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Abstract: A kind of thre€ dimensional flow2path of the ran2rotor was designed in this paper according to the
design method of the typical supersonic intake of aircraft and missiles, especially the design method of the com2
pression ramp, the throat and the subsonic diffuser. The design Mach number of the flow2path was based on
the averaged relative Mach number, regardless of the change of incoming Mach number along radial direction of
the flow2path. Then, the flowfield of the designed flow2path was simulated numerically with-computational
fluid dynamics software at design point. The purpose of simulation was to obtain the details of the flowfield,

including the structure of the shock wave system, position of flow separation zone, and so on., The perform2
ance of the ran2rotor was also evaluated. T he numerical results show the structure of the shock wave system
in the flow2path is similar to that in the supersonic intake. To improve the overall per formance-of the ran2ra
tor, the reasonable compromise between the total pressure ratio and the isentropic ‘adiabatic efficiency should
be reached. The structure optimization of the flow2path \and the configuration of the 'shock wave system have
great influence on the performance ofthe ran2roter.
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Nomenclature
R, Radius of pointsion compression ramp It Length of throat
R, Rim radius of ran2rotor h H eight of throat
R; Radius of points on throat D Angle of ramp
Ry Radius of points on bottom wall in subsonic di2 A Divergent angle of subsonic diffuser
fuser U Stagger angle of strake wall
$H Central angle difference between two points on Zy z coordinate of the points on compression ramp
compression ramp Z z coordinate of the points on throat
$H  Central angle difference between two points on Zx z coordinate of the points on bottom wall in
bottom wall in subsonic diffuser subsonic diffuser
H Central angle corresponding to the length Ma Mach number
of throat P Pressure
$H Central angle difference between two points T Temperature
on throat n Rot ational speed
. compressor, some new aerodynamic concepts and
Introduction

methods begin to be applied to the design of
With the development of design technique of compressor, such as three dimensional profiled
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technique of blade, splitter blade, high tip speed,
lower aspect ratio, higher solidity and unsteady
flow, so the stage pressure ratio and the per2
formance of compressor increase gradually. At
the same time, some new structure is also applied
to the design of compressor to obtain high pres2
sure ratio, such as aspirated compressor“],
counter2rotation compressorm and Rampressor
compressor' ="', Rampressor compressor is a new
kind of compression system based on shock wave
compression technology, and combines the de&
sign technique of axial2 and centrifugal2flow
compressor. Comparing to the traditional com2
pressor, Rampressor compressor has higher pres2
sure ratio (up to 15" or higher) and simpler
structure, and also has smaller volume and light
weight. Because Rampressor compressor has
many merits, the thrust2weight ratio of aero2
engine will be significantly increased if we use
Rampressor compressor to displace the tradition2
al compressor in aeroengine[7] .

Ram2rotor is the core component-of Ram2
pressor compressor. Its performance has.decisive
effect on the characteristics \of Rampessor com2
pressor. So it is_very important to study the d&
sign method of the ram2rotor, especially the de&
sign method of the flow2path in ram2rotor. In
this paper, the thre€2dimensional flow2path is d&
signed, including—the compression ramp, the
throat and the subsonic diffuser. The flowfield of
the designed flow2path is simulated numerically
at design point so as to obtain the details of the
flowfield and evaluate the performance of the
ran?rotor.

1 Design of 32D flow2path

The compression performance and efficiency
of the ram2rotor(Fig. 1) are directly decided by
the configuration of the shock wave system in
the flow2path. However, the structure of the
shock wave system is mostly influenced by the
compression ramp mounted in the flow2path.
Therefore, the design of the compression ramp is
one of the key technologies. Because the flow2

path can be treated as the bending deformation

of a supersonic intake (Fig. 2'¥), the thredi2
mensional flow2path of the ram2rotor can be de2
signed according to the design technologies of a

three dimensional supersonic intake.

