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ABSTRACT
Turbines used in upper stage engine for a rocket are
sometimes designed as a supersonic turbine with partial
admission. This study deals with numerical investigation of
supersonic partial admission turbine in order to understand
influences on the unsteady flow pattern, turbine losses and
aerodynamic forces on rotor blades due to partial admission
configuration. Two-dimensional CFD analysis is conducted
using “Numerical Turbine” code. Its governing equation is
URANS (Unsteady Reynolds Averaged Navier-Stokes
Simulation) and fourth-order MUSCL TVD scheme is used for
advection scheme.
The unsteady simulation indicates that strongly nonuniform circumferential flow field is created due to the partial
admission configuration and it especially becomes complex at
1st stage because of shock waves. Some very high or low flow
velocity regions are created around the blockage sector. Nozzle
exit flow is rapidly accelerated at the inlet of blockage sector
and strong rotor LE shock waves are created. In contrast, at
rotor blade passages and Stator2 blade passages existing behind
the blockage sector, working gas almost stagnates. Large flow
separations and flow mixings occur because of the partial
admission configuration. As a result, additional strong
dissipations are caused and the magnitude of entropy at the
turbine exit is approximately 1.5 times higher than that of the
full admission.
Rotor1 blades experience strong unsteady aerodynamic
force variations. The aerodynamic forces greatly vary when the
Rotor1 blade passes through the blockage inlet region. The
unsteady force in frequency domain indicates that many
unsteady force components exist in wide frequency region and
the blockage passing frequency component becomes
pronounced in the circumferential direction force. Unsteady

forces on Rotor2 blades are characterized by a low frequency
fluctuation due to the blockage passing.
1

INTRODUCTION
Rockets are the only way to transport humans and artifacts
to the space. The engine must create very high power and liquid
fuel/oxidant is delivered to the thrust chamber by turbopumps.
The turbopump consists of inducer, impeller, shaft, turbine and
so on. These sub systems construct a rotor system and the
system has possibilities to be influenced by each sub system.
For example, unsteady aerodynamic force on the turbine

