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Figure 7.20: The sound pressure level at the nominal pump mode (N=1500 min-1) 

 

 
Figure 7.21: The sound pressure level at the cavitation pump mode (N=1500 min-1) 
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8 Design and experimental study of improved two-stage 
pumps 

8.1 Methods and designs for decreasing dynamic loading of aircraft 
engine fuel pump 

High-pressure pumps use compensators of the radial clearances for preventing the 
leakages. This limits the boundaries of the high pressure zone up to the pump, decreasing 
space scale. Consequently, it leads to decrease of the static loads on the gear bearings, 
increase of the pump volume efficiency, and, as a result, increases its operational life. A 
cone installation before the screw blades helps to reduce the influence of back vortices. 
A variable screw pith helps to decrease the intensity of cavitation processes. This leads 
to decrease of angles of attack and as a result to increase the regime parameter, q. 
Moreover, the following construction methods can be proposed for the screw:  

• the implementation of the rational construction form of the screw leading edges;
• drilling the holes at the inlet zones of the screw zones;
• increasing the screw blades surfaces finish;
• increasing the number of screw blades.

All these methods have approved themselves during experimental investigations carried 
out for prevention of cavitation.  

Additional design method for an axial flow pump has been proposed in (Anon., 1993), 
according to which the chamfers having a circular form should be produced on the 
pressure side of the screw vanes. Abramov et al. (Abramov, 1993) proposed an interesting 
form of the screw blades. Screw contains the hub and the spiral blades with profiled edges. 
These edges have a saw-tooth configuration.  The vertices and dedendums of the teeth 
are placed on coaxial circles. The centres of these circus coincide and located at screw 
axis. The difference between radii of circus is constant. Such profile of leading edges 
allows dividing the cavitation cavity on the suction side of a screw into a series of small 
cavities. This results in increase of system stability in relation to the self-oscillations of 
the cavitation. The leading edge of the screw can also be profiled as shown in the study 
of Shcherbatenko (Shcherbatenko, 1980). The leading edge is profiled on the suction side 
and has a spiral plate fabricated from porous material. When fluid flow meets the screw 
blade, a low-pressure zone is formed on a suction side of the leading edge. This pressure 
depends on the distance to the screw centre of rotation: the greater the distance, the greater 
is the pressure drop. This explains why the cavitation is initially generated on the 
periphery of the screw. Fluid flows to the wheel inlet through a clearance and then into 
the blade channels. After that, the pressure is increased by the blades. The produced 
pressure helps the fluid to penetrate through porous plate into the cavitation zone. It 
results in pressure increase within this zone. Eventually this allows prevention of the 
cavitation as its generation conditions are violated. In addition, the fluid penetrating 
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through the plate acts as a hydrodynamic lubrication, and, as a result, decreases the 
hydrodynamic losses caused by the drag. Additionally, the design of the leading edge 
allows increasing the pressure at the screw periphery zone and thereby eliminating the 
cavitation. Article of Kozlov (Kozlov, 1988) presents a method for increasing the 
efficiency of the screw-centrifugal pump and decreasing the oscillations of the axial force. 
Fluid flows though the screw and centrifugal wheel and is then directed to the consumer. 
Flow around the screw hub induces the back eddies at the pump inlet. The pressure 
difference between pump outlet and inlet induces the axial force. Fluid flow from 
channels into the supply line reduces this pressure drop. The cylindrical holes in the hub 
prevent the negative influence of the fluid head dynamic component. This results in 
decrease of the axial force oscillations. Uniform spacing of the holes in a circumferential 
direction allows breaking and prevent the back eddies. The ratio of the  holes total width 
and width of the blade channels should be less than 0.6 to provide efficient influence on 
reduction of the back eddies. Experimental investigations showed that this design method 
allows to increase the pump efficiency up to 2 %. Lyashchenko (Lyashchenko, 1981) 
describes a design method for increasing the anti-cavitation and vibroacoutic 
performances of the screw-centrifugal pump to increase its efficiency. The pump has an 
intake pipe with orifices placed over its entire area. These orifices have different sizes 
and are connected with a high-pressure fluid source. Their flow cross-sections decrease 
in a direction from inlet blades to outlet proportionally to the pump head. Fluid from the 
cavity enters to the screw through the channel and orifices. Then it penetrates the 
clearance and is distributed along the inlet edges where the pressure is low. A supply of 
the liquid decreases in the direction towards the trailing edges proportional to the pump 
head. This allows to reduce the cavitation at the pump inlet section.   

Several construction measures were already performed to redistribute the static pressure 
field in the aircraft engine two-stage pump ND-32 aimed to fix the rotor in axial direction. 
A spring was installed on the shaft from the pump entrance side. It should have clamped 
down the shaft to the bearing with a strain 50 N. However, this measure did not eliminate 
the bearing defect. Resonance phenomena are known to occur due to coincidence of gear 
teeth number and impeller blades number. A number of impeller blades of pumps ND-25 
and ND-32 was changed from 11 to 9 during the redesign processes described in paper 
(OJSC "Scintific and production enterprice "Temp" named after F.Korotkov", 1990). At 
that, the spring pressing force was increased up to 500 N. The vibroacoutic state of the 
redesign pump constructions did not differ from their basic constructions. Several 
operating regimes of the redesign pumps were accompanied by increased vibrations in 2 
times in comparison with the basic pump design in area of the two-stage pumps and 
accessory gear box connection. At that, vibration overload decreasing of supply line 
flange in 9…62 % at the stage inlet static pressure equal to 0.1 MPa. There were no 
variations between designs at screw-centrifugal stage inlet pressure 0.3 MPa. The 
maximum decreasing of pressure pulsation was by 9…14 %. Still, the main component 
of the oscillation spectrum was gear teeth frequency which amplitude had changed 
negligible. In such a manner, the hypothesis of pump dynamic loading due to coincidence 
of the teeth and blade numbers was not confirmed. The similar conclusion was obtained 
in work (Chebayevskiy, 1973). This paper shows that screw cascade solidity and the 
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number of its blades does not effect on the flow parameters. Experimental analysis of 
influence of several factors on the axial loading stage of the two-stage pump bearing was 
conducted in research (OJSC "Scintific and production enterprice "Temp" named after 
F.Korotkov", 1990). During these experiments, the mode connection between stages was 
being changed. These manipulations resulted in changes of the static force distribution. 
The maximum axial force equal to 1.8 kN was registered in case without the centrifugal 
wheel, while minimum axial force, 0.45 kN, was obtained in case without the screw. 
These facts indicate that the screw plays a vital role in axial loading of the bearing.   

However, the literature overview conducted did not propose the methods for reducing the 
back eddies occurring due to the drain and by-pass pipelines influence. In the basic design 
of the considered pump, the radial blades are installed to prevent the back vortex at the 
inlet (Figure 8.1).  

 
Figure 8.1: Basic construction of the pump ND-32 

The following construction redesigns were proposed to decrease the dynamic loading of 
the whole pump: 
1. Transfer of the drain pipelines to 3 m. from the inlet to supply pipeline (Figure 8.2). 
Whole flow rate from the drain pipelines flows directly to the supply manifold.  

(a)  

  
Figure 8.2: Transfer the drain pipelines to supply line 

 
2. Increasing the number of radial blades from 3 to 6 and installing the cylindrical detail 
with orifices (Figure 8.3). At that, an axial gap is formed between rear end-face of the 

Supply pipeline 

Drain pipelines 
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detail and volute. The value of the gap is 3 mm. Cylindrical detail is installed instead of 
the front support. It required changing the inner geometry of the pump inlet, thus the front 
support was removed. The cylindrical detail has a flange and six radial blades at its inlet 
section. The detail has also two rows of orifices with diameters of 5 and 4 mm. The total 
number of orifices is 60. This detail is supposed to prevent the back eddies formation at 
the inlet of the pump by means of dividing the flow from drain pipelines into a series of 
small streams. Six blades allow to stabilize the main flow from the supply pipelines. The 
resistance of the gap equals the resistance of the orifices. 

(a) (b) 

Figure 8.3: The outward appearance of the cylindrical detail (a) and the modified pump with 
installed cylindrical detail (b) 

3. Adding to the second proposed design the ring-detail for closing the axial gap between
the cylindrical detail and the volute. It results in liquid flowing direct from drain pipelines 
into supply pipelines through orifices in the cylindrical detail.  

Figure 8.4: Cylindrical detail with the ring-detail 
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4. Adding to the third proposed design the cowl. This cowl closes the axial hole in the
shaft of the pump rotor. It leads to preventing of pouring out of high-frequency leakages 
from the gear stage (Figure 8.5). Besides closing the axial hole, the cowl allows to 
improve the screw flow.  

Figure 8.5: The construction of the pump with installed cylindrical detail, ring and cowl 

The proposed designs focus on the decrease of the vibration and pulsation loading of the 
two-stage pump, and, as a result, to decrease the loading of the bearing.  

