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▪ Zuber’ CHF model based on hydrodynamic instability

▪ Force balance model for CHF

▪ Statistical approach for CHF
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Zuber’s CHF Prediction
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Lateral Force Balance Model
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▪ Isolated bubbles dissipate heat better than merged bubbles

▪ CHF is reached when you have the maximum number of isolated 
bubbles

▪ With elevated temperature, 1) more nucleation sites become activated 
while 2) more bubbles are likely to merge into each other.

Statistical Approach for CHF
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CHF Criteria
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A unified relationship between the nucleation density at CHF and bubble diameter



▪ Understand how wicking surfaces enhance CHF

▪ Know different flow boiling regimes

▪ Evaluate ONB, HTC, and CHF in flow boiling with correlations

ILOs Today
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Surface Engineering for Boiling Enhancement
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doi:10.1038/natrevmats.2016.92



Wicking Helps Boiling
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https://doi.org/10.1021/acs.langmuir.7b01522 https://doi.org/10.1021/la5030923



Wicking Helps Boiling
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https://doi.org/10.1021/la5030923



▪ On flat surfaces, CHF is thought to be caused by 1) hydrodynamic 
instabilities and/or 2) number of isolated bubbles reaching maximum

▪ With wicking surfaces, additional liquid supply (through capillarity) to the 
bubble can improve CHF

Summary on Boiling CHF
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What is Flow Boiling
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Different regimes in flow boiling

https://www.youtube.com/shorts/HNcp7zDtwx8?feature=share

Videos slowed down 50 times

Flow boiling: boiling where forced convection is 

employed to replenish the boiling liquid and 

push developed vapors downstream



Important applications
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IEEE TCPMT 11.10 (2021): 1546-1564.

High flux electronics cooling

IJHMT 117 (2018) 319–330 Credit: Tennessee Valley Authority

Nuclear reactors



Definitions
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Idealized model for defining flow properties

Figure 10.1 in Carey

Total mass flow rate

ሶ𝑚 = ሶ𝑚𝑣 + ሶ𝑚𝑙

Vapor quality

𝑥 = ሶ𝑚𝑣/ ሶ𝑚

Mass velocity

𝐺 = ሶ𝑚/𝐴

Vapor volume flux 𝑗𝑣 = 𝐺𝑥/𝜌𝑣

Liquid volume flux 𝑗𝑙 = 𝐺(1 − 𝑥)/𝜌𝑙

Void fraction 𝛼 = 𝐴𝑣/𝐴



Flow Regimes (Horizontal Tubes)
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Figure 10.8 in Carey

Liquid enters the tube subcooled

After onset of nucleation:

• Bubbly flow

• Plug flow

• Slug flow

• Stratified flow

• Wavy flow

• Annular flow

• Mist flow 



Flow Regimes (Horizontal Tubes)
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Annular flow: most liquid flowing along the wall and gas flowing in 

the central core, in an annular configuration with entrainment of 

droplets. When the liquid film dries out, it becomes mist flow

Bubbly flow: discrete bubbles dispersed in continuous liquid phase

Plug flow: coalescence of small bubbles produces larger bubbles 

flowing in the upper portion

Stratified flow: liquid flowing in the bottom of the pipe is separated 

from vapor in the upper portion of the pipe by a relatively smooth 

interface (low flow rate, relatively high quality)

Wavy flow: continuous vapor core, continuous but disturbed liquid 

film on wall (Helmholtz instability), often with entrainment of droplets

Slug flow: slugs of vapor flowing along the tube toward the upper portion



Heat Transfer Coefficient
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• Annular flow provides best HTC

• HTC increases after onset of 

nucleation and decreases as 

dryout occurs



Flow Regimes (Upflow Vertical Tube) 
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More axisymmetric than horizontal tubes 

Churn flow: large bubbles with unstable, oscillatory, 

irregular interfaces

Wispy-annular flow: annular flow with heavy “wisps” 

(both liquid and vapor flow rates are high)



