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The application: Boundary Layer Ingestion on D8 aircraft
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The application: Boundary Layer Ingestion on D8 aircraft

Previous method:
Uniform static
pressure jump

Pavg = 0.5(])1 +pJ+1)
pJ — pa\rg e O.SAp
PJ+1 = Pavg + 0.5Ap

(p, T are not jumped)
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The implemented body force model by Hall et al.

V- (pV)=0 f— 2m(5|W|?)
vp 27rr|n0|
V-VV + — p =f

V-Vh, =V -f+é e=T-VVs=-W-f

Hall et al. “Analysis of Fan Stage Conceptual Design Attributes for Boundary Layer Ingestion”, 2017, ASME J. Turbomach.
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The implemented body force model by Hall et al.

V-(pV)=0 ;= 27r5( W |2)
vp 27rr|n9|
V-VV + = ; =f

V-Vhy =V -f+é e=T-VVs=-W-f

W - f = 0 (Isentropic flow turning)

Hall et al. “Analysis of Fan Stage Conceptual Design Attributes for Boundary Layer Ingestion”, 2017, ASME J. Turbomach.
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Implementation of the body force model
1. Define:
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Implementation of the body force model
1. Define: 2. Extract:

W=V-U=V-Wre

é—arcsin( W-n )
W/ |n|
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Implementation of the body force model

3. Flatten

2. Extract

1. Define

U=V-re

Vv
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|- n

n

arcsin

4]
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4. Extend

T R R AR SRS AN S DO —_
AR

TN EIRRRNRRY
R RI R R

12/60

Implementation of the body force model

3. Flatten

2. Extract

1. Define




R
o,
X
N

R
R
A

N

2
SN
&K

o
N
NN

SRR N
S S
X \\\\\\\“\

3
N
N
\\\\\‘\
N

<
R
N
X
o ‘\\\\
R
R
R
S
S

X
X
R
R
“‘
0% X
SRR,
!
SRS
SEKEAIRE:

N

3
R

%

CISX
“““"“
RS

<
X
2%
%%
el

KK
K
SRS,
SRR
é““"

S
X
o
S
XX

<X
S
R
S

.
.
KK
XX
R

o
o
0O
RS
RS

SRS
= .
QWWMNWIMMI =
S===-—
===
AT
e

Revolve

5

SRR
TR T RNt
TSI T IT
T R R

4. Extend

SR

RN
S TTIUTTITINIT I R R R
T T T T R

SETE LTI R

3. Flatten

2. Extract

Implementation of the body force model
1. Define

13/60



Implementation of the body force model
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Implementation of the body force model
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Implementation of the body force model
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Flow solution methods

Grid Generation: Chimera Grid Tools (CGT)
Steps 1 to 7 are automated by routines added to CGT codebase

Solver: Overflow 2.2]
An implicit RANS solver for body-fitted structured overset grid systems.

Simulations here used
* Diagonalized approximate factorization scheme [Pulliam and Chaussee 1981]
* Central difference in Euler terms
e Steady-state simulations with constant CFL number
* Matrix dissipation
e Spalart Allmaras (SA) turbulence model
* Body force method grids and metric files are automatically split
 No multigrid when the body force model is used
* Jacobians of source terms are not added to left hand side
(Hence no low Mach preconditioning when the body force model is used)

Nichols and Buning, Users Manual for OVERFLOW 2.2, https://overflow.larc.nasa.gov
Chan, Gomez, Rogers and Buning, Best Practices in Overset Grid Generation, 2002, AIAA-2002-3191



Test Cases

A stand-alone Source Diagnostics Test (SDT)
fan with R4 rotor blades
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Test Cases

A stand-alone Source Diagnostics Test (SDT)
fan with R4 rotor blades

A stand-alone TF8000 propulsor
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Test Cases

A stand-alone Source Diagnostics Test (SDT)
fan with R4 rotor blades

A stand-alone TF8000 propulsor

— The D8 aircraft model in a wind tunnel
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Source Diagnostics Test (SDT) fan with R4 Rotors

nacelle

stator

rotor blades

blades [=372 cm

Envia, E., “Fan Noise Source Diagnostic Test
Completed and Documented,”
NASA Tech. Memo. TM-2003-211990
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Source Diagnostics Test (SDT) fan with R4 Rotors

nacelle

22 stator

rotor blades
blades

/=372 cm

Envia, E., “Fan Noise Source Diagnostic Test
Completed and Documented,”
NASA Tech. Memo. TM-2003-211990

