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INTRODUCTION

     In rocket turbopump, due to the high speed and high flow 

rate, the employment of inducers is necessary to meet the suc-

tion head requirement for the main impeller. These inducers 

have high solidities to improve the cavitation performance, 

and their pressure rises basically depends on the angle of 

attack and the camber. In these inducers, the distribution of 

blade load gradually changes when cavitation occurs and 

develops. According to the development of cavitation, the 

high blade load area moves to the trailing edge of the inducer 

(Badowski [1]), which has been confirmed by experiments 

(Takamatsu et al. [2]) and CFD (Hosangadi et al. [3]). Finally, 

the change of blade load affects the total inducer head. Thus, 

the blade load is one of the important characteristics of 

cavitating inducers (NASA, SP-8052 [4]).

     On the other hand, the thermodynamic effect on cavitation 

is significant in cryogenic fluid. Because of the heat transfer 
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for evaporation, saturated vapor pressure in the cavity 

decreases and the cavity growth becomes smaller than that 

in the fluid in which the thermodynamic effect is negligible, 

i.e. cold water. Therefore, the cavitation performance of the 

inducer is improved in cryogenic fluid. In our previous study 

(Yoshida et al. [5], Kikuta et al. [6]), the relation between the 

degree of the thermodynamic effect and the cavity length was 

examined by using liquid nitrogen as a working fluid.

      The cavitation changes the distribution of blade load, 

and also causes the thermodynamic effect in cryogenic fluid. 

However, the relationship between the thermodynamic effect 

and the change of the blade load in cryogenic flow is poorly 

understood. In present work, to clarify this relationship, we 

conducted experiments in both cold water and liquid nitrogen 

with a focus on the development of cavity length.

EXPERIMENTAL FACILITIES AND PROCEDURE

Experimental facilities

     In our present work, we carried out two types of 

experiments: experiments in cold water, in which the 

thermodynamic effect can be disregarded, and experiments in 

liquid nitrogen, in which the thermodynamic effect appears 

distinctly. The inducers employed in both experiments had the 

same dimensions and geometric configurations (number of 

blades Z = 3, solidity C/h = about 2.0). 

     Experiments in water were conducted at the Inducer Test 

Facility of IHI Corporation, in the closed-loop cavitation 

tunnel shown in Fig. 1 (Nakano et al. [7]).  The working fluid 

was cold water at 306 K after degassing. The rotational speed 

was N=6000 rpm and a flow rate was Q/Qd = 1.00. 

     Experiments in liquid nitrogen were conducted at the 

Cryogenic Inducer Test Facility (CITF) at Kakuda Space 

Center (KSC) of the Japan Aerospace Exploration Agency 

(JAXA) shown in Fig. 2 (Yoshida et al. [8]). The temperature 

of the liquid nitrogen was 79 K. The rotational speed was set 

at 10000 rpm with a flow rate of Q/Qd = 1.00.

Experimental Procedure

     To measure the distribution of blade load, several pressure 

sensors were installed on the casing wall both in cold water 

and in liquid nitrogen. Figure 3 shows the location of the 

pressure taps along the blade. In the experiment in water, 

six sensors were installed (W1 – W6), and in the experiment 

in liquid nitrogen, three sensors were installed (N1 – N3). 

Unfortunately, because of the limit of the test apparatus 

these sensors could not be installed to the same locations in 

each experiment. The pressure rise along the blade tip was 

measured by these sensors.

     We also focused on the development of cavity length. The 

cavity length Lc of the tip leakage vortex cavitation along the 

blade was taken to indicate the cavitating situation since tip 

cavitations are considered to play important roles in cavitation 

performances of inducers. The cavity length Lc was defined 

as the length from the leading edge of the blade to the trailing 

edge of the cavity. In the experiments, the cavitating length 

Lc was estimated by the same procedure as that employed in 

a previous study (Yoshida et al. [5]). In both the experiment 

in cold water and that in liquid nitrogen, the cavitating region 

was estimated based on the pressure distribution, which was 

obtained from the pressure waveform. To estimate the cavity 

region clearly, other unsteady pressure sensors were installed 

in liquid nitrogen experiment. Figure 4 shows the location 

of these unsteady pressure taps (Pos.1 - 8) in liquid nitrogen. 

