Cryogenic Cooling — LN2- pirect Cooling

Pictures below, courtesy of A.Macrander

Direct Cooling:

LN2 - Film Coefficient versus Velocity
at 0.7 MPa, T=80K,D =4 mm
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Using fins or pins the effective film coefficient may
be increased by a factor of 2 or 3.

I Ivanov et al. SRI (2000)
AIP Conf. Proc., Vol. CP521
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Cryvogenic Cooling — LN2 — Indirect Co

oling

Indirect Cooling
Effective film coefficient, h_, (Zhang et al, JSR, 2003):

h,, = {1 +R,+R(Cu) + R(In)}
hCVO a
h.,, = film coefficient in the cooling channel,
f,= channel surface area / contact area
R. R(Cu) and R(In) = thermal conduction
resistances of Si-Cu-In interface, Cu
block and indium foil, respectively

H_, was estimated to be in 3000 — 8000 W/m2K range.

LN2 LN2

Marot et al. SPIE,
Vol. 1739, (1992)

APS Sector-35
Monochromator
Subassembly

Main Results:

¢ Ideal performance up to a heat load of 400
W (peak power of 210 W/mm? , and an 6
acceptable performance at 900 W.

¢ Better performance than predictions.
(Chumakaov et al. JSR 2004)

i est-1 O test-2
—_ 1035523 — 5. 1Ex1.15
T(10.35x2.3)

e Deviation from linear response at ~ 425W.
(Zhang et al. JSR 2003)
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Cryogenic-Cooling - APS Liquid Nitrogen Distribution System

Legend:
MKF = Mechanical Keep Full valve @
EKF = Electrical Keep Full valve ~ @

I'T = Temperature Transducer

— MKEF Valve, typ. 8
Vent outdoors

Auxillary
EKF Valve, typ. 8
~ | Vent outdoors =

e e Do EPICS Screen

C —Auto-Fill, 4 — Interconnect Valves, 3 B Nominal primary system pressure = 40 pS|

March 2001 ACT N min I r "~ 2’ II n
Courtesy — W. Wesolowski (APS) o al usage rate 500 gallons/day
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Crvogenic cooling — Helium Gas

Cooling by Helium Gas

Advantages:

¢ * »

Allows cryogenic cooling of Si ~ 100 K

Cryogen remains in single (gaseous) phase
Closed-loop systems are commercially available
Eliminates the need of continuous supply of cryogen

Successful operation has been demonstrated at ESRF and NSLS

Limitations:

¢ High flow rates are necessary to remove heat of a couple of hundred watts.
+ Vibration isolation may be necessary.

Properties of Helium Gas

00 | Pl | S | iy | Ve | cona

(W/m*K)
40 0.1 1.2004 5.2061 | 5.54E-06 0.040444
40 1.7 19.566 5.3935 | 5.89E-06 | 0.043575
100 0.1 | 0.48071 5.1943 | 9.78E-06 0.073713
100 1.7 7.9857 5.2146 | 9.98E-06 | 0.075393

Prandtl

Number
0.713
0.729
0.689
0.690

Reference: http://webbook.nist.gov/chemistry/fluid/
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NSLS X-25 Helium-Cooled
Monochromator

Helium gas has
comparatively high C
(on mass basis) and Kk,
but low p.
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Crvoqenic cooling — Helium Gas — NSLS X13, X21 Monochromators

Film Coefficient versus Velocity
Helium Gas,D=6.3mm,P =17 Mpa, T=100 K
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Nominal gas flow rate (for X-13) = 470 cm?/s

16

Courtesy — L. Berman (NSLS)

X-21 Monochromator Subassembly
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Crvoqenic cooling — Helium Gas — NSLS X13, X21 Monochromators

Courtesy —
P. Montanez (NSLS)

Temperature Contours (F) — X21 Cu Cooling Block Temperature Contours (F) — Si Crystal

m Almost Ideal performance was obtained at low
power of X-13 beamline: total power = 65 W,
peak power density = 2 W/mm?2

o
@

m Upgraded helium cooler in X-21can handle up
to 400 W of total power allowing a peak power
density of > 10 W/mm?