Hewitt and Roberts Flow Regime Map
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x-axis: momentum flux of liquid

y-axis: momentum flux of vapor

Curve A: constant mass flux 

𝜌𝑣𝑗𝑣 + 𝜌𝑙𝑗𝑙 = 𝐺

Vapor volume flux 𝑗𝑣 = 𝐺𝑥/𝜌𝑣

Liquid volume flux 𝑗𝑙 = 𝐺(1 − 𝑥)/𝜌𝑙

Depends on tube configuration, working fluids, and working conditions



Boiling Regimes with Constant Wall Heat Flux
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Low heat fluxes 𝑞1
′′:

subcooled liquid → subcooled boiling → saturated boiling 

dominated → convective flow boiling → mist evaporation 

→ pure vapor

Intermediate heat fluxes 𝑞2
′′:

subcooled liquid → subcooled boiling → saturated boiling 

dominated → film boiling → mist evaporation → pure vapor

High heat fluxes 𝑞3
′′:

subcooled liquid → (subcooled and saturated) film boiling 

→ mist evaporation → pure vapor



Boiling Regimes with Isothermal Wall
1

3
.1

1
.2

0
2

5

21

When wall superheat is less than required for onset of 

nucleation, no vaporization takes place

Higher superheat: subcooled liquid → subcooled 

boiling → saturated boiling dominated → convective 
flow boiling → mist evaporation → pure vapor

Very high superheat may lead to transition boiling/film 

boiling near the entrance

Flow boiling device generally should operate at 

relatively low superheats to avoid transition/film boiling



▪ Range of active nucleation site is 
determined by

• Thermal boundary layer thickness

• Subcooling

• Wall superheat

Onset of Boiling (Hsu’s Model)
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Boundary layer thickness implies heat flux



▪ Energy balance for the single-phase regime

Onset of Boiling in Internal Flows
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𝑞′′ = ℎ𝑙𝑒[𝑇𝑤 𝑧 − 𝑇𝑙(𝑧)]

𝑞′′ = 𝑐𝑝𝑙𝐺 𝑇𝑙 𝑧 − 𝑇𝑙,𝑖𝑛

𝜋𝑑ℎ
2

4
𝜋𝑑ℎ𝑧

= 𝑐𝑝𝑙𝐺 𝑇𝑙 𝑧 − 𝑇𝑙,𝑖𝑛
𝑑ℎ
4𝑧

𝑞′′ : wall heat flux

z: position along the tube (inlet: z = 0)

Tl(z): bulk liquid temperature at z

G: mass flux in the tube

dh: hydraulic diameter

𝑐𝑝𝑙: specific heat of liquid

Constant wall heat flux condition

(a cylindrical tube with diameter 𝑑ℎ)

𝑇𝑤 𝑧 − 𝑇𝑠𝑎𝑡 =
𝑞′′

ℎ𝑙𝑒
1 +

4ℎ𝑙𝑒𝑧

𝐺𝑐𝑝𝑙𝑑ℎ
− (𝑇𝑠𝑎𝑡 − 𝑇𝑙,𝑖𝑛)



Onset of Boiling in Internal Flows
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Full-developed nucleate boiling

𝑞′′ = 𝛾 𝑇𝑤 − 𝑇𝑠𝑎𝑡 𝑃𝑙
𝑚

𝛾: a factor that depends on surface and fluid properties

𝑚: empirically determined, typically between 2 and 4

At intersection point

𝑞′′

𝛾

1/𝑚

=
𝑞′′

ℎ𝑙𝑒
1 +

4ℎ𝑙𝑒𝑧

𝐺𝑐𝑝𝑙𝑑ℎ
− (𝑇𝑠𝑎𝑡 − 𝑇𝑙,𝑖𝑛)



▪ The onset may occur either before or after the 
intersection of the single-phase curve with the fully 
developed boiling curve.

▪ If the onset occurs at point 2, and the heat flux is 
held constant, the operating point may jump 
horizontally to point 3a′.

▪ If the transition is delayed to point 2′, the operating 
point may jump horizontally to point 3a.