8.2 Experimantal investigations of the proposed pump designs 
efficiency 

Experimental investigations were also carried out to estimate the proposed designs. 
Operating regimes are shown in  

Table 7.1. Figure 8.6 presents the variation of the pump rotational speed and mass flow 
rate on the investigated operating regimes for all pump designs. It can be seen that pump 
head insignificantly decreases by 0.05…0.2 MPa with simultaneous increase of pump 
effectiveness by 0.55 - 1.11 kg/s. These variations remain in tolerance limits of the 
characteristics. This phenomenon is caused by the increase of the number of radial blades 
from 3 to 6. 
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 (a) 

(b) 

Figure 8.6: Pump performances variation for its different designs 

8.2.1 Static pressure 

Figure 8.7 and Figure 8.8 show the dependence between static pressure, measured at inlet 
and delivery pipelines, and operating regimes for different pump configurations. These 
pictures illustrate proposed redesigns that lead to static pressure increase at pump inlet (at 
lower regimes pressure buildup is 5-10%, at higher regimes – up to 96%). At the same 
time, both, the negligible drop of static pressure at the pump outlet and the drop at delivery 
head (about 0.05 – 0.2 MPa) relative to basic pump design were obtained. It is largely due 
to pump entrance being obscured by enhanced number of guide vanes.  
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Figure 8.7: Mean values of static pressure at inlet of the designs 

Figure 8.8: Mean values of static pressure at outlet of the designs 

Figure 8.9 shows static pressure change at the chamber that situates between pump stages. 
Leakages from gear stage pour into this chamber. Pressure behavior in it characterizes 
conditions for bearing lubrication as they are determined by pressure difference between 
this chamber and the outlet of the centrifugal wheel. In basic design, this pot is connected 
with entrance of screw centrifugal stage by means of shaft internal diameter and through 
series of holes in bearing case. At the fourth pump redesign the inlet to shaft internal 
diameter was closed. The final pump redesign (screen, spinner and without the gap) gave 
the maximum pressure drop of 1.2 time at regimes increased mass flow.  
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Figure 8.9: Variation of static pressure in the chamber between stages 

Figure 9.14 shows the variations of static pressure that was measured by the pressure 
probe. These variations were measured for all described designs. Operating regimes were 
equal.  

Figure 8.10: Variations of pressure pulsations measured by the probe for the equal operating 
regimes of proposed pump designs 
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Cylindrical detail decreases low-frequency pressure pulsations at the pump inlet. The 
intensity of back eddies measured downstream was also reduced from 0.09 MPa to almost 
0. In case of upstream measurement, intensity was reduced from 0.045 MPa to 0.012
MPa. In basic design, the upstream pressure is lower than the downstream pressure. It 
leads to back eddies formation at the pump inlet. This figure also shows that the relocation 
of drain pipelines does not result in preventing of back eddies. However, cylindrical detail 
leads to increase of upstream pressure, and, as a result, to prevention of back eddies. The 
pressure difference is 0.01…0.025 MPa. The most effective design is the final design 
with cylindrical detail, ring and cowl. In case of this design, the pressure difference is the 
highest.  

8.2.2 Pressure pulsations 

Figure 8.11 shows the variation of pressure pulsations at the supply pipeline. Amplitude 
of pressure pulsations is observed to decrease by 20…45%.  

Figure 8.11: Pressure pulsations in the supply pipeline at the distance of 0.6 m from the pump 
inlet 

Changing of the pump designs does not affect significantly the pressure pulsations at the 
outlet of the screw-centrifugal stage (Figure 8.12). As shown earlier, the pressure 
oscillations occurred in the pump entrance, in the screw and the centrifugal wheels, in the 
section behind centrifugal wheel that causes additional pump loading. The results show 
that the pressure oscillations are almost constant and reach 0.01…0.06 MPa when static 
pressure is 0.26…0.35 MPa at lower pump regimes. At higher regimes it reaches 
0.07…0.11 MPa and 0.36…0.45 MPa, accordingly. Herewith pressure oscillations in 
chamber between stages are mostly dependant on mass flow rate (Figure 8.14).  
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Figure 8.12: Pressure pulsations at the outlet of screw-centrifugal stage 

Pressure pulsations in the drain pipeline of the fuel metering unit do not change 
significantly (Figure 8.13). Their mean value is 0.1 – 0.15 MPa on the whole range of 
operating modes. Thus, decreasing of flow rate through the fuel metering unit leads to 
their increasing by 0.01…0.05 MPa. The design of the pump when all of the drain 
pipelines were transferred to the supply pipeline has the highest level of pressure 
pulsations in this pipeline. It is higher by 1.3…3 times in comparison to mean values 
obtained in other pump designs.  

Figure 8.13: Pressure pulsations in the drain pipeline of the fuel metering unit 

Influence of pump design variation on level of pressure pulsations at outlet of the gear 
stage was not detected (Figure 8.14). Only general increase of RMS of pressure pulsations 
caused by operating modes was observed.  
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Figure 8.14: Pressure pulsations at the outlet of gear stage 

Figure 8.15: Pressure pulsations in the chamber between stages 

8.2.3 Stresses 

The variation of mean values of stresses on the bearing is shown in Figure 8.16. This 
variation was obtained by means of the 8 stress transducers. Pump redesign has shown to 
allow to decrease the mean value of stresses on the considered bearing. Herewith, 
decrease of flow rate leads to increase of stresses on the bearing when rotation speed is 
constant. Maximum stresses obtained in basic pump design achieved 0.7…1.2 kN.  
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Figure 8.16: Mean values of stresses on the bearing for proposed pump designs 

8.2.4 Vibrations 

Figure 8.17 -  Figure 8.20 show the variation of vibration acceleration on the inlet flange 
of the pump and on the flange that connects the stages with between each other. Vibration 
accelerations are seen to be dependent only on rotation speed. Proposed designs were 
obtained to effect positively on the decrease of vibration acceleration on the XOY plane. 
For operating regimes 76 – 96, they were reduced in average by 30…40%. For operating 
regimes 97…102 this influence was opposite. In this case, the vibration accelerations 
were increased by 20…30% in comparison with basic design. It was caused by the non-
optimal flow inside of the centrifugal wheel. For YOZ plane, all designs affect positively 
on the reduction of vibration accelerations. They allow decreasing the vibration in average 
by 5…35% on the whole range of operating modes. For XOZ plane, the same effect was 
obtained, but reduction was detected by 5…7%.  

Figure 8.17: Vibration acceleration at the inlet of screw-centrifugal stage along the OX-axis 
(downstream) 
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Figure 8.18: Vibration acceleration at the inlet of screw-centrifugal stage along the OY-axis 
(horizontal plane) 

Figure 8.19: Vibration acceleration at the inlet of screw-centrifugal stage along the OZ-axis 
(vertical plane) 

 Figure 8.20: Vibration acceleration at the connected flange along the OX-axis (downstream) 

Analysis of vibration state of the pump allows to make a conclusion that vibration loading 
increases with increase in operating mode. The most significant influence of proposed 
designs on pump vibration state was obtained during increased operating modes. Design 
with cylindrical detail, ring and cowl was shown to be the most effective.  
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8.2.5 Visual investigations 

The efficiency of proposed designs was investigated experimentally with an undissolved 
air supply. Parameters of the operating regimes are shown in Table 7.4. Results obtained 
during visual investigation of the flow inside a pump in case of its basic design are shown 
in Figure 8.24 - Figure 8.26. Bubble supply allows to understand the flow structure: 
structure has a significant zone of back vortex, occupying almost all of the cross-section. 
There are two spirals present at the pump inlet occupying all the considered length of the 
inlet supply line. The radii of bubbles are equal. Visual investigation also shows that 
further increase of air supply does not change the structure of the flow. Stagnant air 
volume is formed in the upper part of the supply pipeline. During operation of the pump, 
small portions of this volume are separated and entering to the pump inlet. This process 
has a spontaneous behavior. Experimental investigations show that proposed designs are 
extremely efficient as they prevent back eddies origin, as well as flow spirals origin 
(Figure 8.21 - Figure 8.23). Pump design with cylindrical detail, ring and cowl allows to 
stabilize the flow inside of the pump: air penetrates the pump in the form of small bubbles 
without a twist. The distribution of bubbles is uniform along the channel cross-section. 
Such design also allows to prevent a stagnant zone in the upper part of the supply pipeline. 

Figure 8.21: Flow before the screw on regime 288. Pump basic design 
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Figure 8.22: Flow before the screw on regime 289. Pump basic design 

Figure 8.23: Flow before the screw on regime 290. Pump basic design 
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Figure 8.24: Flow before the screw on regime 288. Pump design with 6 blades, orifices for drain 
flow dividing, ring and cowl 

Figure 8.25: Flow before the screw on regime 289. Pump design with 6 blades, orifices for drain 
flow dividing, ring and cowl 

Figure 8.26: Flow before the screw on regime 290. Pump design with 6 blades, orifices for drain 
flow dividing, ring and cowl 

Screw 

Supply line 

Screw 

Supply line 

Screw 

Supply line 



142 

9 Conclusions and Summary 
The principal aim of this dissertation is the comprehensive development of the methods 
for decreasing the dynamic loads in a two-stage pump of aircraft engine. Prospective 
aviation engines will have to have significantly increased durability, serviceability and 
efficiency. Realization of these issues depends directly on the fuel systems of the engines, 
particularly on fuel pumps. Fuel two-stage pumps have demonstrated enormous potential 
in aviation applications. This potential can be greatly enhanced by the application of the 
methods and approaches presented within this thesis. Motivated by failures of aircraft 
engine two-stage pumps ND-25 and ND-32 and by beneficial application of two-stage 
pumps in aircraft industry, this work aims to answer the questions of reliability of two-
stage pumps, the causes of failure and to propose methods for increasing the durability of 
the pump.  