They are located from the leading edge to the trailing edge 

along the blade.

     In addition, the casing was made of transparent acrylic Fig. 1  Inducer Test Facility of IHI

Fig. 2  Cryogenic inducer test facility of JAXA
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resin in the experiment in cold water, which allowed us direct 

visual observation of the cavitating situation during pressure 

measurements. 

     Figure 5 shows the cavitating situation in the inducer by 

direct visual observation in cold water, and pressure distribu-

tion in cold water and liquid nitrogen. In the images obtained 

by direct observation, the cavitating regions appear at the tip 

of the inducer. In the pressure distributions, the estimated 

cavitating regions are indicated in blue. It can be seen that 

these blue areas extend from the leading edge to the trailing 

edge corresponding to the cavitation observed in the images 

(Kikuta, K., et al. [9]).

Experimental condition for the thermodynamic effect

     Although the thermodynamic effect on cavitation can be 

disregarded in cold water, it clearly appears in cryogenic fluid, 

The thermodynamic function Σ(m/s3/2) (Eq. (1)), which was 

originally introduced by Brennen [10], is used as a parameter 

Fig. 3	 Development view of the inducer showing location of pressure 
sensors for measurements of pressure rise

Fig. 4	 Location of pressure taps along the blade for measurements of 
unsteady pressure

Fig. 5	 Visualization of cavity with direct images and indirect 
pressure distributions
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to estimate the degree of the thermodynamic effect. The 

thermodynamic function Σ consists of thermal properties and 

depends only on fluid temperature in the same fluid.

　　
 (1)

     Figure 6 shows thermodynamic function Σ for nitrogen 

and water with a non-dimensional temperature T/Tc, where Tc 

is the temperature of the critical point. In addition, points for 

experimental conditions (nitrogen/79 K (○), water/306 K (●)) 

are also plotted in this figure. 

     Watanabe et al. [11] introduced the non-dimensional 

thermodynamic parameter Σ*(Eq. (2)) on the two-dimensional 

cascade model which analyzes the thermodynamic effect in a 

cavitating inducer.

　　　　　　
 (2)

     Comparisons of the non-dimensional thermodynamic 

parameter Σ* in the experiment in cold water with that in 

liquid nitrogen are shown in Table 1. The value of Σ* (Σ) in 

the liquid nitrogen experiment (Σ*=31, Σ=4.0×104) was much 

larger than that in cold water (Σ*=0.70, Σ=1.5×101). Thus, 

the thermodynamic effect is expected to be much larger in the 

case of liquid nitrogen than water.

EXPERIMENTAL RESULT

     Figure 7 shows the pressure rise (ψi/ψo) at the inducer 

outlet and at each pressure sensor shown in Fig. 3. The result 

in cold water is shown at the top (a) in Fig. 3, and that in 

liquid nitrogen is shown at the bottom (b) in Fig. 3. In addi-

tion, the cavity length Ccl (= Lc/h, cavity length/blade spacing) 

is shown in the vertical axis on the right side. The horizontal 

axis is the cavitation number (σx /(σx)0), where  (σx)0 is the 

head break cavitation number of the experiment in cold water. 

     The inducer head (exit) in liquid nitrogen was maintained 

until the cavitation numbers became smaller than that in wa-

ter. Thus, the cavitation performances were greatly improved 

in liquid nitrogen. 

     In both experiments, the cavity length Ccl increased almost 

linearly with the decrease of the cavitation number before the 

Fig. 6  Comparison of the thermodynamic function Σ(T ) of nitrogen and water

Table 1 Comparison of the thermodynamic parameter Σ, Σ*
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head break. After that, in both of the experiments, the cavity 

length Ccl grew rapidly (“jump”) in the same Ccl region from 

1.35 to 1.70, and the head break occurred concurrently. Since 

this Ccl region (1.35~1.70) was unrelated to the working 

fluid, this “jump” is considered to be a characteristic of the 

inducer which was employed in these experiments. On the 

other hand, the cavitation number when the “jump” of cavity 

length occurred was according to the working fluid. Thus, 

the thermodynamic effect appeared due to the suppression 

of cavity length, resulting in improvement of the cavitation 

performance, in liquid nitrogen.

