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Cavitation is sensitive to liquid temperature. Hence, temperature effects on cavitation in turbopump is an important issue. To quantify the temperature effects, the non-dimensional thermal parameter (Σ*) has been proposed. In this study, effects of non-dimensional thermal parameter on cavitation performance and rotating cavitation onset in a turbopump inducer have been experimentally investigated in water. Distinct from previous research, experiments have been performed at various temperatures and rotational speeds while maintaining a constant Reynolds number. Static pressure upstream and downstream of the inducer have been measured to determine cavitation performance, and unsteady pressures transducers and high speed camera have been used to identify cavitation instabilities. Two types of cavitation instabilities have been identified -rotating cavitation and asymmetric attached cavitation. Increasing non-dimensional thermal parameter lowers the critical cavitation number and the breakdown cavitation number at all values of non-dimensional thermal parameters. The onset cavitation number of rotating cavitation is decreased as the non-dimensional thermal parameter increases.

.

INTRODUCTION

In liquid rocket engine, turbopumps rotate at high speeds in low pressure liquid fuel and oxidizer to minimize size and weight. These conditions leads inevitably to cavitation, therefore, inducer is installed upstream of turbopumps to prevent cavitation occurrence at an impeller. However, the inducer also suffers from cavitation, and cavitation causes performance degradation and cavitation instabilities such as rotating cavitation, asymmetric attached cavitation, and cavitation surge. Rotating cavitation is a local cavitation instability in which an uneven cavitation region propagates at an either supersynchronous or (sometimes) subsynchronous speed in the direction of the inducer rotation. In asymmetric attached cavitation, an uneven cavitation attached attached to the blade rotates at the same speed as the inducer. Cavitation surge is a system instability where the cavitation oscillates with subsynchronous frequency in the axial direction.

Cavitation is sensitive to liquid temperature. According to Brennen [START_REF] Brennen | Hydrodynamics of Pumps[END_REF], cavitation growth is suppressed as the liquid temperature increases, and this phenomenon is called temperature effects. At higher liquid temperatures, the evaporation rate for the same bubble volume is larger than at lower temperatures. Therefore, at higher liquid temperatures, the total heat needed for evaporation at the bubble interface and the temperature drop within the bubble (due to evaporation) are both larger. Inside the bubble, as the temperature decreases, the vapor pressure also decreases. Thus, the 'effective' cavitation number is increased, and cavitation growth is delayed as the liquid temperature increases.

Stepanoff [START_REF] Stepanoff | Cavitation Properties of Liquids[END_REF] suggested the B-factor, or the ratio of the vapor volume to the liquid volume in the vaporization process, as a parameter for the temperature effects of various liquids and explain the difference in cavitation performance between water and other liquids. Brennen [START_REF] Brennen | Hydrodynamics of Pumps[END_REF] suggested the thermal parameter, Σ (m/s 3/2 ), from the simple heat transfer analysis of cavity bubble growth. This parameter represents the rate of energy transfer from the liquid to the vapor.

Σ = (ρ v L) 2 ρ l 2 C pl T ∞√ α l (1) 
Subsequently, Franc et al. [START_REF] Franc | An Experimental investigation of Thermal Effect in a Caivtating Inducer[END_REF] derived a non-dimensional thermal parameter Σ * from the non-dimensional equation for heat transfer analysis of cavity bubble growth.

Σ * = Σ√C/U 3 (2) 
The non-dimensional thermal parameter (Σ * ) considers the characteristic length of the pump (C) and reference velocity (U). As the temperature of the working fluid increases or the rotational speed decreases, the non-dimensional thermal parameter also increases.

Ruggeri and Moore [START_REF] Rugger | Method for Prediction of Pump Cavitation Performance for Various Liquids, Liquid Temperatures, and Rotative Speeds[END_REF] measured cavitation performance in an inducer with various liquids at different rotational speeds and temperatures. Cavitation performance is enhanced as a liquid temperature increases and a rotational speed decreases. Franc et al. [START_REF] Franc | Visualization of Leading Edge Cavitation in an Inducer at Different Temperatures[END_REF] measured leading edge cavity length by visualization in an inducer at different temperatures with refrigerant R-114 as the working fluid. Cavity length decreased and the onset of cavitation instabilities delayed as temperature increased. Yoshida et al. [START_REF] Yoshida | Thermodynamic Effect on Rotating Cavitation in an Inducer[END_REF][START_REF] Yoshida | Thermodynamic Effect on Subsynchronous Rotating Cavitation and Surge Mode Oscillation in a Space Inducer[END_REF] found that 1) increasing liquid nitrogen temperature suppresses the onset of both rotating cavitation and asymmetric attached cavitation and weakens the intensity of asymmetric attached cavitation. Kikuta et al. [START_REF] Kikuta | Influence of Rotational Speed on Theromdynamic Effect in a Cavitating Inducer[END_REF] performed experiments in liquid nitrogen to measure the influence of rotational speed on temperature effects. Cavity length was suppressed as the non-dimensional thermal parameter was increased by lowering the rotational speed at a given temperature. Torre et al. [START_REF] Torre | Experimental Characterization of Thermal Cavitation Effects on Space Rocket Axial Inducers[END_REF] found that the critical cavitation number1 was higher when the water temperature is lower at a constant rotational speed. On the other hand, the breakdown cavitation number 2 was not affected by the increasing water temperature.