The range of the applications of many existing approaches for evaluating of  system 
reliability is limited. They require an accurate exploitation of the data describing the 
failures, fault statistics and other parameters. Complexity of aviation fuel systems, 
numerous hydro-mechanical aggregates, hydrodynamic instability of flow inside pump, 
such physical phenomena as cavitation and turbulence, as well as presence of undissolved 
gas make the failure propagation analysis of aircraft fuel pump extremely complex. Each 
of these factors can be a source of increased pump loading and result in increased wear 
of the bearing and its destruction. Fuels systems of aircraft afterburner engines have been 
shown to operate in abnormal conditions. They have to provide a wide range of fluid flow 
rates at wide range of rotational speeds. These factors lead to high dynamic loading of the 
fuel system components such as valves and hydraulic pumps in particular. This work 
provides an analysis of the failure of the two-stage pump ND-32. This pump includes 
screw-centrifugal booster stage and a gear primary stage. Conducted analysis showed that 
the journal-and-thrust bearing of the booster stage is the key component of fuel two-stage 
pumps as it limits the pump durability. This work aims to understand the reasons of its 
destruction/failure. Provided analysis showed that working processes in a screw-
centrifugal stage determine the loading state of a bearing. But pump’s stages cannot be 
considered separately as there is a strong influence of a gear stage on processes in a screw-
centrifugal stage. This work developed the simulation model of the screw-centrifugal 
stage while taking into account the influence of a gear stage. The simulation model and 
the analysis conducted using the model gives significant insight into the physical 
processes governing the loading state of screw-centrifugal stages of the fuel pumps. The 
mathematical fundamentals of simulation model presented here are general and not pump 
specific, and have application in centrifugal and axial flow pumps design, estimation and 
optimization. It is applicable to screw-centrifugal pumps with supply, drain and bypassing 
hydraulic lines, having journal-and-thrust bearing and volute. Simulation model includes 
the major design elements of fuel screw-centrifugal pumps. Here in the working 
conditions are very important. Provided simulation model takes into account the 
influences of the gear stage, mixture flow, cavitation and turbulence. Because this model 
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is widely applicable rather than pump-specific this work complements the effort in 
existing hydraulic screw-centrifugal pumps.  

This work aims to develop both, the intuitive and technical understanding of aircraft 
engine fuel pumps, and allowing the application of existing methods of engineering 
analysis. To do so, a semi-natural test bench was developed. This test bench is complex 
enough to accurately model the dynamics of an aircraft engine fuel system and a pump as 
a part of it. It takes into account the real-scale working conditions of the aircraft engine 
fuel system. Developed semi-natural test bench allows modeling and determining the 
main characteristics of the engine’s system and full-scale fuel aggregates during steady 
and transient operating modes in closed-loop and open-loop schemes, analyzing the 
available margin stability of the control systems, performing of the interaction of separate 
loop and aggregates, investigation of  the effect of perturbations and external factors and 
theperformance of the control system failure. The approach for developing the semi-
natural test bench is widely applicable instead of being just engine-specific. As a result, 
an approach presented in this work can be used for existing hydraulic fuel systems. 
However, developed test bench has several disadvantages. The first of them is that the 
mathematical model of the engine does not account of all perturbations in the control 
system. The second one is the scope of mathematical model and a full-scale aggregates 
work coordination. 

This work aimed to develop the methods for decreasing of dynamic loading of the 
elements of the pump. Pump structural elements for dynamic loading reduction are 
presented in this work. The purpose of proposed elements is to improve the streamlining 
of pump elements and to prevent hydrodynamic losses. New construction elements 
provide the improvement of pump performances such as head and efficiency, the 
cavitation performance and allow to reduce the loads acting on pump elements. These 
structural elements do not change the pump appearance, dimensions and operating 
regimes. The efficiency of proposed structural elements is most noticeable when the pump 
operates with undissolved gas.  

Chapter 2 analyses the reliability two-stage fuel pump of the of aircraft engine NK-36. 
Section 2.1 briefly analyses the main approaches for reliability investigation. It also 
describes the structure of the engine and depicts its node structure. Provided analysis has 
shown that hydro-mechanical control system is the key system defining the reliability of 
the whole engine. This conclusion has been made also based on the brief literature review, 
showing that supply pumps are the most loaded units of the aircraft engines. Section 2.2 
developed a reliability analysis of the two-stage fuel pump. It showed that unidentified 
destruction of the journal-and-thrust bearing of the screw-centrifugal stage is the main 
cause of the pump failure. Section 2.2 also includes the analysis of the engine fuel system 
design and develops its node structure. Obtained exploitation data of a two-stage pumps 
ND-25 and ND-32 allowed to develop their main failure functions and the main failure 
values. These functions allowed to determine that bearing destruction depends mostly on 
the operational conditions of considered pumps despite their similar constructions. 



144 

Chapter 3 discusses design of the ND-32 two-stage pump, its main features and 
operational principles. Section 3.1 describes pump design and include the description of 
pump geometry. Section 3.2 contents the analysis of the pump operation. This analysis 
has shown that the construction of aircraft fuel system leads to liberation of gas from the 
liquid fuel. The considered fuel system requires the two-stage pump to supply all the fuel 
to provide a wide range of operation modes of the aircraft. It means that the pump should 
provide a wide range of flow rates in the combustion chamber and the afterburner. This 
fact leads to complication of the pump supply line. Section 3.2 also developed the scheme 
of mechanical and hydrodynamic interaction of pump stages. This scheme allows to 
analyze pump operation, main loading source. It shows that hydrodynamic processes in 
the screw-centrifugal stage and its supply pipeline determine the operation condition of 
the journal-and-thrust bearing. But stages of the pump cannot be considered separately as 
there is an interaction between them, and mutual influence. The gear stage, besides 
vibration influence, affectsthe bearing through the leakages that pour out into the chamber 
between the stages. Consequently, proved analysis has shown that only screw-centrifugal 
stage should be thoroughly considered in further investigation. It results in, that Section 
3.3 describes geometric notation of screw-centrifugal stage of the pump.   

Chapter 4 discusses the simulation model for investigation of flow phenomena and 
operation processes of the pump screw-centrifugal stage. Hydrodynamic process inside 
the screw-centrifugal stage have been shown to determine the operative conditions of the 
considered journal-and-thrust bearing. Section 4.1 shows that only time-dependent, 
unsteady, dynamic meshing is able to predict the motion of the fluid flow against the very 
high adverse pressure distribution. Centrifugal and axial flow pumps pose an exceptional 
challenge due to the fact that there are a number of physical phenomena such as 
cavitation, turbulence and non-stationary flow, and the rotating components housed 
within a stationary three-dimensional-casing. Hydraulic pump performances and 
technical performances are known to be determined experimentally with further 
evaluation based on the theory of similarity. Empirical equations limit the range of 
working conditions. Numerical methods are more perspective in case of spatial three-
dimensional flow and can take into account such phenomena as cavitation and turbulence 
in case of multi-component flow. As a result, Section 4.2 described several approaches 
of three-dimensional analysis of the flow in the kinetic pumps. Literature analysis 
provided has shown that there is a lack of investigations of flow inside fuel screw-
centrifugal stage of aircraft engine pumps, which takes into account the influence of 
another stage, the cavitation phenomenon and turbulence. Consequently, the simulation 
model for hydrodynamic and operation processes investigation in the screw-centrifugal 
stage was developed. Section 4.3 developed a simulation model for tree-dimensional 
spatial turbulent flow analysis of a screw-centrifugal stage of aircraft engine pump. 
Provided literature analysis shows that a commercial code ANSYS CFX can be used for 
numerical solving of the developed model. Section 4.3.1 describes the model of the pump 
and gives the program structure for the flow inside of the pump numerical simulation. It 
also describes pump geometry, its features and general data of the screw-centrifugal stage. 
Calculation domain considers the supply pipeline, elements of screw-centrifugal stage of 
the fuel pump, its bearing assembly while taking into account the influence of the gear 



