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Multistage 3D steady and unsteady viscous computations
are conducted for a transonic axial compressor with an IGV,
rotor and stator blade row. A fully conservative sliding tech-
nique is developed with high order shock capturing schemes
to better capture the interaction between stationary and ro-
tating blade row. A 1/7th annulus is used for the unsteady
simulation with a phase lag BC. For comparison purpose,
a steady simulation of the same multistage compressor with
single blade passage is performed using the mixing plane ap-
proach. It is shown that the sliding BC captures wake prop-
agation very well in the interaction between blade rows. The
unsteady multistage simulation using sliding BC and phase
lag BC predicts almost identical loading distribution to the
steady state simulation at the mid-span, but have significant
loading distribution difference at tip section.

1 Introduction

The interaction between rotating and stationary blades
introduces inherent unsteadiness to the flow of multistage
turbomachinery. There are typically two approaches to treat
two adjacent blade rows in relative rotation frame; mixing
plane and sliding interface.

Mixing plane method has been widely used due to its
simplicity. Denton [1], Dawes [2], Singh [3], and Chen
[4] used mixing plane approach to calculate multistage ma-
chines. In this approach the circumferential-averaging is typ-
ically used in order to achieve the radial profiles and con-
serve the mass flow. Most researchers [1-4] exchange the
flow data between two blade rows using less than two cells
for the mixing BC. Gerolymos et al. [5] overlapped multiple
phantom cells where the averaged quantities of the opposite
domain are stored. There are two major disadvantages that
arise with mixing plane. First, mixing plane generates arti-
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ficial mixing loss [6] due to averaging the non-uniform flow
at the mixed-out and mixed-in plane. Second, the effects of
unsteady interaction between inter-blade rows could not be
taken into account. Barter et al. [4] presented an effect of
unsteady interaction that changes the blade loading of the
upstream blade in a multistage transonic turbine.

Sliding interface methods are often used for multi-stage
unsteady rotor-stator interaction. For instance, the shock
wave interaction between the inter blade rows as well as
rotating instabilities such as NSV(Non-Synchronous Vibra-
tion) and rotating stall can be predicted not by the steady ap-
proach, but only by the conservative unsteady approach. Nu-
merous studies on the unsteady rotor/stator interaction has
been developed [7-10] based on interpolation on the rotor-
stator interface. Rai [7] used the patched and overlaid grid
system based on interpolation to solve an axial turbine with
a rotor-stator configuration. Chen et al. [11] pointed out that
lack of flux conservation can significantly affect the solution
accuracy where shock interaction exists between the blade
rows. The fact is the methods of rotor/stator interaction using
any type of interpolation methods can not satisfy the conser-
vation of the flux across the interface.

The phase-lagged technique for periodic circumferen-
tial boundaries can dramatically reduce computational ef-
forts since it enables the use of the reduced model instead of
full annulus simulation. The phase-lagged methods are based
on the assumption that if two adjacent blades oscillate with a
phase difference, the fluid flow at the boundaries associated
with these blades will also vary in time with the same phase.
The conventional way to treat the phase shifted boundary
is a direct store method suggested by Erods et al. [12]. In
this method the flow variables on the periodic surface are
stored over the oscillation. These data are then used to up-
date the corresponding periodic boundary with a time lag.
This method is simple, but requires large computer memory.

In this study three major simulation techniques for the
multistage turbomachinery are developed and implemented;
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a mixing plane, a sliding BC, and the phase lag BC suggested
by He [13]. The multistage axial compressor designed by
General Electric is used for the steady/unsteady simulations.
The steady simulation for a single passage of IGV, rotor, and
stator is performed using the mixing plane. Using the slid-
ing BC, the unsteady simulation is carried out for the 1/7th
annulus that satisfies the geometric periodicity.

For transonic multi-blade row numerical simulation, low
diffusion and shock capturing capability have large impacts
on the accuracy due to the shock wave interaction with
boundary layer and tip vortices and, wake propagation. For
example, Gerolymos et al. [S] applied the MUSCL Van Leer
flux vector splitting with Van Albada limiters to solve a four
stage axial turbine at a off-design point where strong cou-
pling of the flow field between the blade rows is dominant.
Comparison of CFD and experiment shows that the mixing
plane overestimated efficiency by about 2%, and the pre-
dicted radial profiles such as total pressure, total tempera-
ture, and flow angle shows large discrepancy compared to
the experiment.