rotor blade (input) may energize some rotor dynamic
problems such as the shaft vibration or the rotor whirling of
the rotor system (output). In a conventional design method of
turbopump, its rotor dynamics is usually examined after the
efficiency and performance are considered. If a significant shaft
vibration appears, this design approach needs enormous
redesign and causes delay of development and cost increase.
Uchiumi, et al. [1], Shimura, et al. [2] are developing a new
design approach that considers input/output relationships
between sub systems at the early stage of design. Because of
this, to get knowledge of unsteady flow phenomena in turbine
and unsteady aerodynamic forces on rotor blades is very
important.
Turbine unsteady flow fields have been investigated by a
lot of researchers. Potential and wake or shock interactions are
investigated by Korakianitis [3], Denos, et al. [4], Laumert, et
al. [5], Miller, et al. [6][7], Paniagua, et al. [8]. These unsteady
phenomena become sources of unsteady aerodynamic forces
and they may cause turbine vibrations. Groth, et al. [9][10] has
studied flutter limits of a turbine blisk and mistuning procedure.
All above researches treated full admission turbine.
However, rocket engine turbines used in upper stage are
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sometimes designed as a supersonic turbine with partial
admission (Fig. 1) and this study treats the flow field of this
turbine configuration. The partial admission configuration is
often applied to steam turbine control stage to control power
output. On the other hand, in the case of a rocket turbine, this
configuration is employed to avoid extremely low blade height
and to drive the turbine at high velocity ratio. The back-ground
of the choice of the partial admission for a rocket turbine is as
follows. Turbine mass flow rate is designed by complying with
requested turbine power output and turbine efficiency because
turbine inlet temperature and inlet pressure is decided by the
choice of the engine cycle. The rotational speed is a common
design parameter between turbopump subsystems and is
designed considering each subsystem’s constrained condition,
e.g. efficiency, strength. As a result, degrees of freedom for the
turbine design parameter are limited to the parameters of the
turbine type or turbine configuration, for example, turbine
mean diameter, turbine stage number, blade profile, existence
or nonexistence of partiality and so on. Here, if the rotor blade
count is decided considering blade loading, the mean diameter
is dependently decided by the blade height and vice versa. As a
result, there are three design concepts as follows.
1. Design large mean diameter, that is to say high
velocity ratio, in order to increase turbine efficiency.
However, blade height becomes low and secondary
losses such as tip leakage loss increase.
2. Design blade height keeping within reasonable value.
This needs small mean diameter, that is to say low
velocity ratio. Thus, the turbine operates at low turbine
efficiency condition.
3. Design as a partial admission in order to satisfy high
velocity ratio and high blade height. However, partial
admission loss occurs.
So, the partial admission is a one of the important options of a
turbine configuration. The final design is chosen considering
efficiency, manufacturability, cost and so on. However, there is
no clear criterion for the choice of the turbine configuration.
Flow pattern, unsteady aerodynamic forces and efficiency
of partial admission steam turbine have been researched in the
past. Sakai, et al. [11] compared quasi-three-dimensional CFD
analysis with experimental results and indicated that quasi-3dimensional analysis could qualitatively simulate partial
admission flow pattern. Although CFD analysis of partial
admission turbine needs to calculate a large number of
passages, three-dimensional analyses come to be treated thanks
to performance improvement of computer recently
[12][13][14], however, because of high computational cost
using fine mesh, these studies were conducted with rough mesh
systems. In contrast, there are few study cases for rocket, an
experimental research was conducted in Ref. [15] and a
numerical study of the single stage turbine was done in Ref.
[16]. There are still a lot of unknown flow phenomena,
influences of the second stage on the 1st stage flow field and
unsteady aerodynamic forces. Although three-dimensional CFD
analysis is preferred for better understanding of unsteady flow,
the CFD simulation of the partial admission turbine stage needs

a large amount of computational cost, especially supersonic
turbine simulation needs more grid counts and density to
capture shock waves properly. So, based on the knowledge of
the steam turbine research [11] as described above, this study
conducts two-dimensional unsteady CFD analysis of a
supersonic partial admission turbine stages using spatially highorder scheme solver to understand basic unsteady flow patterns,
additional losses caused by the partial admission configuration
and unsteady aerodynamic forces on the rotor blades.
Blockage
(Nozzle closed sector)

Blockage
Blockage

Fig. 1
2

Supersonic turbine with partial admission

TURBINE STAGE AND CFD PROCETURE

2.1

TURBINE STAGE
The turbine studied in this paper is a scaled model of the
FTP turbine for NASA M-1 engine [15]. This turbine is a two
stages supersonic turbine with partial admission and consists of
44 nozzle blades, 94 blades for 1st stage rotor, 80 vanes for 2nd
stage stator and 92 blades for 2nd stage rotor. 24 nozzle passages
are used as admission passage and the rest of the passages, 20
nozzle passages, are closed by the three blocks as shown in
Fig.1. The mean diameter is 0.152[m] and rotational speed at
design point is 50,000[rpm]. Blade profiles and characteristics
are shown in Fig. 2 and Table 1, respectively.

Fig. 2

Turbine blade profiles

Table 1
Number of
blades
Solidity

2

Turbine stage data

Nozzle

1st Rotor

2nd Stator

2nd Rotor

24/44

94

80

92

1.660

1.496

1.291

1.645
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2.2 FUNDAMENTAL EQUATION
The CFD solver used in this study is “Numerical Turbine”
code [17] developed at Tohoku university. The fundamental
equations of two-dimensional unsteady flow solved in this code
consist of the conservation laws for mass, moment, total energy
coupled with Menter’s Shear stress transport (SST) turbulence
model [18]. The fundamental equations are expressed in
general curvilinear coordinates as Eq. (1).