145 

stage. Typically, the fluid inside engine fuel systems have several components such as 
kerosene, its vapours and undissolved gas. Consequently, section 4.3.2 showed the Euler-
Euler approach for numerical calculation of the multiphase flows. Euler-Euler models 
working mixture as an interpenetrating continuum. Further sections 4.3.3 – 4.3.6 
described the mathematical fundamentals of multicomponent flow simulation. The flow 
inside the screw-centrifugal stage has been described by means of the non-stationary 
Navier-Stokes equations in the form of conservation. Fluid motion and transport 
characteristics are governed by not only three conservation equations, but also by 
additional equations for describing of turbulence and cavitation. Conservation equations 
are derived for each phase to obtain a set of equations, which have similar structure for 
all phases. Section 4.3.5 describes the approaches for turbulent flow simulation. Based 
on this short overview, the SST turbulence model was used to describe the turbulent 
stresses forming a significant part of the momentum equation. Section 4.3.6 describes the 
approaches for cavitation simulation. Cavitation was described byusing the Rayleigh-
Plesset equation. The partial gas pressure inside the bubble was assumed to obey the 
polytropic law and the effective viscosity was taken as a multiple of the liquid dynamic 
viscosity to account for damping mechanisms in the form of viscous dissipation. 
Dependencies of kerosene kinematic viscosity and density on its temperature as well as 
kerosene surface tension were considered. Additionally, the model of bubble collapse was 
also used to evaluate the wear of the bearing. The coupling of the Rayleigh-Plesset 
dynamics with the Navier-Stokes equations is achieved by using the Euler-Euler 
approach. Computational grid is described in Section 4.3.7. Several types of meshes were 
used for deriving finite element grid models: structured, unstructured, and the combined 
grids. Block-structured meshes were used for supply channel, radial edges input area as 
well as for the screw. Unstructured tetra and hexa meshes with prismatic layer were used 
for designing of drain channels, centrifugal wheel, volute and rear friction bearing area. 
The computational grids were developed in ANSYS ICEM CFD and AUTOGRID 5 
software. The computational finite element grid model was carried out to satisfy the 
conditions of y+ = 1. For unsteady calculations, the grids were connected by means of a 
various transient rotor/stator interfaces, i.e., that they change their relative position 
through the calculation according to the angular velocity. Section 4.3.10 describes the 
discretization of developed simulation model. The obtained conservation equations were 
discretized using the finite volume method. ANSYS CFX uses a control volume 
technique to convert the governing equations into algebraic equations. Section 4.3.11 
showed the parameters for unsteady equation solution. The chosen time step is small 
enough to get the necessary time resolution. Twenty sub-iterations were set up per time 
for the “flattering” of residuals. Certain underrelaxation factors were increased to values 
higher than the default values in order to promote residual reduction. Residual RMS 
values were set to be 10-6. Section 4.4 described verification of the developed simulation 
model and its accuracy. The testing and verification of the developed numerical model 
were based on comparison of energy and cavitation characteristics of the screw-
centrifugal stage, obtained by calculation and experimental ways. Calculations were 
carried out with SST and e-k  turbulence model. SST model has shown to produce the 
higher accuracy. The comparison of calculated and experimental efficiency 
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characteristics shows that the computation error is no more than 3%. The evaluation of 
the cavitation performance has shown that the computation error is no more than 3%. The 
simulation models are able to predict the energy and cavitation characteristics of the 
screw-centrifugal stage, as well as the loaded condition of its elements, which is 
particularly important to determine the cause of increased bearing wearing. The model is 
also able to evaluate the flow regime, as well as cavity formation. The laser knife method 
and a high-speed camera were used for visualization of the flow structure at the pump 
inlet. The comparison of calculated flow structures and obtained experimentally at the 
same operating regimes has proven the efficiency of SST turbulence model as well as 
boundary conditions, and also the correctness of the designed grid models. Evaluation by 
Fisher ratio test showed the adequacy of the model. Calculation error is not more than 
4%, taking into account the error gauges. Thus, the numerical model can accurately 
predict the pump head and cavitation characteristics variations in a wide range of 
operating regimes. 

Chapter 5 implements the developed simulation model of a screw-centrifugal stage 
operation for investigation of flow phenomena inside it. Section 5.2 describes radial and 
axial forces, acting on the rotor of screw-centrifugal stage. The contribution of each pump 
element to the total force was evaluated. The axial force turned out to be caused mostly 
by the screw. The radial component of the hydrodynamic force emerged in the pump 
components where there are radial components of flow velocity and lack of symmetry in 
the pressure distribution in a circumferential direction. Load distribution along front and 
rear surfaces of considering bearing is nonuniform. It leads to a skew of the bearing. Back 
vortex flow is discussed in Section 5.3. Developed model has find out a significant 
influence of the drain pipelines on the back eddies formation. Back eddies results in the 
flow unsteadiness at the screw-centrifugal stage inlet. The main flow at the pump inlet is 
divided into two zones. Back eddies lead to additional instability of vortex structure at 
the pump inlet. The lengths of the specific formations were estimated. During the 
numerical investigation for determining the main sources of pump dynamic loading, the 
main focus was made on investigation the process of air intake to the pump inlet. This 
phenomenon has been discussed in Section 5.4. Volume fractions of undissolved air were 
chosen based on operating conditions of the fuel system. Section 5.5 describes the 
numerical results of cavitation simulation inside the stage. Maximum volume of the 
supplied air was up to 7 % from the whole fluid volume. Numerical results have shown 
that undissolved air results in increase of both, the average force value, and its amplitude. 
Rise of the average force value aligned with increased amplitude of pressure fluctuations 
and the initiation of the pump rotor axial vibration. Flow around an air bubble id similar 
to the flow around the solid body. As a result, undissolved air hit at the pumps entrance 
leads to the leap of local velocity, which in turn leads to local pressure breakdown. 
Significant increase of stresses (more than 18 times) on the bearing in case of air supply 
was also obtained. In adittion, the numerical studies have shown that cavitation develops 
at reduced pump operating conditions. Undissolved air supply resulted in occurring of 
cavitation on the bearing surfaces. Cavitation appears especially on the internal edge of 
the bearing and on its end faces. Pressure distribution along screw blades have been 
obtained. Concequently, the numerical analysis conducted confirms the cavitation 
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character of the bearing end face damages. A model of high-frequency pulsations inside 
the screw-centrifugal stage induced by pump interaction and operational processes is 
described in section 5.6. Such pulsations are caused by oscillations spreading from gears 
as well as from screw and the impeller blades. Obtained results show that there are 
coincidences of the eddy frequencies separated from the wheels and their natural 
frequencies on several operating regimes. This section also contents the block diagram of 
the interaction of vortex disturbances in the screw-centrifugal stage and blades 
oscillations due to vibrations. Experimentally was obtained that main contribution in total 
level of vibration makes the high-frequency oscillations above 3 kHz that are occur due 
to coincidence of vibrations and pressure pulsations. Theoretical and experimental results 
allow the understanding of the high-frequencies phenomena occurring at the pressure 
pulsations spectrum.  

Hardware-on-the-loop approach is not widespread in aviation engine industry. In spite of 
a number of studies, there still exsists a lack of investigations devoted to the aviation fuel 
systems. There is no significant information how to design HIL test bench for the 
investigation of the characteristics of a turbofan engine fuel system. The question of 
providing a good accuracy of these tests remains. Chapter 6 contented the analysis of the 
engineless test benches for experimental investigations of aircraft engine fuel pumps. 
Section 6.1 showed that the pump operating conditions as a part of the aircraft and as a 
part of the engineless test bench are different. A semi-naturals test bench was developed 
for thorough investigation of the pump operation conditions. Section 6.1.1 and 6.1.2 
describe the test bench consisting of full-scale hydro-mechanical components and the 
mathematical model of the engine. The later has been developed and debugged in 
MATLAB Simulink and NI LabVIEW software. In addition to the fuel two-stage pump, 
a number of full-scale aggregates such as fuel-metering unit, low-pressure filter, fuel 
regulator and aggregate of fuel bypassing were also installed. Section 6.2 discussed the 
measurement techniques and equipment for further experimental investigations of the 
pump under evaluation. Static pressure was measured in 10 points along two-stage pump, 
the pressure pulsations were measured in 5 points, vibration accelerations in 4 points. 
Flow rates through supply and drain pipelines were also measured, as well as the rotor 
displacements of the screw-centrifugal stage. To understand the stress state of the 
evaluated bearing, 16 stress transducers were used. Experimental investigations allowed 
to determine the pressure pulsations, vibrations and loading state of the pump during all 
of the operation regimes. 

