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Abstract. The problem of effective supercavitating (SC) pump is solved, and optimum load 

distribution along the radius of the blade is found taking into account clearance, degree of 

cavitation development, influence of finite number of blades, and centrifugal forces. Sufficient 

accuracy can be obtained using the equivalent flat SC-grid for design of any SC-mechanisms, 

applying the “grid effect” coefficient and substituting the skewed flow calculated for grids of 

flat plates with the infinite attached cavitation caverns. This article gives the universal design 

method and provides an example of SC-pump design. 

1. Introduction 

The one effective application of the cavitation technology are supercavitating pumps (SC-pumps), 

which have advantages in variety of industrial processes [1], [2]. The basics for calculation of any 

cavitating equipment, working in the presence of developed cavitation, are their geometry parameters 

and hydraulic characteristics, i.e. the solution must contain the flow velocity and pressure distribution, 

and cavitation bubble’s dimensions. For the given flow rate and net head, the design of the SC-pump’s 

impeller requires calculation of its profile’s geometry, the number of blades etc., as well as calculation 

of its rotation velocity, axial velocity etc.; but in addition, the design is complicated by generation of 

the cavity with required length, the number and size of the cavitation bubbles. 

2. Load Distribution 

Calculation algorithm of SC-pumps is based on the solution of a supercavitating flow around a blade’s 

element or equivalent flat blades grid [3]. In the first stage of the design of a rotary equipment, the best 

load allocation along the blade’s radii is calculated. This factor would ensure the required net head 

with minimal energy losses. 

The best load allocation along the axis of a real SC-pump’s blade is found by the formula 

obtained by the method of successive approximations: 

d𝐶𝑃

d𝑟̅
=

4𝐿(1 − 𝜀tg𝛽𝑖)𝐾𝑍𝑟̅

tg𝛽𝑖
2 + 𝐾𝜀 + 1

，                                                        (1) 
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where 𝐶𝑃 =
2∆𝑃

ρ𝑣0
2 – the static pressure coefficient; 𝐻 = 𝐻+∞ − 𝐻−∞ – the pressure generated by the SC-

pump; 𝜀 =
𝐶𝑥

𝐶𝑦
= 0,075 ÷ 0,100 – reverse quality of the SC-profile and composition of the grid (first 

approximation); 𝐾𝑍 = 𝐾𝑍(𝜆1, 𝐾𝜀 , 𝐾𝜇 , 𝑧, … )  – amendment to the limited number of blades; 𝑟̅ =
𝑟

𝑅
 – 

relative radius of the blade; 𝑟, 𝑅 – the current and the outer radius of the blade respectively; 𝛽𝑖 – the 

angle of entry of the relative speed with influence of the inductive speed (tg𝛽𝑖 =
𝑣

𝜔𝑟
 see figure 1); 

𝐾𝜀 =
𝐹𝑆𝐶

𝐹𝐶𝐻
  – the relative gap; 𝐹𝐶𝐻 , 𝐹𝑆𝐶  – square of the channel and SC-impeller respectively; 𝐿 =

𝐿(𝐾𝜀 , 𝜆1, 𝜆0) – the Lagrangian coefficient obtained from the solution of variational problem, which 

computed by the formula: 

𝐿 =
2 (

𝜆𝑖
𝜆0

− 1)

1 + 𝜆𝑖

𝜆𝑖
2 + 𝐾𝜀 + 1

−

𝐾𝜀𝜆𝑖
2𝑙𝑛 [1 +

(𝐾𝜀 + 1)

𝜆𝑖
2 ]

(𝐾𝜀 + 1)2

,                                            (2) 

𝜆𝑖 = 𝑡𝑔𝛽𝑖𝑟̅ = 𝑡𝑔𝛽𝑖|𝑟=𝑅 =
𝑣0 + 𝑤𝑎𝑠

∗

𝜔𝑟 − 𝑤𝜏𝑠
∗ , 

where 𝜆0 =
𝑣0

𝜔𝑟
 – the relative pace at the pump’s inlet; 𝑣0, 𝜔𝑟 – the axial and circumferential speed of 

fluid relative to an element of the blade at the pump’s inlet; 𝑤𝑎𝑠
∗ , 𝑤𝜏𝑠

∗  – the axial and circumferential 

speed at the blades (см. рис. 1). By integrating these values 
𝑑𝐶

𝑑𝑟̅
along the radii of the blade, we find the 

coefficient of static pressure in the first approximation. 