𝜕𝑄 𝜕𝐹𝑖
+
+𝑆+𝐻 =0
𝜕𝑡 𝜕𝜉𝑖

(𝑖 = 1,2)

admitted and 7 closed passages for the Nozzle, 31 passages for
the Rotor1, 27 and 31 passages for the 2nd stage respectively.
Computational domain for two stages analysis is shown in
Fig.3.

(1)

Here, Q is the vector of unknown variables, Fi is the flux
vector, S is the viscous term and H is the source term. These
vectors are as follows:
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Fig. 3

Nozzle admission sector

Computational domains

2.5

NUMERICAL CONDITIONS
Numerical conditions are summarized in Table 2. Two
stages turbine unsteady flow field is simulated at the
experimental condition conducted in [15]. The reason of the use
of nitrogen in the experiment was easiness and safety of its
treatment. As a result, the rotational speed was changed to
about one-fifth of the real operating condition in order to keep
the similarity of velocity triangle at the inlet of Rotor1.
Transient time step is 1/2,500 rotor blade passing period and
CFL number is under 0.6.
Table 2

2.3

NUMERICAL METHOD
The convection terms in Eq. (1) is spatially discretized by
applying the forth-order MUSCLE TVD scheme [19] and Roe’s
approximate Riemann solver [20]. The viscosity term is treated
by a second-order central difference scheme. The lower-upper
symmetric-Gauss-Seidel method [21] is used for the time
integration and Newton sub iteration is conducted.

Working fluid
Rotational speed
[rpm]
P0 [MPa]
Inlet
T0 [K]
conditions
Inflow angle

N2 ideal gas
10,080
2.352
273
Normal to boundary

Outlet
conditions

4.96

Wall
Turbulence model
Transient time step

2.4

BLADE SCALING PROCEDURE
As described in section 2.1, the target turbine in this paper
has 24 admitted nozzle passages and 20 nozzle closed passages,
94 passages for 1st stage rotor, 80 passages for 2nd stage stator
and 92 passages for 2nd stage rotor. Accordingly, full angular
analysis has to deal with enormous numbers of passages (290
passages). Therefore, a scaling procedure should be employed
to implement periodic boundary condition for reducing
computational cost. The policy of the scaling is to change each
of the vane or blade counts to find out the largest common
divisors, followed by enlargement or reduction of airfoil size
maintaining the cascade solidity. Eventually, the count of each
of the nozzle and rotors used in the calculation was 45 from 44
(1st stage nozzle), 93 from 94 (1st stage rotor), 81 from 80 (2nd
stage nozzle) and 93 from 92 (2nd stage rotor). As a result of the
scaling, one third of full passages are simulated, that is 8

Numerical conditions

P0in/P

No slip and adiabatic
SST
1/2,500 rotor blade passing period

2.6

COMPUTATIONAL GRIDS
Although the most desirable approach of grid dependency
check in this study is to simulate the flow with partial
admission, the partial admission analysis requires very long
time. Thus, the grid dependency check was conducted by
simulating a single stage full admission simulation (one nozzle
and two Rotor1 passages are calculated using periodical
boundary conditions) with different three grid systems, 70×70
points (coarse), 100×100 points (middle) and 180×130 points
(fine) for each blade passage. Fig. 4 shows the comparison of
time averaged flow angle and total to total efficiency at the
Rotor1 downstream. Notice that the flow angle and the total-to-
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mass flow rate variation is below about 0.2%. The unsteady
load behind the blockage slightly differs because of the
unsteadiness of flow field around the blockage. However,
globally good periodicity has been obtained. It needed about
160 rotor blades passing periods to reach the periodic solution.

total efficiency are normalized by the result of the coarse grid
points. From this figure, it is found that calculated flow angle
and total to total efficiency are almost unchanged with middlesize or more grid points.
Based on the result of the grid dependency check, the
middle-size grid points is chosen and the computational grids
with 100×100 points is used for each blade block, 25×100
points is used for each blockage block, 20×100 points is used
for each interface block and 70×100 points is used for each
outlet block in partial admission analysis. Total number of grid
points is about 1,100,000 points and y+ value is approximately
5~8. Computational grid lines drawn every 2 points for I
direction and every 3 points for J direction are shown in Fig. 5.