Chapter 7 discussed pressure pulsations and vibrations occurring all over the pump 
operating regimes. Section 7.1 showed the 24 operational regimes which were chosen for 
pump experimental investigations. These regimes coincide with the operational modes of 
the real-scale fuel system of NK-36 aircraft engine. Conducted analysis of pump loading 
states on different operation regimes has shown that the most unfavourable modes are the 
modes with a relatively low fuel mass flow rate and high rotational speed. Analysis of 
vibration state of the pump allowed to make a conclusion that vibration loading increases 
with increasing of operating mode. Experimental investigations were conducted by means 
of developed test bench, discussed in previously in chapter 6. Section 7.2 represented the 
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results obtained. It studies the variation of static and dynamic performances of the pump, 
including pressure pulsations, vibrations and stress distributions. Behavior of the bearing 
stresses and the rotor displacement variations were shown to coincide over the changing 
operating regimes. This means that the loading source of the considered bearing has 
hydrodynamic nature. Non-uniform loading of screw blades has been obtained. Section 
7.3 thoroughly observed the influence of dissolved air on the pump loading state. 
Variations of gas fractions lead to variation of loading state of the pump: small amount 
of air supply leads to sharp increasing of pressure pulsations and vibrations in all sampling 
points, further increase of air supply leads to decrease of pressure pulsations and 
vibrations in all sampling points. Bearing loading was determined to be non-uniform in 
cross flow plane. The results of the bearing strain measurements showed that the axial 
force, occurring on the bearing end face, is significantly increased due to the air supply. 
Increasing of air supply leads to increasing of the stresses on the bearing. Further 
increasing of air and fuel supply at the same rotational speed lead to decreasing of stresses 
on the bearing. Moreover, the next step of further increase of air supply only leads to 
further decrease of stresses. Obtained results allow to determine that supply of 
insignificant amount of air has stabilazing influence on the “pump-pipes” system. These 
results allow to conclude that bearing loading in cross flow plane is nonuniform. 
Moreover, in several cases this loading is nonsymmetrical: mean stress values obtained 
by means of two opposite strain transducers have different signs. This can lead to flection 
of the bearing surface. This phenomenon is explained by fluctuating radial force occurring 
due to nonsymmetrical pump volute. Therefore, the variable force was shown to be one 
of the main cause of accelerated wear of the bearing under review. After the tests the 
pump was disassembled and visually inspected. The state of the bearing after conducted 
experiments exposed several damages of the bearing, the cavitation wears on the inner 
edge and also the circumferential marks on the internal diameter. Pump cavitation 
processes was shown in section 7.4 to be detected by the means of the acoustic field 
analysis. The 1st and 2nd fundamental harmonics are the most “informative” in this 
context. Obtained acoustic fields were used for developing the diagnostic cavitation 
properties.  

Chapter 8 described the construction methods and designs and proposed the decrease of 
dynamic loading of the pump. Section 8.1 included a brief analysis of methods and 
approaches for decreasing of kinetic pumps dynamic loading. This section also described 
the designs proposed that were aimed at reduction of hydrodynamic instabilities inside 
the considering pump: transferring of the drain pipelines; increasing of number of radial 
blades from 3 to 6; orifices for dividing flow through drain pipelines; the ring to direct 
flows through drain pipelines to the pump input; the cowl for increasing the 
hydrodynamics of the screw. Proposed improvements are collected into 4 new pump 
designs. Section 8.2 described experimental investigations of proposed improvements for 
efficiency. Experimental investigations were conducted on the same 24 regimes of the 
fuel system operation. The most significant influence of proposed improvements on pump 
vibration state was obtained on the increased operating modes. Pump design with orifices 
for drain flows dividing, the increased number of inlet guide vanes, the ring and cowl was 
shown to be the most effective. It allowed to eliminate back eddies, significantly decrease 
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pump loading and decrease the influence of undissolved gas at all pump operating 
regimes.  

Appendix A briefly describes the main causes of nonstationary flow inside screw-
centrifugal pumps. All described phenomena were investigated to understand their 
influence on pumps elements loading. All sections of this chapter content a literature 
review of previous investigations of flow phenomena inside of the centrifugal and axial 
flow pumps. Section A.1 discussed the back eddies phenomena to understand the flows 
structure inside pumps and the causes of active currents and back eddies. Section A.2 
described the cavitation phenomena inside pumps. The focus of this section was made on 
understanding of the main principles of cavitation occurring and its influence on pump 
elements loading. This section also showed dynamics of the gas bubbles occurring due to 
cavitation. Bubble dynamics include a number of stages. The final stage – collapsing, 
leads to significant dynamic loading of pump elements and also to cavitation erosion, and 
results in damage of pump elements. Section A.2 also includes a description of noise and 
vibration induced by cavitation. Section A.3 is devoted to a description of 
multicomponent flow inside aircraft fuel pumps. Aviation fuels are known to dissolve a 
significant amount of gas. A flow swirl and vortex disturbances, originating in attached 
pipelines, contribute to vaporization of dissolved gas. At that, the violence of dynamical 
equilibrium in fluid-gas system is possible. This violation is accompanied by the liquid-
gas transition and finally results in cavitation. Next Section, A.4, focuses on undissolved 
gas occurring inside aircraft engine pumps. It includes theoretical and experimental 
results obtained from literature overview, showing undissolved gas influence on pumps 
performances and their behavior. The last section of this chapter, section A.5, focuses on 
vibrations of the centrifugal and axial flow pumps. Vibrations in pumps are mostly 
induced by rapidly changing mechanical and hydrodynamic forces. This Section shows 
that combination of increased vibrations and pulsations leads to dynamic loading of the 
pump rotor, its bearings, sealing and others.  
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Appendix A. Flow Phenomena and Operational Processes 
in Screw-centrifugal Pumps 

A.1 Backflow vortices 

Definition the reasons of the vortex flows origin at blades leading edges is an important 
issue as physical picture of flow structure at pumps entrance influences on their anti-
cavitation performances and stall characteristics. 

Works (Chebayevskiy, 1973), (Gulich, 2010) describe a flow scheme in screw-centrifugal 
pump supply line before a screw. According to these schemes, flow can be divided into 3 
zones: back eddies, back current and active current (Figure A.1). 

1 - screw; 2 – vortex flow; 3 – back eddies; 4 – forward current; 5 – conditional border 
between back and active currents; 6 - active current 

Figure A.1: Fluid flow scheme in a screw 

Zone of active current is constrained by radius rA and determined by a flow rate through 
the corresponding section at a reduced power regime. Work (Chebayevskiy, 1973) shows 
that axial velocity is constant along the active flow. These theoretical results are 
confirmed by the experimental results obtained by Toyokura et al. (Toyokura, 1961). 
Back eddies and back currents are divided by a revolution surface with a radius r0. In this 
radius axial velocity is zero. The area of a vortex zone decreases in case of increased flow 
rate and at the same rotational speed and eventually disappear at a certain critical flow 
rate. Back eddies have a significant circumferential velocity. Propagated upstream along 
the periphery of the supply pipe, back eddies spin the main flow in direction of rotor 
rotation.  

Papers (Brennen, 2011), (Bakir, 2004), (Stochek, 1978) show backflow vortex presents 
almost at all centrifugal pumps operating regimes. They constitute additional source of 
flow instability at pump entrance and as a result increased dynamics loading of pump’s 
elements. Paper (Stochek, 1978) shows that back eddies can represent a source of 
additional flow instability at a pump entrance as well as a factor of increased vibration 
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loading of the pumps elements. Back eddies induce the velocity field uneven at a pump 
inlet, heat fluid, increase a shaft resistance moment, increased noise and vibration, low-
frequency pressure pulsations having the character of self-oscillations.  

Studies of (Chebayevskiy, 1973) and (Shapiro, 2004) describe the general performances 
of the velocity field distribution as well as pressure field and drop pressure between inlet 
and outlet of centrifugal and axial flow pumps. According to these studies, vortex zone 
occurs stepwise and takes approximately 50 % of the supply pipe cross-section at q=0.5. 
In this case, stream impingement with an angle of attack equal to half of the blade pitch 
angle at its top edge. Active flow before a crew has a lower static pressure than static 
pressure at the inlet. Decreasing of the flow rate leads to increasing of this difference. 
This phenomenon can be explained by the sharpening of the active flow, its twisting and 
dissipations due to vortex flows. 

Article (Dumov, 1962) depicts that back eddies at the screw inlet are induced by the heavy 
loads on the blades and a large pressure gradient along the blade channel radius, i.e. 
depends on the screw output parameters. (Toyokura, 1961) claims that back eddies on the 
axial wheel inlet origin due to vortex zone near a bush at the outlet of a screw and depend 
on output parameters of an axial wheel. However, (Chebayevskiy, 1973) shows that flow 
regime before a blade wheel is defined by the input flow conditions of a wheel and weakly 
depend on the output parameters.  

A.2 Cavitation 

High-capacity aircraft and rocket pumps are inescapably prone to the cavitation 
phenomenon. Cavitation in two-stage aircraft engine pump was detected with the use of 
the pressure oscillations spectra and visually, using the transparent casing (Gasparov, 
2006). Cavitation leads to intensification of noise and vibration. Cavitation is the process 
of the formation of the vapor bubbles in low pressure regions inside a flow. Vapor bubbles 
are formed when the pressure in the liquid reaches so-called vapor pressure, pv, specific 
for various liquids at the operating temperature. Cavitation can be characterized by means 
of pressure coefficient, Cp, which can be determined as follows 

b9 =
9c9d
d
ef:

e , 
(A.1) 

where p1 is a reference static pressure required for pump inlet to provide cavitation less 
flow. 

