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 Mechanical Solutions, Incorporated (MSI) is an Engineering firm
headquartered in Whippany, New Jersey USA.

 MSI specializes in fluid machinery design, fluid dynamic analysis,
and mechanical engineering design, testing and analysis. Further
information regarding MSI can be found at www.mechsol.com.
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Introduction to the challenges of cavitation in hydraulic
turbomachinery

Introduction to cavitation and its effects on turbomachinery
Brief description of an inducer and it role in a turbopump
Multiphase CFD analysis of turbopump inducer

Spectral analysis and animation of CFD results

Alternate design to reduce effects of cavitation
Conclusions
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» Cavitation is the formation and disappearance of bubbles caused by
the change in pressure in the fluid domain.

« Itis a thermodynamic non-reversible process
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« Cavitation in turbomachinery is often characterized by two variables
* Net Positive Suction Head

. NPSH = (P,,— Pvapor)

Pg
. . P_-P
. Cavitation Number o = * il l}’a;‘"), where
7P
2 F1%1

* P, isinlet or exit total pressure

*  Pyapor is Vapor pressure of fluid at a given temperature
* pis the density of the liquid(subscript | is for liquid)

« U, is the rotational velocity
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Machin ery

« Performance, Capacity and Range
» Vibration and Noise
» Dissolved or Entrained Gas in Fluid
» Cavitation Instabilities

« Cavitation Surge

« Alternate Blade Cavitation

* Rotating Cavitation Stall

* Auto-Oscillation
 Erosion and Corrosion
Rotordynamic Instabilities




Performance, Capacity and Range ddechanical Solutions, Inc.
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Dissolved or Entrained Gas in Fluid %ﬁﬁﬁ?ﬂiﬁ?ﬁgﬂgﬂﬂiﬂvﬁf

« Some fluids have dissolved gas or entrained gas embodied in the
liquids. The gaseous cavitation that occurs when the gas comes
out of solution, due to low pressure can have a negative impact on
performance, in addition to the negative effects of vapor cavitation.
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« Cavitation is inherently unstable and unsteady. As the formation
grows, unstable effects, such as stall and auto-oscillation can have
a profound impact on the operation and mechanical integrity of
hydraulic turbomachinery
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Figure 2.22 — Cavitation performance of the SSME low pressure LOX pump model, showing the onset
and approximate desinence of the auto-oscillation at 6000rpm (from Braisted and Brennen 1980).

Bramanti(2005)
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« The collapse of bubbles on a surface can create damage, eroding
and corroding the metals in the stationary and rotating components.

Francis turbine runner
cavitation damage @ discharge
(from Brennen, 1994)

Visser(2005)
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« Axial inducers are used to boost pressure and improve cavitation
performance

» They are used in the following applications.
 High energy pumps
* Rocket turbopumps
« LNG pumps
* Fire suppression pumps
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s Axial inducers are used in
rocket turbopumps and high
energy density industrial
pumps

"/nducers act as boost pumps
to the main head producing
impeller. They can operate at
higher cavitation levels since
their power level is only a
fraction of the main impeller.
The large axial inlet facilitates
lower velocities at the throat TR £ o R
and can swallow more Cavitating Inducer, Brennen(1994)
cavitating vapor

- : -
PiTAN . -
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Test inducer described in Bennett(2009) serves as test case
Test case based upon NASA FASTRAC LOX inducer

Test geometry developed using CFturbo design software
All CFD analyses performed using STAR-CCM+ software
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Axial Inducer Design Parameters
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Volume flow = 0.0714m3/sec
RPM = 5000

Number of vanes = 2

Meridional flow coefficient = 0.1
Inlet hub to tip ratio = 0.3
Radial element formulation

Hub wrap angle = 349.5 degrees
Target NPSHr = 1.08 meter
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Radial element design from CFturbo
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Inlet

Inducer

“Bladeless Impeller 4
Passage

Inducer analyzed in same configuration as a rig test




Turbopump STAR-CCM+ CFD Mesh %ﬁﬁﬂ?ﬂiﬁ:ﬁﬁ‘#ﬂﬂ:&h‘tﬁ

« Single-vane sector mesh for inducer was patterned and fused to ensure mesh uniformity




