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Convection

* Convective heat transfer through gases and liquids




Mechanism of Convection

ideal gas at constant pressure

V -
i const warm air
rises
TrL
0= cooler air drops
and replaces the
Temperature rise warmer air
— volume rises & Q_/
—> density decreases
heater

https://www.facebook.com/watch/?v=1162378181625555



https://www.facebook.com/watch/?v=1162378181625555

Convective Heat Transfer through Gases and Liquids

two limiting cases: f < d hydrodynamic regime

{>d Knudsen regime (free molecule regime)

mean free path:

ideal gas: { =
V2md2 Ny p

[K]
>

T+t

empirical law for ) — 287 X 10—3

real cryogenic gases:

P~ [pa]

[cm]




Mean Free Path depends on pressure (ldeal Gas Law)

Vacuum range p [mbar] Molecules / cm3 mean free path
Ambient pressure 1013 2. w0t 68 nm
Low vacuum 300..1 1019..1016 0.1...100 pm
Medium vacuum 116 104 10" 0.1...100 mm
High vacuum 16 .10+ 1012107 10 ecm ...1 km
Ultra high vacuum 10-7..10-" 10°..10* 1 km ... 10° km
Extremely high 10-12 104 S

vacuum

1

Mean free path ™~ —
no



E >> d Low density

material dependent constant  air 1.2
helium 2.1
hydrogen 4.4

Ainner

[10'2 mBar'] [sz]

+ (A1/A2)(1 — az)ay]

a1 ~ay~05 — agg= L
S T 14 (A1/42)0.5

parallel plates




thermal conductivity independent of pressure:
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Fluid dynamics

Continuity Vv=0 Vv =0
Navier—Stokes 2V-Vv=-Vp+ WWiv+ Di111e11:~3i0111e5:i v Vv :—‘Fp* L Re vyt
Energy pCVNT =kV'T + Q v VI =Re'Pr VT’
pLVY
* Reynolds number, Re = —
* ratio of the inertia to the viscous forces

* Prandtl number, Pr = %C

* ratio of the momentum to the thermal diffusivity



Laminar vs turbulent flow

Re <2300: laminar regime

* the viscous forces dominate, creating an ‘ordered’ flow with streamlines. In this regime,
the surface heat transfer is low and so Is the surface friction.

Re, > 5 x 10°: turbulent regime
* Rep >4000 for a plate and a tube-shaped geometry, respectively.

 the inertia forces dominate, and the flow becomes highly irregular (velocity
fluctuation), as shown below. The surface heat transfer and the friction are higher than
those in the laminar regime.

Vo

Vo

€—— laminar ——> ¢——> «—— turbulent ———>

transition



Newton’s law

* When there is an interaction with solid Water vapor [
surfaces in convection, the heat transferred

in (or out) of the fluid to solids is evaluated Free convection

by the Newton’s law: Forced convection I Orzanic liquids
Boiling
q= h(TS _ TOO) B Condensation Water

. .. Liquid metals
where h is the heat transfer coefficient [W-m~

2.K-1], T, the temperature of the solid and T, is

the temperature far from the solid. remEr
At the boundary, the local heat flux through 0il

the conductive layer of the fluid is

g = k.VTn Air and gases
Water
oil
| Air and gases
1 10 100 1000 10000 100000

Heat transfer coefficient (W/m?-K)




He Gas

G/ (AAT) [W/(m?K)]
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Types of convection in liquids

Nucleate boiling

1 mrrrrny I T T Trrrrry

Critical heat flux, ¢ __

Natural convection
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Film
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Recovery heat flux, g

_— Onset of Nucleate boiling
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e Natural convection

* When the fluid movement is created internally,
by a decrease or increase of the fluid density or
by the buoyancy effect.

* Forced convection

* Mostly turbulent flows. A laminar flow in pipes
IS very rare, except in porous media

* Boiling convection

 Heat transfer combines
* natural convectionin the liquid,

* latent heat to be absorbed for the bubble
formation, and

* the bubble hydrodynamics.