Normalized Intensity
[=]
F

02 -

Web reference: http://www.cryomech.com/ " remvesngeesee) ”
X-13 Rocking Curve — Si (111)

Berman et al., RSI, 73(2002)
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Cooling Enhancement
The goals of enhanced cooling are to:

¢ decrease maximum temperature rise of high-heat-load components = increase fatigue life
e for cryogenic cooling, optimize k, a = decrease thermal deformations

+ decrease channel wall temperature, T > prevent film boiling

Techniques

¢ Increase fluid velocity > higher Reynolds number

¢ Channel inserts - generate turbulence

+ Internal fins 2 increase surface area for heat transfer

Concerns about erosion above 3 m/s flow velocity of DI water
have led to the use of channel inserts at APS. Recent (ongoing)
erosion tests have shown little erosion even at much higher
velocities.

Difference In VWeights vs VWater Velocity

o
[=]
o

0.028 o
0.028
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Erosion in Glidcop Tubes — Vemuri, MS Thesis, |IT, 2003

Difference In Weights {In Grams)

o
o
=]

Flow | Flow | Straight Bent

gpm Ft/sec | Thickness Thickness (in)
(in)

1.85 12.1 0.063 0.058

343 | 224 0.063 0.057

4.89 | 32.0 0.063 0.057

Erosion in OFHC 3/8” copper tube after 4
years. Sharma et al., MEDSI 2002
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Cooling Enhancement - channel Inserts

0.438” 9mm 16mm 1.375” 2.0” 2.5” 3.0”
Channel Inserts

Results:

m Because of diminishing return, there was
no significant advantage in increasing h,
above 1500 W/m2.K (equivalent to 6 GPM in
the smooth-bore channel).

m For the same AT, smooth bore channel
yielded the lowest AP.

m With low pressure drops, components can
be connected in series, leading to
substantial reduction in the cost of flow
instrumentation.
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Sharma et al. MEDSI 2002
See also, Collins et al., MEDSI 2002
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Cooling Enhancement - Internal Fins

APS Crotch Absorber Si Crystal
] @ llE'\l'r:!ll:;II'.|15‘3IIJJ:‘?EElF:!EI:i: I:al'tf:?E::! "o I COOPER HEAT EXCHANGER
330+ %@" l
;‘3 = %ﬁ’, : FINS
e 2o+ Opti Desi T L —
* 5 ptimum Design : gf
i g 00 0 = [SILICON
+ E o ICRYS TAL 1
gl B ' ' M, L. SPIE, Vol.
2 one [ t t . .
'ELETTRA Wiggler Shutter L A ! morers e
-5 3 1 1739, (1992)
Gambitta et al. MEDSI 2000 o B — I A |
-] 100 110 120 120 |INDIUM LAYER
Chanasl Temparature [°¢ | ESRF LN2 Cooling Scheme

Fins increase cooling efficiency by increasing surface area for heat transfer.

Microchannels (Tuckerman, UCRL-53515 ) can increase the effective film coefficient by an order of
magnitude. Limitations: (1) Require large AP - impractical for absorbers, masks and shutters
-> film boiling can be an issue for LN2 cooling
(2) Channels can clog in DI water-cooled components.
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Nucleate Boiling and Critical Heat Flux

A common practice is to avoid nucleate boiling for the
following reasons:

1. To avoid flow-induced vibration
2. To provide margin-of-safety against burnout

Water - Saturation Temperature
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Temperature ( °C)

Pressure (MPa)

The maximum wall temperature is often required to be
below the saturation temperature of the fluid at the given

pressure.

m Stress-sensitive components - too conservative

m Deformation-sensitive components
Water-cooled 2 no impact
LN2-cooled - conservative

