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Pool boiling has an important heat transfer mechanism
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Motivation
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Some researchers argue for the negligible 

impact of subcooling

Existent heat flux empirical correlations 

do not account the effect  of subcooling:

Rohsenow, Yamagata, Zuber, Forster-

Zuber, Forster-Grief

Others emphasize the influence of subcooling on 

heat flux, boiling curve, and bubble dynamics

✓ Gunther and Kreith (1950)

✓ Ibrahim and Judd (1985)

✓ Kim et al. (2002)

✓ Goel et al. (2017)

❌Rohsenow (1952)

❌Engelberg-Forster & Grief (1959)

❌Tien (1962)

❌Lienhard (1963)

❌Monde and Katto (1978)

❌Incorpera el al. (1996)

We will use DNS data 

of pool subcooling to 

investigate their 

associated effects on 

heat flux and bubble 

dynamics 



Empirical heat flux correlations do not account subcooling
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Computational domain designed to mimic experiments [2]
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➢ Boiling chamber

➢ 288 𝑚𝑚 ×  144 𝑚𝑚 ×  144 𝑚𝑚 

➢ Micro-heater

➢ 96 platinum resistance

➢ 10 × 10 configuration arrangement

➢ Each heater has the size of 0.7 𝑚𝑚 ×
 0.7 𝑚𝑚

➢ Working fluid

➢ FC72 𝑇𝑠𝑎𝑡 = 58℃
➢ Multiphase approach liquid/vapor 



Boundary conditions
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Numerical methods
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Level set method

𝜕𝜙

𝜕𝑡
+  ∇ 𝑢Γ. 𝜙 = 0

➢ WENO scheme [3]

➢ SR re-distancing technique [4]

Ghost fluid method [4]

Poisson equation:   

 ∇.
1

𝜌′ ∇𝑝𝑛+1 =
1

∆𝑡
∇. 𝑢∗ +  ∇. 𝜉𝑛+1

- The curvature at the interface 𝜅Γ :
 𝜅Γ = 1 − 𝜃 𝜅𝑖 +  𝜃𝜅𝑖+1

- 𝜃 is the normalized distance from the 

interface: 𝜃 =
𝜙𝑖

𝜙𝑖 + 𝜙𝑖+1

Adams Bashforth scheme

➢ Predicted velocity

➢ Temperature discretization

Nucleation site density [6] 

➢ Monte Carlo discretization 

(Halton sequence)
Dynamic contact angle [5]

𝜃 = ൞

𝜃𝑎 − 𝜃𝑟

2𝑢𝑙𝑖𝑚
 𝑢𝑏𝑎𝑠𝑒 +

𝜃𝑎 + 𝜃𝑟

2
𝜃𝑎

if 𝑢𝑏𝑎𝑠𝑒 ≤ 𝑢𝑙𝑖𝑚

otherwise



Governing equations
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Navier-Stokes
𝜕𝑢

𝜕𝑡
+ 𝑢 ∙ ∇𝑢 = −

1

𝜌′ ∇𝑃 +  ∇ ∙
𝜇′

𝜌′

1

𝑅𝑒
∇𝑢 +

1

𝐹𝑟2

𝜕𝑇

𝜕𝑡
+ 𝑢 ∙ ∇𝑇 =  ∇ ∙

𝛼′

𝑅𝑒 𝑃𝑟
∇𝑇

Continuity & Mass Conservation

∇. 𝑢 = − ሶ𝑚∇
1

𝜌′
ȁΓ ∙ 𝑛

ሶ𝑚 =
𝑆𝑡

𝑅𝑒 𝑃𝑟
∇𝑇𝑙ȁΓ ∙ 𝑛  − 𝑘′∇𝑇𝑣ȁΓ ∙ 𝑛

Jump Conditions at the interface (GFM)

𝑃 Γ =  𝑃𝑣 − 𝑃𝑙 =
𝑘

𝑊𝑒
 −

1

𝜌′ − 1 ሶ𝑚2

𝑢 Γ = 𝑢𝑣 − 𝑢𝑙 =  ሶ𝑚
1

𝜌′ − 1 𝑛

𝑇Γ = 𝑇𝑠𝑎𝑡

➢ Ratio of fluid density to the reference: 𝜌′ =
𝜌𝑣

𝜌𝑙

➢ Ratio of phases to the reference:          𝛼′ =
𝛼𝑣

𝛼𝑙

➢ Relevant dimensionless numbers

𝑅𝑒 =  Τ𝜌𝑙𝑢0𝑙0 𝜇𝑙 , 𝑃𝑟 =  Τ𝜇𝑙𝐶𝑝𝑙 𝑘𝑙 , 𝐹𝑟 =  Τ𝑢0 𝑔𝑙0 , 𝑊𝑒 =  Τ𝜌𝑙𝑢0
2𝑙0 𝜎 



High Fidelity computations match the experiments
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[6]

