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PURDUE Space Applications of Cryogens
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PURDUE Unique Characteristics of Cryogens
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PU-BTPFL Cryo Projects
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PURDUE PU-BTPFL Cryogenic Research Projects
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PU-BTPFL CRYO Projects

# Project Title Project Duration

Cryo Heated tube flow boiling |
— Parabolic flight (5 flight days)

Jan. 2021 - Jan. 2023

Cryo Heated tube flow boiling Il
— Flight Extension (4 flight days)

Oct. 2023 - Oct. 2024

Cryo Pool boiling June. 2023 - Nov. 2023

— Ground Exp.

Cryo Spray cooling Mar. 2023 — Mar. 2025

— Ground Exp.

Cryo Spray cooling — Flight Exp
— Parabolic flight (5 flight days)

Mar. 2023 — Mar. 2025
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PURDUE Cryogenic Flow Boiling Exp. | & 11
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PURDUE June 2022 Flight Experiments

UNIVERSITY

- American Society for Gravitational Purdue University Boiling & Two-Phase Flow Laboratory 7
' and Space Research (PU-BTPFL) Slide Library



PURDUE Nov. 2022 Flight Experiments
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PURDUE Cryogenic Pool Boiling / Spray Cooling EXxp.
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Experimental Results

1. Microgravity LN, Flow Boliling
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PURDUE Microgravity Parabolic Flight Exp.
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Transient dynamics of
measured parameters
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PURDUE Flow Visualization Results : Microgravity

UNIVERSITY

G =400 kg/m?s, P, =689.5kPa, AT, =5.39K, CHF = N/A
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PURDUE Flow Visualization Results : Microgravity
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Effect of gravity on interfacial flow pattern

G =743kg/m?s, P, =482.6 kPa, AT, =3.61K, CHF =N/A

q" = 16.83 kW/m?

po i
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PURDUE Microgravity Boiling curve
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Effect of gravity on boiling curve
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LN, Flow boiling LN, Flow boiling
G =696 kg/m?s, P =482.6kPa | | I G = 1100 kg/is, P = 482.6 kPa

—@— Microgravity —@— Microgravity
— -O— - Terrestrial, horizontal flow — O— - Terrestrial, horizontal flow

5 10 5 10
Tw - Tsat [OC] Tw - Tsat [OC]

o Lower wall superheat in low heat flux range in microgravity due to flow symmetry
o Merging of boiling curves at high mass velocity due to dominating effect of flow inertia over gravity

o Larger CHF in microgravity compared to 1-g, horizontal flow; due to symmetrical flow pattern in pg
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PURDUE Microgravity CHF
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Measured pg CHF

o CHF Mechanism : annular liquid dryout
o CHF increases with G

o CHF tend to level-off as G increases

o Requires more pg CHF for high G

Operating conditions

Fluid  =LN,
Pi, =413.7 -620.5 kPa

ATain =123 ~462K Predictions by CHF correlations
=-0.08 --0.M

=068 m o CHEF correlation by Ganesan et al. (2022)

® Q" crrmeas  PTesent microgravity data @) Dryout & DNB CorrEIationS

—— = Qpuppres Ganesan et al. (2022)

o Mg CHF is predicted with decent accuracy

— — — - Q"proutpres Ganesan et al. (2022)

500 1000 1500 2000
G [kg/(m?s)]
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Experimental Results

2. Terrestrial LN, Flow Boiling
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PURDUE Flow Visualization Results : 1-g, Vertical Upflow
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19, Vertical Upflow
Heating Configuration

G =576.8kg/m2s, P, =628.8 kPa, AT,,,;, =2.28 K, CHF = 99.58 kW/m?