In the present study, the Low Diffusion E-CUSP (LDE)
Scheme [14] as an accurate shock capturing Riemann solver
is used to resolve the unsteady interaction between the blade
rows. The LDE scheme can capture crisp shock profile and
exact contact surface discontinuities as accurately as the Roe
scheme [15]. However, it is simpler and more CPU efficient
than the Roe scheme due to no matrix operation. The 3rd
order WENO reconstruction for the inviscid flux and 2nd or-
der central differencing for the viscous terms [16] are used.
An implicit unfactored Gauss-Seidel line iteration is used to
achieve high convergence rate. The high-scalability parallel
computing is applied to save wall clock time [17].

Nomenclature

a speed of sound,+/Yp/p

Cn meridional absolute velocity, 1/C2 + C?
C,,Cy,C, absolute velocities in x, 0, r direction

d distance from the closest wall

E,F,G inviscid flux vectors in §,m, { direction
E,,F,,G, viscous flux vectors in &,1,{ direction

e total energy per unit mass

J Jacobian of the coordinate transformation

1 Identity matrix

Lo blade chord at hub

1 normal vector on & surface with its magnitude
equal to the elemental surface area and pointing
to the direction of increasing &

Iy grid moving velocity

M., reference Mach number, %:

Do total pressure

Pr Prandtl number

Pr, turbulent Prandtl number

Q conservative variable vector

qr total heat flux in Cartesian coordinates

R, Reynolds number, P=U=t=

R, Rossby number, QU—?

T, total temperature
U,V,W  contravariant velocities in &,m, { direction
Us reference velocity

A\ relative velocity vector
Vi, Ve, V, relative velocities in x, 6, r direction
yt dimensionless wall normal distance
o swirl angle, tan~!'(Cq/C;,)
pitch angle, tan~'(C,/Cy)
At physical time step
O Kronecker delta function
Ur turbulent eddy viscosity
A kinematic viscosity
% working variable of the S-A model related to
turbulent eddy viscosity
Q rotor angular frequency in radians/sec
Tik shear stress in Cartesian coordinates
Subscripts
i,jk indices
0 stagnation conditions
oo reference variable at rotor inlet
Abbreviation
IGV inlet guide vane
BC boundary condition

2 Navier-Stokes Equations in a Rotating Frame

The governing equations solved in this study are the
equation of motion of fluid flow for turbomachinery in a rel-
ative frame of reference, which can be derived by adding
the effects of coriolis force (2Q2xV) and the centrifugal
force(QxQxr) to the equation for the absolute frame. Ex-
panding this momentum equation with continuity and energy
equations in a rotating Cartesian system(x,y,z) as shown in
Fig. 1 and applying coordinate transformation to the general-
ized coordinate system(&,m, {), the dimensionless Reynolds-
averaged 3D Navier-Stokes equations with the SA(Spalart-
Allmaras) turbulence model [18] can be expressed as the fol-
lowing conservative form:

TN

Fig. 1: The Cartesian system with y and z axes rotation
about the x-axis at a constant speed Q
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The conservative variable vector Q, inviscid flux vector
E, the viscous flux vector Ey and the source term vector S are
expressed as follows and the rest can be expressed following
the symmetric rule.
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where the overbar denotes the Reynolds-averaged quantity,
and the tilde is used to denote the Favre averaged quantity. U,
V and W are the contravariant velocities in &, 1, £ directions.
For example, U is defined as follows.

U=l+1eV =1 +1ii+ i+ 1w (6)
where
v
I = %dndc, = %dndc @)

When the grid is stationary, /; = 0. In the current discretiza-
tion, AE =An=Al=1.

The shear stress Tj and total heat flux g in Cartesian
coordinates is given by

- oi; Oy 2. 0iij
Tie = (L+p) |:(axk+8x,> _381k8x]} (8)

N AR
%= (Pr+Pr,>8xk ©)

where u is determined by Sutherland’s law. The above equa-
tions are in the tensor form, where the subscripts i,k repre-
sents the coordinates x,y,z and the Einstein summation con-
vention is used. Eq.(8) and (9) are transformed to the gener-
alized coordinate system. The turbulent eddy viscosity g is
determined by the SA one equation turbulence model as the
following:

te = PV o (10)
where
3 ~
_ _X _Vv
fVI_X3+L‘317 X—V
_ \Y J Y _1_ X
"= Rr3ee §=5+ R K2d? S, f2=1 1+3fv1

_ 1 ou; aMj
§= /200, ;=3 (W - aT,-)

The rest of auxiliary relations and the values of the coeffi-
cients given by reference [19] are used.

