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Name Baseline Value  Change Delta Delta% =
43 Turbofan
4 {303 - Structure
43 Turbofan
4 fan
»a @ fan efficiency  1.0000 1.0000 = 00 00
= @ fan exit velocity  350.00 486.96 L} 13696 30132
= @ fan nozzle efficic 1.0000 1.0000 = 00 00
»= @ fan pressure rati  1.5000 3.0000 » 1.5000 100.00
4 B nozzle
»= @ nozzle efficiency 1.0000 1.0000 = 00 00
= @ nozzle exit veloc 920.00 40038 L3 51962 56.480
= @ thrust 488000 964679 L} 476679 97.680
4 [ turbine
o> @ exit pressure 100000 28659 L3 71341 71341
+= @ max turbine inle  1700.0 1700.0 = 00 00
= @ exit temperature  1000.0 698.95 ¥ 30105 30.105
+= @ turbine efficienc  1.0000 1.0000 = 00 00
4 1= compressor
> @ inlet temperatur  250.00 24478 L3 52240 20896
= @ diffuser efficienc 1.0000 1.0000 00 00
o prec 25000 25.000 00 00 -
Requirements
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4@ 1 Turbofan Requirements
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& 1.1.1 Bypass Ratio v 20000
4@ 1.2 performance Requiren
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8121 TSFC v 2.6006E-6
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= @ fan nozzle efficic 1.0000 1.0000 = 00 00 ot
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»= @ nozzle efficiency 1.0000 1.0000 = 00 00 CompressorPR
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= @ thrust 488000 964679 M 476679 97.680 e
4 = turbine BurnerPR
I = @ exitpressure 100000 28659 v o7z Taa s
E += @ max turbine inle  1700.0 oo = 00 00
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4
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= @ inlet temperatur 25000 24478 ¥ 52240 20896
s @ diffuser efficenc 10000 10000 = 00 00 S
o @ nre 25000 25000 = 00 00 PA
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8121 TSFC v 2.6006E-6




J. Simmons, Ph.D. NERUMMAN
Systems Engineering Manager, NGSP Launch Vehicles

15 years in Digital/Systems Engineering

+ Ph.D. in Space Systems Engineering from the Air Force
Institute of Technology

*  M&S automation/integration for MDAO
* Implementing Digital Threads between MDAO & MBSE

Supported all corners of the Aerospace
Industry

* Govt: DoD | Air Force | Navy | Army | NASA
* Cont: NGC | Lockheed | Boeing | Raytheon | SAIC
* Labs: JPL|APL| SNL
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We must establish a trusted Digital Thread

“Absent required human judgment or critical thinking, activities
we can turn into computerized checklists me&y be automated.”
Dr. Will Roper, Bending the Spoon  ¢hould
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We start with a shared definition of done
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Which schedule would you prefer?
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Option 1: Serial Execution

Systems Modeling

SME Modeling

Integration

Option 2: Parallel Execution

Int Prep

Integration ‘

e
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ModelCenter MBSE in a Nutshell
Systems Engineering: Domain/Discipline Engineering:

Architectural Model ModelCenter MBSE Executable Analysis Model

Engineering Analysis
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The Constraint Block is where the magic happens
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«constraints
: CoreEngine

DiffuserEff
FanEff
FanhozzleEff
CompressorEff
BurnerEff
TurbineEff
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FanPR

BurnerPR
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GasConstant
Mach

TempExit
PressureExit
FanExitVel
Pressurelnlet
Tempinlet

FuelRatio

Analysis

Editor

AwrnEPdPD [




Completin

and running the analysis
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[ diftuser effciency :Real |

2

Dftuserr

inlet pressure :Pa

Fansiavel
u

Pressureinit

[attomporatr

.

(e}

burner : Burner.
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‘ =] = T = Name Baseline Value  Change Delta Delta% 2
= 4 [@ Turbofan
Fan Exit Velocity Plan 4 £3 03 - Structure
[ Fan Exit Velocity 350 W Sisboin
[ Fan Exit Velocity 400
4 [%] Fan validation Plan 4H fan
[ Fan 350 s= @ fan efficency  1.0000 1.0000 = 00 00
B Fan 400 = @ fan exit velocity 350.00 486.96 L 13696 39.132
+a @ fan nozzle efficic 1.0000 10000 = 00 00
+a= @ fan pressure rati 1.5000 3.0000 ) 1.5000 100.00
4 8 nozzle
+= @ nozzle efficiency 1.0000 1.0000 = 0.0 00
=» @ nozzle exit veloc  920.00 400.38 v 51962 56.480
= @ thrust 438000 964679 B 476679 97.680
4 H turbine
= @ exit pressure 100000 28659 + 71341 71341
= @ max turbine inle  1700.0 17000 =; 0.0 00
= @ exit temperature 1000.0 698.95 ¥ 301.05 30.105
+a @ turbine efficienc  1.0000 10000 = 00 00
4 = compressor
= @ inlet temperatur  250.00 24478 13 52240 20896
»a @ diffuser efficienc 1.0000 1.0000 = 0.0 00
a @ nrec 25000 25000 = 00 00
Requirements
Name Satisfied Margin
4 3 1 Turbofan Requirements
48 1.1 Geometry Requiremer
& 1.1.1 Bypass Ratio v 2.0000
4 & 1.2 Performance Requiren
8122 Specific Thrust o 1809.3
& 1.2.1 TSFC v 2.6006E-6
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Structured Approach to Integration (Cliffs Notes)

« Step 1: Create Representation of Analysis
« Step 2: Identify the Independent Models
« Step 3: Identify the Interfaces