Onset of Boiling in Internal Flows
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Onset of Boiling in Internal Flows
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Correlation provided by Sato and Matsumura

𝑞𝑂𝑁𝐵
′′ =

𝑘𝑙ℎ𝑙𝑣𝜌𝑣
8𝜎𝑇𝑠𝑎𝑡

𝑇𝑤 − 𝑇𝑠𝑎𝑡 𝑂𝑁𝐵
2

Eq. 12.14 in Carey

𝑇𝑤 𝑧 − 𝑇𝑠𝑎𝑡

=
𝑞′′

ℎ𝑙𝑒
1 +

4ℎ𝑙𝑒𝑧

𝐺𝑐𝑝𝑙𝑑ℎ
− (𝑇𝑠𝑎𝑡 − 𝑇𝑙,𝑖𝑛)

Energy balance for the single-phase regime



Subcooled Flow Boiling
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• Partial boiling: vapor present 

only very near the wall

• Fully-developed boiling: vapor 

exists in a significant portion of 

the bulk flow near the wall 

• Particularly interesting for high-heat-flux cooling



Subcooled Flow Boiling
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• Rohsenow’s postulation (Eqs. 12.26 and 12.27 in Carey)

𝑞′′ = 𝑞𝑠𝑝𝑙
′′ + 𝑞𝑠𝑛𝑏

′′
Total heat flux

𝑞𝑠𝑝𝑙
′′ = ℎ𝑙𝑒[𝑇𝑤 − 𝑇𝑙(𝑧)]Single phase contribution

𝑞𝑠𝑛𝑏
′′

𝜇𝑙ℎ𝑙𝑣

𝜎

𝑔 𝜌𝑙 − 𝜌𝑣

1/2

=
1

𝐶𝑠𝑓

1/𝑟

Pr𝑙
−𝑠/𝑟 𝑐𝑝𝑙[𝑇𝑤 − 𝑇𝑠𝑎𝑡(𝑃𝑙)]

ℎ𝑙𝑣

1/𝑟

Nucleate boiling contribution



Saturated Flow Boiling
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• Saturated flow boiling is most often 

encountered in applications where 

complete or nearly complete 

vaporization of the coolant is desired.

• Applications:

• evaporator of refrigeration and air-

conditioning systems

• cryogenic processing

• boilers in power plants

Figure 12.4 in Carey



▪ Gungor and Winterton correlation (upflow vertical tubes, diameter D)

Heat Transfer Correlations
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ℎ = ℎ𝑙 1 + 3000
𝑞′′

𝐺ℎ𝑙𝑣

0.86

+
𝑥

1 − 𝑥

0.75 𝜌𝑙
𝜌𝑣

0.41

ℎ𝑙 = 0.023
𝑘𝑙
𝐷

Re𝑙
0.8Pr𝑙

0.4 Liquid phase convective HTC

Re𝑙 =
𝐺 1 − 𝑥 𝐷

𝜇𝑙
Liquid phase Reynolds number



▪ Kandlikar’s Correlation

Heat Transfer Correlations
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ℎ = max{ℎ𝑁𝐵𝐷, ℎ𝐶𝐵𝐷}

ℎ𝑁𝐵𝐷: HTC for nucleate boiling dominant regime

ℎ𝐶𝐵𝐷: HTC for convective boiling dominant regime

ℎ𝐶𝐵𝐷 = 1.1360
𝜌𝑙
𝜌𝑣

0.45

𝑥0.72 1 − 𝑥 0.08𝒇𝟐 𝐅𝐫𝒍𝒆 𝒉𝒍𝒆 + 667.2
𝑞′′

𝐺ℎ𝑙𝑣

0.7

𝑭𝑲 1 − 𝑥 0.8𝒉𝒍𝒆

ℎ𝑁𝐵𝐷 = 0.6683
𝜌𝑙
𝜌𝑣

0.1

𝑥0.16 1 − 𝑥 0.64𝒇𝟐 𝐅𝐫𝒍𝒆 𝒉𝒍𝒆 + 1058
𝑞′′

𝐺ℎ𝑙𝑣

0.7

𝑭𝑲 1 − 𝑥 0.8𝒉𝒍𝒆



▪ Kandlikar’s Correlation (continued)

Heat Transfer Correlations
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Fr𝑙𝑒 =
G2

𝜌𝑙
2𝑔𝐷

, Froude number comparing 

inertial force to buoyance force

𝑓2 Fr𝑙𝑒 = ቊ 25Fr𝑙𝑒
0.3

1
for Fr𝑙𝑒 < 0.04 with horizontal tubes

for Fr𝑙𝑒 > 0.04 with horizontal tubes and for all vertical tubes

ℎ𝑁𝐵𝐷

= 0.6683
𝜌𝑙
𝜌𝑣

0.1

𝑥0.16 1 − 𝑥 0.64𝒇𝟐 𝐅𝐫𝒍𝒆 ℎ𝑙𝑒

+ 1058
𝑞′′

𝐺ℎ𝑙𝑣

0.7

𝑭𝑲 1 − 𝑥 0.8ℎ𝑙𝑒



▪ Kandlikar’s Correlation (continued)