Wall Heat Flux

A
| | I | | I
I
V

Fully
Developed

Boiling
e

C

Transition Film
Boiling Boiling

Forced
Convection

‘] 8

*. Partial
Boiling

TW - Tsat
Nukiyama Curve - JSME (1934)

Nucleate Boiling (PointB) T, >T_,

Sushil Sharma
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Nucleate Boiling and Critical Heat Flux 0.7 MPa, 25 C, 3 m/s

Water, ID = 10 mm, Y =0

May 24-27, 2004 ESRF, Grenoble, France iy

® ,; | = Incipient boiling heat flux (MW/m?)
@D oy | = Critical heat flux (MW/m?) ol
P = Pressure, Fluid (MPa) é
PL = Density, fluid (kg/m?) g
PG = Density, vapor (kg/m?)
Water 25 76 128 179 230 281 333 384 435 486 538
o = Surface tension (N/m) Wall Temperature (C)
Reference: http://film2000.free.fr/ TOFE.pdf
Hy, = Latent heat of vaporization (J/kg)
Bergles-Rohsenow (1964) TS
sat = Saturation temperature (K) d, =15496 P 1.156 [1 799 (T = Sat)] p0.0234
g = Gravity acceleration (m/s?)
g. = Conversion factor = 1 kg.m/N.s? Tong (1975) TR
D = 0.0231, VP, Hr, [1+0.00216PMRe Ja}
J. = Jacob number = (Tw ~Tsar) P.. =P/ PCrlt , P, = Critical pressure of water =22.809 MPa
H
fe f, =8.0R. (D/D )0 2 D, = reference inner dia. = 0.0127 m
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Nucleate Boiling and Critical Heat Flux- Cryogens

Liquid Nitrogen

Rohsenow (1952) correlation for nucleate boiling:

Pressure | @, Dcyr
3 1/2 (MPa) (W/cm?) | (W/cm?)
o —pH | s {g(pL—pG)}
bi ™ fg 1.7
Csf PI. gc G 0l1 2-5 18-4
where C_ is a surface-fluid coefficient 0.7 6.9 28.5
C.;= 0.013 for all cryogen except helium, 0.169 for
helium
Lienhard, Dhir and Riherd (1973) developed the
following correlation for Critical Heat Flux:
( ) 1/4
g gc pL _ pG GL
D o = 0.1492 Pg Hy, 5
Pa
Advanced
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Peltier Cooling

A current passing through two dissimilar metals or semiconductors (n- or p-
type) that are connected at two junctions (Peltier junctions) causes a heat
transfer from one junction to the other. The effect was discovered by jean
Peltier in 1834.

Benefits:

No moving parts, low maintenance and high reliability
Lightweight

Controllable (by voltage / current)

Small size

Fast, dynamic response

Cooling below ambient temperature is possible

Limitation:

B Low cooling capacity (relatively)

Thermoelectric Module (Peltier chip)

The P-N pairs can be connected in series electrically on
metalized ceramic substrate. The pairs act in parallel thermal

transferring heat from one side to the other. Peltier Chip
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CZ1-1.01271.27

. . ] 45°C
Peltier Cooling — System Design .-
1% Vinax @ Fax 13
L[ S e e e e L
INSULATING FOAM COLD PLATE Ll e e e e e T
h— C— 12 D —12 P e 1 (- i
L 10 G
Mﬂﬁ . o Th = BS"C
-
HEAT SINK 4n 40
FAN
- INPUT 0 @m0
AlR INTAKE he=t
20 20 purped
1540 [watts]
Reference: http://www.tellurex.com/cthermo.html 10 10
a0 v0 B0 B0 40 30 20 10 0
DELTA T, C° (Thotside - Tcoldside)
System Design
Th = Hot side temperature
AT=Th - Tc
Ta = Maximum ambient temperature
Th=Ta+ (V. +Q) R,
Q = Heat pumped
where,
Tc = Cold side temperature R, = Thermal resistance of the heat sink, °C / W
Advanced
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Peltier Coolin_q — An Application

High throughput sample changer

sarnple hox

Specifications (d !
iy - /_..

