixing, DOth the tube- and shell~sfde flows should be well {n the
turbulent flov regime, HNigh velocitiea through the heat exchanger also reduce transit
times of the two fluids flowiag through it, This is often the dominant factor limiting
the apeed of reaponse, particularly for air-to-water heat axchangers.

Methods of Heat Exchanger Control

With a flowrste-contrelled heat exchanger, the chilled-water supply temperature sust
be stabilized by some means. If tha temperatyre drifts from {ts set point, the flow
controller can compensate for the deviation over 2 limited range. Therefare. 2 relatively
crude, on/off controlled, commercial refrigeration unit can often be used. Typically. the
water supply can be maintained to within $1.0°C of its ast poimt. If the fluotuations in
the chilled-water-supply temperature are too large ror adequate heat exchanger ¢ontrol, an
in-line heater can be used to reduce them. Only shown in Fig. 28, a heater can bde used
with any of the other heat-sxchanger asontrol techniques in Fig. 2. For preclse control,
however, a aixing tank should be placed ia the line after the heater, Experience has
shown that heatera do not uniforamly transfer heat, producing slugs of hot and cold
wvater. Heatersa are typilcally controlled in & rapid on/off mode that aimulates
proportional control. The controller, heater, and additionsl tempersture sensocr are
avalilable commercially. :

Hanipulating flovrate allows fine control of a heat exchanger's exit temperature, but
precipe flowrate econtrol $s now required, The most commonly used technigque at LLUL for
controlling rlov in heat exchangera la illustrated in Fig. 2a. Tvo on/off sclencid valves
are employed, one normslly open and oune normally closed. The bypass valva apena as the
Supply valve closes, thus avoliding water hasmer problems. The asolenoid valves are
opersted by s controller that senses the outlat temperature 0f the machine ¢o0olant. Even
though liquid heat exchangera are illustrated in fig. 2, all three contro) teohniques are
equally sppliceble $o chilled-water-cooled air heat exchangera.

If & flov controller 18 not precise anough, an in-line heater is often used to improve
the temperature control of the machine coolant. The heater 1a mountad arter the heat
exchanger, as shown in Fig. 2a. Besides the sdgitional harduare that 18 pequired, a
heater has the aisaavantages orf leas uniform heat transfer and a slower response time than
most heat exohangers.

An alternative flow control technigue using valves 1a shown in Fig. 2b. A manual
valve hos been placed in parallsl with an sytomatic valve. The manual valve 18 adjusted
S0 that the heat exchanger alvaya provides some cooling. This technique iz particularly
useful {(f the heat loada on the system are rairly constant. With auch A manual valve,
the on/off transients of a aclenoid valve have a smaller effect on the heat exchanger,
;11:u1n¢ a aora precise control. In addition, the response time of the heat exchanger is

agter,

A manual valve 1a not aluays necessary vhen a praportional modulating velve is used in
place of the sclenoid valve in Fig, 2b. However, 1t may perait the use of = smaljer
modulating valve in ita moat linear range. For many praportianal valves, such as gate,
glodbe, diaphragm, or ball valves, flowrste 13 nonlinearly related to valve position. This
nonlinearity degradss the flov controller psrforpance. Gate valvea typically provide the
fineat flow oontrol and can bs made linear, or ever purposely nonlinear to cancel heat
exchanger nonlinecarities. For fast reaponse, a sotor=-ariven valve is used, but slaower
pheumatioally-driven valves are alsoc in comaon use. Novever, these valve drive mechanisaa
aften suffer from backlash asnd stiction, which 1imita their flow control capability.
These can be compensated for by sensing valve position and cloaing & contro) laap on ft.
However, it 1s sven battsr to sense the flowrate directly and cloae a aontrol 100p oOn
that, Then valve wvear and all the other valve imperfections can be coupansated for,
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nonlinearity on the heat exchanger control 100p.