Normalized value

Relative flow angle
Total to total efficiency

Dot : Mass flow rate
Line : Unsteady load

Blockage

Normalized unsteady load

Normalized time averaged
mass flow rate

Rotational direction

Circumferential position (Nozzle pitch)
Fig. 6 Time averaged mass flow rate variation and unsteady
load periodicity

3

RESULT AND DISCUSSION

3.1

Coarse Middle

CIRCUMFERENTIAL DISTRIBUTION
Fig. 7 is a contour plot of instantaneous relative Mach
number. Mach number at the nozzle outlet is about 1.8 and the
nozzle TE and rotor LE shock waves occur at nozzle admission
sector. Non-uniform flow field is created because of the partial
admission configuration. Pronounced flow events appear
between the blockage and Rotor1. A rapid flow acceleration
and strong shock waves occur around the blockage inlet region,
2 nozzle pitches region from the blockage inlet corner as shown
in Fig. 7. The acceleration is due to expansion of working gas at
the blockage inlet corner. Furthermore, since divergent
passages are shaped by the blockage and the rotor suction
surface, accelerating the working gas. At 2~7 nozzle pitches
from the blockage inlet corner, the supersonic flow lasts near
the end of the blockage sector. Single stage analysis executed in
[16] also observed these types of flow patterns. The working
gas, at the Rotor1 blade passages passing 3~7 nozzle pitches
from the blockage inlet corner, almost stagnates. We can also
see that the working gas at Stator2 blade passages and Rotor2
blade passages behind the blockage sector stagnates.
Fig. 8 shows the circumferential pressure distributions at
four positions between inside and exit of the stages. Although
the circumferential pressure distribution at the downstream of
Rotor2 is weak, the others have strong circumferential variation
due to the blockage. The most complex pressure distribution
appears between Nozzle1 and Rotor1 passage. A lot of local
pressure peaks are caused because of the shock waves. We can
also see a strong pressure decrease region at 1~2 nozzle pitch
away from the blockage inlet corner. This pressure decrease is
caused by the flow acceleration shown in Fig. 7. On the other
hand, near the end of blockage sector, 7~8 nozzle pitches from
the blockage inlet corner, a pressure increase is observed. The

Fine

Fig. 4 Grid dependency check in terms of the flow angle and
total to total efficiency at the turbine exit
Interface block
(20×100)

Blockage block
(25×100)

Outlet block
(70×100)

J
I

Blade block
(100×100)

Fig. 5

Computational grids

2.7

SIMULATION CONVERGENCE
Time averaged mass flow rate and unsteady aerodynamic
load on a Rotor1 blade are plotted in Fig. 6. The mass flow rate
is time averaged every nozzle blade passing period and
normalized by a time averaged value over a period of 15 nozzle
blades passing (e.g. 120 degrees rotation period). The unsteady
load is plotted over two periods of 15 nozzle blades passing and
normalized by the product of the inlet total pressure and the
Rotor1 axial chord length. We can see that the time averaged
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Fig. 9 shows the absolute circumferential velocity
component distributions at the same plot lines of Fig. 8. On the
passage between Nozzle1 and Rotor1, the working gas at the
blockage sector flows toward the end of blockage sector and
the magnitude of velocity is comparable to that of admission
sector. On the passages between Stator2 and Rotor2 and behind
Rotor2, the working gas at 3~7 nozzle pitches from the
blockage inlet corner almost stagnates. On the other hand, the
working gas does not stagnate on the passage between Rotor1
and Stator2 and flows toward opposite direction of rotor
rotation.

source of this pressure rise is the nozzle TE shock wave and its
impingement to the nozzle suction surface as shown in pressure
contours on Fig. 8. This nozzle passage is the 1st passage of
nozzle admission sector and flow conditions around this
passage are not circumferentially periodic. As a result, a strong
shock wave occurs from the blockage end corner edge and
causes those pressure increases. Pressure distributions between
Rotor1 and Stator2 and between Stator2 and Rotor2 do not
contain large or rapid pressure variations at the both ends of
blockage sector.