* ERange: 10°Cto 150°C

+  ERapidity o 10 °C per min insulator
+  Size o 300 x 200 mim
+  Weight o 24 kg
+  Power: S00°W
+  Current max C 12 A
+  Samples ©30
+ Eegulation . Peltier element
+  Eegulator © Meocera LTC11/21
+  Setpoint o +-05°C
+  Accuracy : 01 °c
fan
03/05/2004 J. GORIMI
ESEF D2 BAS WaAXKS
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Heat Pipes

LIOUID RETURM

LICILAD TLIANING TG VAPCH WICK STRLICTURE

http://WWW.thermacore.com/

Advantages:

Passive and cost-effective device
No maintenance required

[

]

® Highly reliable, MTTF of 100,000 hours

B Heat pipes can be bent and formed in flexible

configurations

LToTaL = 100 millimeter
LEvAP =40 millimetar
LCOND = 40 millimetar
Height = 70 millimetar
AMNGLE = 44 degrees

Heat Pipe

0118 in [3 mm)
05T in [4 mim)]
018750 [4.76 mm]
0,197 in [5 i)
)0.236 in [6 )]
0,25 in [6.35 mm]
03750 [3.53 mm]
08I0 [12.7 mm]
(0625 in [15.88 mm)
07810 [19.08 mm)
21.00 in [25.4 mim]

Heat Dissipation: 100 W

Humber Required
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Courtesy- P. Mortazavi (NSLS)
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Miscellaneous Design Considerations

m  Water Chemistry - Copper corrosion (clogging of small channels) , galvanic corrosion,
microbiological corrosion (Dortwegt, PAC 2003, MEDSI 2002).

DI water is too aggressive for tungsten.
m Temperature Stability — Important consideration for the design of diagnostics components.

m Pressure Deformations — Should be verified for mirrors and monochromators.
m Pressure Drop — Large pressure drops in the channels may lead to low flow and/or film boiling.

m Thermal Design Criteria - Maximum temperature rise of 150 °C for copper and 300 °C for
Glidcop - too conservative

An investigation is underway at ESRF and APS to develop more realistic criteria.

m Radiation Damage - Avoid mid-plane crossing of plastic hoses and instrumentation wiring.
Hoses and wire insulation must be radiation resistant.

m Flow Instrumentation - Instrumentation should be outside the accelerator tunnels or
experimental hutches.

Components should be designed so that they can be connected in series.

Use reliable sensors and instruments (at APS most of the flowmeters are being replaced
by Yokogawa flowmeters).
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Miscellaneous Design Considerations (contd.)

m No Water-to-Vacuum Joints

EDM Channels

Counter-Flow Design Tube In-Out Design Double-Joint Design

m Flow-Induced Vibrations
Vibration Damping — Viscoelastic Damping Pads
- Surge Suppressors

http://www.aps.anl.gov/asd/me/Publications/pdf/Lindsay.pdf v Al and i Al Sycema 3 5P
5.00E-08
| j__ MREUFFLY g P :
’ E 3.00E-08 ]‘ "!' Il{
‘ e Ly
e T
1.00E-08 \ 3 "%'n :
0.00E+00 %\*ﬂi.—-)‘ HLL-J-«""“-‘ M B .
T OOIEA0  100Ee0  2O0EM  A00E01  AODEW01  BOOEG1  GOOED1
— - ; S Frequency (Hz) | — 3 GPM: Surge Suppressor plus Vale
Surge S — AR
urge suppressor e
g0 . Advaneed
o e
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Summary

Cooling: Removal of heat from components while optimizing their thermal
performance.

Overview of utility system - design and specifications

Heat transfer to minimize temperature rise and thermal deformations
Cryogenic cooling — LN2 and gaseous helium

Cooling enhancements — benefits and limitations

Nucleate boiling and critical heat flux — estimated values versus design criteria
Other cooling schemes (Peltier, heat pipe) — advantages and limitations

Miscellaneous design considerations for high reliability and performance
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