The normalized equation of state as a constitutive equa-
tion relating density to pressure and temperature in the rela-
tive frame is defined as

— 5Pr K,

where r (= /y? +z2) is the normalized radius from the ro-
tating axis, x in this study. For simplicity, all the bar and tilde
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in above equations will be dropped in the rest of this paper.

2.1 Implicit Time Marching Scheme

The 2nd order implicit method is used with the dual time
stepping method [16,20]. A pseudo temporal term aa—g is
added to the governing equation Eq. (1). This term van-
ishes at the end of each physical time step and has no influ-
ence on the accuracy of the solution. The pseudo temporal
term is discretized with first order Euler scheme. Let m stand
for the iteration index within a physical time step, the semi-

discretized governing equation can be expressed as

1, L5 g\ Hm 1m+1
|:(AT + E)I_ (E) SQIH‘ ,m-+

o R”+]7m _ SQn+1,m74Qn+Qn—1
- 2At

12)

where At is the pseudo time step, and R is the net flux of the
discretized Navier-Stokes equations.

3 Mixing Plane for Steady Rotor/Stator Interface

A mixing plane technique is implemented using the
ghost cell approach as sketched in Fig. 2. The conservative
variables are averaged and stored to the corresponding ghost
cells of the adjacent domain using the following relations be-
tween the moving frame and the fixed frame. For example,
the flow quantities of the cell n — 1, and » in the fixed do-
main are volume averaged circumferentially, and then stored
to the ghost cell m+ 2, and m+ 1 in the moving domain.
This method couples two domains and facilitates higher or-
der spatial schemes at the interface.

P P
pU pU
oY, |
ﬁ( 6+_rR()) N ﬁ 0 (13)
pe+ _YerRo ﬁ?
F_) v Fixed F_) v Moving

where the overbar denotes volume-averaged variables as

@:l// AV
Vv SR

As aforementioned, the circumferential average cut off
the wake propagation and add artificial mixing loss to the
calculation. However, the mixing plane method is convenient
to couple multi-stage computation.

(14)

Circumferentially averaged
ghost cells overlapped with
upstream domian

m+2 m+l m m-1m-2

Fixed domain

/

Moving domain

n2 n-l n n+l n+2

Circumferentially averaged
ghost cells overlapped with
downstream domian

Fig. 2: Ghost cell approach for mixing plane

4 Sliding Interface for Unsteady Rotor/Stator Interac-

tion

An accurate high order scheme in space is necessary for
multistage axial compressors in order to rigorously resolve
interaction effects such as wake and shocks between rotor
(rotating blade) and stator (stationary blade). A conservative
sliding BC without interpolation is developed to solve the
moving rotor in the rotating frame and the stationary blades
in the fixed frame. The relations between the moving frame
and the fixed frame are used for the information exchange.

p p
pU pU
pV; pV;
= 15
p(Wo +rRy,) pWe (as)
pe+pVerR, pe
p{/ Fixed pv Moving

The conservative variables p,pU,pV,,pVs, pe, and pv
are exchanged dynamically when the moving domains slide
and are updated in every physical time step. Since the sliding
BC with the ghost cell approach can ensure the boundary
cells to be solved in the same manner as the inner domain,
it hence can capture the interactive effects between the rotor
and the stator.