The temperature effects with non-dimensional thermal parameter on cavitating inducer in water have been investigated recently. Ehrlich and Murdock [START_REF] Ehrlich | A Dimensionless Scaling Parameter for Thermal Effects on Cavitation in Turbopump Inducers[END_REF] derived a non-dimensional thermal scaling parameter in a different manner. They compared in cold water and hot water cases, and found that rotating cavitation was suppressed at a high non-dimensional thermal parameter. Kim and Song [START_REF] Kim | Measurment of Temperature effects on Cavitation in a Turbopump Inducer[END_REF] measured temperature effects on critical cavitation number and rotating cavitation onset using the non-dimensional thermal parameter. The critical cavitation number and the onset cavitation number of rotating cavitation decreased and became constant as the non-dimensional thermal parameter increases. However, their experiments were performed with a constant rotational speed at different water temperatures, so that, Reynolds number is increased as water temperature increases.

Despite such efforts, the effects of non-dimensional thermal parameter without Reynolds number effects on the cavitation performance and cavitation instability onset have not yet been investigated. Therefore, the present study provides detailed measurements of cavitation performance and cavitation instabilities in a turbopump inducer at varying non-dimensional thermal parameter. Distinct from the previous research, water temperature and an inducer rotational speed is controlled to maintain a constant Reynolds number for measuring non-dimensional thermal parameter effects. The specific research questions of the present study are as follows.

1. How does non-dimensional thermal parameter affect inducer cavitation performance without Reynolds number effects?

2. Howe does the characteristics of inducer cavitation instabilities change in non-dimensional thermal parameter variation with a constant Reynolds number? 

Experimental Facility and Procedures

Figure 1 shows an inducer water test facility at Seoul National University [START_REF] Kim | Measurment of Temperature effects on Cavitation in a Turbopump Inducer[END_REF]. It is composed of water tank, rotating parts, a flow meter, a control valve, and a booster pump. Rotating parts include the test inducer and a motor. The test facility has been used for cavitating and non-cavitating inducer experiments. Pressure in the facility is regulated by either a vacuum pump or compressed air connected to the water tank. Water temperature is controlled by electrical heater installed in the water tank. An inducer rotates at a maximum 10,000 rpm with a 60-kW motor, and the rotational speed is controlled within ± 1 rpm by a variable frequency inverter.

Figure 2 is the test inducer designed by the Korea Aerospace Research Institute (KARI), and its specifications are listed in Table 1 [START_REF] Choi | Effects of a Bearing Strut on the Performance of a Turbopump Inducer[END_REF].

The mean flow rate has been measured downstream of the inducer with 0.25 % full scale (20 kg/s) electro-magnetic flow meter. Static pressure transducers with an accuracy of 0.04 % full scale (200 kPa (P1) and 400kPa (P2)) have been installed upstream (P1) and downstream (P2) of the inducer leading edge to measure static head coefficient. Cavitation instabilities have been identified with unsteady pressure transducers with 0.1 % full scale (350 kPa) installed upstream of the inducer leading edge. The flow coefficient has been fixed at the design flow coefficient within 0.067 % throughout the all experiments. The uncertainty of each parameter with 95 % confidence interval is as follows -± 0.00398 in ψ; ± 0.000422 in ϕ ; and ± 0.000759 in σ. 2 The breakdown cavitation number is defined to be the cavitation number at which the head coefficient value decreases to 75 % of the normal head coefficient value.

. 

Experimental Results and Discussions 2.1. Cavitation Performance

Figure 3 shows the cavitation performance at 298 K and the design flow coefficient [START_REF] Kim | Measurment of Temperature effects on Cavitation in a Turbopump Inducer[END_REF]. The head coefficient remains constant at 0.218 for cavitation number from 0.3 to 0.071. For cavitation number lower than 0.0702, the head coefficient starts to decrease, thus, the critical cavitation number for this condition is 0.0702. Repeatability of the result is confirmed by 3 separate experiments showing similar values and trends. 