By using a variable spesd pump, am shown in Fig. 2o, the flow control probles becomes
one of speed control. This 1a one of the fastest, ®meat preciae wvays tc control
flowrate. There are no bdDescklash prodblems vith a pusp, and aany cosmercislly available
motor coatrollers have very precise spesd ocontrol. Poaitive diaplacessnt pumps are aften
ubed, becauss the flowrate is direstly proportional to pusp speesd, independent of
presours. Typlcslly, ponitive displacement pumps puaping water use rubber impellers or
aylon gears. HNowever, a centrifugal pump ocan bde used when s small nonlinearity betveen
spesd snd flow can be tolerated, bdut then the rlourate becomes sensitive to ohanges in the
downstreaa flou resistance, Nowever, a flouametsr can be used for cloassd loop flow
contral, therehy minimizing the defivienciecs of 8 ventrifugal pump. A variety of variadle
speed motors are availadble, To bes cost effactive, the response time and the precision of
speed regulstion must be appropriste for the application. Inexpenaive controllers often
use only ourreant feedback fros the aotor, but more precise control s poasidle wvhen
fesdback fros & tachometer or [flovwmeter is used.  Typically, tachomaters are Jess
sxpensive and mors accurate than flowmeters, =0 their uss 18 prereradle i{f flourate
feedback i3 not required for the pump defiolencies. To attain high performance, mschine-
tool servomatora, such as DC servomotora or variable frequency AC motors, should be used
ta drive the pusp. These motors have response times of tens of milliswuonds, which is at
least an order of magaitude faster than the response time Of woat hsat exchangers. The
dynamics of the flow coatroller csn therefore be ignored vhen deaigning the control loap
for the haat exchanger,

Design of s Ligquid Coolant Syatea

An aperational water teamperature-coatrol systes at LLNL 18 described here. It serves
te illuatrate nov such a system, shown schematically in Fig. 3, coan be {mplemeanted. A
constant-speed 5 HP, AC motor fa used to drive a centrifugal pump that supplies 500 1/ain
of temperature-controlled water to a precision mschine toal. The water flows through a
oross-flow heat exchanger and through a 20 m long pipeline to a mixing tank 7 m abave the
sachine. %The 1000 1 tank snd its baffle plate encourage mixing, vhich tenda to average
out temperature fluctuations of short duration. Its thermal time oonstant 1s 120 s. 7The
vater flous by gravity out of the tank to the mechine tool. Arter pasaing through the
tank, the water 15 much more homogeneous in temperature than berore it entered. The water
then drains to a 2500 1 susp beneath the machine from which the pump recyglea it through
the ayates.

A 2.5-MP, 2200-rpm, variable-gpeed DC servomotor drives a rubber-impeller pump., Which
can supply up to 120 1/min of chilled water to the tube sida of the hsat exchanger. Usaing
tachomater feeddack, the pump speed ocan be controlled to an accuracy of 2! rpm, over a 25
Hz banduwidth. The pump draus from a 1600 1 water tank that is maintained at 10® 21°C by a
commarcial, on/off-type water~-chiller unit. A pump within the chiller circulatea the
refrigerated wvator (o the tank and bdaok.

The single-pass heat exchanger coantains oixty 0.63-cm dismeter, bDraas tudbes, each 7.6-
om long. They are mounted in eight rows, each row staggered ‘from its nsighbor, to fors a
7.6- by 7.6-cm flow passage for the saohine coclant. The tudbe-aide manifold, shown in
Fig. N, allows each half of the heat axshanger to have opposite tube flow. This tenda to
balance the temperature gradient across the heat exchanger. This design can tranafer 2.7
kW of heat from a vater flow of d0D 1/min while maintaining a 20°C ocutlet temperature.
The correaponding chilled water flow at 10°C was 100 1/min. This hest exchangsr also
reaponds Quickly to changes in flowrates: 1ts bandwidth is 0.8 Mz,

As shown in Fig. 4, 8 2.5-¢m thick plece of aluminum honeycomd is mounted in front of
the therafiator at the outlet of the heat exchanger. The houeycosdb breaks up large
vortices Into smEall eddies snd ssoothes the temperature fluctuations by convecting heat to
snd from the honeycomd walls. To encourage a uaiforms flow ©f uater over the heat
sxchanger tubes, 8 plate with four culouts s installed av the inlet to apread tne flow.
A similar plste is also used on the tuba mide to promote uniforas heat trensfer throughout
the heat aexchanger. By using these devices, a single thermistor sessurement is more
representative of the bulk gutlet tempsrature of the heat exchanger.

At LLEL, thermpistors are comgonly used for precision temperature measuremants.

They have high sensitivity, excellent lang-~term stability, fast responae, and ease of
use. The thermistor beads in this aystem are only 0.3 am in diameter and are bonded to
the tips of glass rods vhich asre then wmounted in asluminum tubes. These theraiators
reapond very guickly to temperature changea in rlowing water. Their thersal response
bandwidth is between 10 and 15 Hi. The temperature induced change In reaistance of the
thernistor {a measured by sn AC Wheatstone-bridge -circult with a 0.00001°*C resolution.
The more common DC Wheatstone bridgea provide resolutions ranging from 0.001 to 0.01°C.