The condition for this sliding BC to avoid interpolation
across the sliding BC is to use a one-to-one matched grid at
the interface. Two domains at the interface have to have the
same mesh size and also the grid points should be evenly dis-
tributed circumferentially. This condition can be always sat-
isfied if it is fully annulus calculation. If it is for a sector of
the annulus, a geometrically periodic sector should be used
first if available. In this case, the grid size of the interface
disk in the rotor circumferential direction can be found by
the greatest common factor(GCF). For example, if we have
a compressor with the number of IGV 56 and the number
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of rotor 35, on can reduce the full annulus to 1/7th annulus
with 8 IGV blades and 5 rotor blades that satisfies the geom-
etry periodicity. Then, the GCF is 40 as 5 multiples per IGV
blade and 8 multiples per rotor blade can meet the matching
condition for both domains. In case a geometric periodicity
for a sector of the full annulus does not exist, a sector be-
ing closest to a geometric periodicity may be used based on
the best judgement. When the rotating blades are moving,
the mesh of the moving blades are moving with the blades.
The one-to-one connection of the two grid points from the
stationary blade to the moving blade at the sliding interface
will remain on the same grid points when the circumferen-
tial distance is small. When the circumferential distance of
the two grid points is greater than half of the interval due
to the moving blades, the connection will switch to the next
grid point so that all the grid points remain one-to-one con-
nected without much mesh skewness. This process will keep
being repeated in the rotor-stator sliding interface during the
calculation.

Fig. 3 illustrates algorithm of the sliding BC. Let the
rotor domain be rotated by two cells from the initial position.
Then, the cell 1 to 4 on the rotor side and the cell 3 to 6 on
the stator side are matched and exchanged, while the cell 5
and 6 of the rotor domain and the cell 1 and 2 of the stator
domain have no cells to exchange. Therefore, we define the
exchange array of those cells using a periodic rotation rule.
For instance, the rotor cell 5 and 6 are rotated by the angle(¢)
and are exchanged with the stator cell 1 and 2.

The rotating mesh may not be matched with the stator
domain like staggered grid at the interface. Mostly the in-
terpolation is necessary to find out the exact point for the in-

formation exchange. However, it needs more computational
cost and storage. We employ the conservative cell exchange
technique to reduce the computational efforts and to fully
conserve data exchange. The rotated mesh is located to the
closest cell of the counterpart domain. When At is larger than
one circumferential grid cell spacing that has domain pass a
few cells, likely more pseudo time steps are needed.

Rotor cells
to exchange
Stator domain with Stator domain

T o lo]e e
—/[eole ot

5/ ||lelelo|o
5/ |lele]ele]?
® ole|o|s o &
® ele|e “
s ) CNICES B B
;’gp/ H¥oRoN SoRNcEm

Stator cells .
to exchange Rotor domain

with Rotor domain

Fig. 3: Rotor/Stator interface exchange algorithm

5 Circumferential Fourier Phase-lagged BC

An efficient circumferential phase-lagged boundary
condition is implemented for the multi-blade passage or sin-
gle blade passage simulations. He and Denton [13] proposed
a shape-correction method where the variation in fluid prop-
erties over an oscillation cycle is decomposed into its Fourier
coefficients. This method needs much less computer storage
compared to the direct store method [12] because only the
coefficients are stored to update the variables.

Since the present solver uses the ghost cell approach at
boundaries as sketched in Fig.4, the Cell GL(ghost cell of the
lower periodic boundary) corresponds to the cell U (inner
cell of the upper periodic boundary), and vice versa for the
cell GU and the cell /L. One can write a Ny, order timewise
Fourier series for the conservative variable vector(Q) if the
rotor rotates from the lower to the upper boundary with the

phase angle(0) as

Q61(es) = Q)+ (16)
YN [Angy - sin[n(ot +0)] + Bnyy - cos[n(ot +¢)]]
O6u(xs) = QL)+ a7
YN\ [Angy - sin[n(ot — )] + Bnyy, - cos[n(wt — 0)]]
where
NP
Anip = 5 ,:Zl Q(t)11 - sin(nwt ) At (18)
NP
Any = 5 ,:Zl O(1) 1y - sin(nor) At (19)
NP
Bny, = o ]; O(t)j1 - cos(nwt) At (20)
2D

) NP
Bnjy = o FZ‘I O(1)y - cos(not ) At

where the overbar denotes a time-averaged variables, ®(=
21/ T) is the blade vibration frequency(or blade passing fre-
quency), n is the harmonic number, and NP(= T /At) is the
number of steps taken over one oscillation cycle.

The Fourier coefficients are calculated over one time pe-
riod using an approximate integral technique, the trapezoidal
rule. This means these coefficients are lagged by one cy-
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Single passage
rotor domain

Fig. 4: Sketch of Fourier phase lag domain

cle and no coefficient is available for the first cycle. For
the first vibration cycle the upper and lower boundaries are
considered periodic, and hence one can update the Fourier
coefficients over every time period from the second period.
Notice that this phase lag BC implemented includes inher-
ently the nonlinear interactions between the time-averaged
flow and the unsteady disturbances [21]. Current phase lag
BC has been validated using a full annulus flutter simulation
for NASA rotor 67 [22].