* The heat transfer process depends on the
bubble growth rate, the detachment frequency,
the number of nucleation sites, and the surface
conditions.



Radiative Heat Transfer e ey

ANODIZED

74 ALU'MINUM/ ALUMIN UM

radiative heat flow from a body with surface A

Qrad — = T4 Stefan-Boltzmann Law

emissivity 0.01 .. 1

>_
_8 2 4 t ..........
o=5.07 X 10 [/(mK)] = @i
o = BMECHANICACLY. &
%) \CHEM|CALLY \
T PO\L_I‘SHE‘[\)\\\ -
= N\STAINLESSNALBCu @ECHA‘@&/& Y oa
Ll T U T e /L
Maminized/Myidr /) L CHEM|CALLY
Wien's law A7= 2900 [um K]
0.0l
wave lenght 300 K 0.01 mm 300K to 77K 77K to 4.2K

3K 1 mm



Radiation heat load

Radiation of neck : Qg

m We have : QRneck = SgeO-T4 -£)
with T* =300*

Homework:
R2
R*+1°

Q) =solid angle = 1. Estimate the heat load due
to thermal radiation from

the top assembly

m Example

¢ O =150 mm then, S = 180 cm?
oL =300 mm
& c() ~ 0.05 (typical value)

e Qr ., =038 watt <A large value!




Baffles

e The cover plate radiates directly
on the bath

+ Important losses!

e Solutions
o Thermal shields distributed

along the neck
o Low emissivity (¢<0.1)
« The heat recovered by the

shields is evacuated by the
Vapors




Heat Load Calculation

twisted pair of copper wire: diameter 125 ym, 1,5 m long

heat transfer between 300 K to 4 K:

stainless steel tube: diameter 2 cm, wall thickness 0.4 mm, 15 m long Homework:

1. Estimate the heat load dueto
thermal radiation from the top
assembly

heat transfer between 300 K to 4 K:

radiation: two plates with 30 cm? surface area

heat transfer between 300 K 1o 4 K:

exchange gas: two plates with 30 cm? surface area, 1 mBar, 1 cm

heat transfer between 300 K to 4 K:



Thermal anchoring

Samples, Sample Holders, Wires and Cables
* Welding

* Soldering

* Varnish and glue joints

* Press contacts

* Exchange gas



Contact Resistance

tance in a

IS

Joints or contacts can lead to considerable res

thermal (electrical) ¢

Ircui

ing on a number
= h, AAT

Heat transfer coefficient

, metals)

= Surface condition (pressure, bonding agents)
b) real

(X

LN
oo.ov
AN
ooo&oo&o&ou_:

tance can vary considerably depend

= Bulk material properties (insulators

Contact resis
of factors




h(W/ cmZK)

Thermal contact conductance (conductive

Contact point between two materials can produce significant thermal resistance

100 Table II. Thermal Conductance of Metallic Contacts
Material Contact Pressure (MPa) g{w/cmz K)  Temp. Range (K) Ref /
1. Al=Al {(alloy) machined torque=20 Nm 0.075 T 1.8-4.2 Wanner /13/
2. al-al alfoy electropolished torque=20 Nm 3.6x1073 123 1.8-4.2
10 3. Al-Al alloy Au plated torque-20 Nm 1.9x1073 1i-4 1.8-4.2
4. Cu-Cu machined 2.8 4x10~4 12 1.8-4.2 Berman /8/
5. Cu-Cu machined 14 1.67x10™3 12 1.8-4.2
6. Au=-Au - 5.6 0.05 ti-3 2-4 Berman
i & Mate /7/
7. SsS-Ss (302) polished 21 0.014 Tl:3» 15-300 Lyon &
Parrish /14/
8. .SS-SS (302) polished 390 0.10 Tl:3+ 15-300
107
9. Cu=Cu machined 7 0.13 T 5-25 Nilles &
Van Sciver /15/
10. Cu=Cu in solder - 7.5 T* 2-150 Radebaugh /16/
11. Cu-Cu Pb solder - 0.64 12-8 1.5-4 Challis a
10.2 . Cheeke /17/
12. Cu=Cu woods metal - 0.018 725 2-4
13. Cu-Cu PbSn solder - 0.13 1l-6 2.5-4 Foster /18/
-3 14. Al-Al SnPb foil 26 0.02 0.8+ 10-300 Friedman &
10 * Gasser /19/
15. Cu-Al SnPb foil 9 0.04 T* 10=300
16. Cu-Cu SnPb Foil 7 0.17 T* 10-300
Toud y o agrl Ll Ll '
| 10 100