Positive direction of Vc/U

Blockage
0.0

Nozzle pitch
2.3
Mrel

Between Nozzle1 and Rotor1
Between Rotor1 and Stator2
Between Stator2 and Rotor2
Downstream of Rotor2

Vc/U

Expansion and
acceleration

Divergent passage

Blockage inlet corner

Circumferential position (Nozzle pitch)

Fig. 7 Relative Mach number contours

Fig. 9 Circumferential distributions of circumferential
absolute velocity component at four positions between inside
and exit of the stages

3.2 FLOW PETERNS AND ADDITIONAL ENTROPY
GENERATION
Fig. 10 shows the instantaneous entropy contours and
normalized velocity vectors in the relative frame. Here, velocity
vectors are colored by the magnitude of relative velocity
normalized by the rotational velocity. This figure is useful in
understanding very complex flow field due to the partial
admission configuration.
There are high entropy regions, especially around Rotor1.
At around 2~3 nozzle pitches from the blockage inlet corner,
working gas between blockage and Rotor1, indicated as (A) in
Fig.10, flows circumferentially as mentioned above. Working
gas having high entropy behind Rotor1, indicated as (B),
reenters the Rotor1 passages. Because of this reversed flow, the
rotor passages are filled with high entropy gas and some of the
gas is sucked into the passage between the blockage and
Rotor1, indicated as (C), and these regions are convected
toward the end of blockage sector. The circumferential flow

Blockage
P/P0 in
0.45
0.2

P/P0 in

Blockage end

Between Nozze1 and Rotor1
Between Rotor1 and Stator2
Between Stator2 and Rotor2
Downstream of Rotor2

Circumferential position (Nozzle pitch)
Fig. 8 Circumferential pressure distributions at four positions
between inside and exit of the stages
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(G)

(F)

Entropy [J/kgK]

Separation
(E)

(B)

(H)

Vrel/U

850 0.0

0.0

2.0

Nozzle pitch

(A)

(C)

(D)

Vortical structures

Fig. 10 Instantaneous entropy contours and normalized velocity vectors in the relative frame
behind the blockage enters Rotor1 passages near the end of
blockage sector, indicated as (D). It is interesting that this
circumferential flow comes from the nozzle passage
neighboring blockage inlet side. After outflow from the Rotor1
passages, this working gas is diverted in two directions,
indicated as (E). Some of them inflows Stator2 passages and
separates from the suction surface because of its large flow
incidence. On the other hand, some part of the gas goes to
circumferentially direction of opposite to the rotor rotation
without inflowing the Stator2 passages. Thus, this flow has
circumferential velocity component as observed in Fig. 9.
Rotor1 blades pass by this circumferential flow and some
vortical structures can be seen at the exit of Rotor1 passages
passing 4~6 nozzle pitches from the blockage inlet corner. The
working gas flowing in the opposite direction of the rotor
rotation is diverted in two direction, to Rotor1 passages and to
Stator2 passages, around 1~2 nozzle pitches from the blockage
inlet corner, indicated as (B) and (F). After inflowing to the
Stator2 passages, the working gas flows to Rotor2 passages,
indicated as (G). Rotor2 passages passing 4~6 nozzle pitches
from the blockage inlet corner are filled with stagnant gas and
this stagnant gas is pushed out toward downstream at the end of
blockage sector, indicated as (H).
Fig.11 is the normalized dissipation function contours at
the same instance with Fig. 10. The dissipation function is
described as Eq. (2) and this represents entropy production
caused by viscous stress.

