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Steven R. Patterson A precision method for attenuating temperature variations in a high-throughput control
fluid stream is described and analyzed. In contrast to earlier investigations, the present
study emphasizes heat transfer analysis of the constituent control device and derives
Russell G. Keanini theoretical descriptions of system responses to time-varying fluid temperatures. Expe_ri-
ments demonstrate that the technique provides: (1) frequency-dependent attenuation
which is several orders of magnitude greater than that obtained via a perfect mixing
volume; (2) attenuation, over two decades of disturbance frequency, that reduces in-flow
Engineering Science, temperature variations by factors _ranging from 104dl0%; (3) asymptptic attt_anuation
University of North Carolina at Charlotte, greater _than three order_s_ 01_‘ mag_nltude for spectral components _havmg perlo_ds less ;han
Charlotte. NC 28223 the device thermal equilibrium time; and (4) attenuation which is fully consistent with
' theoretical predictions. The model developed provides design criteria for tailoring system
performance. In particular, it is shown that for a given control stream flow rate, the
magnitude of maximal attenuation can be adjusted by varying the thermal resistance
between the flow and attenuating medium, while the range of frequencies maximally
attenuated can be adjusted by varying the product of thermal resistance and attenuating
medium heat capacity. The analysis and design are general and should prove useful in the
design and analysis of other high-throughput precision temperature control systems.
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1 Introduction vacuum chamber providing-15 uK control over tens of hours
Due to the inherent thermal sensitivity of materials and sysL2 Precision temperature-controlied water baths providirgh

tems, precision experiments and instrumentation generally requité Stability over tens of hour§13,14, and a stirred water bath
precision temperature control. In some experiments, thermal 8foviding +3.5 uK stability over tens of hour§15].
fects can be the largest source of dimensional error and nonln contrast to resistance-based precision thermal control and
repeatability1]. Likewise, thermal variability can limit the opera- precision thermal control in closed, non-circulating fluid systems,
tion of various sensors and devices, e.g., laser interferometardatively little work has been reported on precision thermal con-
autocollimators, and capacitance proljgs Temperature stabil- trol of flowing or recirculating control fluid streams. Lopez and
ity, i.e., the maintenance of a given temperature to a given degB&rron [16] used temperature-controlled forced air to achieve
of precision, often constitutes a particularly challenging aspect ofp.1 K control over liquid crystal samples. Ogasawidrd] used
precision system desig3]. recirculating water to maintain a thermostatic water bath to within
Precision temperature control near room temperature has e,z 4K of a set point. This approach had also been used to

ceived significant attention. One class of controllers uses resisti Entrol plasma tube temperatures in laga 18. Sydenham and
heaters to maintain a small enclosure near ambient. Due to the :

small size of these systems, high stability, on the order B® ©K oI_Ii_ns [19], using recirculati.n.g v_vater In a deep underground t_est
to =100 K over hours, days or months of time can be achieve&’.‘c'“ty (Where the latter m|r_1|_m|;ed background thermal varia-
Examples include- 20 uK stability in standard cells over severaltion9), achieved=40 nK stability in a 10 m long steel standard
months[4], +60 uK stability in laser diodes over approximately©ver hundreds of hours. ) _
one hour[5], =10 uK stability in geophysical accelerometers This paper describes the theoretical models, design, construc-
over several day§6], and =100 K stability in semiconductor tion, and performance of a “thermal gradient attenuator” low-
lasers over tens of houfZ]. Resistance-based controllers providpass filter. This device is a critical component for producing a
ing milliKelvin stability have also been developed or proposed fdrigh stability chilled water supply that can be used for precision
use in thermometry8], physical property measuremef®,10], temperature control. By attenuating higher frequency temperature
strain measuremeii®], and optical microscopj11]. oscillations in the control fluid, active heater controllers need only
Another class of controllers uses fluids to heat or cool encleeject lower frequency disturbances to achieve precise tempera-
sures near room temperature. Since these controllers have kg control.
heating and cooling capabilities, they are particularly suited for ;s \ork extends previous investigations by developing a rela-
use with heat-generating devices. Examples include an 0|I-coolﬁ\ge|y simple approach capable of providing centiKelvin stability

. o o over hours and milliKelvin stability over minutes, within recircu-
Contributed by the Heat Transfer Division for publication in thBURNAL OF

HEAT TRANSFER Manuscript received by the Heat Transfer Division June 27, 200(!5'5lt|ng ﬂO\_NS' Equally important, considerable attentlor_] is devoted
revision received January 20, 2001. Associate Editor: D. A. Zumbrunnen. to modeling system heat transfer and system dynamics.
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2 Thermal Gradient Attenuator—Justification for