Beginning of
compression ramp

"Pre—inlet"
rim surface

Fig.1 Schematic diagram of the-ram-rotor"*!
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Fig.2 Flow-path change of the ram-rotor-"

The radius of the points on the compression
ramp can be calculated by using the following for2

mula

$H #tan D

Ry: Ri#e

The ratio of the length and height of the
throat in the designed flow2path is 1, therefore

L _
hf1

The central angle corresponding to the
length of the throat is

1
R

The radius of the points on the bottom wall

H=

in the subsonic diffuser can be given as
Ri = R # e$HZ#tanA
The z coordinate of the points on the com2

pression ramp, the throat and the bottom
wall are
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zy = Ri# tan<# $H
z= Ri# tan<# (SH+ $H)
zv = Ri#tan<# ($H+ $H+ $H)

Based on the expression above, the genera2
trices of the compression ramp, the throat and
the bottom wall can be obtained, and then the
three dimensional flow2path will be drawn by
CAD (computer aided design) software.

2  Model and numerical method

2.1 Computational grids and boundary conditions

The designed three dimensional flow2path is
meshed with tetrahedral/hybrid grids. In order
to improve the resolution of solution near the
wall of the flow2path, the boundary layers are at2
tached to the top wall and the bottom wall of the
computational domain, and the height ratio of the
total boundary layer and the strake wall is 0. 25.
The total number of the grid cells is approx2
mately 1. 74 @106, as shown in Fig. 3.

Fig.3 _CGomputational grids

The boundary conditions used in the numer2
ical simulation include inlet boundary condition,
outlet boundary condition, periodic boundary
condition and wall boundary condition, as shown
in Fig. 4. At the inlet of the flow2path, total
pressure, static pressure, total temperature and
the direction of incoming flow should be given.
As the relative velocity is less than velocity of
sound at the exit, static pressure is only needed
at the exit of the three dimensional flow2path.
The bottom and the side walls of the flow2path
are set as adiabatic walls which have the same
rotational speed with the working fluid, and the
top wall is set as adiabatic wall that is absolutely
stationary. The initial conditions of numerical
simulation are listed m Table 1.

Outlet boundary

Inlet boundary

Fig. 4 Computational domain and boundary conditions

Table 1 Initial conditions of numerical simulation
Ma po/ MPa To/ K n/ (r/ min)
0.348 0.1 288.15 29362

2.2 Numerical method

FLUENT software\ package is/ adopted to
simulate numerically the\ flowfield of the de2
signed flow2path in this paper. FLUENT soft2
ware s one kind of popular computational fluid

9 d
[ ], and 1t can be used to

dynamics-software
study and analyze flow and heat transfer in com2
plex geometries. As FLUENT software has man2
y-advantages, the solution of high2speed com?2
pressible flow can be obtained satisfied results,

for example, the simulation of the supersonic in2
take'®" . In this paper, the flowfield of the flow2
path is simulated numerically with three dimen2
sional steady Reynolds averaged Navier2Stokes
(N2S) equations and Spalar2Allmaras ( S2A)

turbulence model. Without taking account of
gravity, radiation and chemical reaction, the three
dimensional steady Reynolds averaged N2S equa2

tions in vector form is

HF- G)#ds= 0
where
F= Fxa+ Fy_] + sz
G= Gxi+ Gy_] + sz
_ Q _ _ o _
Q'+ p Qu
Fx= Qv , Fy= QJZ +p
Qw Qw
L(E+ p)ul L(E+ p)v
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u, vand w are component velocity in X, y and z d2

g = keffss_;l; Q= q: = ke

rection respectively. Q p, E, T, S, q, Land
ket are density, pressure, total energy per unit
volume, temperature, viscous stress tensor, heat
flux, viscosity factor and effective heat transfer
coefficient respectively.