In case of incompressible flow Cp depends on only pump geometry and the Reynolds 
number, Re. For screw-centrifugal pump Reynolds number can be found from expression 

Ag =
2M AhW* X

i (A.2) 
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Equation (A.1) allows to determine the minimum permissible pressure 

-6./ = 	-j −
1
2l;

Xb96./ (A.3) 

Note that total pressure, pT, of the fluid is known to consist of two components – static 
and dynamic pressure. Another important parameter of the fluid flow is a volume flow 
rate, Q. Total pressure can be defined as follows: 

-h = - +
1
2l;

X (A.4) 

The difference between total pressure at pump inlet and outlet, -nh − -Xh defines the 
fundamental measure of the mechanical energy imparted to the fluid by the pump. 

It is worth to mention that minimum pressure in equation (A.3) is a function of the 
velocity for a given pump, liquid and its temperature. It follows that there is a location 
where the working pressure is at minimum and where cavitation can occur. Unsteady 
cavitation processes in a screw-centrifugal pump have been thoroughly investigated in 
(Eisenberg, 1961). There are 4 cavitation stages in screw-centrifugal pumps: 

- cavitation origin. Cavities appear at a periphery of screw leading edges; 
- circulating along a screw leading edge cavitation spreading on separate blades; 
- transient cavitation. Cavities fluctuate with a certain frequency on all screw 

blades; 
- cavitation stall. 

Cavitation inside of a pump is oftentimes invisible (Dovgot'ko, 1976), (Dovgot'ko, 1985). 
The physics of this phenomena is that cavitation cycle (formation and collapsing of the 
bubbles) ends until the time moment when flow reaches a screw outlet. Thus, stream 
velocity at a screw outlet does not change and as a result, pump performances do not vary. 

Studies of Chebaevskiy (Chebaevskiy, 1957) and (Chebaevskiy, 1959) show that the first 
stage of the cavitation within the pump does not immediately lead to pump failures. 
Moreover, the generation of cavitation does not cause significant variations of pump 
performances. There can be no damages of the pump parts at a cavitation incipient stage 
even after continuous use. However, invisible cavitation can induce a significant dynamic 
loading of the elements of the pump without pump head breakdown (Chebayevskiy, 
1973). Pump cavitation breakdown occurs mainly upon engine ignition and its transient 
operating regimes. They represent a sharp decrease of pump delivery head almost to zero. 
The depth of this breakdown is defined by the relative volume of the cavitation cavity 
induced in a pump at inlet pressure decreasing lower critical value.  Cavitation cavity is 
firstly formed in back eddies zone at the periphery of a screw leading edge. Then, it grows 
while in active and vortex streams. Further, the evolution of the cavitation cavity leads to 
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both, the decreased intensity of the back eddies until their total disappearance, and, to 
increase of the cavity size. After that, the full pump delivery head breakdown comes. 

Theoretical and experimental results obtained in papers (Grigor'yev, 1985), (Dovgot'ko, 
1980) and (Pilipenko, 1977) show that the region of stability of the system screw-
centrifugal pump – pipes system relative to cavitation oscillations has an acute-angle form 

in the parameters of mass ratio 
Q
Q

 and pump inlet pressure pin plane. This plane shrinks

when the current flow rate increases. At that, there is a linear dependence between 
cavitation oscillations frequency and inlet pressure pin. In such a manner, cavitation self-
oscillations frequency depends linearly on the inlet pressure while their amplitudes 
depend implicitly on the inlet pressure (Chebaevskiy, 1959). Moreover, both frequency 
and amplitudes of this oscillations depend on the sizes of the cavitation cavities. 
Generally, increase of the cavitation cavity size leads to decrease of the oscillations 
frequency and to increased amplitude. 

Paper (Grigor'yev, 1985) investigated the influence of the back eddies at a screw-
centrifugal pump on stability of the pump systems. This paper considers the origin of the 
low-frequency pressure and mass flow oscillations on the regimes with intensive back 
eddies at pump entrance. Such regimes are accompanied by cavitation cavities. These 
cavities exist not only in screw blade channels but even in back vortex flows. The 
mathematical model of the cavitation self-oscillations in screw-centrifugal pumps was 
proposed in this paper. This model takes into account the dynamic properties of the back 
eddies. Model was obtained for closed-loop systems that usually are used for pumps 
independent test. Such systems include tank, investigated pump, supply and delivery 
pipelines. The equations for stability region boundaries were also obtained as follows:   
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where I1 is an inertia resistances of the supply pipeline; IT  is an inertia resistances of the 
back eddies zone of the supply pipeline; ЕР is coefficient taking into account the influence 
of the dependence between inlet pressure and active stream characteristics on the cavity 
volume changing in the back eddies zone; EQ is coefficient taking into account the 
influence of the dependence between flow rate and active flow characteristics on the 
cavity volume changing in the back eddies zone; f is slope ratio to the pressure 
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characteristic of the pump; II0 is an inertia parameter of  back eddies zone, which can be 
found as follows: 

YEI 2
0I0I ××-= z , (A.7) 

where 0IE  is coefficient characterizing the active flow inertia properties at a screw middle
diameter where cavitation cavity exists. 

Analysis of the equations (A.5) and (A.6) allows to trace the influence of the back eddies 
zone dynamic properties on stability of pumps relative to cavitation oscillations 
(Dovgot'ko, 1980). Paper (Dovgot'ko, 1980) concludes that the main reason of cavitation 
self-oscillation origin inside the screw-centrifugal pump is an existing of negative 
cavitation resistance O in regimes both, with back eddies and without them. the value O 
characterizes the total volume of cavitation cavities dependence on pressure and flow rate. 

The equations for a screw-centrifugal pump dynamic by estimation of the properties Y
and O, were obtained in paper (Pilipenko, 1977). These equations are appropriate for 
estimation of these properties in case of invisible cavitation: 
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Experimental methods are often used to study cavitation processes inside of the pumps. 
The following experimental methods are currently known: 

1. The cavitation margin analysis of the pump unit inlet. For the constant mass flow
ratio, the pressure drop by 3% and more is unacceptable (ISO 3555, 1977);

2. The visualization of the pump blade internal channel streams with the use of
transparent casings and stroboscopes;

3. The cavitation and abrasion allocating method with the use of the stain technique;
4. The static pressure measurement at the flow center or close to its boundary;
5. The ultrasonic measurement method (McNulty, 1982);
6. The pump vibration measurement in the possible vapor separation locations;
7. The acoustic field sound pressure measurement (Chudina, 2003);
8. The acoustic method gives the possibility to localize the cavitation noise source.
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The allocation of the sound sources on cavitation pump modes is of a great interest for 
any noise control engineer. There are four main techniques for the sound source 
allocation:  

- near field acoustic holography (NAH);  
- statistically optimized near field acoustic holography (SONAH); 
- beam forming (BF);  
- direct acoustic intensity measurement.  

It is worth noting that none of the methods can distinguish the radiated and reflected sound 
waves. Thus, a reflecting surface can often be identified as a noise source. Plus, the array 
of microphones must be non-planar or made up of two parallel planes with more complex 
signal processing in order to determine whether the sound is coming at the front of the 
array or from behind it. 

One big advantage of the direct measurement of sound intensity adjacent to a noise 
radiating surface is the relatively large dynamic range (difference in dB between 
maximum and minimum measurable intensities) that can be achieved. A dynamic range 
between 30 and 60 dB is common compared to 20 dB for NAH and SONAH using 
microphones and 40 dB for NAH and SONAH using particle velocity sensors. The 
dynamic range of beamforming measurements varies from 6 to 15 dB. 

Another advantage of the direct intensity measurement method is the wide bandwidth 
possible (20 Hz to 20 kHz) compared to 250 Hz to 10 kHz for beamforming arrays, but 
this frequency range is enough to two-stage pump acoustic diagnosis. 

However, direct measurement of sound intensity close to a surface does have some 
problems due the dominance of the reactive sound field in that region. Unlike NAH and 
SONAH, beamforming operates in the far field of the sound source and it is more accurate 
at higher frequencies. Frequency ranges and distances between the array and the radiating 
noise source are depended by array types and numbers of microphones. For a 
beamforming array of largest dimension D, and distance from the source L, the resolution 
(or accuracy with which a source can be located) is given by: 

l
D
L22.1sRe =  (A.10) 

For acceptable results, the array should be sufficiently far from the source that it does not 
subtend an angle greater than 30 deg. in order to cover the entire source. In general, the 
distance of the array from the sound source should be at least the same as the array 
diameter, but not greater if possible at all.  

