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At a start-up transient of the rocket engine, a large pressure disturbance, called ignition overpressure (IOP), is generated,

which is one of the concerns on the modifications from the H-IIA to H-IIB. We estimate the side-load acting on the actuator

of the nozzle by IOP. This is taken into consideration at the early development process of the H-IIB rocket. We have also car-

ried out Large Eddy Simulation of cavitating flows in the inducers that are designed for the next-generation rocket engine tur-

bopump. The computational mesh consists of approximately 20 million hexahedral elements, which is fine enough to evaluate

the turbulent boundary layer on the inducer blades. Direct numerical simulation of a turbulent channel flow at Reτ = 2320 was

made in order to examine the mechanisms of the production and dissipation of the kinetic energy at high Reynolds numbers.

Not only the near-wall streaky structures and vortices (y+ ~ 15), but also the hierarchical structures (150 ν/uτ < y < δ) actively

produce the turbulent kinetic energy more than their own dissipation.
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1. Ignition overpressure
The H-IIB launch vehicle, which is an upgraded version

of the current H-IIA launch capacity, is under development.

The H-IIB launch vehicle has two major purposes. One is to

launch the H-II Transfer Vehicle (HTV) to the International

Space Station (ISS). The other is to respond to broader

launch needs by making combined use of both H-IIA and H-

IIB launch vehicles. To obtain larger launch capability, the

H-IIB has two (clustering) liquid rocket engines (LE-7A) in

the first-stage, instead of one for the H-IIA. Therefore, the

estimation of the difference of flow fields between single

and clustering nozzle configurations is important. 

In this study, the generation of the large pressure distur-

bance at the start-up transient, called ignition overpressure

(IOP) is numerically investigated in detail, which is one of

the concerns on the modifications. A three-dimensional com-

pressible Navier-Stokes solver is used to capture the unsteady

flow structure1–2). This solver has good results for the other

study on a combustion flow inside the rocket nozzle3). Under

the single nozzle configuration (not shown here), the result

shows that at the start-up transient, an overpressure and a

vortex ring are generated and propagate downstream from the

nozzle. The nozzle tip pressure is compared between the

numerical simulation and the experiment. The agreement is

fairy good. Under the clustering nozzle configuration, the

interaction between the overpressure waves and the vortex

rings may occur especially between the nozzles. 

Figure 1 shows the numerical result of the simultaneous

start-up. The left column represents Mach number and the

right column represents pressure field. As the ratio of the

chamber pressure to the ambient (NPR) increases, the sepa-

ration shock wave is formed inside the nozzle and the over

pressure propagates outside the nozzle spherically. When

NPR=8.9 (Fig. 1 c)), the interaction of the overpressure

stands out and generates the positive pressure disturbances

on the nozzle wall, which generates repulsive force between

nozzles. Then it is found that the interaction of two vortex

ring (shown as four blue circles in pressure field) occurs,

which induces the anomalous behavior that the inner part of

the interacting vortex ring propagates upstream (Fig. 1 e)).

This generates negative pressure disturbances and asymmet-

ric wall pressure distribution on each nozzle. Thus, the force

acting on the nozzle becomes again asymmetric. We esti-

mate the side-load acting on the actuator of the nozzle by the

simulation, which is taken into consideration at the early

development process before the firing test.

2. Turbomachinery simulation
To achieve stable operations at a high rotational speed

under a low inlet pressure, rocket engine turbopumps are
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Fig. 1  Mach number distribution (left column) and pressure field (Pascal; right column).
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generally equipped with an axial-flow inducer stage. As the

inlet pressure is decreased and local pressure becomes lower

than the vapor pressure, cavitation gradually develops on the

suction side of inducer's blades and/or near their tip and

finally leads to the breakdown of the inducer performance.

In addition, cavitation instabilities, such as rotating cavita-

tion and cavitation surge, are often observed in experiments

and they cause serious shaft vibration and/or fluctuations of

the blade stresses. Therefore, it is an important issue to

understand the physical mechanism of unsteady cavitation

phenomena related to internal flows of a turbopump inducer.

Computational Fluid Dynamics (CFD) is becoming an

important tool for designing and developing reliable turbo-

machinery. For evaluating the static characteristic of cavita-

tion, computations with Reynolds Averaged Navier-Stokes

Simulation (RANS) are often used and some reliable results

are obtained. However, we cannot accurately predict cavita-

tion-related unsteady phenomena with RANS since RANS is

essentially based on the time-averaging concept and models

dynamics of all turbulent effects. On the other hand, a large

eddy simulation (LES) directly deals with dynamics of the

eddies resolved with the computational grids, and it is suit-

able for computing unsteady flows related cavitation. 

In the previous fiscal year, we developed an LES code for

accurate computations of unsteady flows in turbomachinery,

and performed computations of cavitating flows for a test

inducer. In this fiscal year, we have carried out LES analyses

of cavitating flows in the inducers that are designed for the

next-generation rocket engine turbopump.

In LES calculations, we often need to evaluate small but

active eddies in the turbulent boundary layer accurately

since they essentially determine the characteristics of the

flow. Therefore, it is very important to use highly accurate

and stable numerical method and sub-grid scale (SGS)

model. Our LES code solves the Navier-Stokes equations of

incompressible flow, in which dynamic Smagorinsky model

is implemented as SGS model. The code is based on a finite

element method with hexahedral elements and has the sec-

ond-order accuracy both in time and space4). By the multi-

frame of reference function based on an overset method, it is

possible to compute rotor-stator interactions5). For computa-

tion of cavitating flows, we have implemented the cavitation

model proposed by Okita et al.6) In this model, the evolution

of cavitation is represented by source/sink of the vapor phase

in incompressible liquid flows, and compressibility is taken

into account through the low Mach number assumption.