The next step in calculation of the SC-pump is to define the spatial characteristics of the blade 

grid for the given radius, which would ensure maximum value of the quality 𝑘 =
𝐶𝑦

𝐶𝑥
 for the load on the 

radius, obtained in first stage, and taking into account the conditions of strength. 

The study dealt with the SC-grid made of the following profiles: flat plate; low wrap profile 𝑓̅ =
𝑓 𝑏 ≤ 0,03⁄ ; circle’s arch profile (𝑓̅ ≤ 0,04); concave profile, described by an equation of second, 

third and fifth order (𝑓̅ ≤ 0,06); profile with square load allocation (𝑓̅ ≤ 0,1). Ranges of parameters 

for calculation were chosen as follows: relative length of the cavity 𝐿̅𝐶 =
𝐿𝐶

𝐵𝐶
= 1,5 ÷ 20 (length to 

width ration); relative curvature of profiles 𝑓̅ = 0 ÷ 0,1; relative grid density 𝑏 𝜏 = 0,5 ÷ 1,5⁄ ; stem 

angles gratings 𝛽 = 10 ÷ 75°; angles of attack 𝑖 = 0 ÷ 20°. 
In figure 1, 2 and 3 show the hydrodynamic characteristics of SC-grids for flat plates and curved 

profiles with a rectangular distribution of pressure along the chord 𝜀 = 𝜀 (
𝑏

𝜏
, 𝛽0, 𝐶𝑦) . Here 𝜀 =

𝐶𝑥

𝐶𝑦
, 

𝐶𝑥

𝐶𝑦
= 𝑓(𝑏 𝜏⁄ , 𝛽0, 𝐶𝑦, 𝛽𝑖, 𝜒), 𝐿̅𝐶 =

𝐿𝐶

𝐵𝐶
== 𝑓 (

𝑏

𝜏
, 𝐶𝑦, 𝛽). 
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Figure 1. Triangles of flow velocities, flowing on the blades of the SC-grid with an arbitrary gap 

а                      b c 

Figure 2. Reverse quality factors 𝜀 = 𝜀 (
𝑏

𝜏
, 𝛽0, 𝐶𝑦) for SC-grids of flat plates with 𝐿̅𝐾 → ∞, 𝜒 → 𝜒𝑚𝑖𝑛;

where a - 𝛽0 = 15°; b - 𝛽0 = 30°; c - 𝛽0 = 60°

а   b c 

Figure 3. Reverse quality factor 𝜀 = 𝜀 (
𝑏

𝜏
, 𝛽0, 𝐶𝑦) for SC-grid made of curved profiles with the

rectangular distribution of pressure along the chord for 𝐿̅𝐾 → ∞, 𝜒 → 𝜒𝑚𝑖𝑛;

where a - 𝛽0 = 15°; b - 𝛽0 = 30°; c - 𝛽0 = 60°
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Design calculation of SC-pumps is based on the "base line" vortex theory, the theory of SC-grids, 

as well as on the method of equivalent SC-grid. The calculation is carried out in two phases. First 

determine the optimum load distribution along the radius of the blade on the desired characteristics of 

SC-pump: static pressure of 𝐻𝑆, the flow Q, the rotational speed n, or the diameter blade’s outer D (for

a given D the unique value n can be evaluated among the several numbers n). 

3. Profiling

Once the optimum distribution of circulation (load) is found, one proceed to the choice of structural 

elements of the blades suitable for this distribution, and profiling in accordance with the strength 

conditions and optimum for dynamic quality of profiles. 

Optimal load distribution along the blade’s radius is found by the formula (1). Expressing the 

profile drag by the multiplier (1 − 𝜀tg𝛽𝑖), limit of the number of blades by 𝐾𝑍, and calculating the

Lagrangian L from equation (2) by the method of successive approximations, find the distribution of 

load factor along the blade’s radius of a real SC-pump (1). 

On the basis of the calculations one can build diagrams to determine the inductive dynamics 𝜆𝑖 of

optimal SC-pump with an arbitrary gap and the degree of cavitation development for the given finite 

number of blades for the stated values of 𝐶𝑃, 𝜆0 and strength (parameter t) [1].