     From the inlet side, the pressure rise decreased with the 

decrease of the cavitation number. For example, in the experi-

ment in liquid nitrogen, when N2 (which was located on the 

inlet side) began to decrease (σx/(σx)0 = about 1.5), N3 (which 

was located on the outlet side) became larger. That means 

that when the blade load around N2 decreased, that around 

N3 increased, i.e., the high blade load area moved from the 

leading edge to the trailing edge of the inducer.

     Furthermore, when the cavity length Ccl grew rapidly, pres-

sure rise decreased concurrently in all of the sensors (W3-W6, 

N2-N3). After rapid growth of the cavity length Ccl, the cavity 

length grew slowly in liquid nitrogen in contrast to cold water. 

At that time, the decrease of pressure rise of N3 was eased. 

TRANSITION OF BLADE LOAD

     Because the blade load causes pressure to rise, the mean 

pressure gradient between two adjacent pressure sensors can 

be considered as average blade load in the area. To obtain 

the gradient of pressure rise, the pressure rise Δ(ψi/ψo) was 

divided by the axial location Δ(z/Lz) of each sensor. Figure 

8 shows the mean pressure gradient Δ(ψi/ψo)/Δ(z/Lz) of the 

experiment in liquid nitrogen. The gradient of pressure rise is 

shown in the vertical axis. As the horizontal axis, the cavity 

length Ccl is used because the pressure rise is strongly related 

Fig. 7	 Pressure rise and cavity length in cold water ( upper ) and in liquid 
nitrogen ( lower )
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to the cavity length.

     The blade load changes with the cavity length Ccl. Before 

the cavity extends to the throat (Ccl < 1.0), the gradient of the 

inlet part (N1→N2) is largest. When the cavity length is Ccl = 

1.0, the blade load occurring in the intermediate part (N2→N3) 

increases instead of a decrease of the blade load of the inlet 

part (N1→N2). After that, the cavity length Ccl ranges from 

1.35 to 1.70, though the plots are poor due to the rapid growth 

of cavity, the cavity is seem to expand in the entire inlet 

area, and the blade load there (N1→N2) approaches almost 

0. On the other hand, the blade load in the intermediate part 

(N2→N3) and that in the outlet part (N3→exit) increase. 

Thus, it is confirmed that the high blade load area moves to 

the trailing edge of the inducer according to the development 

of cavity length.

     In addition, the gradient of pressure rise in the experi-

ment in water (W3→W5) is also shown in Fig. 8. There is 

only one region shown due to the mismatch of the sensor 

location. This area (W3→W5) is close to the same area of 

the intermediate part (N2→N3) of the experiment in liquid 

nitrogen. Comparison of these corresponding areas shows that 

the gradient of pressure rise is almost the same at any cavity 

length. From this result, it is found that the transition of blade 

load is well shown by the cavity length with or without the 

thermodynamic effect.

INFLUENCE OF CAVITY LENGTH ON DISTRI-
BUTION OF BLADE LOAD

     Figure 9 (a) shows the pressure distribution along the 

blade tip corresponding to the cavitation number σx /(σx)0 as 

a cavitation parameter. In water, and at a higher cavitation 

number σx/(σx)0=3.0 (indicated by ■), the pressure increases 

almost linearly along the blade tip. After that, according to the 

cavitation number, it decreases (indicated by ◆, ▲, and ●), 

and no pressure rise occurs in the inlet part, and a rise in pres-

sure occurs drastically in a narrow area only near the trailing 

edge. On the other hand, in liquid nitrogen (indicated by □, 

◇, △, and ○), the pressure distribution is similar to that in 

water at a higher cavitation number σx /(σx)0=3.0, even if the 

cavitation number decreases to σx /(σx)0=0.9 where the blade 

load changes in water. Thus, the distribution of the blade load 

does not change even at lower cavitation numbers because the 

cavitation growth is suppressed by the thermodynamic effect.

     Figure 9 (b) shows the pressure distribution corresponding 

to the cavity length Ccl. Comparison of the two experiments 

shows that the pressure distribution in liquid nitrogen has the 

same tendency as that in water. Thus, the distribution of blade 

load with the thermodynamic effect was quite similar to the 

one without the thermodynamic effect when the cavity length 

of tip cavitation Ccl is taken as a cavitation parameter.