Need —< e

A multi-purpose temperature-controlled chamber has been de- flow /
signed for use in precision metrology experiments. The chamber accupber — -
walls are channeled to allow flow of temperature-controlled BEREBER EREER
chilled water, which in turn provides thermal control of the cham-
ber interior. Although a heater controller is available to modulate
the chilled water temperature, because of limited bandwidth it uinfinsiuininEnln
cannot reject the higher frequency temperature oscillations of the ) / 2
available chilled water supplisee Figs. 1 and)2 Since the de- e g /T /r T /]\ /r /r i /P
sired level of temperature control is order 0.1 mK, the large short-
term temperature deviations of the chilled water must be signifi- BEEEREEREREERERE
cantly attenuated before entering the heater control system. attenuato T

In order to attenuate these higher frequency oscillations, a ther- medium
mal gradient attenuator, shown schematically in Fig. 3, must be H H H L - H el
placed in the chilled water stream. As shown in Figs. 1 and 2, the | ___/_ VAR I
spectrum for the entering chilled water stream contains significant lower i bt
spectral components over the range from 0.04 to 10 mHz, with accumulator flow anifold
peak rates of change of order 1 K/min. With dominant temporal
variations occurring at relatively low frequencies, effective attenu- Fig. 3 Thermal gradient attenuator configuration

ation requires that the attenuator exhibit large attenuation at the
relatively low frequency of 0.04 mHz.
For the purpose of analysis, the thermal gradient attenuator is
modeled as three subsystems, each characterized by a domidant-umped-Differential Model of the Tube Bank-
heat transfer mode and an associated dynamic. The core of Attenuator Subsystem

device is identified as the tube bank-attenuator subsystem since it . 11 ¢ the tube bank-attenuator sub-system is based on

consists of an array of uniformly distributed identical tubes th%o radially-lumped, coupled differential equations which model

direct the flow of the control fluid past the attenuator medium. T : : o L
entrance and exit volumes below and above the tube ba}% e time and axially-dependent temperature variations within the

. S wing control fluid and the surrounding attenuating medium.
attenuator are identified as the lower accumulator and upper e derivation of these equations proceeds in three stépas-

are characierized using twansler Tncions, which mode the ragii TioNS relevant o the tube bank-atienuaor are siggeds-
of the output and input temperatures as fLinctions of frequency,; rof ma_gnltude arguments are used to simplify the energy equa-
tion within the flow, the tube wall, and the surrounding
attenuating medium; an) each simplified equation is radially
integrated, leading to the lumped working equations. Neto and
55 Cotta [20,21] have developed a lumped-differential analysis of
- q f h/1 r\A \/1 / q do_uble-plpe heat exchangers. The present formulat_lon for_ a re-
Pl ‘ ! Mifas stricted class of heat exchanger leads to two relatively simple,
( \ J \ J | { K / a5 integrable differential equations, while the more general approach
' R R {125

~

o
D
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in Neto and Cotta, which incorporates a generalized integral trans-
form method[22], leads to a large system of coupled differential
equations.

The class of heat exchangers modeled here is restricted by a set
of assumptions relating to the geometry, thermal properties of the
components, and the frequency range of the input disturbances.
A These assumptions can be related to a single tube and the sur-
o0l } e } 15 rounding attenuator medium. The length of the attenuator medium
0 1 2 3 4 5 is taken to be much larger than the radial dimension, and the ratio

hours of axial fluctuation length scaley/f, to radius,r, is sufficiently
small that radial conduction dominates axial conduction. Thus,
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Fig. 1 Chilled water temperature and temperature derivative
versus time, 1.9 | /min flow rate w/f aT  oT
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It is also assumed that the attenuator medium is either a solid or a
stagnant fluid where advection is negligible. In the latter case, it is
assumed that the ratio of conductive to time-dependent tempera-
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0.01 04 m1H 10 100 are small, where the velocity scale,=(g- 3-L-AT)'2 is deter-
‘ mined by buoyancy.
Fig. 2 Chilled water spectrum and average FFT gradients Based on these assumptions, heat transfer, to first order, within
versus frequency; 1.9 | /min flow rate the attenuator medium is governed by the equation
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oT 1 9 ( JT whereR; is the fluid thermal resistance, and
— =y —(r—|. 4) —
at r oar\ oar |_T|r1_TaJ
Similarly, conduction within the tube wall is governed by a(zt)= TR (16)
a
i( r ﬂ _ (5) whereR, is the attenuator thermal resistance. Given the following
ar\ ar definition and equation
while within the fluid flow ITe=Tle, ) 1Tl =Tl ) T~ Tal
T aT 1 af 4T RERi+R+R,= q T q
E+W(|’)E=aaF-E(r&—r), (6) o
Ti—T
wherew(r) is the fully-developed laminar flow velocity profile = g a7
[23]. For tubes with sufficiently high aspect ratio and small Rey- q