Contact conductance (Insulating

109

Q.

10.

11.

12.
13'

Material

In-sapphire

sapphire~sapphire

Cu—-diamond

Cu-Teflon=-Cu

Cu-epoxy—-Cu

Al-epoxy-Al

Eb-epoxy-Fb

Be—-epoxy-Be

Cu-LiF

Cu=sapphire—-Cu

Cu-sapphire=Cu

Cu=-epoxy=Cu

Cu-epoxy-Cu

Contact Pressure (MPA) h(W/cm? K)
bonded - 0.03 13
dry 4 9 x 1076 13
dry 4 2 x 1075 3
12 mil foil 4 1.8 x 1074 2
bonded - 0.09 T3
bonded - 0.13 T3
bonded - 0.40 T3
bonded - 0.013 73
Ge-7031 -— 0.05 T3
dry 0.1 1 x 1076 13
1,05 0.1 2 x 1079 13
bonded - 0.16 103
bonded -— . 0.089 7l.9

Temp range (K)
10 4-2.1

2-20

1.5-20

2-5

0.05-0.25

0.05-0.25

0.05-0.25

0.05-0.25

0.4-1.3

l1.5-4

0.3-3

Ref.

Neeper &
Dillinger /6/

Berman &
Mate /7/

Berman /8/

Peterson &
Anderson /2/

Ackerman &
Anderson /9/

Yoo &
Anderson /10/

2-8 Matsumoto et al. /11

Schmidt 12/




Welding: metal to metal contact

Oxygen-acetylene welding  very hot flame, porous joint, surface oxidation
Large surface area for trapping gas

Electric-arc welding conducts electric current to heat, same problems
as oxygen-acetylene welding - inert gas welding

Laser-beam welding similar to electric are welding, heat sourse
laser beam

Electric resistance welding Joule heating melts the metal locally
usually restricted to small areas: spot welding

Pressure welding soft metals, very cleans surfaces,
very high pressures, cold welding

Friction welding used for joining dissimilar metals: Steel and Al, ...




Solder Joints

Hard solders: silver solder

Soft solders:

lead and tin based solders

Very low temperature solders: Bismuth based

solder Joints become
Superconductive

Thermal conductivity (W/m-K)

acid flux can be dangerous
by creating pin holes
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=2 Silver solder
\Soﬁ solder

----- Woods metal
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ALLOY COMPOSITION

Soft solder 60% Sn, 40% Pb
Woods metal 48% Bi, 13% Sn, 13% Cd, 26% Pb

L1l

I

Silver solder 50% Ag, 15.5% Cu, 16.3% 2Zn, 18% Cd -
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100 1000
Temperature (K)



Press Contact

Thermal conductance increase roughly linearly with pressure

Gold plating before bolting together

Look at thermal expansion -\
B N

AN

Empirical formula

Q(T) = Q(445N, 4K) (441;1\!) (%)7

To grease or not to grease?

Large area and low pressure > grease (Apiezon N)



Thermal Anchoring of Wires and Cables

Brass screw G-10 Fiberglass epoxy .