     As additional data to indicate the feature described above, 

a relationship between the pressure rise ψi/ψo and the cavity 

length Ccl is shown in Fig. 10. Both the pressure rises ψi/ψo 

in water (indicated by ◆, ●, ▲, and ■) and those in liquid 

nitrogen (indicated by ○, □) are plotted in this figure. 

Although these pressure rises do not overlap each other 

because of the difference of the sensors locations (refer Fig. 3), 

all of pressure raises ψi/ψo decrease with increase of the cavity 

length Ccl. Especially, even if the test fluid is different, the 

Fig. 8	 Comparison of the gradient of pressure rise between liquid nitrogen 
and water
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pressure rises in liquid nitrogen N2/N3 are located between 

that in water W3 and W4/ that in W5 and W6, in whole cavity 

length area. The order of these pressure levels corresponds to 

the order of sensor location. Thus, the distribution of pressure 

rise, which is caused by the blade load, has a similar tendency 

with or without the thermodynamic effect. Furthermore, that 

distribution changes depend only on the cavity length both in 

nitrogen and water.

     From these results, it was found that the thermodynamic 

effect decreases the cavitation number in which the blade load 

is shifted to the trailing edge due to the suppression of the 

grows of cavity length. In addition, the distribution on blade 

load can be indicated only by the cavity length independent of 

the thermodynamic effect.

Fig. 9	 Pressure rise along the tip organized by cavitation number and 
cavity length

Fig. 10	 Comparison of the change of pressure rise between in liquid 
nitrogen and water
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     Stepanoff [12] investigated the thermodynamic effect on 

cavitation with regard to the reduction of pump performance 

(i.e., the measurable cavitation effect of Δψ/ψo = 3%) as an 

indication of cavitation, based on an assumption that “the 

same value of VV/VL would mean the same extent of cavitation 

condition and the same damage to the performance” (Stahl et 

al. [13]). This was the pioneer work for the thermodynamic 

effect in pumps. By contrast, in the present work, it was found 

that “the same extent (length) of cavitation results in the same 

blade load distribution and results in the same damage to the 

performance in any working fluid.” This is “converse” of 

Stepanoff ’s assumption, and it was confirmed in this work.

CONCLUSION

     From experiments in water and liquid nitrogen for an 

investigation of thermodynamic effect on blade load, the 

following points were clarified.

(1)     The thermodynamic effect decreases the cavitation 

number, in which the blade load is shifted to the trailing 

edge, due to the suppression of the growth of the cavity 

length.

(2)     The distribution of blade load with the thermodynamic 

effect was almost similar to that without the thermody-

namic effect in which the cavity length of tip cavitation is 

taken as a cavitation parameter. The distribution of blade 

load can be indicated by the cavity length as a cavitation 

parameter with/without the thermodynamic effect.

(3)     The same extent (length) of cavitation results in the 

same blade load distribution and results in the same 

damage to the performance in any working fluid.
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NOMENCLATURE

C =  chord of blade

Ccl =  cavity length / blade spacing = Lc / h

cpl =  specific heat of liquid

h =  spacing

L =  latent heat

Lz =  axial length of inducer blade in Fig. 3

Lc =  cavity length

N =  inducer rotational speed

pv =  vapor pressure

Q =  flow rate

Qd =  design flow rate

T =  temperature 

Tc =  cavity temperature 

T∞ =  ambient temperature

U =  tip velocity of inducer

VL =  volume of vapor

VV =  volume of liquid

Z =  blade number

z =  axial length of pressure sensor in Fig. 3

αl =  thermal diffusivity of liquid

ρl =  liquid density

ρv =  vapor density

Σ =  thermodynamic function defined by Eq. (1)

Σ* =  non-dimensional thermodynamic parameter

     defined by Eq. (2)

σx =  cavitation number
(σx)0 =  critical cavitation number

      in the absence of any thermal effect (cold water)

ψ =  head coefficient

ψi =  pressure rise coefficient at each sensors

ψo =  normal head coefficient
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