-l -
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Cloasd-Loop Contrel Techniques

A pumber of techniques ocan be used to oclose feuddback control logps on heat
axchangera. Hoat are comsarcially availadble, sc the type of contruller chosen must be
cost effective for the desired level of temperature control. The bsimpleat and most
inexpensive controller 1is an on/off type with an adjuatable deadband. Thoe deadband is
adjusted ao thst tha nominal an/off cycle tiae 1a short compared to the response tise of
either the mschins being voolsd, or of & mixing tank lacated after the Reat axchanger.
However, this method pravidea precise temperature control only {f tha ohilled water
tespersture and the syatem heat loads are relatively constant. A duty-oycls offsat oceurs
in the machinev-ooolant temporature if the retio of on to off periods changes greatly.
Thia type of gontrgl, in conjunction with l1n-line hfn&era (Fig. 2a), hess aschieved a
1+0.01°C tempersture stadbility in a 160 1/min oil flow. ’ This temperature Was averaged
over 8 30 s periad, because the cycle time of the solenoid valves was nominally 6 u, which
is much fapter than the reaponse time of the sachine being cooled.

Duty~cycle offsetl can be correoted 1f a proportional plus integral (P1) controller ia
used. The output of a Pl contraller is typicslly a voltage aignal that ‘i1a proportional to
the asount of flowrate required ror temperature control. For an on/off device like a
sclenold walve, this voltage signal can be converted to & time-proportioned output that
cycles the valve's on and off periods (p proportion to the aontroller output. If the
cycle time is short compared to the response time of the heat exchanger, this technlgue
effentively mimics the proportional control of flowrate. However, very durable solenold
valves are required to withstand the frequent on/off cycles. Microprocessor-based PI
controllers are commercially available with time-proportioned outputs. Some other digital
controllers offer more flexibility than snslog controllers, such as nonlinesr oompensatlon
and averaging of multipls temperaturs Sensoras.

The inner fesdback loop oOf the block diagram in Fig. 5 showa hov & Pl controller can
command a motor-speed controller to obtain flow ooantrol. Because the temperature-control
set point 13 rixed, tha sole  purpose of the feaddack control is to provide disturbdbance
rejection. Most system disturdances, such as ohiller cycling or changing heat loads, sre
ramp runctions. These induce & ostesdy-state followiag error in a PI-controlled system.
To maximize disturbance rejection, the PI controllsr muat be tuned to saximize the opén-
loop gain of the aystea st low frequencies, while an asdeguate stability wsargin 1a
maintained. Most hest exchangera respond slow enocugh that sany commercially avallable
digital controllers can provide precise temperature control. Hovever, analog controllers
are atil)l widely used.

In the system shown in Fig. 3, the machine and the heat exochanger ars separsted by 8
35 a long pipeline and a 1000 1 tank, The coolant is well mixed at the mschine, but it i3
subject to additional environmental heat losds., Therarore, closing a feeddack loop with
temperature sensed only at the hoat exchanger was not sdequate, and senaing temperature at
the machine makes the control systesm too slov for disturdance rejection. Therefore, an
inner control laop was closed at the heat exchangsr. and its set point vas cowasnded by
another control loop =mensing temperature at the sachine. A block diagram oOf this
configuration is shown in Fig. 5. This ocascaded quter loop compensstes for inner-loop
following srrors and for errors in the inper-loop bulk-temperature neasureaent., The outer
loop is much aslower than the imner loop, therefore, it fa only cepable of low frequency
corrections. The rinal closed-loop performance of the mystem 13 recorded in Fig. 6., This
tomperature record was made at the machine arter being filtered by a single-pole filter.
The filter had a time constant of 160 s, .emulating the fastest thermal reaponse of any
machine component. JThis 20.0002°C temperature stability $s typical and ip independent of
the 1.5°C variations in chilled uster temperstura. Without the outer loop closed, the
tnner loop theraistor could be stabfilized to 20.00002°C, but the coolant temperature at
the machine only indioated 20.002°C stability. This demonstrates the sensitivity of the
single~loop control syatems to chiller cycling, errors in the bulk temperature weasuresent,
and to environaental hest loads cocourring after the heat exchanger.

Desjign of an Afr Conditioning System

Many of the principles of liquid-temperatura oontrol systems apply to air conditioning
systems &s well. Hovever, air is more difficult to control then liquids bacause of 1its
lower heat capacitance, and the larger volumea cof coolant. Air cooling systsms typically
operate with higher heat loads than ljquid systeas because of the energy required to move
large volumes of air. Alir also does not coavect heat as well as liquids, necessitating
larger, sore difficult to contro)l hest exchangera. It is slsc more dirficult to control
the temperature of a machine using air shovera, Aas opposed to o1l showers. Ceraful
attention must be glven to the flovw distribution over the machine, whieh must de unirorm,
of high velogity, and time invariant. .Iﬂlilign heat transfer to the aurroundimnga alse
degraden the temperature control of the machine.