DNS simulations

Earth gravity

DNS simulations

ISS gravity



Computational Cases
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Cases 𝑻𝒃𝒖𝒍𝒌 ℃ 𝑻𝒘𝒂𝒍𝒍 ℃ ∆𝑻𝒔𝒖𝒃 ℃ 𝒔𝒕∗

1E, 1ISS 50 92 8 0.5579

2E, 2ISS 47 92 11 0.5978

3E, 3ISS 45 92 13 0.6207

4E 40 92 18 0.6907

5E 33 92 25 0.7837

∆𝑻𝒔𝒖𝒃=  𝑻𝒔𝒂𝒕  − 𝑻𝒃𝒖𝒍𝒌 𝑺𝒕 = Τ𝑪𝒑𝒍∆𝑻𝒔𝒖𝒑 𝒉𝒍𝒗∆𝑻𝒔𝒖𝒑=  𝑻𝒘𝒂𝒍𝒍  − 𝑻𝒃𝒖𝒍𝒌



Heat flux behavior
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Fig: Temporal variation of the dimensional space averaged wall heat flux < 𝒒′′ > Τ𝑾 𝒄𝒎𝟐  for 

different subcooled pool boiling cases

(a) Earth gravity (b) ISS gravity



Effect of subcooling and gravity on heat flux
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saturated pool boiling, earth

Fig: Ensemble averaged wall heat flux as a 

function of subcooling temperature at both 

Earth gravity (___) and ISS gravity (----)

∆𝑻𝒔𝒖𝒃= 𝟖℃ ∆𝑻𝒔𝒖𝒃= 𝟏𝟖℃



Effect of subcooling and ISS gravity on heat flux
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saturated pool boiling, ISS

high subcooling, ISSlow subcooling, ISS

Fig: Ensemble averaged wall heat flux as a 

function of subcooling temperature at both 

Earth gravity (___) and ISS gravity (----)



rms heat flux fluctuations
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Earth gravity ISS gravity

𝒒′ =
σ

𝒏=𝟏
𝑵𝒛 σ

𝒏=𝟏
𝑵𝒙 σ𝒏𝒊

𝑵𝒔𝒂𝒎𝒑𝒍𝒆𝒔 𝒒 − ෥𝒒 𝟐

σ
𝒏=𝟏
𝑵𝒛 σ

𝒏=𝟏
𝑵𝒙 σ𝒏𝒊

𝑵𝒔𝒂𝒎𝒑𝒍𝒆𝒔



Algorithm development for bubble’s tracking
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Scikit-image is a collection of image 

processing algorithms implemented in 

Python language:

1. Import hdf5 data files

2. Plot the level set function 𝜙
3. Thresholding data 𝐵𝑢𝑏𝑏𝑙𝑒 =  𝜙 ≤ 0
4. Labeling data

5. Measuring bubble properties

Fig: data structured in blocks
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The developed algorithm is successful to determine bubble properties



Bubble dynamics at earth gravity
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Bubble dynamics at ISS gravity
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Bubble dynamics overview
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𝒕 = 𝟏𝟐𝟎 𝒎𝒔

𝒕 = 𝟑𝟐𝟖 𝒎𝒔

Shrinking process 

dominant at high subcooling earth gravity 

and all type of subcooling at ISS-g

Merging process 

observed at all type of subcooling at earth 

gravity and ISS gravity

Departure process 

➢ observed at low and intermediate 

subcooling at earth gravity.

➢ no departure was observed at ISS-g 

subcooled pool boiling



Bubble departures at earth gravity decreases with subcooling
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The mean equivalent departure diameter is 0.96 mm for case 1E, 0.77 mm for case 2E, and 0.67 mm for case 3E



No bubble departures was observed at ISS gravity
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rms temperature fluctuations
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Earth

ISS



Coherent vortices 
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𝑸 =
𝟏

𝟐
𝜵. 𝒖 𝟐 −  𝜵𝒖: 𝜵𝒖𝑻  = 

𝟏

𝟐
𝜵. 𝒖 𝟐 + ȁȁ𝜴ȁȁ𝟐

𝟐  − ȁȁ𝑺ȁȁ𝟐
𝟐

Low subcooling High subcooling



rms velocity fluctuations 
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