Stainless steel (warp direction) »

304, 316, 321 0
T

Copper heat-sink post — TP

as:s\ poyi™

Copper
sample holder

&
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T
~J
<
=
o
12}
C
@«
Q
>
o
©
€
@
£
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¥ instrumentation

leads \

] ]
100 200
: ; ; : Temperature (K)
Non-inductactive wire anchoring




Thermal Anchoring of Wires and Cables

Instrumentation leads
(noninductively wound)

Cu heat-sink posts

_______ —
{ Sample
- : E‘,.-.‘ 1=

e

e —:«F_Y’ﬁ:’:ht'_‘h-i:

¢ Thin-film Thermometer held down
22cm resistive heater with spring clip

Instrumentation leads
(noninductively wound) Leads in a slot

\ for protection

Sample

—_— e — — — —

...........
..............
--------------

...............
..............

...............
-----

— —— —— — —

Heater wire
(noninductively wound)

I ’4.- Support tube

L_-H Copper bobbin
heat sink

Teflon tubing to
—— protect twisted
Instrumentation leads

Instrumentah’on lead
— noninductively wound
on heat sinks

Rack of
sample-contact pins

Thermometer attached
with grease



Thermal Anchoring of Wires and Cables

One inStrumentation Bew”lum 0x|de
. : lead soldered to Soldered
Heat sink of wires each terminal strip lead /
/ E " > 7 ﬂ
Magnetic-field .

direction ®/ = Demountable

\ Cu platform

~3 mm

Screw to attach
Cu platform
to sample holder

Chip soldered or
glued to Cu platform

Heat sinking coaxial cables for high frequencies:

Top view gold strip

-
Sapphire =

Side view




Ultra low temperature (T < 10 mK)

Heat sink of wires by using silver sinter and 3He cells

Go to non contact measurements Optical Fiber
if possible \f

Black Absorber

O,

(=)

(=)

(=)

(=)

(=)

(=)

(=)

=,

(=)

(=)

&) . :
S Pick-up Coils
(=] - )
(=)

(=)

(=)

O

(=)

(=)

(=)

(=)

O,

Glass Sample

Heater

Mixing Chamber



Thermal Boundary or Kapitza-Resistance

Phonon
Snell's law of refraction

SIn oy Vy

Liquid He SIGs Vs

Solid state o .
critical angle of fotal reflection

c A
oy = arcsin | —
Vs

Kaptiza-Resistance occurs for Iq. helium and copper ¥ = 4°
at any solid-solid, liquid-solid
interface

fraction of phonons incident within critical angle

Partciular problematic for

2
liquid helium because of B 1 R l vy _2
the low sound velocity f= 5 SN vy = 5 (’Us) < 10




Theory on the Kapitza resistance

Transmission coefficient Acoustic impedances
 AZ . AZr 4o 2o = 0eve
(Zé‘ + ZS)Q N Zs Qs Us ZS — OsUs
200U helium-copper
fraction of phonons crossing the interface ft= ¢ ; 4 < m??
OsUS J -

Heat transfer (using Debye model)

. do 2102kt opve 1 214 o
Q= —AT = —F—— AT’AT ) — = ftup, A — —SBETE 4
? dT 15h3 o502 Q 2f tuveA 3073 0o 03 AT
3, .3
Kapitza Resistance Ry = —AéT — 15h7 0505 1‘
| Q 27&'2]334Qg“0£ 13




Solutions

continuous heat exchanger

. 0.5/0.3mm (1 m), CuNi

P
Used for Concentrated —» =225 _:__ —

. . phase ERH
dilution T Y N
refrigerators e = <

e )

N — /{\

'\\x - — I ""d’-:_, '\:'/\,

_ —~—~ ) ‘_]

Dilute — 7
phase s~ DI

/ — — =

- 4.0/3.5mm

N
20114 mm (1 m)