6 Other Boundary Conditions

It is convenient for turbomachinery to express the
boundary conditions in Cylindrical system. Coordinates
mapping between the Cartesian (x,y,z) and Cylindrical
system(x, 0, r) is given as

Vi " .
Ve - v-5in® —w-cos0 = yz—wy (22)
V, v-cosO+w-sin® vyTwez

r

where u, v, and w are the relative velocity components in
the x, y, and z coordinate directions respectively. The ab-
solute velocity components(Cy,Cyg,C,) are related to the rel-
ative velocity components(V, Vp,V,) using the rotor wheel
speed(rQ2) as

C Vi
c, v,

At the IGV inlet, the radial distributions of total pres-
sure P,, total temperature T,, swirl angle o and pitch angle 3
are specified. The velocity is taken from the computational
domain by the extrapolation in order to determine the rest of
variables. First, we assume that the speed of sound a is con-
stant at the inlet boundary. Then, the static temperature is

obtained by

1=, - Y=L (Ey

> (24)

where the subscripts i represents the first interior cell and
subscripts b indicates the first ghost cell of the boundary. C;
is the absolute velocity of the first interior cell and a, is the
total speed of sound defined by

(25)

Using the isentropic relations, the absolute velocity(Cp), the
static pressure(pp) and density(p,) are determined by

1 2
= —=(1,-T 2
O1= 312527 T =) 26)
L]
=P (%) @7)
Py =24 (28)

Then, the velocity components are decoupled and the con-
servative variables are found as the following:

p Po
pVy PsCr - cosP
pVr | = PoCon - sinfd (29)
pVe Pp(Cp - tana— rR,)
pe /, iy R (VEHVE+VE - rRY)

At the stator outlet, the static pressure(p;) is specified in
the spanwise direction. The components of velocity(u, v, w)
are extrapolated from the computational domain. Then, to
update the density(p,) by using the following isentropic re-
lation.

1
v
Py = (pb> Pi
Pi

where p; is the static pressure and p; is the density at the
first interior cell of the outlet boundary. The total energy is
updated based on pj, and py.

(30)
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On the solid wall, the non-slip boundary condition is ap-
plied to enforce mass flux going through the wall to be zero.
The velocity components of the ghost cells are obtained by
the extrapolation between the moving wall velocity and inte-
rior cells as follows:

3D

where V, denotes the ghost cell velocity, V; stands for the
velocity of 1st interior cell close to the wall, and \7W is wall
moving velocity given by Q x 7. Another option to save mesh
size in our computation is to use the law of the wall. When
y™T is between 11 and 300, the no slip condition is replaced
by using the wall function.

1
= iyt B (32)

where k denotes Von Kdrmdn constant taken as 0.41, and B
denotes a dimensionless constant corresponding to the wall
roughness taken as 5.0. If the wall surface is 1 direction, the
wall static pressure for the inviscid momentum equation can
be determined by the following manner.

/M T

ap — Pi Vez (33)

If the wall surface is stationary, then the static pressure gra-
dient across the wall boundary is set to zero. In addition, the
adiabatic condition(dT /dn = 0) is used to impose zero heat
flux through the wall.

7 Steady Simulation

Using the mixing plane, the single passage steady com-
putations are performed with CFL number of 1. In-phase
condition was applied at periodic boundary. The computa-
tional mesh is presented in Fig. 5. The rotor tip clearance
of about 2.4% tip chord was given. The rotor tip is pre-
cisely modeled with 21 grid points using a O-mesh block.
The mesh of IGV/rotor/stator is partitioned to total 30 blocks
for parallel computation. The mesh around blade was con-
structed by using the O-mesh. The H-mesh is used for the
matched disk at interface of IGV/rotor/stator since the 1/7th
annulus mesh used for the unsteady simulation is built by
copying the single passage mesh.

In Fig. 6, the absolute Mach number and static pressure
at 50% span are shown. At the interface of IGV and rotor,
and rotor and stator, the flow of the upstream outlet boundary
is mixed out to the downstream boundary. The discontinuity
from the upstream to the downstream at the mixing plane
is obvious. In reality the interaction between two adjacent
blade rows in the relative rotation has significant effects on
the blade aerodynamic performance such as total pressure
loss.

