O Office of

# Fermilab ‘E‘i@}‘ EﬁPAERTMRENGY Science

Cryogenic fluid behavior (with emphasis
on normal helium)

Ram C. Dhuley
USPAS — Cryogenic Engineering
June 21 — July 2, 2021



Goals of this lecture

* Familiarize with different types of flow and heat
transfer systems in large scale helium cryogenics
* Learn engineering design parameters of

cryogenic helium systems
e Here we will focus only on normal helium
e Superfluid helium and its properties will be covered in

another lecture.
e Briefly look at other common cryogens —

nitrogen, argon
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Phase diagram of helium
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Cooling modes In large

helilum cryogenic systems
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cooled with pressurized liquid :
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Cooling modes In large
helium cryogenic systems

Superconducting RF cavities are
generally cooled with a
saturated helium bath (normal
or superfluid)

e gives pressure stability
needed to minimize cavity
de-tune

e offers large surface heat
transfer for local hot spots

e provides nearly isothermal
cooling
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Helium cooling modes - examples

Re-cooler scheme for accelerator SC magnets. Modes present:

1. Subcooled liquid helium flow

2. Convection/nucleate boiling heat transfer

o0 . /" String of magnets or String of magnets or
I'hermal shield & e } Recooler Assembly SR
other cooled devices C other cooled devices
return
<
e 3 4.4 K return vapor

Helium return

to refrigerator —)N—
Y benr A | <
(1.2 bar, 4.4 K) | Subcooler

liquid level
control valve

Y

4.4 K vapor

Liquid helium supply
from refrigerator

44K liquid )

(3 bar. 4.5 K)

Thermal shield supply
(80 K nitrogen or

Y

helium thermal shield)
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Helium cooling modes - examples

Bayonet heat exchangersfor LHC superconducting
magnets. Modes present:

1. Two phase He Il flow

2. Single phase vapor flow

3. Surface heat transfer to He Il (Kapitza mode)

* %D He |l saturated, flowing He I} pressurized, static
2 1./90 K
. L}ﬁ AIIIIIY AN AN RN
1.8K —|_ , ht 5
Magnet 3, ' 185K
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Helium cooling modes - examples

Saturated helium bath cooling of superconducting
radiofrequency accelerator cavities

Helium vapor 1
Modes prese Nt: Two-phase helium pipe
. o . Helium port
1. Single phase vapor R e Tuning |
Titanium halloias ‘
f | ow helium vessel NbT
2. Two-phase flow i BN /tension
. . S L, a=lan f\ﬂ" \ o~
(during bath fill) - =N /e 3 B'a'n -
3. Surface heattransfer beam | <77 A5

(Kapitza or nucleate
boiling)

Cavity vacuum Helium space 2

9-cell niobium
RF cavity

Fill line
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Helium cooling modes - examples

Distribution of cryogenic helium. Modes present:
1. Supercritical helium flow
2. Two phase flow
3. Single phase vapor flow
4. Heat transfer (heat leak)

4

/ JT valve

=1 2% SC device

being cooled
Supply and return pipelines
(can be very long, several 100 m)

Helium
cryoplant
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Helium cooling modes - summary

 Asseen in the prior examples, a large-scale
helium cryogenic system will typically
involve several flow and heat transfer modes
operating in parallel

 What are the engineering parameters one
should know to be able to design such helium
cryosystems?
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Engineering design parameters

Compressor/pump power required for circulating helium
dependson the pressuredrop in the circuit:

d_p L 2G2fF | 4QG[)) Expression assumes helium behaves as

ideal gas and has small flow velocity.

dx o pD | pDCp (See Helium Cryogenics chapter 4 for details)

Friction factor, f- determines the frictional pressure drop:

- Type of flow — single phase, two-phase

- Flow regime — laminar, turbulent, mixed

Heat leak, g determines the acceleration pressure drop:

- Relevant to compressible (gas/supercritical) and two-phase
flows
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Engineering design parameters

Superconducting device stability/performance depends
on the effectiveness of heat transferto the helium
coolant:

Qload — hc A(Tload _Tfluid)

Heat transter coefficient, h. determines the effectiveness of

heat transfer from the load to the fluid

- Mode of heat transfer — forced, natural convection, pool
boiling

- Flow regime/type — laminar, turbulent, single/two-phase

- Boiling regime — nucleate, film

£& Fermilab
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Relevant dimensionless parameters

Reynolds number:

- Ratio of inertia to viscosity: ReD — (pVD)/,u
where p is density, v is velocity, D is a characteristic
dimension, and p is dynamic viscosity

Prandtl number:

- Viscous/thermal diffusion: Pr = (,uCp) / k]c
where k¢ and c, are is fluid thermal conductivity and
heat capacity

Grashof number:

- Buoyancy/viscous force: GI = Q,B(TS —Tf )(L3 /V2)
where B is thermal expansivity, T, and T are surface
and fluid temperatures, Lis a characteristic dimension,

and v is kinematic viscosity
£& Fermilab
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Relevant dimensionless parameters

Frictionfactor:  fr = func(Re;)

- Required for calculating pressure drop in a channel with
forced flow

Nusseltnumber:
- For forced convection: Nuy = func(Re,,Pr) =(hD) /K,

- For natural convection: Nu_ = func(Gr, Pr) = (hL) /K

- Required for calculating convective heat transfer coefficient, h

£& Fermilab
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Pressure drop in forced flow (single phase)

15

FANNING FRICTION FACTOR(f)

Friction factors: correlationsand Moody chart
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Pressure drop In forced flow (two phase)

Because of low heat of vaporization, single phase LHe flow in a
long pipe can quickly become two phase from a heat in-flow to the pipe.

/ /9 / / / /
O LHe = O'O'.'!"o‘o"'::.o.o

How to estimate the pressure drop in two-phase helium flow?

e Baker plots are used for two phase
calculations of oil + gas, air + water
flows.

Work of Theilacker and Rode (1988)
showed that Baker plot is not
suitable for representing helium
two-phase flows.

o

® Use I_OCkh a rt_M a rtl n e | | | type Fig. 2. Baker diagram for horizontal channels.
. J. C. Theilacker and C. H. Rode, An Investigation into Flow Regimes
d p proa Ch (n eXt Sl Id e) . for Two-phase Helium Flow, Adv. Cryo. Eng. 33,391, 1988.
2& Fermilab
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Pressure drop In forced flow (two phase)

A few experiments have found 50 — _
_ _ | S. W. Van Sciver, Helium Cryogenics (2012),
that the Lockhart-Martinelli type | pg. 104
approach with homogenous flow i L-M correlation
model shows reasonable //"' T
agreement with data. ‘.',_n'l-'-‘|%"'r 0| / \
< u
1) Calculate liquid-phase pressure drop N“., s/  Homogeneous model __— o=
(dp/dx), using appropriate - —/ °
single phase correlation ] /.0./' ¢
Qs
(0]
2) Calculate homogenous model ' ,c/
two-phase multiplier |F:
» [ pi H - l | ' '
¢ = {H%(p—v— )”HX(H—P— )] O 02 04 06 08 I0

- Vapor quality, X

dp [ dx
3) Calculate two-phase pressure drop ¢; = ((5;)//&2?
l
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Pressure drop Iin channels with valves,

bends, fittings, ete.

18

Working expressions

are available in literature
such as Crane Technical
paper #410

CHAPTIR 3 = AS AND

PHS TR OW THROUGH VALVEL, FITRINGS, AND Mire

CRANE

Heod loss and pressure drop
x through volves and fittings
Head less through valves and fittings is generall
ven in terms of resistance coefficient v!::l
static head Joss through a valve in terms
of “velocity head”, or, equivalent kergth In pipe
&ng/deviuuusedamh-dm

i

as the valve.
From Darcy’s foemula, head loss through a pipe is:
L a5
h =1 % Lqeerine
and head loss through a valve is:
h; - K’z“'
5 SN )
therefore: K -]-b-

To eliménate needless duplication of fornulas, the
lo‘l,lorvug sre sl given in terms of K. Whenever
necessary, substitute (f L/D) for (K).

he - nky -o.oo;n'%g fquaties 314

KB Kwie
hy = coor 30— = 0.000 0403 T

Fywation 3-14

Uqeation 313

AP = 00001078 Ka#? = 0.000 000 o300 KpV?

AP = 362 _Y?'_ - 0,000 017 69 —'sﬁ

AP = aooooot&sl%g-

AP = 0000000 280 -’%’—'l-

N
AP = 0.000 000000 bo§ Kiga' TS

1 2
AP = 62000000 633 5—‘%"'—3'—

Summary of Formulas — continved

Head loss and pressure drop with laminer
e flow m,é 2000) threvgh volves; Darcy’s formulo

hy = 600y 28 (1’3) B s

e ()3 - manld)Z
b = oot () 255

AP = o.oooom(‘ﬁ)%' - 001021 ({'5)5'%

AP = 06000138 ({3)%

AP = 9600 015 93 ({3) %e‘

AP = o000 0o B4 (-’6) Lgrg

Ivalent length correction for
.l‘::horﬂo\vwhl.< 1000

(5).- (5). =

p&ft 11 and AJO, Minkemers (LD, = o
wSu unzollx:udﬂw’uhmwv ve or fting.
mm‘nﬁmumnluth‘m-uhk.nclm
M:Mwwwr‘uh&>lm

tgeotion 318

@ Discharge of fluid through velves,
Esings, end pipe; Dercy's formulo S
Liquid Hows ' ’

g - O.NJBGJ% -OS’SJ'J-%
Q- \9.650"\[%.— nbd'\!%
w = oogylsd® -,é- -o.g;gd'J_A-{!
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Convective heat transfer