nolds number, the entry length comprises a small fraction of thg, substituting Eq€13) and (15) into Eq. (9) yields
total length, and the above equation is a good approximation for

the entire tube. aTy Ty 1 — —
Equations(4) through(6) may be integrated radially to obtain — tW—=—(Ta—Ty), (18)
respective lumped equations for the mean temperature in the at- Jat gz T
tenuator, tube wall, and fluid flow regions where 7=RGC; is the fluid time constant. Similarly, Eq7)
— simplifies to
T, ay aT aT @) _
T S| Tay | T aT 1 — —
gt (rg=rp?| Carf o 2= (T T, (19)
ot Ta
aT aT . .
ri—| =r,— (8) whereT,=RGC,, is the attenuator time constant.
ar ‘| ar |
aTe 1 (i T adT . :
a6, = rw(r)(?—dr= ==, ) 4 Tube Bank-Attenuator Transfer Function
gt riJo z re o r Neglecting heat transfer through the outer wall of the attenuator
] assembly, the transfer function of the entire tube bank-attenuator
where the mean temperatures are defined as is the same as that of a single tube, given proper flow rate scaling.
1 , Thus, the transfer function of the entire tube bank follows from
Tz t)= 5 Zf ar-T(r,z,t)-dr (10) Eas.(18) and(19). A more compact result follows by introducing
c—ridy, the dimensionless space and time variables
- 1 77=Z/(V_V7'a) and 7=t/1, (20)
Ti(z )= r_zjo r-T(r,z,t)-dr. (11)  and the dimensionless heat capacity ratio
f
§:Ta/7f:Ca/Cf. (21)

When the radial conduction time scale is much shorter than the
disturbance and axial convection time scales, radial temperat@ebstitution of Eqs(20) and(21) into Eqs.(18) and (19) yields
gradients are quickly smoothed, and the integral in(Bgmay be

approximated as aTe T, — —
PP B =TT (22)
It (9Td 2i(9Tf 12 4 o 7
, rw(r)E r~rfWE, (12) Ty, — —
— =(T=Ta). (23)
where the radially averaged velocity is given by ar
5 (1 Taking the Laplace transforms of Eq&2) and (23), with initial
W= - frw(r)dr. (13) conditions equal to zero, yields
o JT
- f -~ A
The integrated energy equation, H®), implies that at any in- STi+ —=4(Ta—Ty) (24)
stant, the local radial heat transfer ratgsq(z,t), is constant a7
within the tube wall. By solving Eq(5), it is readily shown that SATa=('AI'f—'i'a), (25)
q(z,t)zzﬂ-ktL[T(rf 20 T2, b)] wheres=2imfr,, andf is the frequency in Hz. Eliminating,
In(ry/ry) yields
_ FAP .
[Tz =Tz )] LTl =T w4 iy Sp(sternTi=0. (26)
R R o

This equation is readily solved to provide an expression for the
EglrLgd temperature as a function of dimensionless length and di-
meénsionless frequency

whereR; is the total tube thermal resistance along its length,
Similarly, heat transfer at the inner and outer tube boundaries

given as
_ . -~ -s
LTl ] a1 Tf(ﬂvs):Tf(n:O:S)'exﬁ{Tl(s+ ¢t 1)7;}- 27)
a(z)=———"=-rkl—| , (15) s
Ry s Thus, the tube bank transfer functif24] is given by
798 / Vol. 123, AUGUST 2001 Transactions of the ASME
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Fig. 4 Theoretical model transfer functions versus frequency

T(7=n..9) -s
Tra(s)= 'i'f(n:O,s) =exp{s+1(s+§+1)nL
_ —s- - ) e

(28)

(4.2 MJ K™* m™3) which is higher than that of aluminum, steel,
copper, and numerous other, more expensive materials.