Cavitation Performance

To know the cavitation instabilities occurred at the test inducer, unsteady pressures have been measured to identify cavitation instabilities at design flow coefficient and ambient temperature as a reference. Fast Fourier Transform (FFT) analysis and the cross-correlation of signals from two unsteady pressure transducers have been used to determine the characteristics of the instability. Visualization using high speed camera has been employed to confirm the cavitation instability. For axial instabilities, the phase of the crosscorrelation between the two unsteady pressure signals is equal to 0°. For rotating instabilities, the ratio of the phase of the cross-correlation (φ) and the angular distance between the pressure transducers (Δθ) is equal to the number of the rotating cells. (ncell) ncell = φ /Δθ

(3)

The frequency of instability (f r ) is then determined by dividing the detected frequency ( f d ) by the rotating cell number (ncell) 𝑓 𝑟 = 𝑓 𝑑 / ncell (4)

Figure 4 shows the power spectral density peaks from unsteady pressure transducers along the cavitation number. 3 dominant peaks at different cavitation number range occur corresponding to f/Ω = 3.0 (A), 1.14 (B), and 1.0 (C) where f/Ω = 3.0 is the blade passing frequency. According to the previous research [START_REF] Kim | Measurment of Temperature effects on Cavitation in a Turbopump Inducer[END_REF], the types and characteristics of each dominant peak have been identified using the power spectral density, phase, and coherence analysis. The peak at f/Ω = 3.0 (A) blade passing and symmetric cavitation, the peak at f/Ω = 1.14 (B) is rotating cavitation, and the peak at f/Ω = 1.0 (C) is asymmetric attached cavitation. Visualization with high speed camera has been confirmed and identified the propagation speed of each cavitation instability. Figure 5 shows the cavitating inducer for cavitation number is 0.069 where the rotating cavitation occurs. The red circles indicate the smallest cavity at each rotation. The smallest cavity (uneven cavity) propagates at a speed of 1.14 Ω which is same frequency with the peak B. Thus, the peak B is rotating cavitation propagating faster than rotational speed. Figure 6 is the visualization of the asymmetric attached cavitation where cavitation number is 0.051. The red circles indicates the smallest cavity at each rotation. Uneven cavities attached to the inducer blades and rotating with the blades, thus peak C is asymmetric attached cavitation.

Temperature Effects on Cavitation Performance and Cavitation Instabilities

In the previous study [START_REF] Kim | Measurment of Temperature effects on Cavitation in a Turbopump Inducer[END_REF], Reynolds number is increased from 2.54 × 106 to 6.41 × 106 as non-dimensional thermal parameter increases (Σ * ) from 0.0116 to 1.78. To investigate the non-dimensional thermal parameter effects with a constant Reynolds number, Reynolds numbers at all test conditions are adjusted to maintain constant at 4.08 × 106. Tests have been conducted at water temperatures of 306 K, 313 K, 323 K, 328 K, 337 K, and 347 K with rotational speeds of 6,600 rpm, 6,000 rpm, 5,000 rpm, 4,500 rpm, 4,000 rpm, 3,500 rpm, and the corresponding Σ * are listed in Table 2. In this paper, the inducer diameter (0.047 m) and tip velocity (24.67 m/s) are considered as the characteristic length and reference velocity. Σ * is increased as water temperature increases and the inducer rotational speed decreases. The dependence of the critical cavitation number, breakdown cavitation number, and the rotating cavitation onset on Σ * with a constant Reynolds number experiment are clearly shown in Fig. 9 comparing with a varying Reynolds number experiment [START_REF] Kim | Measurment of Temperature effects on Cavitation in a Turbopump Inducer[END_REF]. The critical cavitation number trends in a constant Reynolds number case is similar with a varying Reynolds number case for Σ * < 0.605. Distinct from the previous measurements, the critical cavitation number keep decreasing as Σ * increases for Σ * > 0.605 with a constant Reynolds number case. Also, as shown in Fig. 10, the breakdown cavitation number decreases as Σ * increases in a constant Reynolds number case. On the other hand, in a varying Reynolds number case, the breakdown cavitation number is independent of Σ * . Ruggeri and Moore [START_REF] Rugger | Method for Prediction of Pump Cavitation Performance for Various Liquids, Liquid Temperatures, and Rotative Speeds[END_REF] performed at various rotational speed in cryogenic flow. They found that cavitation performance was enhanced as a rotational speed increases, which means that increasing Reynolds number increases the 

Conclusions

The influence of non-dimensional thermal parameter in water on the cavitation performance and cavitation instability onset for a turbopump inducer has been experimentally 

Figure 1 .