The acoustic methods have a number of advantages: 

1. Cavitation detection directly during real time of pump working;



156 

2. No need for the specialized test benches, additional transducers and the pump
design alterations;

3. Their application is relatively easy and requires no special knowledge.

Cavitation originates at cavitation bubbles having diameters equal to 10-7 - 10-5 m. These 
bubbles consist of a mixture of vapor and dissolved gas. When bubbles pass the areas 
where pressure is lower than saturated vapor pressure, these bubbles begin 
instantaneously grow. Bubble growth is limited by the diffusion time scale in case of 
gaseous cavitation. Life time of a cavitation bubble is very short and is in the scale of 
micro-seconds or nano-seconds. Bubble collapse in areas with increased pressure induces 
the increased noise, vibration and wear of the details. The collapse of the bubbles happens 
during very short period of time, about several nanoseconds. The outcome of the collapse 
of the bubble is a large shockwave. The cavitation bubble collapse is very harmful to the 
impeller, which suffers violent erosion. On account of bubble collapse alternative highly 
intensive stress is generated (Zima, 2012). Paper (Shervani-Tabar, 2012) studies 
experimentally and theoretically the effects of bubble collapse within blades of a 
centrifugal pump. The overview of hydrodynamic phenomena, scale ratios and methods 
for erosion and cavitation diagnostics is presented in papers (Karelin, 1970), (Franc, 
1997) and (Franc, 2010). 

Papers (Bakir, 2004) and (Brennen, 2011) studied experimentally and theoretically the 
effects of bubble collapse within blades of an inducer. These papers determined that 
bubble collapsing leads to erosion and results in highly intensive stresses on the pump’s 
elements. 

The hydrodynamic cavitation noise is the series of pressure discharges, caused by the 
cavitation bubble collapses (Hunsaker, 1935). If the wave length is considerably larger 
than the bubble size, then the fluid compressibility is changed. Consequently, the fluid 
noise propagation will be suitably different.  

The theoretical research on cavitation noise is complicated due to huge quantity of 
cavitation bubbles interactions (Akulichev, 1965), (Igolkin, 2014). Therefore, the 
cavitation noise study depends heavily on experimental realizations.  

A considerable amount of scientific studies dealing with the issue of cavitation-caused 
noise and vibration detection have been published over last five decades. The cavitation 
bubble genesis was studied with the use of a high-speed camera (Akulichev, 1968). The 
cavitation bubble size was smaller than the wave length. It was shown that the non-
stationary cavity bubble genesis period amounts to ten periods of a sound wave. Unique 
visual investigations of cavitation inside a liquid hydrogen pump were carried out in by 
Ito et al. (Ito, 2012). The designed test bench presented in this research allowed to study 
visually the fluid flow in the cryogenic pump for the first time ever. Fanelli (Fanelli, 
1996) and Li (Li, 2000) carried out the experimental cavitation noise study and developed 
the numerical algorithm for prediction of it. Chudina (Chudina, 2003), (Chudina, 2003), 
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(Chudina, 2012) found out the discrete behavior of cavitation noise, depending on the 
degree of cavitation. Rus (Rus, 2007) simultaneously measured the noise and vibration 
levels of the two blade axial-flow turbine. Su Yongsheng (Yongsheng, 2008) determined 
the centrifugal pump cavitation genesis, comparing the vibration and pulsation ripple 
signals at nominal operation and cavitation modes. Liu Yuan (Yuan, 2009) proposed the 
cavitation genesis identification method based on wavelet analysis. Pu Zhongqi (Zhongqi, 
2005) also described the cavitation genesis identification method based on wavelet 
analysis. In article (Yong, 2012) the centrifugal pump cavitation noise and vibration were 
experimentally studied. The article (Akulichev, 1968) deals with the cavitation noise 
spectra distinctive features and their dependencies from acoustic cavitation parameters.  

The cavitation noise pressure can be described as follows (Akulichev, 1968): 
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the elementary signal form for the kth cavitation bubble at the 1st sound wave period; ke
is the random value, defining the cavity bubble signal parameters at the fixed moment, 

ln  is the random value, defining the cavity bubble signal parameter fluctuation. 

The equation (A.11) denotes the interaction mechanism of the cavitation bubbles. 

The frequency spectrum envelope shape depends on the degree of cavitation. The form 
of the spectrum envelope depends on the type of cavitation. The vaporous cavitation 
power spectral density remains constant at low frequency range and decreases at high 
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The vaporous cavitation spectrum inherent maximum depicts the gas bubbles resonant 
frequency and depends on the fluid flow velocity. This frequency can be expressed as 
follows (Shalnev, 1956): 
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As shown by (Gafurov, 2011), (Gasparov, 2007), (Kryuchkov, 2000), cavitation erosion 
is a major factor that can lead to increased wear of the angular contact sleeve bearing of 
aviation pumps. In this process the hydrodynamics processes inside the two-stage pump 
play a crucial role. Additionally, Kalnin et al. (Kalnin, 1980) shows that cavitation self-
oscillations generated in hydraulic pipelines due to attached to a pump aggregates do not 
lead to it significant dynamic loading of the pump.  
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A.3 Multicomponent flow 

Aviation fuels are known to dissolve a significant amount of gas. This amount is directly 
proportional to the absolute pressure in aircraft tank and in inverse proportion to a specific 
weight, surface tension and viscosity of used fuel. A flow swirl and vortex disturbances 
originating in supply pipelines contribute to dissolved gas vaporization. At that, the 
violence of dynamical equilibrium in fluid-gas system is possible. This violation is 
accompanied by the liquid-gas transition and finally results in cavitation. The presence of 
gas in fuel decreases the anti-cavitation characteristics of blade pumps (Dyro, 1962), 
(Pilipenko, 1977), (Almazov, 1985). 	

The dependence represented in Figure A.2 and obtained in work (Chebayevskiy, 1973) is 
the simplest method to estimate the variation of screw-centrifugal pump cavitation 
characteristics in case of liberated gas presence.  

Figure A.2: The liberated gas influence on screw-centrifugal pump anti-cavitation 
characteristics 

Ru is a Rudnev critical coefficient for liquid-gas mixture. This coefficient can be derived 
from the following equation 

4/3
critH

Q62.5
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×
= , 

(A.13) 

Net positive suction head (NPSH) of a pump in case of liquid-gas mixture can be find as 
follows 
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The rate of gas liberation from fuel depends on rate of pressure drop in a tank, i.e. on the 
climb speed of the aircraft. Gas liberation process does not have enough time to archive 
a dynamical equilibrium state in case of high aircraft climb speeds. It results in fluid 
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supersaturation by gas which can be liberated at certain conditions. Pressure before a 
screw is the lowest pressure in a fuel system. It determines the primary occurrence of 
cavitation at the inlet of s screw blades. 

This process is exacerbated by a supply pipeline curvature that lead to stagnant zones 
formation. In this case, entrapment pockets can occur. They constrict the flow cross-
section that, finally, lead to cavitation origin. Entrapment pockets segregated in stagnant 
zones diffuse extremely slowly. Consequently, cavitation can proceed for a long period 
of time – 15-20 minutes (Arinushkin, 1967).  

A significant role of gas in cavitation processes on operating regimes with reduced flow 
rates was confirmed during a series of experiments when water with a variety of gas 
content was used as a working fluid (Chebayevskiy, 1973). Decrease of gas content led 
to substantial decrease of pressure when cavitation occurs. In case of increased flow rates 
there were no similar influences of gas content. Therefore, gas content in a working fluid 
plays a vital role in cavitation origin primary on reduced flow regimes. At that, due to 
small sizes of gas bubbles they can be invisible. Experimental investigations show that 
cavitation is generated at a hub between screw and centrifugal wheel on a pump reduced 
flow operating regimen and on decreased inlet pressure. It can be explained by the partial 
separation of the invisible gas bubbles. These bubbles are liberating at a screw inlet and 
then moving along a screw and subsequently merging into large bubbles. 

A.4 Undissolved gas 

One of the most significant loading sources for pumps is an undissolved gas which can 
enter the pump (Berti, 2014), (Gafurov, 2014). Experiments (Kalnin, 2002) showed that 
the behaviour of pump head breakdown in case of undissolved gas penetration to the 
screw-centrifugal pump inlet is similar to behaviour of pump head breakdown due to the 
cavitation. This accompanied by the intensive pressure and flow rate self-oscillations 
inside a fuel system.  

In papers (Pilipenko, 1977) and (Vodyanitskiy, 1976) a mathematical model was 
proposed for determining of the boundaries of stability working zone of hydraulic system 
with a screw-centrifugal pump in case of free gas presence. This model takes into account 
capacitance and inertia performances as well as the system hydraulic resistances (Figure 
A.3).   
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Figure A.3: Structural design of a model for stability working zone determination of a hydraulic 
system with a screw-centrifugal pump 

1 – tank; 2 – supply pipeline; 3 – a lumped elasticity at a pump inlet; 4 – a screw-centrifugal 
pump; 5 – delivery pipe; 6 – a lumped elasticity after a pump 

Undissolved gas was simulated as a lumped elasticity before and after a pump. Cavitation 
cavities elasticity and cavitation resistance of a pump flow channel can be determined as 
follows: 
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where
stabf is a flow oscillations frequency nearby the stability boundary. 

The value of compliance of the lumped elasticity at pump inlet, |./$*$ is calculated by 
taking into account fluid compressibility and wall compliance of the supply pipe.  