The A model is a relatively simple on&&
quation model that solves a modeled transport &
quation for the kinematic eddy viscosity. T his
embodies a relative new class of on&equation

model in which it is not necessary to calculate a

length scalerelated to the local shear layer thick2
ness. The transport equation used in the S2A

model is

S S N
st @)+ 5 (Qu) = Get

1) 5 SV 5v|?
E/{SXJ[(L+ Q) 5Xj]+ Cbz({sxj] }— Yv+ Sv

where V is the transport variable. Gv is the pro2
duction of turbulent viscosity and Yv is the de2
struction of turbulent viscosity that occurs in the
near2wall region due to wall blocking and viscous
damping. R and Ce are constants and V is the
molecular kinetic viscosity. Sv is a user2defined
source term. So, the turbulent viscosity, L is

computed from

L= Q/fx1
where f n-isthe viscous damping function.

The- A model'was designed specifically for
aerospace applications involving wallbounded
flows and has been\shown to give good results
for-boundary layers subjected to adverse pres2
sure—gradients. -The coupled mmplicit solution
method-is~used to solve the control equations,
and the second order upwind scheme is used to
the discretization of the convection term in the

control equations.

3 Validation of numerical method

To validate the feasibility of the numerical
method used in this paper, the flowfield of a su2
personic intake is studied firstly. The initial con2
ditions, the setting of boundary conditions, the
geometrical parameters of the intake and the ex2
perimental results are all consistent with those in
Reference [ 12]. In Fig. 5, the wall pressure dis2
tribution of numerical simulation and experimen2
tal results show a good agreement of the shock
wave system. In Fig. 6, the flow separation in2
duced by the reflected shock waves from the lip
side occurs at the throat, and matched as well as
those of the experimental results (Fig. 7). Be2
cause it gives good results for the resolution of
the shock wave system and flow separation, the

numerical method adopted in this paper is feasi2
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ble to solve supersonic ompressible flow.

0.5 -
Ramp(Experiment)
Lip(Experiment)

0.4  ——— Ramp(Simulation)

- = == Lip(Simulation)

1 1 1 1 TP
0 0.02 004 0.06 0.08 0.10 0.12 0.14

x/m

Fig. 5 Comparison of wall pressure distribution

Fig. 6 Local Mach number contour of

numerical simulation

Fig.7 Local Mach number centour of

experimental result"'?

4 Results and discuss

In order to facilitate the analysis, the eon2
cept of S1 and S flow surface of turbomachinery
is used to analyze the’ computational results of
the flow2path. The width of the flow2path, is d&
fined as pitch ( t), and the direction along the
width of the flow2path is defined as pitch wise.
The detailed definition is shown in Fig. 8.

Fig.8 Definition of flowfield represent ation method

4.1 Flowfield analysis of the flow2path

In Fig. 9, we can see that there are two main
curved shock waves in front of the throat en2

trance of the flow2path. One is incident shock

wave, and the other is reflected shock wave. The
incident line of the reflected shock wave on the
bottom wall of the flow2path just lies in the re2
gion near the throat entrance. In Fig. 10, the flow
separation zone near the top wall of the subsonic
diffuser is small. As the rotation of the fluid and
the effect of the shock wave strain, the stream2

Iines turn toward the bottom wall of the subson2
ic diffuser.

Fig.9 Relafive Mach number contour of S, flow

surface-at 20% pitch of the flow-path
Entropy
# 750

400
B 50

Fig. 10 Entropy and streamlines of S, flow surface

at 20% pitch of the flow-path

In the subsonic diffuser, the shock wave
strain is stably located at the exit of the throat
(Fig.9,Fig. 11, and Fig. 13), and the major part
of the shock wave strain is attached to the top
wall of the subsonic diffuser. The main flow sep2
aration zone is also attached to the top wall, and
it is above the shock wave strain.

As the smaller influence of both side walls

on flow, the shock wave system of Sz flow surface
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Fig. 11

Relative Mach number contour of S, flow
surface at 50% pitch of the flow-path
Entropy

m 750

400
& 50

Fig. 12
surface at"50 % pitch\of the flow=path

Entropy and streamlines of S, flow

Fig. 13 Relative Mach number contour of S, flow

surface at 80% pitch of the flow-path
at 50% pitch is clearer than that at 20% pitch.
With flow separation zone enlarging (Fig. 12) and
forward movement, the shock wave strain moves
from the top wall to the bottom wall in the sub2
sonic diffuser. At 80% pitch, the flow separation

zone is dominant in the subsonic diffuser ( Fig.