« Step 4: Build the Models

« Step 5: Perform the Integration

|

Cory Kinsel, Engineer Systems Architect
Northrop Grumman Space Systems

« Step 6: Execute Analysis/Process Results

13
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Int Prep

Integration ‘
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Mapping the Approach to the Schedule

—_

« Step 1: Create Representation of Analysis

« Step 2: Identify the Independent Models

f

Integration Prep

« Step 3: Identify the Interfaces

« Step 4: Build the Models } Modeling
« Step 5: Perform the Integration } Integration
« Step 6: Execute Analysis/Process Results } Execution
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Steps 1 & 2
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Step 1: Create Representation of Analysis

Gomtom Dngram oA orsoomei 5] oA O Aty OevaprenPoge ]|

Traceability to System Requirements N

Author Decomposed Requirements 1

= '
Por1A9K 05.01_Fo quirements Authoring POr1AOK.0501 R sut Biock_Rasults Raquirsmants
1

PartA0x 0501 Result Bock_Requirsments Traceabilty

f1g ool St mens focsten — — !

Capture:

+ Goal of Analysis

— “The goal of this analysis is to find a
valid solution point to write requirements
to be levied against specific
components of the turbofan.”

+ Traceability to Requirements

— The on-design conditions shall be
evaluated at M = 0.8, Ta =217 K, Pa =
18750 Pa.

— The specific thrust must be at least
120.1 N-s/kg

— The TSFC of the turbofan must be no
more than 1.56E-5 kg/N/s.

Step 2: Identify the Independent Models

NORTHROP
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» Who are the stakeholders in this integration process?
— Systems Engineering needs to breakdown system level requirements
— Propulsion Engineering has design and part selection authority

+ Are there existing analytic models (Excel, Matlab, CAD, etc)?
— 3 models (Core Performance, Nozzle Performance, Overall Performance)
— Each has impact on future lower-level requirements

+ Is there any new development that needs to occur?
— May need to create a workflow that automates these calculations

16
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Step 3: The Constraint Block defines the Interface
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par [Block] Turbofan [ Core Engine Analysis Spec ] J

BypassRatio
MaxTurbinelnletTemp
SpecificHeat
HeatOfReaction
SpecificHeatRatio
TempAmbient
PressureAmbient
GasConstant

Mach

Marme

Documentation

Type

O BPR

[ Real

‘ Units |

e

[ Real

NI N e e

EMach
— L
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Step 4 then happens in parallel
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Step 5 becomes trivial

(=) Analysis Selection
Analysis Type:  Analysis Server -
-
server Address:  a@servi//localhost
Current Path:
«constraint»
- GoreEngine Server Browser
4 (8 aservi//localhost
DiffuserEff TempExit b B brake
FanEff PressureExit I B drivers .
FanNozzIeEff FanBxivel I B magicDraw_training %
I B9 wrappers 2
CE=eorET Pressurenlet PP 2]
BurnerEff % Block &
Tempinlet * Circle b
R FueRatio % DampedSimulationTimeStep -
CompressorPR. % Rectangle
FanPR L Rectangle2 -
BurnerPR . : PrrTy
. (=) Map Analysis Variables
i 1
EXRRSEE Systems Model Structure ' ® > ¥ Analysis Variables
MaxTurbinelnletTemp /‘
Name Type Name Typ!
SpecificHeat \ gamman Real 4 I Nozzle
HeatOfReaction ™ POS Real \ #= gamman al
SpecificHeatRatio \ Pa Real \ /—> += nozzle_Efficiency Real
R Real sm R Real
TempAmbient o o
TOS Real g Y H @ TOS Real
(s nozzle_vel Real & s Pa Real
GasConstant nozzle_Efficiency Real > POS Real
Mach g nozzle_vel Real
LN n ] o n ] -
(#) Requirements Details
o ¢ Analysis Name:  localhost




That just leaves Step 6
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Workspace Explorer

m Execution Requ... X | [E] Execution Requ... X

48 ion Requirement

2] Execution Requirement Failed
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4[] Fan Exit Velocity Plan
[ Fan Exit Velocity 350
[ Fan Exit Velocity 400
4 [%] Fan validation Plan
[ fan 350
[ Fan 400
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Results Completed: 2020-01-15 15:36:05
Name Baseline Value Change Delta Delta%
4 [§ Turbofan
4 £ 03 - Structure
4 (3 Turbofan
4 = fan
»= @ fan efficiency  1.0000 1.0000 = 0.0 00
= 4 fan exit velocity 350.00 486.96 a 136.96 39.132
= @ fan nozzle efficic  1.0000 1.0000 = 00 0.0
»= 4 fan pressure rati  1.5000 3.0000 N 1.5000 100.00
4 = nozzle
= @ nozzle efficiency 1.0000 1.0000 = 0.0 0.0
= @ nozzle exit veloc 920,00 40038 ¥ 519.62 56.480
o @ thrust 483000 964679 n 476679 97.680
4 H turbine
= @ exit pressure 100000 28659 + 71341 71341
v @ max turbine inle  1700.0 1700.0 = 0.0 0.0
= @ exit temperature  1000.0 698.95 ¥ 30105 30.105
~= @ turbine efficienc 1.0000 1.0000 = 00 00
4 = compressor
=+ @ inlet temperatur  250.00 24478 + 52240 2.0896
»= @ diffuser efficienc 1.0000 1.0000 = 0.0 0.0
o= @ o nre 25000 5.000 =°°" 00 0.0
Requirements
Name Satisfied Margin
4 @ 1 Turbofan Requirements
418 1.1 Geometry Requiremer
8 1.1.1 Bypass Ratio v 2.0000
48 1.2 Performance Requiren
8 1.2.2 Specific Thrust v 1809.3
&1.2.1 TSFC v 2.6006E-6

5656




In Summary....
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Systems Modeling

Integration
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