The device configuration consists of an externally insulated 208
liter (55-gallon drum, 947 nylon tubegeach 0.8 m long and 4.8
mm in diametey, and 4 acrylic spacer platggig. 3). Chilled
water enters the attenuator from the top, flows to the bottom
where it is distributed to the tube bank through a lower accumu-
lator, flows upward through the tubes into an upper accumulator,
and then exits. Nylon was chosen as the tube material because of
its low cost and suitable thermal resistance. The tubes are ar-
ranged in a hexagonal pattern with tube center spacing of approxi-
mately 16 mm. Thus, each tube is surrounded by an annulus of
attenuator medium having an effective radius of approximately 8
mm. The tube aspect ratio condition of Ef) is satisfied for this
configuration sincer/L=0(10"?). Also, the radially lumped
model is valid for frequencies below an upper frequency limit
determined by the inverse of the radial diffusion time scale

fi~ 2 =0(10 2 Ha),
(rm)?
where r,,, is the radius encompassing half of the area of the
attenuator medium.
Because the in-tube temperature variations are small relative to
the dominant input temperature variations, the tube wall is ap-

(32)

where the latter form separates the effect of transport delgyoximately isothermal. Thus, the convection coefficient can be
exp(—s- 7.), from other effects in the attenuator. Since only theomputed “from the laminar, thermally fully developed flow
real part of the exponent affects the magnitude of the trans{ggngition[25]

function, the transfer function magnitude can be expressed in the

form Ky Ks
hf:NuD—:3.66D—. (33)
f f
Trmy(s)=expg — ¢ 7 -Reg —| |. 29
al®) [{ &m e<5+1 ( Given h¢, the fluid thermal resistance is
Figure 4 depicts the tube bank-attenuator transfer function for 1
several values ofy_, ¢, andr,. For a given dimensionless length, R¢ (34)

7., the heat capacity ratia;, determines the magnitude of the

:ths’

asymptotic attenuation. In addition, for a given, the range of whereA, is the convection surface area. The validity of the as-
frequencies optimally attenuated increases gisicreases, so that sumption of thermally fully developed flow is supported by the
attenuation extends to lower disturbance frequencies. In partidaet that the thermal development len¢#8] for these parameters

lar, the asymptotic attenuation is proportional to

. c. L1
T, 2w,

mcR’

which means that given a fluid with mass flow raig, and spe-

(30)

is approximately 2 percent of the tube length.

The attenuator thermal resistan&,, is based on the approxi-
mation of steady state conduction through a stationary fluid. From
Egs. (3) and(32), the ratio of the time derivative to radial diffu-
sion terms is small, so that the temperature field is approximately
steady within the attenuator medium. Thus, the effective attenua-

cific heat,c;, the total thermal resistance between the fluid flowy; thermal resistance is
and the attenuator medium determines the asymptotic attenuation.

In terms of dimensional variables, the transfer function, 9),

IS

2imfr,

1
Trmy(f)=exg — - ~Re< -
mc¢R 2imfr,+1

(€1Y)

In(r,/r
Razm_ (35)
27k L
6 Accumulator and Total Transfer Functions

In order to complete the model of the entire device, the transfer

This form more clearly shows the effect of in determining the functions of the upper and lower accumulators must be developed.
frequency at which significant attenuation occurs. Given a therm@ghilled water is distributed to the tube bank by the lower accu-
resistance to achieve an asymptotic attenuation requirement, #iglator and collects prior to exiting in the upper accumulator. The
heat capacity of the attenuat@, , determines the attenuator timejower accumulator feeds the tube bank through a perforated-tube

constant, which in turn determines the frequency range ovgitribution manifold containing numerous small hol@sg. 3).
which asymptotic attenuation is closely approached.

5 Tube Bank-Attenuator Configuration and
Properties

In order to efficiently package a large heat capaivyattenu-
ate a wide range of frequencjeshe attenuator medium should
have large specific heat capadiheat capacity per volumeOther

The flow through each hole produces a small jet within the lower
accumulator, which in turn, induces strong mixing. It is thus as-
sumed that the lower accumulator functions as a perfectly mixed
volume, with the corresponding lumped energy equation given by