14), and the shock wave strain is vague and atta2
ched to the bottom wall.

Entropy
BE 750

Fig. 14 Entropy and streamlines of S, flow

surface at 80% pitch of the flow-path

Fig. 15 Relative Mach number_eontour of S; flow

surfage at J0% height of throat

As shown'in Fig. 15, there are two obvious
flow slowdown zones in front of throat. This
demonstrates that there are two shock waves
which intersect with the Si flow surface. In the
subsonic diffuser, the shock wave strain approxi2
mately locates on the middle of S: flow surface at
10% throat height. At beginning of the shock
wave strain, there are two flow separation zones
which locate on both sides of the shock wave
strain, as shown in Fig. 16. As the existence of
flow separation zones, the width of the shock
wave strain is narrow, and then the shock wave
strain occupies the whole Si flow surface due to

the disappearance of flow separation zones.

Entropy

| | 4
100 300 500

Fig.16 Entropy and streamlines of S; flow
surface at 10% height of throat
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Fig. 17 shows the relative Mach number
contour of S flow surface at 50% throat height.
Comparing to the 10% throat height, the shock
wave system is clearer. As the enlarging of the
left flow separation zone (Fig. 18), the shock
wave strain moves toward the right side of the
Si flow surface at 50% throat height. For Si
flow surface at 80% throat height, the shock
wave strain is attached to the right side of Si
flow surface due to the further expanding of flow

separation zone, as shown in Fig. 19 and Fig. 20.

Fig. 17 Relative Mach number contour of S, flow
surface at 50% height of throat

—

Entropy

B i
50 250 450

Entropy and streamlines of S; flow

Fig. 18

surface at 50 %) height of throat

Fig. 19 Relative Mach number contour of S, flow

surface at 80% height of throat

Entropy
B A
50 250 450

Fig. 20
surface at 80% height of throat

Entropy and streamlines of S; flow

Some performance parameters of ram2rotor
are listed in Table 2. Comparing to a traditional
compressor, the total pressure ratio of the ram2
rotor is higher, but the adiabatic efficiency is
somewhat lower. As the ram2rotor is mainly
based on the shock wave compression, the exist2
ence of the shock waves consequentially induces
shock wave loss. In addition, the strong flow sep2
aration in the subsonic diffuser also results in the
increasing of flow loss. So, it is necessary to
compromisingly choose the total pressure ratio
and efficiency except the structure optimization
of the flow2path and the reasonable configuration
of the shock wave system in the design process
in order to improve the performance of the ram2
rotor.

Table 2 Performance of the ran2rotor

Isent ropic Avveraged absolute
Total pressure . \
. adiabatic Mach number
rat 10
efficiency at the exit
13 0.69%4 1. 073

5 Conclusion

The following conclusions can be acquired
from the numerical simulation results:

1) The shock wave system in the three di2
mensional flow2path is similar to that i the
three dimensional supersonic intake. But the
shock waves in the thre€2dimensional flow2path
are curved shock waves, and they are different
from linear shock waves in the three dimensional
supersonic intake.

2) The position and size of the shock wave
strain and the flow separation zone are different
along pitch wise and radial direction. T his shows
flow has strong three dimensional character in
the subsonic diffuser, and it will affect flow pa2
rameters distribution at the exit of the flow2
path.

3) To improve overall performance of the
ran@rotor, the reasonable compromise choice be2
tween total pressure ratio and adiabatic efficiency
is needed. At the same time, it is also necessary

to optimize the structure of the flow2path and



26 3

HAN J2ang, et al: Numerical simulation of the three dimensional flow2path in a ran2rotor

1365

properly configure the shock wave system.
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