Heat Transfer Correlations
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ℎ𝑙𝑒 =
𝑘𝑙
𝐷

Re𝑙𝑒 − 1000 Pr𝑙(𝑓/2)

1 + 12.7 Pr𝑙
2/3

− 1 𝑓/2 0.5

ℎ𝑙𝑒 =
𝑘𝑙
𝐷

Re𝑙𝑒Pr𝑙(𝑓/2)

1.07 + 12.7 Pr𝑙
2/3

− 1 𝑓/2 0.5

𝑓 = 1.58 ln Re𝑙𝑒 − 3.28 −2 Re𝑙𝑒 = 𝐺𝐷/𝜇𝑙

0.5 ≤ Pr𝑙 ≤ 2000 and 2300 ≤ Re𝑙𝑒 < 104:

0.5 ≤ Pr𝑙 ≤ 2000 and 104 ≤ Re𝑙𝑒 ≤ 5 × 106:

ℎ𝐶𝐵𝐷 = 1.1360
𝜌𝑙
𝜌𝑣

0.45

𝑥0.72 1 − 𝑥 0.08𝒇𝟐 𝐅𝐫𝒍𝒆 𝒉𝒍𝒆 + 667.2
𝑞′′

𝐺ℎ𝑙𝑣

0.7

𝑭𝑲 1 − 𝑥 0.8𝒉𝒍𝒆

ℎ𝑁𝐵𝐷 = 0.6683
𝜌𝑙
𝜌𝑣

0.1

𝑥0.16 1 − 𝑥 0.64𝒇𝟐 𝐅𝐫𝒍𝒆 𝒉𝒍𝒆 + 1058
𝑞′′

𝐺ℎ𝑙𝑣

0.7

𝑭𝑲 1 − 𝑥 0.8𝒉𝒍𝒆



Critical Heat Flux Condition
(Departure from Nucleate Boiling)
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Figure 12.18 in Carey

Figure 12.4 in Carey



Dry-Out Mechanisms 
(Hypotheses)
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Figure 12.19 in Carey

(a) Liquid microlayer underneath 

the bubble evaporates faster than it 

can be replenished

(b) Near wall regime filled with 

vapor pockets, hindering liquid flow

(c) When a slug passes a heated 

section, the thin film completely 

evaporates before slug passes



▪ Subcooled case: Celata’s correlation

CHF Correlation for Flow Boiling
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𝑞𝑐𝑟𝑖𝑡
′′

𝐺ℎ𝑙𝑣
=

𝐶𝑐

Rele
0.5

𝐶𝑐 = 0.216 + 0.0474𝑃 Ψ P: local pressure in MPa

Rele =
𝐺𝐷

𝜇𝑙

Ψ = ቊ
1

0.825 + 0.986𝑥𝑜𝑢𝑡

for 𝑥𝑜𝑢𝑡 < −0.1

for −0.1 < 𝑥𝑜𝑢𝑡< 0

𝑥𝑜𝑢𝑡 =
𝑐𝑝𝑙 𝑇𝑙,𝑜𝑢𝑡 − 𝑇𝑠𝑎𝑡

ℎ𝑙𝑣

Recommended for 𝑃 ≤ 5.5 Mpa, 𝐺/𝜌𝑙 of 2.2-40 m/s, 
𝑇𝑠𝑎𝑡 − 𝑇𝑙,𝑜𝑢𝑡 of 15-190 K, 0.3 mm ≤ 𝐷 ≤ 15mm



▪ Saturated case: “The 2006 CHF look-up table” by Groeneveld et al.

CHF Correlation for Flow Boiling
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https://github.com/greenwoodms06/2006_Groeneveld_CriticalHeatFlux_LUT

https://doi.org/10.1016/j.nucengdes.2007.02.014

https://github.com/greenwoodms06/2006_Groeneveld_CriticalHeatFlux_LUT
https://doi.org/10.1016/j.nucengdes.2007.02.014


Flow Boiling in Microchannels
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Slug flow

Annular flow



Density Wave Oscillations in Microchannels
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Credit: Mark 
Schepperle
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