The resistance of the supply pipe can be neglected. Solution of the equations (A.15) and 
(A.16) relative to the oscillations frequency gives: 

}S"=7X =
o

OW ∙ (1 − b@ ∙ o)
(A.17) 

The analysis of the equation (A.17) shows that the lumped elasticity has an ambiguous 
influence on the system stability zone at 0X SCS

in ¹  

According to equations (A.15) and (A.16) a stabilizing influence of the coefficient R1 
decreases if  
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This condition at low values of R1 executes in a wide range of the lumped elasticity 

compliance 
Y
1X SCS

in >> . 

The energy supply to the oscillation system is determined by the negative cavitation 
resistance O and flow rate amplitude at the pump inlet 1Qd . Oscillation energy dissipation
is determined by the hydraulic resistance of the supply pipeline R1 and flow oscillations 
at the supply pipeline 'Q1d . If flow rate oscillations amplitude before a screw 1Qd  is

higher than flow rate oscillations amplitude in supply pipeline 'Q1d  , i.e. 1
'1
1 >
Q
Q
d
d , then 

the oscillation energy flux generated by the pump is higher than energy flux dissipated 
due to hydraulic resistance. This can explain the destabilizing influence of the lumped 
elasticity compliance at the pump entrance for condition (A.18).  

Small values of a lumped elasticity compliance and resistance R1 lead to fail of condition 
(A.18). At that, amplitudes ratio 1

'1
1 <
Q
Q
d
d  is lower than 1, i.e. flow rate oscillation 

amplitude in supply pipeline is higher than flow rate oscillation amplitude at pump 
entrance. In this case generated energy is lower than dissipated energy and lumped 
elasticity has a stabilizing influence on system stability.  

Consequently, compliance increasing of a lumped elasticity at a pump entrance up to 
value when condition (A.18) is satisfied leads to stabilization influence of the lumped 
elasticity on system stability. Its further increase leads to destabilizing influence. Hence, 
obtained results showed the ambiguousness influence of free air influences. 

Experimental investigations of a screw pump stability on (Vodyanitskiy, 1978) regimes 
with undissolved gas confirmed the ambiguous influence of this lumped elasticity. Figure 

A.4 and Figure A.5 represent screw relative head, H , and power, !, versus gas volume

fraction, 
influid

gas

Q
Q

С ÷
÷
ø

ö
ç
ç
è

æ
= , at pump entrance typical characteristics. Two regions can be 

subtracted. Region I is a dip at high angles region of H  and, !,  due to increasing of

undissolved gas volume fraction. There is a small correlation between H and δ  in the
characteristic region II. A bubble flow structure in blade channels is observed on region 
I. At that, there is an increased gas bubbles volume fraction at suction side of screw in 
direction to a hub. Free gas volume fraction increases due to gas separation to blades 
suction sides in low-pressure zones. Increased flow-delay angles can also lead to 
undissolved gas fraction increasing. Flow-delay angles variation can be induced by flow 
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pushing away to blades pressure sides and by and hydraulic losses.  Hydraulic losses 
occur due to relative fluid flow around gas bubbles. All these factors lead to decreasing 
of pump head and power. Experimental investigations showed that the mixture flow 
structure in blade channels varies at a certain undissolved gas fraction. Cavitation cavity 
originates from suction side of the blade. This cavity mostly consists of gas phase and the 
isolate itself beyond the screw. For this reason, even at high pump inlet pressure a flow 
regime with super cavitation can occur in case of two-phase flow. Such flow regime 
corresponds to the region II. 

Figure A.4: Pump head versus free gas volume fraction typical characteristics 

Figure A.5: Pump power versus free gas volume fraction typical characteristics 

Papers (Kjeldsen, 2009) and (Keller, 1983) also investigated the influence of undissolved 
gas on cavitation process inside axial pumps and on their stress states. Obtained results 
are shown in Figure A.6. They were obtained for six-threaded screw for four different 
volume flow rates at rotation frequency 900 min-1. Experimental results obtained in paper 
(Kjeldsen, 2009) showed that cavitation number is a function of the mixture composition. 
Cavitation number increases due to free gas fraction increasing while tensile stresses on 
a screw blades does not dependent on the gas volume fraction.  
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Figure A.6: The dependence of cavitation number and tensile stresses at screw blade on the 
amount of free gas on the working fluid 

Inlet pressure oscillations of a centrifugal pump were investigated in paper (Lecoffre, 
1999). Pump rotational speed was constant and equal to N=850 min-1. Volume flow rate 
was varied from 0.075 to 0.15 m3/s. Free gas content was also varied. Two regions can 
be depicted: 

- On the first region, a small amount of free gas induces a dramatic increasing of 
pressure RMS on impeller vanes; 

- On the second region, further increasing of free gas content leads to decreasing of 
pressure RMS. Finally, they become lower than initial value of pressure RMS in 
case without undissolved gas. 

The critical gas content in a stream is known form work (Chebayevskiy, 1973) to be a 
function of screw-centrifugal pump inlet pressure. The lower inlet pressures the higher 
the gas content is needed to failure the pump working capacity. The higher shaft rotational 
speeds the higher gas content is needed to induce a pump breakdown. These phenomena 
can be explained by a screw breakdown but by a centrifugal wheel breakdown. It occurs 
at a relative lower free gas content at pump inlet. At that, pump breakdown is defined 
mostly by the free gas content. It almost does not depend on inlet pressure. Centrifugal 
wheel breakdown occurs in the moment when cavitation cavities occupy all the length of 
the blades suction side.  

A.5 Vibrations 

Nowadays reliability of aviation engines is well known to be depending on vibration and 
noise levels (Makay, 1978). Rapidly changing mechanical and hydrodynamic forces 
acting on aviation pumps induce the vibration of its elements. Pressure pulsations in 
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pumps are the most widespread sources of vibrations and noise. They induce the dynamic 
loads of pump rotor, its bearings, sealing and others (Alekseev, 1979), (Almazov, 1985), 
(Brennen, 2011). Kinetic pump generates high intensive pressure pulsations both inside 
a pump and attached pipelines due to finite number of blades and separated flows. 
Eventually this leads to occurrence of vibration. Exploitation experience of control and 
fuel systems shows that fatigue failures are the most significant source of manifolds 
breakage (Belyy, 1965).  

Construction vibration then induces and amplifies pressure pulsations in hydrodynamic 
canals and leads to changing of their characteristics. Increased vibrations and pulsations 
in aviation fuel supply lines are well known to lead to undesirable and dangerous effects: 
instability of control system, cavitation break of the pump, operational instability of gas 
generator and combustion chamber, decrease in regulatory system accuracy, decrease of 
fatigue strength of construction elements, changes of the dynamic loads in rotors and its 
bearings.  

In paper (Kalnin, 1980) shows that there is a sharp increase of bearing loading and its 
vibrations in the range of low fuel flow-to-revolutions ratios of screw-centrifugal pump, 

N
Qin , in comparison on their values on the nominal operating regime (Figure A.7). At

that, radial force Fr acting on the bearing at 1.0
N
Qin =  (partial power regime) changes by 

5 times. Additionally, the direction of the radial force vector changes. At the nominal 
operating regime, it directs to the larger cross-sections of the volute while at the low flow-
to-revolutions ratio equal to 0.1 it directs to the smaller cross-sections. The direction 
changing angle is 50 degrees. Vibration overloads and pressure pulsations in the pump at 
the partial power regime are higher in 3-4 times in comparison with the nominal operating 
regime. At that, there are no significant changes in axial and radial runouts.  

Figure A.7: Changing of radial force on the bearing, its vector and vibration overload 
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Generally, the most powerful source of induced oscillations inside the two-stage pumps 
is a gear stage. It generates intensive oscillations with a frequency NGS

 according to 
correspond gear tooth mesh frequency (OJSC "Scintific and production enterprice 
"Temp" named after F.Korotkov", 1990), (Shorin, 1996), (OJSC "Samara construction 
bureau of engines design", 1993): 

NGS=f ∙NumGS (A.19) 

Another source of induced oscillations is the screw and a centrifugal wheel due to their 
finite number of blades. Screw-centrifugal stage generates oscillations with a frequency 
NSCS corresponding to the impeller blade frequency:  

NSCS=f ∙NumC (A.20) 
Experimental results obtained in (Shorin, 1996) indicate that there is a direct influence of 
pressure pulsations at the entrance to the screw-centrifugal stage and pressure pulsations 
at the outlet of the gear stage on vibration accelerations. This allows to assume that 
pressure pulsations have a decisive influence on vibroacoutics characteristics of the pump 
elements.  
Authors of an article (Shorin, 1996) used piezoelectric accelerometers to estimate the 
vibration state of a two-stage fuel pump ND-25. These transducers were installed in axial 
directions. The results showed that maximum vibration loads occur o 8.43 and 16.86 Hz. 
They corresponded to the first and the second tooth harmonics of the gear stage 
accordingly. Rough estimation of natural vibration frequencies of the manifolds attached 
to the considered pump showed that they are 52.5 Hz for supply pipeline, 118, 196, 420 
and 1050 Hz for manifolds connecting the stages, 715 Hz. These frequencies lie inside a 
frequency band of the pump. In other words, the resonance phenomena can occur in 
attached aggregates during the starting operation of the pump. 
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