-5
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An sxmmple of a high-performance air=conditioning systeo at LLNL 3w shown In ¥Fig. 7.
The air 1» drawn in through a filter dox and passes through 3 Oross-~fiow, sir-to-water
heat axchanger. A centrifugal fan, driven by ; 25 HP wmotor, is placed arter the heat
exchanger to deliver sn afr flow of up to 570 m“/ain. This fsn 18 the largest heat load
$a the systew, raiaing the air temperature by 1¢C. As a oonsequence, oOnly ocooling 13
required throughout the yoar. A duct connects the fan to a 0.5-m deep plenun oovering the
entire ceiling of the 6- by 6-m mschine enclosure. With a nominal velocity af 15 a/min
over the wsachine, the flov of 20°C air is lssinar, and 13 also ecomfortadle for the
operstoar. The air exits through gratings at the perigeter of tha enclosure. This
enhances cooling Of the heavily iasulated walls and wminimizes the therasl coupling of
peoples to the machine. A reissd floor sllous the air to pass into & pit delow the
sachine. from which it returas to the filter box through & stairwell. The enclosure la
slightly prasaurized to avoid inward leakage of outalde air, and it force cools the
fluorescent ceiling lights with ajr leaving the machine enclosure. Make-up air is drawn
into the system from a pgint near the stairvell.

The variable-filow, chilled-watar supply for the air-to-vater heat exchanger i
{dentioal to the system shawn in Fig. 3. The heat exchanger was designed to sinimize its .
vater volume. thereby deoreasing its responsa time. The 1.2-m tall, by 1.5“m lang, by o
6.4=ea thick heat exchanger has 4 parallel aluminum fins per ocentimeter, These are |
attached perpendicularly to twemtyeight 1.0-cm diamcter copper tubes runaing down ang back
through the fins. This twu-pass heat exchsnger desigh tends to even out the temperature
gradient across its face. 7The ends of theas tudes are connected to a supply and return
manifold, respectively. The large nuabder of sasll-diameter tudbes encourages unifors heat
tranafer., Locating the fsn after the coil serves to mix the air flow, and compenaates
for any uneven ccooling that may result from uneven ‘air flov across the heat axchanger. A
casoaded control technique similar to that shawn in Fig. 5 is used. The air temperature
for the imner ldop i3 measured st a aingle point in the 1.2- by 1.5-m duct downstream orf
the Cfan. The 1large duct cross aséction makes bulk' temperature mesasuresenta more
dairricult. The air temperature for the outer loop in messured in the machine enclosure
directly above the machine. PI controllers are used for both the Inner and outer loops,
but the inner-l0cp bandwidth is only 0.01 Hz, becsuse of the large heat exchanger. The
performance of the air system i measured with 10 thermistors dlatributed throughout the
machine ancleaure. The unfiltered, 10-thermistor average aver 36 nours is shown fn Fig.
8, demanstrating the £0.002°C temparature stadility of the systenm.

con ons

This paper highlights the practical teochanigues and principles of obtaining precision
tesperature control in liquids and air. Theae include: '

(1) Miniwizing heat load variations and decressing their rate of change

(2) Increasing the thermal response timse of eriticsl machine components

(3) Using largs flowrates of coolant '

(d) Selecting the proper variable-rlowrate neat exchanger for the applicstion

(5) Using a method of rlov control that is sppropriate to the application

(6) Eacouraging BiXInE tc improve bulk temperature measurementa of the wachine

coulant
(7) Ualng s proportional plus integrsl action contreller for fmproving temperature

control preciston
(8) Employing cascaded control loops ror improving disturbance rejaction
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TECHNIQUES FOR PRECISION AIR TEMPERATURE CONTROL
‘Hans J. Hansen

Materials Fabrication Division, Lawrence Livermore National Laboratory
P. 0. Box 808, L-330, Livermore, California 94550

Abstract

High quality air temperature control can provide an excellent means for minimizing the therma) drift of
machine tools and inspection instruments when other means are not practical. Improvements in air
temperature control has been improved in several machining areas by as much as ten to one by the careful
{dentification of heat loads and the appl ication of some fundamental classical control theory.

Introduction

The kinds of errors which govern the accuracy to which a machine tool can produce a part are usually
proken into two categories: repeatable and nonrepeatable errors. Donaldson (1.) has reported that
frequently the repeatable ervors when compared to the nonrepeatable errors are very small, and as a result,
large improvements in machine performance can often be obtained by trying to decrease the nonrepeatable
errors. He also indicates that the most cosmon cause of nonrepeatability {s changing temperature and the
consequent thermal deformation of the machine structure.

