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CAVITATED FLOWS IN HIGH PRESSURE SYSTEMS

What is cavitation

• If the pressure drops beneath a certain threshold 
the fluid begins to evaporate

• That happens there where the fluid is accelerated

Cavity formation behind a backward facing step
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p∆

Limitation of mass flow rate Erosion

Effects of Cavitated Flows

Panagiotis AdamidisPARCO 2003
Slide 4 Höchstleistungsrechenzentrum Stuttgart

),()),(1(),(),(
),(
),(1

),(
),(1

TpeTpTpeTpe
Tp
Tp

Tp
Tp

LG

LG

µµ
ρ

µ
ρ
µ

ρ
−+=

−+=

• The fluid is treated as a homogeneous mixture (single phase fluid) 
• All physical properties (pressure, temperature, ...) of both phases are the same
• The phase transition is modelled by the mass fraction
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• Mixture relations and for the density and the internal energy

Governing Equations
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Governing Equations

• Navier-Stokes  equations for the homogeneous mixture
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• Main problem: Fluxes depend on pressure and temperature
• They are given only implicitly by density and internal energy
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• Iterative solution for pressure and temperature from 1+n
iu

Numerical Solution:Transient Finite Volume Approach

• System of conservative variables is calculated at each time step explicitly
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Flow Chart of Serial Algorithm

Determine time step

Calculate numerical fluxes

Calculate new conservative variables

Iterative calculation of pressure and temperature

Calculating primitive variables

Time Integration
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Flow Chart of Serial Algorithm

Determine global time step

Calculate numerical fluxes

Calculate new conservative variables

Calculating primitive variables

Time Integration

Iterative calculation of pressure and temperature
The most CPU time consuming

part of the algorithm
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Main Problem and Solution

• This leads to enormous computation times for large realistic problems, 
which are in the range of several days or weeks

• Pressure and temperature can only be calculated iteratively 
• This iterative process is the most CPU time consuming part of the

whole simulation
• Especially the time needed for cavitating cells is much more than for others,

because there are more iterations executed in order to determine pressure
and temperature  

Solution

Main Problem

• Parallelization of the algorithm in order to take advantage of more processors
and memory space of a parallel computing environment 

• Target computing platform is a PC cluster
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Parallelization using Domain Decomposition

......

Halo layer

• Communication is needed in order to update the halo cells

Computational Border of Subdomain

D1 D2 D
n
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Load Imbalance due to Cavitation 

......
D1 D

2

Regions with cavitating cells

Halo layer Halo layer
Dn

Halo layer

• The number of cavitating cells  is changing in each time step

• Cavities are moving across subdomains
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Reassigning Work done during PT Calculations
Approach
• Detecting cavities in each subdomain and reassign only the 

computations done on the cells during the iterative procedure of 
calculating pressure and temperature from subdomains with more 
workload to subdomains with less workload

• The cells are not moved to other subdomains, thus keeping the 
initial partitioning

• Only the information needed to determine pressure and 
temperature of a cell is moved to another process and the result is 
recollected to the original location of the cell

How to detect cavities
• Using the void fraction criterion
• Using the CPU time spend during the iterative PT calculation in a 

cell as criterion
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CPU Time Criterion

......
D1 D

2Halo layer Halo layer
Dn

Halo layer

ti = iteration time needed by each cell i 

tpj = iteration time needed by each subdomain j 

topt = average iteration time over all subdomains 
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CPU Time Criterion

tdiff,j = tpj - topt

tdiff,j >  0

tdiff,j <  0

tdiff,j =  0

.

.

.

process j is classified as “sender” of workload

process j is classified as “receiver” of workload

process j will not reassign any work
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Flow Chart of the Parallel Algorithm

Communication

Initial partitioning with METIS

Determine global time step

Calculate numerical fluxes

Calculate new conservative variables

Detecting cavities and redistribution of work 

Iterative calculation of pressure and temperature

Collecting the results

Calculating primitive variables

Time Integration

Update of the halo cells
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Reassigning Work of PT Calculations vs Migrating Cells

• Repartitioning the mesh or using diffusion schemes  means that 
redistribution of cells would have to be carried out at every time step

• For each migrated cell the amount of data which would have to be 
communicated is 1536 Bytes (32 integers and 176 doubles), which 
means a communication time of  about 140 µs on a 100 Mbit/s Ethernet 

Migrating Cells

Reassigning Work done in the iterative PT part
• Each “sending” process must send 32 Bytes (4 doubles) of data per 

cell to a “receiving” process and must receive 16 Bytes (2 doubles)
of results, which is a total of 48 Bytes per cell. 

• On a 100 Mbit/s Ethernet a communication time of about 4.3 µs is 
needed, which is about 32 times less than the above mentioned 
approach
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Benchmark: Shock Tube Problem
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• Computing platform: PC cluster consisting of dual-CPU PCs with Intel 
Xeon 2GHz processors

• Length of tube 1 m
• Mesh consisting of 10000 cells (1000 in x-direction, 10 in y-direction)
• Cavity is embedded in pure liquid 
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Speed up

Not Balanced
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Speed up

Void Fraction Criterion
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Speed up

CPU TIme Criterion
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Efficiency
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Efficiency

Void Fracrion
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Efficiency

CPU Time Criterion
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Summary and Outlook

• Cavitation occurs in many industrial applications and cannot be calculated 
detailed in a proper response time on a single processor computer

• To solve large problems parallelization is unavoidable
• The load imbalance introduced by the cavities in the parallel algorithm has 

been treated by reassigning only the work done on cells during the most 
CPU time consuming part (the iterative PT calculations) of the algorithm 

• The initial mesh partitioning is not changed
• The results show a significant gain in efficiency

Summary

Outlook
• Future work will be concentrated in treating 3D problems and
• on finding better criteria to detect cavities