 1 Figure 1. SNU turbopump inducer experimental facility.
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 2 Test inducer.
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 3 Figure 3. Repeatability test for cavitation performance (𝛟 𝐝 =0.096, 𝐓 ∞ = 298 K (Σ * =0.0116)).

Figure 4 .

 4 Figure 4. The power spectral density of inducer inlet pressure fluctuations (𝛟 𝐝 =0.096, ∑*=0.0116 (𝐓 ∞ =298 K)).

Figure 5 .

 5 Figure 5. High speed images of rotating cavitation propagation. Red circles indicate small cavity, and small cavity propagates faster than an inducer rotational speed (σ=0.069, 𝛟 𝐝 =0.096, Σ * =0.0116 (T=298 K)).

Figure 6 .

 6 Figure 6. High speed images of asymmetric attached cavitation propagation. Red circles indicate small cavity, and small cavity is attached to blade with an inducer rotational speed (σ=0.051, 𝛟 𝐝 =0.096, Σ * =0.0116 (T=298 K)).
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 7 Figure 7 shows plots of the head coefficient versus cavitation number for various values of Σ * with a constant Reynolds number values. Arrows show the critical cavitation number for each Σ * values. The critical cavitation number and breakdown cavitation number decrease as Σ * increases at all values of Σ * . Figure 8 presents the power spectral density for Σ * from 0.0176 to 1.58. The onset cavitation number and amplitude of unsteady pressure fluctuation of rotating cavitation are decreased as Σ * increases.
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 7 Figure 7. Cavitation performance of various nondimensional thermal parameters with a constant Reynolds number (𝛟 𝐝 =0.096).
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 8 Figure 8. The power spectral density of unsteady pressure fluctuation at various non-dimensional thermal parameter ranges (Σ * = 0.0176 (306 K, 6,600 rpm) ∼ 1.58 (347K, 3,500 rpm)).
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 99 Figure 9 also shows that the rotating cavitation onset cavitation number decreases by 19.7 % as Σ * increases from 0.0176 to 1.58. On the other hand, the rotating
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 10 Figure 10. The breakdown cavitation number versus the non-dimensional thermal parameter in case of a constant Reynolds number and a varying Reynolds number at 𝛟/𝛟 𝐝 =1.0.
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Table 1 .

 1 Design characteristics of the test inducer.

	Item		Value
	Diameter (D)		0.094 m
	Design flow coefficient (ϕ d )	0.096
	Blade number		3
	Solidity at tip		2.7
	Blade tip angle	Inlet (β 1bt )	9.6 deg
		Outlet (β 2bt )	15.0 deg
	Non-dimensional tip clearance (t/D)	0.0106
	Angle variation on line normal to hub tan (β b ) = (r t r ⁄ )tan (β bt )

Table 2 .

 2 Test conditions and thermal parameter values.

	Temperatur e [K]	Rotational speed [rpm]	Reynolds number	Σ * = Σ√C/U 3
	306	6,600	4.03 × 10 6 1.76 × 10 -2
	313	6,000	4.09 × 10 6 3.79 × 10 -2
	323	5,000	4.08 × 10 6 1.25 × 10 -1
	337	4,000	4.08 × 10 6 6.05 × 10 -1
	347	3,500	4.08 × 10 6	1.58

  investigated for Σ * from 0.0176 to 1.58 while maintaining a constant Reynolds number. The followings are the new conclusions from the investigation. 1. Cavitation performance and the onset of rotating cavitation trends with varying Σ * are different between constant Reynolds number and varying Reynolds number experiments for Σ * is larger than 0.604. 2. As Σ * increases, the critical cavitation number and breakdown cavitation number decrease at all ranges of Σ * while maintaining a constant Reynolds number. Increase of Reynolds number degrades cavitation performance. 3. The amplitude of the rotating cavitation peak oscillations is diminished and the onset cavitation number of the rotating cavitation is decreased at all values of .Σ * . The amount of degradation of rotating cavitation onset cavitation number is larger in constant Reynolds number experiments for Σ * > 0.604. Thus, increasing Reynolds number degrades hydro dynamic stability for Σ * is larger than 0.604. 4. The critical cavitation number trends are similar to the trends of cavitation number for the onset of rotating cavitation at all values of Σ * with a constant Reynolds number.

The critical cavitation number is defined to be the cavitation number at which the head coefficient value decreases to 95 % of the normal head coefficient value.
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