Thermal distortion has long plagued the aress of precision machining and gaging. Past solutions to the
problem have {ncluded careful scheduling of processes with respect to day/night ambient temperature
variations, construction of subterranean inspection facilities (2.) and machine temperature control by
1iquid flooding. In many cases the thermal distortion protlem could have been minimized adequately if air
temperature could have been controlled well enough. Examples of successful applications of fload cooling
for temperature control have been proven by Bryan at LLNL on Diamond Turning Machines #1 and #2 (3.) and on
a modified Noore #3 measuring machine which was improved in thermal stabilfity by a factor of nearly 10 to 1
{4.). These solutions, although sufficient have caused both inconvenience in production and increased cost
of both the product and the facilities required. In addition, many of the solutions have utilized on-off
controls and have been consequently sensitive to heat load changes. An alternate approach provides for the
use of both liquid and air temperature control. In this scheme, closed Tiquid cooling is used to remove
localized heat from the machine, while a light air shower is used to maintain the temperature of the
superstructure. Localized heat would include heat produced by the spindle drive motor and slide drive
motors. The reason that this approach is sometimes desfrable i< that if there are heat Toads on the machine
which are substantial, high air velocities are required to provide the necessary heat transfer if air alone
fs used, The high air velocities can be umpleasant as wel) as unhealthy for the operator. The combined
approach is being implemented on several precision turning machines at LLNL.

The main thing that makes precision air temperature control appear to be difficult is that insufficient
attention is paid to the analysis of the heat sources present, the dynamics of the temperature control
system and to the mode of contro) implemented, Most air temperature control systems are designed on static
criteria such as maximum heating and cooling loads with no regard to whether the loads are sieady or
variable. Very little attention is ever paid in many cases to the type of controller used since the
majority of systems are not designed for high precision applications and as 2 result sfsple on-off type
controls will suffice.

Heat load considerations

A machine tool will be at static thermal equilibrium as long as nothing which affects the net heat
transfer to it changes. Things which supply or remove heat from a machine at a constant rate will not cause
the temperature distribution of the machine to change after it has been allowed to reach thermal equilibrium
{n the presence of those sources or sinks. On the other hand, things which supply or remove heat at
;:ir} :Ne rates will Tnevitably cause the temperature distri bution to vary in time with a resulting thermal

The primary conclusion is that it 1s not necessary to worry about constant heat sources or sinks beyond
ensuring that the static heating or cooling capacity of the room is adeguate to handle the net heat input or
removal from the room. The secondary-conclusion {s that if a constant tesperature distribution is to be
maintained throughout the machine, variable sources or sinks must be either removed or their effects reduced
to a level which produces a tolerable change in machine temperature distribution.

. Constant sources of heat typically {nclude things Vike CNC units, Tights (which are left on day and
night) and any other equipment within the same space &s the room which cperates constantly. Variable
sources include pecple, open doors, varying wall temperatures, varying air temperature, and machine drive
units which operate at varying speeds. A well designed air temperature control system should be atle to
provide afr at sufficiently constant temperature, and minimize the effects of personnel, varying wall
temperatures and open doors.
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A useful technique for representing heat load {nformation is the generation of 3 heat load table for the
space occupied by the machine in question. It is a8 1ist of all of the heat loads present and an indication
of their nature (i.e. steady or variable). In additfon it includes totals for heating and cooling loads
which are useful for detevmining necessary system capacity. An example for 3 typical machining area s

given in Table 1. Tedle 1. Sample Heat Losd Table
Ninter Susmer
Losd Latent sensible Total Latent Sensinle = Total
Type mum ATU/HR
Tonduction
Yo Inside Spaces oN 0 0 /] (] a 0
Conduction
Thry North Vall DN 1] ~15092 «15092 0 14063 14063
Conduction .
Thru Roof o 0 -31040 -31040 ] (1130 (2151
Conduction
Thru Floor H ] 0 0 0 0 0
Personmul
Heat Load [ 6132 3000 932 032 3000 932
Alr Nandler
2=1/2 Bip s ] 19100 19100 ] 19100 19100
Intiltration H ] «10780 -10780 0 [ ] 0
Make-Up Afr
(7000 SCFN Max) v ] -332640 -332640 0 219720 [}
Lighting - Q 26700 28700 0 28700 28700
{ ¥ o 12804 12604 -] 12808 12808
Machine Tools
5 0 $6633 59633 ] $9633 §3¢33
saz -26615 «260183 axR 436154 492286
TOTALS
6132 *§G125 w1457 6132 206434 212566

* Includes Effect of Separate System for Makeup Air

The idea of making a heat 1oad table of this kind is not uncommon to the HVAC profession; however, most
tables do not present the nature of the loads. Time history information is useful in the design of the
control system for determining the kind of disturbance rejection which will be necessary. In addition the
results of the heat l1oad table will indicate what modes of conditioning are required, whether heating or
cooling or both, It is desirable from 3 controls point of view to only have heating or cooling since it is
difficult to find controls for precision applications which can control both processes.