=

𝑖

𝑖

(𝑖 = 1,2)

(2)

Extensive strong dissipations can be seen at Rotor1 passages
around 0~2 nozzle pitches from the blockage inlet corner. We
can see from Fig. 7 that the origin of this dissipation is the large
separation. This separation is due to the incidence increase
caused by the nozzle flow turning toward the rotor rotational
direction and the impingement of the strong rotor LE shock
wave. Rotor1 passages around 2~3 nozzle pitches from the
blockage inlet corner, reversed flow channels as shown in Fig.
10, also show strong dissipation because of strong flow mixing.
Furthermore, dissipations occur at the front side and the rear
side of Rotor1 blades passing 4~7 nozzle pitches from the
blockage inlet corner. These dissipations are caused by mixing
of circumferential flow and extremely low velocity flow near
the entrance or the exit of Rotor1 passages. In contrast, at the
2nd stage, pronounced dissipations due to the partial admission
is limited at the blockage outlet side. Dissipations at the Stator2
are caused by large separations because of incidence deviation
and lack of mass flow rate, as shown in Fig. 7. At the Rotor2
passages, dissipations occur at 7~9 nozzle pitches from the
blockage inlet corner and this is due to the inflow of nonuniform flow from Stator2 passages.
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3.3

QUASI-UNSTEADY AERODYNAMIC FORCE
Fig. 13 is the quasi-unsteady aerodynamic forces on a
Rotor1 blade in time domain. Quasi-unsteady forces are
calculated by variation of momentum passing through test area
according to Eq. (3).
0.0

50.0

− ⃗𝑖 + ∮(− ・ ⃗⃗)

Φ
ρin U3 (2LB )

= ∮( ⃗⃗𝑖 ・ ⃗⃗) ⃗⃗𝑖

( )

→

where the vector n is a normal unit vector of test area.
→

Fig. 11 Instantaneous dissipation function contours

Furthermore,
quasi-unsteady
force
vector
nondimensionalized by Eq. (4) and plotted in Fig. 13.

Bar
Line
Red
Blue

⃗𝑖 =

⃗𝑖

is

( )

𝑖

Characteristic unsteady aerodynamic forces in both
directions appear due to the partial admission. We can see some
large variations of the axial direction component. Downstream
direction force increases at the both ends of blockage and
upstream direction force increases at 1~2 nozzle pitches from
the blockage inlet corner. This upstream direction force is
caused by the pressure drop of Rotor1 front side at the blockage
inlet region as shown in Fig. 7. The circumferential direction
force exhibits clear variation and it greatly varies when the
Rotor1 blade passes through 0~3 nozzle pitches from the
blockage inlet corner. The rapid increase of the circumferential
direction force at 1 nozzle pitch from the blockage inlet corner
is caused by the increase of incidence. After the Rotor1 blade
enters the blockage sector, the circumferential force fluctuates
around zero until the Rotor1 blade reenters the nozzle
admission sector. However, the force does not rapidly recover
even when the Rotor1 blade reenters the nozzle admission
sector due to large outlet angle of the nozzle flow.