(2 m) Brass

step heat exchanger

Concentrated 3 He

Cu-Ni foll

, 3
Dilute *H Sintered silver

Silver plated Weld
Cu-Ni foil

]
N

T
=
o~
&
<
X
m"“'\-ﬁ.
I~
X
Qc

Temperature T/ mK




Homework

#1: Estimate the heat load due to thermal radiation from the top
assembly

#2: Watch this video: John Allen's Movie about Superfluid Helium
(https://www.youtube.com/watch?v=EPc-rBMAuUU&t=43s)
(42 mins) before Nov. 18



https://www.youtube.com/watch?v=lEPc-rBMAuU&t=43s
https://www.youtube.com/watch?v=lEPc-rBMAuU&t=43s
https://www.youtube.com/watch?v=lEPc-rBMAuU&t=43s
https://www.youtube.com/watch?v=lEPc-rBMAuU&t=43s

Heat Switches

Gas heat switches

exchange gas > pumping

“He superfluid layer
> creep

H, ortho-para
conversion

Mechanical heat switch

Superconducting heat switch

-«— Copper rod

Magnet coil —|

Superconducting foil
Copper rod —=

only well below 7,

large force needed
typically 100 N
open means low conductivity
closed few mW/K
1W/K®@ 15K  eddy currents

heating on opening flux trapping

Grenoble 19.09.11 - 31



Superconducting Heat Switch

o o
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Thermal contraction

= All materials change dimension with femperature. The expansion
coefficient is a measure of this effect. For most materials, the

expansion coefficient > 0 |

—» AL
nt -+

Linear expansion coefficie

a:la_L 21,8 For isq’rr*opic
L OT , 3 materials

Bulk expansivity (volume change):

(')frl — -

Intermolecular spacing

Expansivity caused by anharmonic terms in the lattice potential



Temperature dependence of

alpha and beta

* Most materials contract when cooled
* The magnitude of the effect depends on
materials:
* Plastics > metals > glasses

* Coefficient (a) decreases with temperature
* Thermodynamics:

(Third law: s — 0)

o

LI B B I I O O O I O O A T

< -0.1 s .
S s ]
— | — ——— = Ee _
3 C Nickel, Hiopium _ .
1 - B e ]
5 R - ]
0 - *— lron .
§ [ o ]
g o3[ = _
@ _— - -
= - Copper 1
E = *— Aluminum .
2 04 -
~ B Metals 3
Y. INE S AN A A AT B A A A A N I A
0 50 100 150 200 250 300

Temperature (K)

Fig.6.6 Thermallinear expansion AL/L = (L+— L9}/ L,y of common metals. (Compiled by Clark 1983 from
data by Corruccini and Gniewek 1961, and Hahn 1970.) Tabulated values for these and other materials are
given in Appendix A6.4.
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Brass 70130~~~ -7~ Al 2024-T86
— - -

e o e

Thermal expansion, AL / L (%)

0.4 [= — =7 - Al 6061
— = Alloys
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Fig.6.7 Thermal linear expansion AL/L = (L;— Ly, )/ L, of common alloys. (Compiled by Clark 1983 from
data by Clark 1968 and Arp et al. 1962.) Tabulated values for these and other materials are given in Appendix
Ab.4.



Expansion coefficient for materials

Table 2.5. Linear Thermal Contractions Relative to 293 K“

Substance T(K) . 0 20 40 60 80 100 150 200 250
Aluminum 41.4 41.4 412 40).5 39.0 36.9 29.4 20.1 9.6
Copper 326 32.6 323 31.6 30.2 28.3 22.1 14.9 7.1
Germanium 9.3 9.3 9.3 9.4 9.3 8.9 73 S0 2.4
Iron 20.4 20.4 20.3 19.9 19.5 18.4 14.9 10.2 49
l.ead 70.8 70,0 66.7 62.4 LT 52.8 39.9 263 12.4
Nickel 23.1 23.0 229 22.6 21.8 20.8 16.5 114 54
Silicon 2.16 2.16 2.17 2.23 232 2.40 2.38 1.90 1.01
Silver 41.0 41.0 40.3 38.7 36,5 33.7 25.9 1572 8.2
Titanium 15.1 15.1 15.0 14.8 14.2 134 10.7 T 3.5
Tungsten 8.6 8.6 8.5 8.4 8.1 7.6 5.9 4.0 1.9
Brass (65% Cu, 35% Zn) RIS 383 38.0 36.8 350 32.6 253 16.9 8.0
Cu+2Be 324 324 319 31.6 30.0 283 22.0 [6.0 7.0
Constantan — — 204 258 24.7 23:2 18.3 12.4 5.85
Invar® 4.5 4.6 4.8 4.9 4.8 4.5 3.0 2.0 1.0
304, 316 Stainless steel - 29.7 29.6 29.0 27.8 26.0 20.3 [3.8 6.6
Pyrex 5.6 5.6 5.7 5.6 54 5.0 . 3.95 27 0.8
Silica (1000° C)¢ —0.1 —0.05 0.05 0.2 0.3 0.4 0.5 0.4 0.2
Silica (1400° C)* -0.7 —0.65 —0.5 —-0.3 -0.2 —-0.05 0.2 0.2 0.1
Araldite 106 105 102 98 94 88 it 50 25
Nylon 139 138 135 131 125 117 95 67 34
Polystyrenc 155 152 147 139 131 121 93 63 30
Teflon 214 211 206 200 193 185 160 (24 75