Contrpl system considerations

There are two cormon control problems one or both of which many systems are plagued with. The first
problem is steady oscillation of air temperature with respect to time, The most common cause of this 1s the
on-off controllers frequently used. Their very nature is destabilizing from a controls point of view. To
be more specific, the on-off action introduces a non Tinearity to the system which usually results ina
limit cycle condition. Almost all heat transfer devices are nonlinear to begin with and an on-off
controller just makes the whole system more so. Most adjustments made to the system will only vary the
amplitude and frequency of the oscillation, The discussion should not be construed as that no oscillation
of any kind is acceptable. McClure (5.) demonstrated that machine tools do demonstrate a thermal frequency
response, and that for ambient temperature variations above some freguency characteristic of the machine,
1t's response in terms of drift is negligible.

The secaond problem which appears cuite often in air temperature control systems is a day/night
temperature variation. This is an {ndication that the system has a relatively poor disturbance rejection at
Tow frequency, and more obviously. that some Tow frequency disturbance is present. The changes in
disturbance are caused by both changes in outside air temperature and also by changes in the temperatures
and pressures of the cooling and heating fluids used in the control system.

Both of the above problems can often be dealt with by being more attentive to the interaction of the
controller with the heating and/or cooling device and in general by being more careful in the selection of a
controller. In the case of the heating and/or cooling devices it 1s desirable, whemever possible to
consider not only their static heat transfer characteristics, but their dynamic characteristics as well.
Sometimes 1t leads to devices which are inherently easier to control.

Controllers in most cases need not be much more sophisticated than to have proportional and integral

actions a1though it usually costs mo more once proportional and integral are present to get derivative
action as well. Proportional action is linear in contrast to on-off action and the integral action is all
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that is normally required to remove day/night tesperature variations given adequate system capacity. With
the advent of the microprocessor, many control manufacturers are offering digital controllers with PID
action, suitable for air temperature control systems for less than $1000,

Application of the principles

80DTM enclosure

The BODTM (Baby Optics Diamond Turning Machine) {6.) 1s a small t-based machine which has shown the
capabiiity of producing parts to 20 microinch size and contour tolerances using post-process gaging with,
feedback. A major factor contributfng to the capability of the machine {s its high repeatability which is
made possible by minimizing thermal distortion. Two efforts are made to control the distortion. One is the
application of closed flow cooling to the spindle drive motor and the other is maintaining_ good contro] of
the ambient air temperature. The machine was originally housed in an inspection Jaboratory with + .29 F
temperature control. When programmatic needs demanded that the machine be moved to a shop with + 2.0° F air
temperature control, the problem of how to provide adequate air temperature control materialized,

In response, a small temporary enclosure was constructed to house the machine which would be capable of
providing air temperature control commensurate with what existed in the machine's prior habitat. The
control scheme involved drawing air from the shop which had + 2,0° F varfations and heating it at variable
rates in order to provide the necessary control accuracy. The resulting conditioned air was blown over the
machine and then returned to the surrounding shop. Figure T shows the configuration of the enclasure.

s

Figure 1, BODTM enclosure design

The air temperature was heated by arrays of standard 100 W 1ight bulbs which received varying amounts of
power depending upon the output signal of the temperature controlier. The latter was a basic commercial
praportional control which had as it's imput a thermistor type temperature probe located within the
enclosni:_rl-e nga:y the slides of the machine. Light bulbs were chosen for their fast thermal response as well
as availability.

Several efforts were made in order to attempt to reduce the effects of the surroundings on the
temperature within the enclosure. The first thing that was done was to equip the enclosure with transparent
plastic curtains to contain the conditioned air and minfwize the infiltration of outside air. The net
positive pressure provided inside by the blowers also helped to inhibit the entry of outside air. The
second thing which was done was to design the enclosure to limit the entry of the operator to the minimum
requirement of arms and hands, and hence reduce the amount of varjable heat contribution by the operator,
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The enclosure, although crude, is capable of maintaining the air temperature inside to + 0.3° F while
the temperature in the surrounding shop varies as much as + 2.0° F. A sample temperature recording from
within the enclosure is given in Figure 2. The main caveat of the design 1s that since the enclosure can
only provide heating, the temperature inside can only be held higher than the outside shop temperature. The
consequences of this are twofold. The first is that 1f the parts are inspected in an area with a different
temperature, size discrepancies will no doubt be present. However, this problem can generally be
accommodated by simply taking into account the coefficient of thermal expansion of the part material and the
temperature difference between the machine and {nspection enviromments. The second consequence fs that
since the enclosure temperature is linked to the outside shop temperature, if the latter should depart
widely from the set point temperature within the enclosure, contral will be either lost or severely
degraded. On a more positive note, the sisplicity of the design provided for a rapid, low cost {under
$5000) solution for the temperature control problem on BODT. In terms of reliahility, downtime of the
enclosyre has been less than one week in the one year of continuous operation since 1t's completion.
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Figure 2. Sawple temperature
recording from BODTM enclosure
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PERL_enclosure