Internal forced flow of normal helium (single phase)

19

For single phase forced flow of helium (liquid, supercritical),
traditional engineering correlations are best at describing the
experimental data.

for fully developed laminar flow

Nup = constant . .
(rarely seen in practice)

Dittus-Boelter average Nusselt
Nu — 0.023Re?)/5Pr2/5 number for fully developed turbulent
flow

local Nusselt number for
Nu — 0.0259 Re*/Sp/3 E ~o7ie fully developed turbulent flow,
' D accounting for variation in wall
and fluid temperatures

m
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Convective heat transfer

Internal forced flow of normal helium (two-phase)

20

For two phase forced flow of helium, Lockhart Martinelli type
correlationsare shown to work. But experimental datais limited
and so, the correlationscannot be generalized over systems.

Calculate Nusselt number in Nu; = 0.023(Re;)"* (Pr)) (1 — )°%

liquid phase

Calculate pressure drops in the >, (dp/dx),

two phases, the ratio gives the Lit = W
!

LM parameter

Two-phase Nusselt number Nutexp
correlation (general form) Nu,

— Ax;n

Note: Vapor quality must be known for estimating two-phase Nu
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Convective heat transfer

00l

The normal He pool boiling
curve is like that

for conventional liquids

Convection

Nucleate boiling

Film boiling

Recovery with hysteresis

Transition heat fluxes and the
associated superheats are small

Onset nucleate boiling: ~0.1 K, ~1e-3 W/cm?
Transition to film boiling: ~1 K, g* ~1 W/cm?
Recovery from film boiling: ~0.1 W/cm?

Pool boilingin normalliquid helium
I I 1
| -
|
Transition to film :
Boiling (CHF, g*) : film
ol —_— boiling
d O F |
N
- : Recovery from
o | film boiling
E nucleate |
; 0.01 k boiling :
= |
I Onset of nucleate
4/{/ boiling
0.001} |
conyection |
coo}linq I
| |
| |
! ! | |
0.01 0.l | 10
ATs (K)

S. W. Van Sciver, Helium Cryogenics (2012), pg. 118

(~ten-fold smaller than CHF)
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Convective heat transfer

Normal helium pool boiling data and correlations

1000 T
Fredarklinql JZ
D = 055 em-d
D= .130 cm~_ |
_ D= .215 cm.l_,
100 D= 312 cm
D= 510 em..
O Experimental critical heat flux
Predicted critical heat flux
0 ] Breen & Westwater
f Correlation
o !
g Y ! D=.04 cm.
@ Eastman & Dators 4 E\D= 0.1 em.
£ 10 patars— 7 D2 1O cm.
* /aawj;[’// | Film
o« r‘g"d'?me Karagounis' / - Regime
Soven,
o Tl / |~ Lyon,D=1.0cm
R f 11 !
)/ / : (The points of minimum film
Lyon Kulateladze boiling are given by either the
Y Correlation correlation of Lienhard &
/ Wong or of Zuber, et al,)
0.01 / /
/
. / /““Fieebe r
0.001 / /
0.0004 0.00¢ 0.0i 0.0 1.0 10 100 1000 10,000 100,000
AT, °K

Boiling Heat Transfer for Oxygen, Nitrogen, Hydrogen, and Helium,
by E.G. Brentari, et al, NBS Technical Note 317, Boulder, CO, 1965.
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Other cryogens

Nitrogen and argon are other commonly used

cryogens in large scale systems

e Liquid nitrogen is commonly used to cool 75-80 K
thermal radiation shields around helium
baths/pipes

e Liquid argon is used in time projection chamber
(eg. neutrino detector in Fermilab DUNE)

Since both nitrogen and argon are normal fluids,
most pressuredrop and heattransfer correlations
discussed earlier apply respectively to their flow
and heat transfer modes.

£& Fermilab
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Nitrogen pool boiling data and correlations

I00 , A / %
Frederking
D = .00I36 cm. V/ /
D =.00312 cm /
O Experimental critical heat flux “g;?”in& D = .005! cm. /
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oubeau
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Lyon Flynn i/ y
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e Weil ~Flynn
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~ ~Ruzicka
Vi D2 1.0 cm. < Fia
Breen' 8 | e?vﬁfy,
N Westwater |
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| P, B = Lacaze s &
K l correlation of Lienhard &
iy . Wong or of Zuber, et al.)
Lapin,et al.
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FIGURE 2.2
Experimental Nucleate and Film Pool Boiling of Nitrogen at One Atmos-
phere Compared with the Predictive Correlations of Kutateladze and
Breen and Westwater
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