Blockage
Axi

Axi
Tan

: Increment
: Accumulation
: Partial admission
: Full admission

Tan

fn

Normalized entropy

Fig. 12 shows the comparison of time and mass flow
averaged entropy per unit turbine output power between the
partial admission and full admission stage. The mass flow
average is conducted on the circumferential line between inside
and exit of the stages, on the same line of Fig. 8. Here, flow
field within 10~13 nozzle pitches from the blockage inlet
corner can be regarded as periodic as shown in Fig. 8 and Fig.
9, so entropy per unit turbine output power calculated within
this region is used as a full admission condition. The bar charts
are increment of entropy per unit turbine output power at each
cascade and the line graphs are accumulation of that value. All
values are normalized by the value at the exit of turbine stage
of the full admission assumption. We can see obvious
additional entropy generation due to the partial admission flow.
The entropy increments of the partial admission flow are higher
than that of the full admission at all cascades. Additional
entropy generation caused by the partial admission at Nozze1,
Stator2 and Rotor2 cascades are comparable level and these are
about 5~8% of the entropy value at full admission sage exit.
However, additional entropy generation is very large at Rotor1
cascade and about 30% of the magnitude of entropy at full
admission stage exit is additionally generated. This large
additional entropy generation comes from Rotor1 LE shock
wave losses at the blockage inlet region and the dissipations at
Rotor1 passing the blockage sector as mentioned above. As a
result, the magnitude of entropy generated at the 1st stage of
partial admission exceeds the magnitude at the turbine exit of
full admission. Finally, the magnitude of entropy becomes 1.5
times higher than that of the full admission stage.

fi

Nozzle Rotor1 Stator2 Rotor2
Axial position
1

Circumferential position (Nozzle pitch)

Fig. 12 Time and mass flow averaged entropy per unit turbine
output power between inside and exit of the stages

Fig.13 Unsteady aerodynamic force on Rotor1 blade in time
domain
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Fig. 14 shows the results of fast Fourier transformation
(FFT) analysis of the unsteady aerodynamic forces on the
Rotor1 blade. The unsteady forces were obtained every 10
unsteady simulation steps and this indicates that FFT analysis is
conducted with 3.9[MHz] data sampling. Frequency resolution
of the FFT analysis is 59.6[Hz] of frequency. Many unsteady
force components exist in wide region and this is a
characteristic of partial admission turbine. Note that the 3rd
harmonics of the rotational frequency means the blockage
passing frequency and the 45 multiples of rotational frequency
corresponds to the nozzle vane number at the full admission
turbine. We can see the 3rd harmonics is a dominating one in
circumferential direction. This effect can be identified in strong
circumferential distribution of the unsteady force due to the
blockage as shown in Fig. 13. On the other hand, the unsteady
axial force on the Rotor1 blade fluctuates around zero almost
all of the time except when the Rotor1 blade passes the
blockage inlet region and enters the nozzle admission sector.
Thus, the distribution due to the blockage in axial force is weak
in comparison with the circumferential force. As a result, the
blockage passing frequency component does not become
pronounced and the 12, 6 and 45 multiples of rotational
frequency are large. Although the Stator2 has 81 blades, this
blade passing frequency component does not appear or is very
small in both directions.

Unsteady aerodynamic forces on a Rotor2 blade in time
domain are shown in Fig. 15. This figure shows that the Rotor2
blade is also strongly influenced by the partial admission
configuration. But the unsteady force variations in both
directions are obviously different from that of the Rotor1 blade.
Rapid force increases or decreases at the start or the end of the
blockage sector as shown in Fig. 13 do not appear and the
unsteady forces may be approximated by a sine wave
approximately in both direction. It is conceivable that unsteady
force variations are relevant to the blockage width. The
admission and the blockage sector width in this study case are
similar and this is the reason why the unsteady force variations
looks like sin curve. Thus, the unsteady force variations
probably differ if another blockage width is applied. We can
also see that the amplitudes become larger and larger when the
Rotor2 blade approaches the end of the blockage sector, 5~8
nozzle pitches.
Fig. 16 is the results of FFT analysis of the unsteady
aerodynamic forces on the Rotor2 blade. The unsteady forces in
frequency domain are simple in contrast to that of the Rotor1
blade. Blockage passing frequency component is dominant in
both directions and other peak components are dampened and
the Stator2 blade passing frequency component (81 multiples of
rotational frequency) is weak or do not appear.