E 5E)

Tip clearance = 0.5 mm

35 million vertices, y*=1
4 to 8 hours on 128 Haswell cores

Full convergence with body force mode
Partial convergence with pressure jump - No body
— force
No body

force 22/60



SDT fan results

body force

uniform pressure jump

Swirl

Via, o4 02 0 02 o4
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SDT fan results

body force

uniform pressure jump

Swirl

Via, o4 02 0 02 o4

Static Pressure

CP: 15 -10 0 10 15
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SDT fan results

body force

uniform pressure jump

Swirl

Via, o4 02 0 02 o4

Static Pressure

CP: 15 -10 0 10 15

Total Pressure

CPtot: 1 10 20 30

25/60



SDT fan results

body force

uniform pressure jump

Swirl

Via, o4 02 0 02 o4

Static Pressure

CP: 15 -10 0 10 15

Z7‘ "/.\

CPtot: 1 10 20 30

Total Pressure

Entropy
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SDT fan results

body force

uniform pressure jump

Swirl

w: -04 -02 0 02 04

Static Pressure

CP: 15 10 0 10 15

Total Pressure

}ﬁ/‘\

CPtot: 1 10 20 30

Entropy

Mach number

M: 0.0 0.1 0.2 0.3 0.4 0.5 0.6
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SDT fan results

uniform pressure jump

body force

Streamlines

M: 0.0 0.1 0.2 0.3 6.4 0.5 0.6
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SDT fan results

Station 2
! x=51.7 cm

ro

Station 1

x=43.2 cm

29/60



SDT fan results

N

Station 2
x=51.7 cm

Station 1
x=43.2 cm

7,808 rpm 12,657 rpm
Experiment SDT campaign at NASA Glenn Research Center
(phase-avg.) POC: Dr. Ed Envia

--- —-—-—  Experiment
(mean of phase-avg.)

- —  Simulation
(body force model)

30/60



SDT fan results

Station 1 Station 2
| casing ﬁ)
! étation 2 15} :
;o x=51.7 cm - =
Station I L 50 100 150 200 50 100 150 200
R x=43.2 cm V. [ms]
7,808 rpm 12,657 rpm
Experiment
(phase-avg.)
--- —-—-—  Experiment

(mean of phase-avg.)

_ —  Simulation
(body force model)
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S DT fa Nnresu ItS 30¢ Station 1 Station 2

Casing, ﬁ
L 1

x=51.7 cm A

S

Station 2 15}
r hub
Station I L 50 100 150 200 50 100 150 200
x=43.2 cm
— e e e e o 30 Vx [m/s]
25|
7,808 rpm 12,657 rpm —
Experiment E 2ol
(phase-avg.) ~
--- - - -  Experiment 15
(mean of phase-avg.)
_ —  Simulation 10l
(body force model) 50 100 150 200 50 100 150 200

Vo [m/s]

32/60



SDT fan results Station 1

casing
1
(]
1

Station 2

N

x=51.7 om A

Station 2 15}
r hub
Station I L 50 100 150 200 50 100 150 200
=43.2
B e v, [m/s]
25|
7,808 rpm 12,657 rpm —
Experiment E 20
(phase-avg.) ~
--- ———  Experiment 15
(mean of phase-avg.)
- —  Simulation 1ol
(body force model) 50 100 150 200 50 100 150 200
Vo [m/s]
at Station 1, 12,657 rpm V. [m/s] Vp [m/s] Py, /P,
Experiment 171 138 1.509 Hughes et al., 2005
Body Force Model 172 133 1.491
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The D8 aircraft in wind tunnel
Experiment: NASA Langley 14x22ft Wind Tunnel

M_~0.088

Uranga et al., Preliminary Experimental Assessment of the Boundary Layer Ingestion Benefit for the D8 Aircraft, AIAA-2014-0906

- - a - -y = \
AL > . b - - g

CFD: Simulation of the model in the wind tunnel including the contraction and diffuser sections

Pandya, External Aerodynamics Simulations for the MIT D8 “Double-Bubble” Aircraft Design, 2012, ICCFD7-4304 34/60



