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Rationale: In cryogenic fuel tanks, sufficient vapour pressure must be maintained to enable fuel flow. 

Effect of sloshing on heat transfer between liquid and vapour phases is generally observed to result in 

a pressure drop in stratified tanks – highly dependent on fill level & excitation. 

Aims: Model and extract heat transfer correlations for planar stable and chaotic sloshing in spherical 

cryogenic tanks, using ANSYS FLUENT.

Initial Conditions

Initial gauge pressure of 143 kPaG. Initial liquid temperature approximated as semi-infinite solid:

𝑇𝑙 𝑥 =  𝑇sat,p1 − 𝑇sat,p1 − 𝑇l,𝑖 erf
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𝑇sat,p1 = 23.6 𝐾, 𝑇l,𝑖 = 20.223 𝐾, 𝛼l = 1.247 ∙ 10−7, 𝑡𝑟𝑎𝑚𝑝 = 28𝑠 
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Liquid hydrogen sloshing tests 

conducted at NASA’s Lewis 

Research Centre: 

•  Spherical tank (R = 0.75m, 

V = 1.75 m3).

• Lateral sloshing only.

• Data (sufficient for model 

comparison) provided for 

two tests (see below).
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• VOF method appears able to capture pressure decay during “stable planar” sloshing – however, 

pressure decay over-predicted in “chaotic” sloshing case. 

• Vapour-interface and interface-liquid heat transfer oscillations highly temporal.

• Extracted Nusselt number for interface-liquid heat transfer generally higher than that predicted by 

existing correlations. 

Future Modelling Work

• Further investigation of lateral sloshing at different amplitudes and excitation frequencies.

• Investigating contribution of tank wall thermal mass and initial temperature.

Key Observations 

• Negligible difference for Lee coefficient variation between 0.01 to 0.001. Over-estimation of 

condensation ≥ 0.1. 

• Model is sensitive to initialisation of turbulence kinetic energy and dissipation.

• For chaotic sloshing (Case 870), rate of pressure drop is over-estimated between 8 – 10 s, during 

overturning and splashing of liquid. 

• Model appears able to capture “final” pressure in Case 870 and rate of pressure decay in Case 869.
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Figure 2: Initial liquid and vapour temperature for Case 870. 

This is assumed to be identical for Case 869.

Experimental Data (Moran et al, 1994)
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Figure 5: Case 870, k-epsilon, Lee coefficient = 0.01

t = 7.5s

t = 10s

Model Overview Solution Methods

• RANS turbulence modelling

• Lee Model for interfacial mass transfer 

• Structured mesh (~890K cells)

• Adiabatic wall conditions

• Liquid treated as incompressible fluid

• Vapour treated as ideal gas

• PISO for velocity-pressure coupling

• Second order upwind for all convective 

terms

• Convergence criteria: e-10 for energy, e-4 

for all others.

• Fixed step size of 5e-4 s

Figure 4: Pressure drop plots for Case 869 and 870. 

Lee coefficient = 0.01, initial turbulent kinetic energy 

(k) = 1e-6, initial turbulent dissipation rate (eps.) = 

100

Comparing RANS turbulence models

• Negligible difference in pressure decay prediction 

across k-epsilon (w/t enhanced wall functions) and 

k-omega SST models.

• Over-prediction of pressure decay in Case 870 

may be attributed to difficulty in modelling surface 

breakage

Figure 3: Pressure drop plots for Case 869 and 

870. Lee coefficient = 0.01, K-epsilon turbulence 

model (w/t enhanced wall functions)

Effect of initial RANS turbulence conditions 

• Pressure drop sensitive to initialisation of 

turbulent kinetic energy (k), less sensitive to 

turbulent kinetic energy dissipation rate (eps).

Vapour-Interface & Interface-Liquid Heat Transfer

Nusselt number defined as:       𝑁𝑢 =
ሶ𝑞
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Ludwig et al. (2013) [2] derived the following empirical correlation for interface-liquid heat transfer based on 9 data 

points in the literature:

𝑁𝑢 𝑖𝑛𝑡−𝑙𝑖𝑞 =
𝑅𝑒𝑠

𝑅𝑒𝑠,𝑐

0.69

Pr1/3 Where:    𝑅𝑒𝑠,𝑐 = 4 · 103 ± 20 % ,  𝑅𝑒𝑠 =
2𝜋𝑓𝑏2

v

𝑓1 = 1st mode nat. frequency, 𝑏 = wave amplitude, v = kin. viscosity, 𝜀1 = sloshing eigenvalue

𝑓1,870 = 0.772 Hz, 𝑓1,869 = 0.785 Hz [1], 𝑏870 = 0.45 m, 𝑏869 = 0.045 m [2]

 Based on the assumptions: 

• Initial liquid temperature profile can be approximated using an semi-infinite solid analogy.

• Vapour-interface heat transfer is negligible ( ሶ𝑄𝑖𝑛𝑡−𝑙𝑖𝑞 = ሶ𝑚𝑐𝑜𝑛𝑑ℎ𝑓𝑔).

• Vapour can be treated as an ideal gas. 

Key Observations 

• Extracted Nu generally higher than predicted by empirical correlation and appears highly time-dependent, with 

fluctuations corresponding to sloshing half-periods.

• Increase in interfacial surface area (due to splashing) predicted to be large contributor to pressure drop.

• Vapour-interface heat transfer and sensible heat transfer predicted to be non-negligible contributor to overall 

pressure decay. 

Figure 6: Nusselt number for vapour-interface (left) interface-liquid (centre) heat transfer, and interfacial surface 

area (right) for Case 870. 

Overview of sloshing experiments [1]  

Case # Fill Sloshing 

“mode”

Sloshing 

frequency

Sloshing amplitude 𝑅𝑒𝑠 

869 64 % 1st mode planar 

(stable)

0.95 Hz ±0.0127 m

Linearly increased over 30s

5.9 ∗ 106 

870 67 % Chaotic 0.74 Hz ±0.0381 m

Linearly increased over 10s

6.6 ∗ 104 

Case 870

Case 869

Non-Planar, 

Chaotic

Planar, StablePlanar, Stable

Non-Planar, 

Stable

Estimated Nusselt Numbers [2]  

Case # 𝑁𝑢 𝐿𝑢𝑑𝑤𝑖𝑔 [2] 𝑁𝑢𝑚𝑜𝑑𝑒𝑙,avg, 5−10𝑠 𝑁𝑢𝑚𝑜𝑑𝑒𝑙,max 

𝑉𝑎𝑝 − 𝑖𝑛𝑡 𝐼𝑛𝑡 − 𝑙𝑖𝑞 𝑉𝑎𝑝 − 𝑖𝑛𝑡 𝐼𝑛𝑡 − 𝑙𝑖𝑞 𝑉𝑎𝑝 − 𝑖𝑛𝑡 𝐼𝑛𝑡 − 𝑙𝑖𝑞

869 - 7.1 – 8.1 236.4 12.1 329.4 17.1

870 - 157.2 – 180.5 4,209.1 183.9 7,993.2 343.4Figure 1: Theoretical lateral sloshing stability map for spherical tank at 67 % 
fill [1], assuming inviscid fluid. Frequency ratio = 𝑓/ 𝑓1. 
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