Fig. 7 shows the predicted radial profiles of total pres-
sure ratio, total temperature ratio, absolute flow angle, and
adiabatic efficiency at rotor exit. Compared to GE’s steady
state CFD prediction, all profiles show good agreement. The
current results show slightly higher efficiency than GE’s
steady state CFD results over the 70% span.

8 Unsteady Simulation

Unsteady simulation for 1/7th annulus of the multistage
compressor was performed over 2 rotor revolutions(2800
physical time steps) with a pseudo time CFL of 1 using the
Fourier phase lag BC. The rotor blade passing frequency is
used in the phase lag BC for all the blade rows. The number
of pseudo time steps within each physical time step is deter-
mined by having the residual reduced by at least two orders
of magnitude, which usually is achieved within 40 iterations.
Physical time step of 1/1400th rotor revolution is used. To
reduce CPU time, the flow field for the unsteady simulation
is initialized using the mixing plane .

Fig. 8 shows the interface mesh system that enables
information exchange in the the fully conservative manner.
1/7th annulus mesh was split into total 174 blocks for the
parallel computation. In particular the grid points of 101 in
the blade-to-blade was determined to be able to resolve the
blade wall boundary layers and wakes.

Fig. 9 illustrates an instant entropy contours, which
shows the wake propagation in the blade passage and cross
blade rows.

Fig. 10 shows the instantaneous static pressure at 50%
span. There are no shocks in the mid-span passage. The
instantaneous pressure at the upstream interface of the ro-
tor is measured during the unsteady simulation as shown in
Fig. 11. The static pressure fluctuates in the phase locked
frequency due to IGV and rotor interaction.

Fig. 12 shows the predicted frequency at 50% span of
rotor upstream interface. Blade passing frequency (BPF) is
sharply captured.

Fig. 13 compares rotor blade surface pressure distribu-
tions at 50%, 98% span respectively. The unsteady results
are time averaged for 700 time steps. A significant difference
between the steady and the unsteady simulation is shown
even though the overall loading is similar, whereas the pre-
dicted pressures are almost identical at 50% span. The un-
steadiness generated by rotor/stator interaction becomes sig-
nificant toward rotor tip. The reason may be that the mixing
plane method cut off the shock propagation upstream and
tip vortex propagation downstream. These two factors ul-
timately affect the predicted tip loading distribution of the
blade.

9 Conclusions

This paper simulates the GE 1-1/2 stage compressor us-
ing steady state calculation with mixing plane boundary con-
dition and unsteady calculation with sliding boundary condi-
tions. The unsteady sliding boundary conditions are fully
conservative without interpolation by always having the grid
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point one-to-one connected. The steady state multistage sim-
ulation using mixing plane BC agrees well with the results
of GE’s steady state CFD prediction. The unsteady multi-
stage simulation using sliding BC and phase lag BC predicts
almost identical loading distribution to the steady state sim-
ulation at the mid-span, but have significant loading distri-
bution difference at tip section. The reason may be that the
mixing plane method cut off the shock propagation upstream
and tip vortex propagation downstream. These two factors
ultimately affect the predicted tip loading distribution of the
blade.
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Fig. 5: Single passage mesh for steady mixing plane
simulation; IGV=121(around blade) x 51(normal to the
blade) x 71(spanwise), Rotor=201x 51x 71, Stator=121x
51x71, tip block = 201 x 14 x21
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Fig. 6: Mach number and static pressure contour of 50%
span predicted by the mixing plane simulation
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Fig. 7: Predicted pitch-averaged spanwise profiles at rotor
exit plane; total pressure, total temperature, absolute flow
angle, adiabatic efficiency
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Fig. 8: 1/7th annulus mesh with H-disk blocks at
IGV/rotor/stator interface for the unsteady simulation

Entropy
50% Span

Fig. 9: Entropy at 50% span
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Fig. 10: Static pressure at 50% span
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Fig. 11: Static pressure oscillation at the interface of the

rotor tip upstream
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Fig. 12: Predicted blade passing frequency at 50% span of

rotor upstream interface
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Fig. 13: Distributions of rotor blade surface static pressure

at 50% and 98% span
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