The inducer in this study has three helical blades with

swept-back leading edge. The calculations were performed

at the designed operation point. Computational mesh on the

inducer's blades is shown in Fig. 2. The total mesh consists

of approximately 20 million hexahedral elements. The clear-

ance flow between the blade tip and casing inner wall is

resolved with more than fifteen layers of grid. In Fig. 3, vor-

tical structures on the surface of inducer blades is visualized

by showing instantaneous iso-surfaces for ∆p = 200. Streaky

Fig. 2  Inducer geometry and computational mesh.

Fig. 3  Instantaneous vortical structure on the surface of blades (Iso-sur-

faces with ∆p = 200 : color represents static pressure).
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structures are clearly seen, which confirms that resolution of

the present computational mesh is fine enough to evaluate

the turbulent boundary layer at least qualitatively. It is

known that the leakage flow through the tip clearance is gen-

erally formed in inducers. Figure 4 shows the axial velocity

distribution near the tip. Contours with bright colors repre-

sent the backflow region. Note that the leakage flow goes

towards the upstream direction. The axial length of this leak-

age flow region is almost independent whether the flow is

non-cavitating or cavitating as long as the cavitation number

σ, is above 0.18. In the shear layer between the leakage flow

(i.e., backflow) and the main flow, intense vortices are

formed as shown in Fig. 5. Figure 6 shows instantaneous

cavity structures for different cavitation numbers, σ = 0.20

and 0.18. In σ = 0.20, cavitation takes place only along the

Fig. 4  Time-averaged axial velocity distribution (bright colors represent backflow component).

Fig. 5  Backflow vortices and axial velocity distribution.

Fig. 6  Cavity structures visualized by iso-surfaces with void ratio of 0.15 (upper figures) and contours of void

ratio (lower figures) for σ = 0.20 (left) and 0.18 (right).



151

Chapter 3  Epoch Making Simulation

tip leakage flow. As the cavitation number, σ becomes

smaller, the cavitation is generated in a broader region, not

only near the casing wall but also on the blade surface and in

the blade passages. The cavitation predicted in this result 

is almost symmetric and the cavity rotates with the same

rotational speed as the inducer blades. In the lower panels in

Fig. 6, the contour of void ratio in the cascade is shown on

the θ (circumferential direction) – z (axial direction) plane.

The inlet flow is in the positive direction. For σ = 0.20, the

cavitation tends to grow with the tip leakage flow and the

cavity structure extends towards the upstream of the inducer.

On the other hand, for σ = 0.18 the cavity develops on the

blade surface and fills in the blade passages. Therefore, the

characteristic of the cavity structures changes as the cavita-

tion number decreases from σ = 0.20 to σ = 0.18. Figure 7

indicates the frequency spectra of the pressure fluctuations

on the casing wall, where comparisons are made between

cavitating from σ = 0.20 to σ = 0.18 cases and non-cavitat-

ing case. Several peaks appear in the spectra for both cases.

The component with large amplitude at a frequency of 3 ω

corresponds to the blade passing frequency (BPF) and its

amplitude does not depend whether the flow is cavitating or

non-cavitating. It is known that if a cavitating flow is unsta-

ble due to rotating cavitation or cavitation surge, a peak

appears near the shaft rotational frequency ω in the upstream

of the inducer. In this calculation, there is no peak near ω.

Therefore, it is concluded that no unstable cavitating mode

grows in σ = 0.18 and 0.20 cases.

3. Channel flow simulation
Some fundamental characteristics of a turbulent channel

flow at Reτ = 2320 are studied by means of direct numerical

simulation (DNS). Our aim is to accumulate the essential

knowledge on high-Reynolds number wall-turbulence,

which can be used for improvement of turbulence models,

such as subgrid-scale model in above-mentioned LES.

The numerical method used in the present study is a pseu-

do-spectral method. See Ref. [7] for the numerical proce-

dures and parameters in detail. Hereafter, u, v, and w denote

the velocity components in the streamwise (x-), wall-normal

(y-), and spanwise (z-) directions, respectively. Superscript

(+) represents quantities non-dimensionalized with the fric-

tion velocity uτ and the kinematic viscosity ν.

Figure 8 shows the (y - z) cross-stream plane of an instanta-

neous flow field, in which contours of production, dissipation

and production minus dissipation terms of turbulent kinetic

energy are visualized. It is found that away from the wall, the

turbulent kinetic energy is produced mainly in the large-scale

low-speed structures and partly in the large-scale high-speed

ones. Namely the large-scale structures have the large effect

upon the production of the kinetic energy. On the other hand,

the profile of the dissipation is correspond to the small-scale

structures mainly in the large-scale low-speed structures. It is

also found through Fig. 8(c) that not only the near-wall streaky

structures and vortices (y+ ~ 15), but also the hierarchical

structures in the low-speed large-scale motions (150 ν/uτ < y <

δ, where δ is the channel half width) actively produce the tur-

bulent kinetic energy more than their own dissipation.

Fig. 7  Frequency spectra of pressure fluctuations on the casing wall for (a) upstream, (b) middle, and (c) downstream of the inducer blade.
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Fig. 8  Cross views of (a) production (b) dissipation (c) production

minus dissipation terms of turbulent kinetic energy for the

instantaneous velocity field. (a), (c) white to black, negative to

positive; (b) white to black, zero to positive.
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