6% CHF 8% CHF 10% CHF 12% CHF 14% CHF
9 g o ED &« ¢ 3 \g ?‘h”‘ : x “&‘" ~ \ ,‘
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PURDUE Flow Visualization Results : 1-g, Vertical Downflow @

19, Vertical Downflow
Heating Configuration

onJl § o

G =511.1kg/m?s, P, =4585kPa, AT, ,=0.95K, CHF =87.75 kW/m?2

7% CHF 8% CHF 10% CHF 16% CHF
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PURDUE Flow Visualization Results : 1-g, Horizontal Flow
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19, Horizontal flow
Heating Configuration
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—~A— 1g Horizontal flow, Bottom | G = 664.3 + 21.6 kg/m?s

—®— 19 Vertical Upflow p
—O— 1g Vertical Downflow
—»— 19 45° Downflow, Bottom
—<— 1g 45° Upflow, Bottom
—@®— Microgravity
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. =482.6kPa
ATguin =16 +05K

Heat transfer coefficient, hy,

h,, = hpb * S
hoy = (@) @ Asq” 1 by 1
S=f(G,xe) : Asq"T x,T s

HTC trend by flow orientation
o Mg > vertical up > horizontal > vertical down

o 45 inclined orientations very similar to each other

1 ’4';*1 HTC trend by q”
ﬁl

o Steep increase of HTC from low q” to medium q”
- Nucleate Boiling Dominant
- PDB to FDB to Saturated Boiling

o Sustaining HTC over high q” range
- Suppression of N.B.
- Aggressive bubble departure leading to
increased mixing and turbulence effect

causing decreased wall superheat
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(PU-BTPFL) Slide Library
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Gravity effect on CHF

Gravity dependent ! Gravity independent
Hg CHF « 1g CHF ! pg CHF ~ 1g CHF
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CHF [W/cm?]

Predictions (1 g.)
Predictions (/ge)

Experimental data (1 g,)

Experimental data (ug.)

0.6 0.8
G/p; [m/s]

CHF trend

o Increasing CHF with increasing G

- Effect of flow inertia

- Stagnation at high G

o Body force effect on CHF

- Microgravity CHF << 1g vertical upflow CHF
- Microgravity CHF = 1g horizontal CHF
- Stronger gravity influence at low G

- Gravity independent at G higher than 900 kg/m?s

Purdue University Boiling & Two-Phase Flow Laboratory 21
(PU-BTPFL) Slide Library



PURDUE

UNIVER SITY

Universal Correlations
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PURDUE Newly developed Saturated HTC correlation

0?
New correlation 1 New correlation
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PURDUE Newly developed Subcooled HTC correlation
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Newly developed Pool boiling CHF correlation
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CFD Predictions
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PURDUE Bubble Collision Dispersion UDF
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Bubble Collision Dispersion (EXP)

G =576.8 kg/m?s, P, =628.8 kPa, AT,,,,, = 2.28 K, q" = 7.97 kW/m?

2
BCD Prit
tp+0.7ms th+14ms t,+2.1ms {{+28ms f+3.5ms t,+42ms t,+49ms t,+56ms t,+6.4ms F = — K f(a)Va
I, Lt ol R T WY Vool B of ™ o 2 2/3
o5t I o X max
2/3 Ag
fa) = a? l1 — <
9 o
max
- .. . .
Approaching Squeezing" Bounce Dispersion Bubble collision dlsperS|on
away

o Reported by Sharma et al. (2017)

Collision

o Repelling force btw small bubbles
Bubble

Trajectory o Approach — Squeeze — Collision —

Dispersion

User defined function (UDF)
o Numerically formulated BCD function
o Coupling UDF with ANSYS Fluent

o Supplementing under-represented

CFD predictions

‘s
2
(=
]
43

relative motion btw phases
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PURDUE Flow Contours & Temperature predictions
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120

Upstream (Z=0.20 m) Downstream (Z=0.65 m)
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| T 110
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Bubbly ~ Slug flow
Churn flow
Wall Temperature [K]

0 0.1 02 03 04 05 06 07
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A A

10% CHF  30% CHF

Fluid Temperature [K]