T

AT, - —
PfTVIa: M(Tin(t) = Tia), (36)

considerations for the medium include cost and ease of distribéthereM is the total mass flow rate for all of the tubds,(t) is

ing the material about the tubes in order to provide the desiréte time varying input temperatur¥,, is the lower accumulator
thermal resistance for optimal attenuation. Water fulfills these reelume, andT,, is the average lower accumulator temperature.
quirements well since it is inexpensive and has a specific capacitgking the Laplace transform yields the transfer function
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I—IW < I Fig. 6 Drum attenuator transfer functions versus frequency;
measured, theoretical, perfect mixing, and diffusion for 2.5
L J chiller I/min flow rate

variable :

power

supply computer multimeter In the region near 1 mHz, where time derivatives of temperature

are largestand are thus least conducive to precision thermal con-

trol), the attenuator provides in excess of 20 dB more attenuation
than a perfect mixer. Likewise, in the lower portion of the fre-
quency rangef<3 mHz, the attenuator provides significantly
more attenuation than does axial diffusion. Although axial diffu-

Fig. 5 Attenuator test setup

1 sion provides more attenuation fbr-3 mHz, this occurs beyond
Tria(s)= : (37)  the point where the attenuator has already provided 60 dB of
1+ mms attenuation.
where 7,,= p;V,. /M is the characteristic residence time for the Attenuator performance compares favorably with that obtained
flow in the lower accumulator. by Ogasawar@l4]. Ogasawara’s device consisted of a fluid-filled

In contrast to the lower accumulator, mixing in the upper acc@nclosure in which spiral baffles promoted mixing of water. He
mulator is relatively weak. In addition, since the length,, of reported that the device reduced temperature variations by a factor
the upper accumulator is much smaller than the radiys, axial ©f 3- By contrast, and as shown in Fig. 6, the thermal gradient
conduction dominates the heat transfer. Considering the scalegnuator provides attenuation on the order of 60 dB, correspond-
each term in the associated energy equation, and assuming thaififleto factor of reduction on the order of 0Interestingly, it
flow is essentially vertical and uniform across the upper accum@Ppears that Ogasawara’s device can be modeled as a perfectly

lator, the governing equation is mixed volume; indeed, the order of attenuation obtained by
Ogasawara is consistent with the degree of attenuation associated
dT,a — dT.a d?Tya with a perfect mixer.
at ua = a iz (38) Four additional sets of attenuation data are shown in Fig. 7,

. with standard measuremef6] and model uncertainties. Each
wherew,,, is the uniform vertical velocity across the accumulatordata set, corresponding to a different chilled water flow rate, was
Taking the Laplace transform of E¢38), the associated transferobtained following a minor device modificatidgwhere a seal was
function is installed to eliminate small leaks between the tube bank and the
_ lower accumulatgr Consistent with the results shown in Fig. 6,
Trua(s)=exp(ALya), (39) the measurements in Fig. 7 match theoretical predictions to within

where A = (W,,— \/wuza+ 402) 20 . Given Eqs.(28), (37), and 5 dB RMS. The largest discrepancies appear at very low frequen-

(39), the total transfer function of the entire attenuator device i€ieS where chilled water input temperature variations are small
and large attenuation is not needed. The theoretical envelopes

Tri(s)=Tria(s) - Tra(s) - Try(s). (40) representing model uncertainty are calculated via (B6) using

) measured mean flow rates and mean attenuator water levels along
7 Experimental Setup

An experimental setup for testing attenuator performance is
shown in Fig. 5. A constant-displacement pump maintains a co 0
stant flow rate of water through the system. A cartridge heate
controlled through a computer-based data acquisition board ¢ -20
connected to a variable power supply, is used to impose sing
frequency sinusoidal temperature variations on the flow. The cor  -40
puter also captures input and output temperatures from the th@
mal gradient attenuator using thermistors and a high-precisi  -60
digital multimeter(via GPIB interface -

-80

8 Transfer Function Results
. . -100
Measured and theoretical transfer functions for the thermal gr 0.01

dient attenuator are shown in Fig. 6, where attenuation is sho

for 18 imposed frequencies. The root mean squérdS) differ-

ence between measured and theoretical values is approximatery s ® 11Vmin & 221min 4 S3Vmin X 4.4 Vmin

dB. Also shown for reference is a transfer function correspondirpgg_ 7 Measured and theoretical transfer functions versus fre-
to a perfectly mixed attenuator volume and a transfer functiQuency, with uncertainty bars on measured points and uncer-
corresponding to an attenuator dominated by axial conductiaginty envelopes for theoretical curves, where envelopes reflect
where the total volume is equal to that of the experimental deviamcertainty in flow rates and accumulator water levels
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with associated estimated uncertainties. Measurement uncertainty 1042