The Precision Engineering Research Lathe (PERL) now under construction at LLML is a small turning
machine similar in many ways to the aforementfoned BODTM machine. One of the major differences between the
two machines s that the PERL has a design accuracy an order of magnitude higher than BODTM's. When it is
finished it is slated to operate in the same shop as the BODTM and therefore some means will be required to
maintain the air temperature around it at constant temperature. The design air temperature variation for
the machine 1s specified as + 0.25° F.

During the design of the enclosure all of the pitfalls of the BODTM enclosure were considered and the
following decisions were made to improve the subsequent design:

1. The dependence of the enclosure on outside shop afr temperature waould be decreased.

2. The enclosure would be configured so that the operator would not have to work through curtains and
would not be exposed to the flow of escaping enclosure air past his or her face.

3. More emphasis would be placed upon the aesthetics of the enclosure to improve acceptance by
operators.

The resulting enclosure features closed air flow and is designed so that the operator can stand inside
next to the machine. Construction features extruded aluminum structural members and formica covered
panels. Some wood was used in the design for it's thermal insulation and noise attenuation
characteristics. The walls of the enclosure are made of plastic curtains similar 1o what one commonly finds
on refrigeration cases in supermarkets. They provide for ease of operator access while inhibiting the
{nf{ltration of loosely controlled outside air. The design of the enclosure is depicted in Figure 3.

Afy is distributed evenly over the top of the machine hy two large plenums with face areas almost as
Targe as the area of the enclosure itself, The air is returned through a U-shaped return duct which exists
along both sides of the machine and across ft's back. A 1/2 HP blower draws the air at the rate of about
700 CFM and forces 1t through a conventfonsl furnace filter and through a small water to air heat exchanger
before the air arrives at the supply plenums.
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Figure 3. PERL enclosure design

The temperature of the air {s sensed by a themistor type sensor located near the machine slides. The
signal from the sensor, after conditioning, fs sent to a commercially available digita)l PID controller. The
controller has a time proportioning output and operates solenoid valves which in turn modulate the flow of
50* F chilled water through the water-to-air heat exchanger. A schematic diagram showing the .
{nterconnections of the sensor, conditioner, contro)ler, valves and the heat exchanger 1 shown in Figure
4, Two solenaid valves are used to first ensure that fresh cold water is always available right at the
exchanger and second to minimize the effect of water hammer.
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Figure 5. Sample temperature
vecording fron the PERL enclasure

Proportional and integral actions have been used on the control to provide + 0,08° F air temperature
contrel with no visible day/night variation, A sample temperature recording is given in Figure 5. The
variation in temperature has an oscillatory nature which appears at this time to be as a result of the
nonlinearity introduced by the solenoid valve action. Efforts are now under way to find a low cost weans of

modulating the flow with less intreduction of nonlinearity.
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CBN room

The Cubic Boron Nitride (CBN) machine is a t-based precision turning and boring machine currently under
construction at LLNL, It has a design disc check accuracy on the same order as LLNL's existing diamond
turning machines but is designed tu be stiffer and hence more suitable for use with cubic boron nitride
cutting tools. The machine is built around the base of a 920 EXCELLO for an indication of the size of

averall machine size.

Due to the accuracies fnvolved, cluse air temperature control was deemed necessary. The design control
Tevel was 68 + 0.1° F. Since the machine was fairly large ft was more reasonable to put it in a room with
good temperature control as opposed to constructing an enclosure around it a5 in the cases of BODTM and
PERL. No room with the necessary temperature control existed within MFD's machining complex, 5o one was

specfally designed.

The room was designed with the objective of providing close air temperature control by winimizing the
effects of variable heat sources. Since the variable heat sources on the' machine a1l have closed flow
11quid cooling, the primary sources of variable heat remaining are conduction and radiation from the walls,
heat generation by the operator and infiltration of air hy leaks and the wakeup 2ir system.