In the second stage of calculation chose structural elements of blades that provide found 

circulation and distribution of the induced speeds. Using the theorem of Zhukovskiy for lifting force 

on element of the blade d𝑦 = 𝜌𝑣𝑖Гd𝑟, and the following expression

d𝑦 = 𝐶𝑦

𝜌𝑣𝑖
2

2
𝑏d𝑟,

write down the equation for coupling of the blade and the flow: 

Г =
1

2
Cyvib.  (3) 

Substituting (3) into the expression for the static head pressure lightly loaded SC-pump 

QHS = v0ρω ∫ rГKμ

R

rS

dr, 

obtain 

dHS =
ρv0ω

v0πRCH
2 zCy

b

2
viKμrdr.  (4) 

Taking into consideration that 

vi =
ωr − wτs

∗

cosβi
=

v0 − was
∗

sinβi
, 

then from (3) derive the formula to determine the hydro-mechanical parameter of SC-pump’s blade: 

Cy

b

τ
=

1

2
∙

λ0

r̅2KεKμ
∙

sinβi

1 + was
∗ ∙

dCP

dr̅
. 
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It should be noted that in the charts of hydrodynamic characteristics of SC-grids (see figure 2, 3), 

one can add the curves of equal values of the parameter 𝐶𝑦
𝑏

𝜏
. Thus, defining for each radius the value 

𝛽𝑖 and parameter 𝐶𝑦
𝑏

𝜏
 for a set of SC-grids, one can choose the grid that has the lowest inverse quality 

𝜀𝑚𝑖𝑛.

Then, using a method of the equivalent SC-grid [1], for known 
𝑏

𝜏
, 𝛽𝑖, 𝐿𝐾, find a factor which

takes into account the influence of the “grid effect” without the skewed flow 𝐽𝑃 = 𝐽𝑃 (
𝑏

𝜏
, 𝛽, 𝐿𝐾) .

Similar calculations for grids of curved profiles with arbitrary length of the cavern show that  𝐽𝑃 is the

factor influencing the “grid effect” (for grid density 
𝑏

𝜏
> 0.6 ). But the “grid effect 

practically does not depends on the curvature f, profile’s form and the cavern length 𝐿𝐾. The vortex

base line theory can be used to find the stream skew ∆𝛼𝑖 = ∆𝛽𝑖 near the impeller.

By 𝐶𝑦  and 𝐽𝑃 determine the setup angle of the blade on each radius φ:

𝐶𝑦𝑖𝑚𝑝
= 𝐽𝑝 (

𝜕𝐶𝑦

𝜕𝛼
)

𝑠𝑎𝑝

𝛼𝑖,

where the designation “imp” – impeller; “sap” – stand-alone profile. Writing 𝛼𝑖 = 𝜑 − 𝛽𝑖 gives

𝜑 =
𝐶𝑦

𝐽𝑝
(

𝜕𝐶𝑦

𝜕𝛼
)

𝑠𝑎𝑝

+ 𝛽𝑖.

Therefore 
𝐻

𝐷
= 𝜋𝑟̅tg𝜑. For convenience, the calculations of design write down in a table form. 

Based on the described methods, calculation of the generic diagrams of hydrodynamic characteristics 

of SC-impellers can be done.  

Figure 4. Universal chart of hydrodynamic characteristics for SC-pumps working under developed 

cavitation with 𝐻̅𝑆 = 𝑓(𝑄), 𝐻̅𝑆 =
𝐻𝑆

𝜌𝑛2𝐷2 = 𝑓 (
𝐻

𝐷
,

𝑏

𝜏
, 𝜒, 𝐾𝜀)

The figure 4 illustrates one such diagram of supercavitating regimes for SC-pump’s impellers 

(
𝑏

𝜏
= 1; 𝜒 = 0,25; 𝐾𝜀 = 0,96; profile is a wedge-shaped flat plate) that are used for simultaneous

pumping and processing of the working fluids [1]. 

4. Conclusion

In its current state, this method allows design of rotary equipment, which simultaneously pumps the 

medium, and uses effects of cavitation on the pumped medium (SC-pump). The highly turbulent 

cavitation bubbles collapse, observed under the developed cavitation condition, have numerous 

𝐻̅𝑆

ICPF2015 IOP Publishing
IOP Conf. Series: Materials Science and Engineering 129 (2016) 012002 doi:10.1088/1757-899X/129/1/012002

5



applications [1]. For the given conditions and working fluids, designer should be aware of the negative 

and the positive consequences of cavitation effects, especially for the extremal case – supercavitation. 
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