is estimated by first expressing the system transfer function as £
the ratio of the amplitudes of the output and input temperature , 10-38 2
variations 2 g
© 1034 £
Toud) E ;_J
Tr(f)y= ——. (42) o S
Tin(f) g 100 g
8 &
The uncertainty in the transfer function is then estimated by as- =~ 10.26 M’ ﬂé
suming that individual uncertainties are independent and normally 2
distributed, so thaff27] 10.22 ‘ .
) 2 0 2 4 6 8
aTr ) aTr ) hours
Chr “Orout™| 7= | "OFTin| (42) ) .
Tout dTin Fig. 9 Attenuator output temperature and temperature deriva-
where tive versus time for the unfiltered chilled water stream with a
superimposed 8.6 mHz sinusoid
TFou= 070ul )= (S 00’ +(Tou(f)- 09> (43)
a’%m O-Tm(f) (S[ O-T)2 ( In(f) ) (44)

ers of magnitude to order 1 mK/min, which is a suitably well

and ot (=0. 25 ohm is the thermistor measurement uncertalntybehaved source for precision temperature control.

S,(=1.77-10 3 K/ohm) is the nominal thermistor sensitivity, and
o(=5-10 * K/K) is the uncertainty of;.

10 Summary and Conclusions
9 Attenuation of Broadband Thermal Variations The analysis, design, and performance of a precision thermal

The device performance was also tested with the inlet strediffdient attenuator has been presented. For purposes of analysis,
subject to broadband thermal disturbances. For this experimelfie system was decomposed into three subsystems: a lower accu-
in-house chilled water serves as the control fluid stream, wheflator where the control fluid collects and is passively mixed, a
the associated power spectrum in Fig. 2 shows that temperattifee bank-attenuator where the control fluid exchanges heat with a
variations are spectrally broadband. In addition, a sinusg@i&l surrounding, stagnant attenuation medidmere, watey, and an
mH2) thermal variation was superimposed on the control fluigPper accumulator where the control fluid again collects prior to
stream to provide additional higher frequency disturbance to fuI?ﬂtlng the device. Analytic expressions have been developed to
test the attenuator performan@ 2.2 I/min flow raté. As shown describe the performance of each subsystem and the total system.
in Fig. 8, the resultant in-stream temperature exhibits large ampli-A set of experiments in which sinusoidal temperature distur-
tude (3.5 K peak to peakvariations and equally larget K/min) bances are imposed on the control fluid stream, have been per-
time rates of change. formed in order to evaluate device performance. Performance

Under these conditions, the device functions at a low-pass filtéheasured over a disturbance frequency range from 0.1 mHz to 10
where high frequency disturbances are suppressed to magnitudiés$z, and at four representative control stream flow rates, is well
below measurement sensitivitfor the 8.6 mHz variation and described by the analytic model. At all but the lowest frequencies,
transmitted low frequency disturbances are reduced in magnitutfée system provides significantly greater attenuation than that pro-
see Fig. 9. The dominant variation in the output stream reflects tieced by a perfectly mixed volume. In addition, a comparison
slow periodic oscillation of the input at approximately 3 cyclegvith earlier work [14] shows that the present device provides
every 2 hours(~0.4 mH2. The attenuation of approximately 2frequency-dependent attenuation which is two, and, at higher fre-
orders of magnitude for this low frequenéfig. 7) is consistent quencies, almost three orders of magnitude greater than the earlier
with the data in Figs. 8 and 9. device.

The most important result of Fig. 9 is the dramatic reduction in Finally, an experiment was performed to investigate the system
the short-term variations, or temperature derivative. Achievir@erformance under conditions where the control stream is subject
temperature control better than milliKelvin levels without filtering0 broadband thermal disturbances. In this case, the system func-
the input stream in Fig. 8 would be very difficult because of théons at a low-pass filter/attenuator, effectively eliminating spec-
large and rapidly changing disturbances. After attenuation by tH@l components having periods shorter than the device thermal
attenuator device, the short-term deviations are reduced by 3 efuilibration time,r,, and attenuating lower frequency compo-
nents. Consistent with attenuation observed for spectrally pure
disturbances, it is found that unfiltered temperature oscillations
exhibit increasing attenuation with increasing spectral frequency.

The analytic model allows prediction of system response and
provides simple criteria for designing system performance. The
model shows that for fixed control stream flow rate, the magnitude
of maximal attenuation can be tuned by adjusting the total thermal
resistance between the stream and the attenuator medium. Given a
thermal resistance that produces a desired maximal attenuation,
the frequency range subject to maximal attenuation can be tuned
by adjusting the attenuator heat capacity. The analysis and design
are general and should prove useful in the design and analysis of
other high-throughput precision temperature control systems.
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= mass flow rate of water through each
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