TF8000 propulsor on D8

TF8000 propulsor

nacelle

d/2=7.2 cm

5 rotor
blades

D8 aircraft in wind tunnel

[=29.2 cm

4 stator
blades

200 million vertices, y*=1
30 to 40 hours on 800 Haswell cores
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TF8000 propulsor on D8 -- Results

body force uniform pressure jump

Static Pressure
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TF8000 propulsor on D8 -- Results

body force uniform pressure jump

Static Pressure

CPO 2.0 0.0 2.0

37/60



TF8000 propulsor on D8 -- Results

body force uniform pressure jump

Static Pressure

CPO 2.0 0.0 2.0

Mach number
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TF8000 propulsor on D8 -- Results

ACPOZCPO,body force ~ CPO,pressure jump

AC,, EE

-1.0 -0.5 0.0 05 1.0

ID\

—
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TF8000 propulsor on D8 -- Results
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TF8000 propulsor on D8 -- Results

| % Cow — ffan<pt,oo —p:)(V-n)dA
L — Go Voo Srey
—

Method Cs C; Cpk Cw
Experiment 0.0000 £ 0.0006 0.644 =0.001 0.045+0.001 0.0267 & 0.0006
Uniform Pressure Jump | 0.0002 0.651 0.045 0.0282

Experimental data inferred from Uranga et al., 2014 41/60



TF8000 propulsor on D8 -- Results

QOoVooSref

\Z‘% Cpk = ffan(pt’oo — PV m)dd
P—

Method Cs C; Cpk Cw
Experiment 0.0000 £ 0.0006 0.644 =0.001 0.045+0.001 0.0267 & 0.0006
Uniform Pressure Jump | 0.0002 0.651 0.045 0.0282

Body Force, 11,450 rpm | 0.0005 0.678 0.043 0.0281

Experimental data inferred from Uranga et al., 2014
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Summary & Discussion

The body force model by Hall et al. predicted integrated quantities within a
few percent on SDT with R4 rotor blades.

In TF8000 propulsor cases the predictions were a bit more off, possibly due
to certain uncharacterized sources of error across CFD and experiments

The body force model provided detailed insights on the buildup of
mechanical power throughout the propulsor

Further work will include adding compressibility, blade blockage and
endwall corrections into the model

Further work will also include implementing propulsor models of various
fidelities to assess the modeling fidelity sufficient for a given modeling goal
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TF8000 propulsor on D8 -- Results

QOoVooSref

\Z‘% Cpk = ffan(pt’oo — PV m)dd
P—

Method Cs C; Cpk Cw
Experiment 0.0000 £ 0.0006 0.644 =0.001 0.045+0.001 0.0267 & 0.0006
Uniform Pressure Jump | 0.0002 0.651 0.045 0.0282

Body Force, 11,450 rpm | 0.0005 0.678 0.043 0.0281

Body Force, 11,100 rpm | 0.0028 0.672 0.039 0.0275

Experimental data inferred from Uranga et al., 2014
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TF8000 propulsor on D8 -- Results

body force uniform pressure jump

Vy/aOo 006 003 0 003 0.06
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TF8000 propulsor on D8 -- Results

body force uniform pressure jump

e
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TF8000 propulsor on D8 -- Results

body force uniform pressure jump

— body force model
—— pressure jump model
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TF8000 propulsor on D8 -- Results

body force uniform pressure jump

l VIV, | l VIV, | VIV,
0.0 0.5 1.0 -0.1 0.0 0.1 -1 0 1
20 casing L N~
X1:2.79 m: 'g‘ 15}
(fan face) 3 — body force model
A hub — pressure jump model
10¢
il fuselage 50/60



TF8000 propulsor on D8 -- Results
body

force uniform pressure jump

. . L
0.0 0.5 1.0 -0.1 0.0 0.1 -1 0 1

201

I /
xX,=2.67 m: =l
(0.88d upstream) ©, — body force model
N — pressure jump model
10t
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TF8000 propulsor, standalone

D8

D8, podded variant (non-BLlI)

—
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TF8000 propulsor, standalone

D8, podded variant (non-BLI)
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TF8000 propulsor, standalone

L Standalone TF8000 propulsor