Turbopump CFD Mesh Statistics
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Domain

Inlet

Inducer

Impeller

Volute

TOTAL

Cells

122,386

1,250,682

129,712

84,496

1,587,276

Faces

441,586

5,806,662

566,488

360,112

7,174,848

Vertexes

221,844

3,763,724

360,244

220,411

4,566,223



Turbopump STAR-CCM+ CFD Model Setup %ﬁfﬁ?ﬂiﬁﬂi%ﬂfﬁﬂﬁ;ﬂi

* SST k-w turbulence model (with curvature correction)
« Segregated flow solver (2"9 order)
* Volume of Fluid (VOF) multiphase model (2" order)
» Water and vapor as constant-density fluids at 298.15 K
- Saturation pressure of 3169.9 Pa
 Boundary conditions:
- Stagnation inlet at 1000 kPa (Sequentially lowered)
- 5000 rpm rotating speed
- Outlet mass flow rate corresponding to 0.014 m3/s
» Transient timestep of 3.333e-5 s (360 per revolution)
1e-4 limit for residual convergence of inner iterations

Simulation ran until and monitor value plots (such as pressure,
torque and mass flow) were judged to have settled
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Suction Inlet Total Outlet Total Inducer Inducer
ipe NPSHa Inducer
Specific el Pressure Pressure Head Torque Efficienc
Speed [kPa] [kPa] [m] [N-m] y
18.4 102.0 1000.2 1097.0 9.9 3.174 81.5%
31.1 50.8 500.3 597.7 10.0 3.175 82.0%
105.8 9.9 100.2 200.9 10.3 3.278 82.2%
183.1 4.8 49.9 155.6 10.8 3.441 82.2%
400.5 1.7 19.6 126.9 11.0 3.517 81.6%
518.3 1.2 14.8 119.4 10.7 3.544 78.9%
598.8 1.0 12.8 99.9 8.9 3.158 73.7%
646.9 0.9 11.8 93.3 8.3 2.977 73.1%

All results were averaged over several revolutions (as many as 27 for highly-cavitating cases)
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Total Head (m)

NPSHa (m)




Turbopump CFD Cavitation Results
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Inducer Probe CFD Pressure Traces
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Typical Pump Cavitation Instability

Freguencies

Instability type

Frequency range

Surge
Auto-oscillation

Rotating stall
Vaneless diffuser stall
Rotating cavitation
Partial cavitation oscillation

Excessive radial force
Rotordynamic vibration

Blade flutter

Cavitation noise

System dependant.
3-10 Hz in compressors
System dependant,
0.1-04 Q

0.5-0.7Q
0.05-0.25Q
1.1-1.2Q
< 8
Some fraction of Q

Some fraction of QQ when critical speed 1s
approached

Natural frequency of blade in liquid

1-20 kHz

Bramanti(2005)
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Animation of Turbopump Flow dbechanical Solutions, Inc.
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An alternate design was created to reduce the effects of cavitation
at the target NPSH of 1.08 meters

Cfturbo was used to perform the design

The vane count was increased from to 4 in order to reduce loading
on the vanes that can lead to instabilities at lower NPSH values

The blade design was switched from radial element to helical with a
10 degree cant

The alternate design was subjected to the same analysis as the
original design
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* Volume flow = 0.014m?3/sec

* RPM = 5000

* Number of vanes = 4

* Meridional flow coefficient = 0.085

* Inlet hub to tip ratio = 0.3

* Helical formulation with 10 degree cant
 Hub wrap angle = 374.3 degrees
 Target NPSHr = 1.08 meter
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Helical design from CFturbo
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Comparison of Inducers
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The alternate design has not yet begun to lose
head a the target NPSHr (1.08 meters)
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Unsteady CFD analysis coupled with cavitation can be successfully
applied to turbopump flow analyses to determine suitability of
prototype designs

The unsteady cavitation model has been successful in resolving
certain flow instabilities that are common to turbopump inducers

General acceptance rules permit utilization of the total head(inducer
+ impeller) with regard to NPSHr acceptance. This must be applied
with care, as the inducer may operate at an operational point with
flow instabilities if this criterion is applied
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