Blockage passing frequency

CONCLUSION
Two-dimensional unsteady flow filed in a two stage
supersonic partial admission turbine for a rocket turbopump is
investigated by high-resolution unsteady CFD procedure. One
third of full passages are simulated by using scaling technique
and periodical boundary conditions.
CFD results indicate rapid flow acceleration at the inlet
region of the blockage sector because of supersonic flow
expansion. Very strong circumferential pressure and velocity
distributions are caused by the blockage sector. The pressure
distribution is especially complex at the passage between 1 st
stage blade rows because of shock waves caused at nozzle
admission region and the blockage inlet region. On the other
hand, the pressure distributions at the passages between Rotor1
and Stator2 and 2nd stage rows are characterized by sine curves.
At the inlet region of the blockage, the flow incidence to the
Rotor1 blade increases. This incidence increases and the Rotor1
blade LE shock wave causes flow separation at the adjacent
Rotor1 blade suction surface. Result of this separation, very
strong dissipations is caused. Working gas flowing toward
circumferential direction appears at the front side and the rear
side of Rotor1 blade passing behind the blockage. This
circumferential flow mixes with stagnant gas at the Rotor1
blade passages and cause dissipation. At the 2nd stage,
additional dissipations due to the partial admission are
dampened at the end side of blockage sector. The largest
entropy increment due to the partial admission occurs at the
Rotor1 cascade and the magnitude of entropy at the partial
admission stage exit is approximately 1.5 times higher than that
of the full admission.

Amplitude

4

Amplitude

Frequency/Frequency of rotation
Axial direction component

Blockage passing frequency

Frequency/Frequency of rotation
Circumferential direction component
Fig.14 Unsteady aerodynamic force on Rotor1 blade in
frequency domain
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Rotor blades experience extremely unsteady aerodynamic
force due to the partial admission. The aerodynamic forces on a
Rotor1 blade greatly vary when the Rotor1 blade passes
through the blockage inlet region. After the Rotor1 blade enters
the blockage sector, the circumferential force on the Rotor1
blade fluctuates around zero. The unsteady force components
on the Rotor1 blade appear in wide frequency region and the
blockage passing frequency component becomes pronounced in
the circumferential direction. In contrast, that frequency
component is not pronounced in the axial direction. The
unsteady forces on a Rotor2 blade are different from that of the
Rotor1 blade and is characterized by indicate approximately sin
wave in time domain. As a result, the Rotor2 blade is
dominated by the blockage passing frequency component and
most of other frequency components are very weak.

Blockage

fn

Axi
Tan

Axi
Tan
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Circumferential position (Nozzle pitch)

Amplitude

Fig. 15 Unsteady aerodynamic force on Rotor2 blade in time
domain

NOMENCLATURE
Ab
：Blade area
e
：Total internal energy per unit volume
Fi
：Flux vector
fi
：Quasi-unsteady aerodynamic force vector
fin
：Nondimensionalized force vector
H
：Source term
J
：Jacobian for transformation
k
：Turbulent kinetic energy
LB
：Blockage length
Mrel ：Mach number in the relative frame
P
：Static pressure
P0
：Total pressure
Q
：Vector of unknown variables
qi
：Heat flux for i direction
S
：Viscous term
Sk
：Source term for the k equation
Sω
：Source term for the ω equation
T0
：Total temperature
t
：Time
U
：Rotational velocity
ui
：Component of relative velocities
Ui
：Component of contravariant relative velocities
Vc
：Circumferential component of absolute velocity
xi
：Component of Cartesian coordinates
Δs
：Entropy
σk
：Diffusion term for the k equation

Blockage passing frequency

Frequency/Frequency of rotation

Amplitude

Axial direction component

Blockage passing frequency

Frequency/Frequency of rotation
Circumferential direction component
Fig. 16 Unsteady aerodynamic force on Rotor2 blade in
frequency domain
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σω
ρ
Φ
ω
ξi
τij

：Diffusion term for the ω equation
：Density
：Dissipation function
：Turbulent kinetic energy dissipation ratio
：Component of general curvilinear coordinates
：Viscous stress tensors

[11]

[12]

SUBSCRIPTS
in
：Stage inlet
out ：Stage outlet

[13]

[14]
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