0.4 0.6

Discrete Bubbly flow
‘Bubbly ~ Slug flow

Axial location [m]
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Thank you!
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Supplement materials
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PURDUE 1-g, CHF for all orientation
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G=450 kg/m?s (0.62 m/s)
G=500 kg/m?s (0.69 m/s)
G=550 kg/m?s (0.76 m/s)
G=600 kg/m2s (0.83 m/s)
G=650 kg/m?s (0.90 m/s)
G=700 kg/m2s (0.96 m/s)
G=800 kg/m?s (1.10 m/s)
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PURDUE Suppression factor, S

New correlation
N =2403
MAE = 23.84%

New correlation
N =86
MAE = 16.62%

htp.pred [kW!mZK]

1OG

1 + 103eBo*We

hep prea [KWIM?K]

10° 10!

O  LN;data
107 Basmam e Suppression factor
Pp.meas [KWI/M2K] By meas [KW/m2K]
Behavior of
IF PR < 041 Suppression factor
2 1 0.475
hNB = hPB 0 1.36 D tanh & 0
_ g /| |1+10% exp(Bo*We)
IF PR > 0.41 _
h’NB = h’PB . 12 . tanh (&)]
| 9
039 -0.34 i
(W3 sp Xtt Pg O  LN,data

————— Suppression factor
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PUR DUE Gravity effect

New correlation
N =2403
MAE = 23.84%

New correlation
N =86
MAE = 16.62%

Behavior of
Gravity parameter, tanh(g./Q)

o
G_.

Bounded

htp.pred [kW!mZK]
hep prea [KWIM?K]

Microgravity= 1

htp.meas [kWerZK] htp.meas [kWImZK]

IFPR<041
1 0.475

hNB = hPB +11.36 - tanh (%)
IF PR > 041
h’NB = h’PB - 1.2 - tanh (%)]

1+ 10%- exp(Bo*We)

On Earth =0.76
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PURDUE Segregation parameters
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Saturation Length Ratio, Tube Diameter,
AZsat/Ly D

# of data Criteria # of data

6.35mm

Entire

Diameter 3149

3149

EXP D =6.35 mm

(D =0.257)

|
|
|
|
|
|
Q|
|
i
|
|
|
|
|
|
i

746

2403

D =635 mm
(D =025

EXP 2080

Consol. 323

—
| Space

e DL

\...‘\((( r.“).\))\l;))".. I Application
. (\\““0‘ -

.“(f.;

hyp,meas [KWIM?K]

| Low vaporcontent | High vaporcontent i i Q’_‘) @) Q &

100 107 1072 102 10% . 0.01 0.015

Sat. Length Ratio, Az /L, [-] D [mm]

¥ American Society for Gravitational Purdue University Boiling & Two-Phase Flow Laboratory 34
' and Space Research (PU-BTPFL) Slide Library




m Relation between Molecular weight and HTC

Bubble Dynamics What is the relation between h and M,,?
1/ ~1.213(1024)63

T[Pgqc — P]”

2
J = 1.44(1040) - |PL al

M3

Rate of bubble formation is Heat transfer coefficient, (hi = A‘;fi)’ is
i i i Il . . .
Inversely proportional to molecular weight !! inversely proportional to molecular weight !!

Kinetic theory of gases

Heat transfer rate, q;, inversely proportional

. 1\ n\ (8KgT 1/2 to molecular weight!!
In=\75 _)

4 /\V/\ mn

Heat transfer coefficient, (hi = %),

inversely proportional to molecular
Total rate of molecules passing through a plane weight !

surface per unit area, j,, is inversely
proportional to molecular weight !!

LH,
L He
Heat transfer coefficient ch;
e
1.3 ! LN,
i -(M | LAr
M : ! /

1 |
Heat transfer rate, g;, inversely
proportional to molecular weight !!

20
) ¢
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