@ Units are 10* % (£.y95 — I.7)/L155. Sources of data include Thermophysical Properties of Matter (1977), Corruccini and Gniewek (1961), and American Institute
of Physics Handbook (1972). Compiled by White.?

* The expansion of Invar NiFe alloys containing ~36% Ni is very sensitive to composition and heat treatment.

“ These silicas were aged at 1000° C and [400° C.



Structural support

* Solution is highly dependent on cryostat requirements

* Choose materials carefully

* Acceptable for cryogenic temperatures
* Low heat leak

* Don’t over constrain supports: allow for thermal contraction
* Does solution meet alignment and vibration requirements?
* Must alignment be changed while cold?



Structural support: Simple top load cryostat

« Very common for test cryostats

» Everything hangs from 300 K top
flange

« Connections made via low
conductivity piping and supports

« Everything “contracts up”

» Allows easy removal and change of
cryostat components

» Useful when precise alignment not
an issue




Structural Support

Example

2 JLab 12 GeV Upgrade Cryomodul

« All components are tied to
space frame which rolls into
vacuum vessel

-+ Connections to 300 K done

} via flex lines and bellows

~ + Same approach taken in ESS
- elliptical cavity cryomodules



Structural Support
Example #3 |LC Cryostat

s support
L

 FRP support between 300
2.2 K forward K and CI'yO tempS
« Cavity assemblies tied to
300 mm pipe backbone
 All other connections to 300
K have flex line or bellows
In line
* Meets alignment specs

4.5 K forward

80 K ret ‘ \‘ 40 K forward

cooldo ' = ] 2 K 2-phase




Tips on designing a cryo system

. Define and prioritize requirements first.
. Design in safety features from the start of the project
. Only use materials shown to be appropriate for cryogenic temperatures.

. Review literature & learn from previous efforts. Take advantage of existing codes and standards
if possible.

. Use tested commercial solutions whenever possible.

. Intercept heat at higher intermediate temperatures (remember the 2" [aw of thermodynamics)

. Allow for the effect of thermal contraction on cryostat alignment and design. Do not over
constrain the movement of cryostat components as they cool.

. Avoid feed throughs & demountable seals at cryogenic temperatures.




More tips on designing a cryo system

Be sure to properly heat sink temperature sensor wires to ensure reduced heat leak and
an accurate reading.

Install sensors such a pressure transducers and flow meters at room temperature when
possible.

. Analyze the design for possible thermoacoustic oscillations

. Conduct design reviews. These should include experts not directly involved in the design

under review. Ideally, there should be at least reviews at the preliminary or conceptual
level and again once the detailed design is complete.

. Conduct prototype tests when required. Leave enough time in the design process to
benefit from the results of such tests.

. In cases where a large number of cryostats are to be produced, carry out series testing
of the production cryostats in addition to any prototype testing. Allow sufficient
resources (time, facilities, funding) in the project plan to accomplish these tests.
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