In order to minimize the contribution from the walls supply and return registers were constructed around
the perimeter of the room and 3djusted to provide a relatively high velacity curtain of afr around the
perimeter. Velocities are on the order of 100-150 FPM along the walls. Air is also distributed over the
top of the wachine by two large plenums with exit areas slightly larger than the projected area of the
machine. Air velocities out of the plenums averages between 30-40 FPM. This air returns along with the
high velecity perimeter air through the perimeter registers. The air distribution scheme is shown in Figure

High velocity supply registers

-
-

me—d e e e o | ——

Figure 6. CBN room air distribution scheme

A unique feature of the design §s the configuration of the return ducting. The height of the machine
spindle centerline made it necessary to construct a raised floor around the machine to facilitate operator
access. The floor 1s actually a computer floor and provides for about 18 inches of clearance between the
bottom of the raised ficor and the floor on which the machine rests. The clearance space serves as the
return duct, providing some cost savings in sheet metal work.

The control scheme implemented is the same as that implemented on the PERL enclosure with the exception
that the air flow is increased to 10,000 CFM, Only cooling is required since there are enough heat sources

present throughout the year to maintain 68" F,
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Thus far the system has been capable of providing 66 + 0.05° F contral for the 6 months that it has been
in operation. A sample temperature recording is given i Figure 7, The Tater temperature variation
preduces a + 2,0 microinch thermal drift between the two slides of the machine measured at tool kright, even
when two or three machinists are entering and leaving the room. Closed flow 11quid cooling around the base
of the machine 1s expected to reduce the drift even further,

i

Figure 7. Sample temperature
recording from CBN room

Numerical control shop upgrade

Long range planners within MFD have projected that in order to continue to meet programmatic needs, the
air temperature control in the shops which house it's precision turning and boring machines will have to be
improved from its current + 2.0° F to # 0.25° F. A study was conducted in order to determine the best way
to meet the almost order of magmitude Tmprovement requirement. The study included preparing 2 heat load
table for the shops, identification of the current control scheme, reviewing present afr temperature control
technology and conducting some experiments with the current system.

A brief review of the existing system revealed that the system operated as follows: Air temperature was
sensed by a therwmistor type sensor located about 20 feet above where the turning machines are Jocated. The
signal was fed into an on-off contraller with about 0.3° F of deadband. The controller switched a solenoid
valve which modulated the flow of air to a pneumatically operated chilled water valve. The chilled water
valve was used to modulate the flow of chilled witer through a water-to-air heat exchanger located in
gut]:mrk on the roof of the shop. The heat exchanger was used to modulate the air temperature of the shop

elow.

A simple experiment which was conducted was to replace the on-off control and replace it with a digital
PID contrel the same as those used in the PERL enclosure and in the CBN room. Without any other
modification, the air temperature fluctuation in the shop went from + 2.C° F to & 0.5* . The total cost of
the change was under $1000.

Another discovery resulting from the study was that there was a 60 second transport delay between the
heat exchanger and the temperature feedback semsor. This is a destabilizing effect which meant that in
order to obtain system stability, the Toop gain of the system had to be decreased. The result was that
distu;b;nc; rejection had to be compromised and therefore the quality of the temperature control was 1imited
to + 0.5° F,

In order to meet the tesperature control requirement of + 0.25° F a control system is being butit for
the shop which has two temperature feedback probes. The first feedback probe will be Tocated only a few
feet downstream from the heat exchanger and the second will be located down near the turning machines. The
control scheme is shown in block diagram form in Figure 8, The purpase of the first sensor and its loop
will be to provide fairly tight control over the immediate outlet air temperature from the heat exchanger.
The purpose of the second sensor and loop {s to detect changes in the temperature of the air as it travels
from the first sensor to the second. Measurements made have shown that the latter temperature changes occur
fairly slowly and hence will not be that difficult for the second sensar loop to correct for.
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Figure 8. Comtrul schese for NC shop upgrade
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The contro] system is being configured around a szall personal computer. not because the control scheme
requires significant computing power, but because it will also be used to Jog temperatures at various
locations in the shop simultaneously. The latter function will be performed so that the performance of the
air tewperature control system can be continually and convenfently observed by shop supervisors. The system
will be capable of displwinaa:emperature time histories graphically on its monitor at the discretion of
whoever is operating the keyboard. It will also be able to store several days worth of temperature data on
disk. A layout of the system is shown in Figure 9.
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Figure 5. Computer based tempereture control and dats 1egging system
Conclusfons

Precision air temperature control can be an excellent way of improving the accuracy capability of
machines by removing one of the largest sources of nonrepeatability. Work at LLNL has demonstrated that
achievement of close temperature control can be obtained by careful identification of heat sources and the
application of some fundamental classical control theory. The work has also demonstrated that large
jmprovements in the performance of temperature control systems do not necessarily have to be complicated or

expensive.
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