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INTRODUCTION - State of the Space Launch Industry  oesa

Reusability

Reliability
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Presenter Notes
Presentation Notes
-Big trend of reusability in industry
-Frequently accompanied by Cost and Reliability (Falcon 9 promotional material, Neutron development update9



INTRODUCTION - Main Challenges

Recovery Hardware
» Retrieval and Refurbishment Operations

Reusability

Reliability Decrease
Aging Effect

Reliability

Reusable Hardware and Operations
Reliability Increase
« Cost of Failure
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Presenter Notes
Presentation Notes
Elements bring challenges
	Reusability
	-Recovery HW and Operations are fleshed out in literature, but not how they relate to cost and reliability
	Reliability
	-Misconception
	-Aging hasn’t been addressed in literature
	Cost
	-No good way to estimate the cost of HW items
	-Estimate the cost of the reliability increase
	-Consider failure as a cost



INTRODUCTION - Model Synthesis

Estimating cost of
hardware and
Operations

Estimate reliability of
vehicle through
lifetime

Classic modeling
« Cost model
* Reliability model

Cost of reliability
Increase

Impact of failure in
lifecycle cost

Intersection of cost and
reliability

* New CERs

* Failure cost model

Variable Expected
Value

Product of linked model
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RELIABILITY MODEL - Methodology

Subsystem Estimate System Reliability Analysis

* Historical Data * Reliability Block Diagram
* Test Data  Fault-Tree Analysis

* Parametric
* Non-Parametric

Reliability Growth
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RELIABILITY MODEL - Propulsion System modeling Cesa
requires further detail

3%
2% o

PROP STR e Propulsion System (PROP).
. . e Trajectory and Attitude Control System (TACS).
e Power Storage and Distribution System (POW).
T A P e Telemetry (TEL).
. CS . Ow e On-Board Computer (OBC).
e Thermal Control System (TCS).
EP TCS e Structures (STR).
|:| S . e Separation Systems (SEP).
B TEL L] OBC
Fig. 1 - Launch failures in the past 15 years classified by
subsystem [1].
7
N =N 4 1= Sl D —m == B e Il ZE s2 Bl = = im [+l » THE EUROPEAN SPACE AGENCY



RELIABILITY MODEL - Subsystem Estimate

: Non-
KaEpéﬁpn- gfg;er ey Parametric
Test and Estimate

Operational
Data

Goodness-0Of-Fit Check

Maximum-
Likelihood
Estimator

- \ Parametric
Historical Data
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RELIABILITY MODEL - Subsystem Estimate
Merlin Engine Example

Flight Number Number of Failures

1 3

5 1

6 1

4 Data with Right Censoring

Unit 1 # Running
Unit 2 ¥ Failed
Unit 3 # Failed
Unit 4 # Running
Unit 5 # Failed

Fig. 1 — Representation of a right-censored data set [2].

>
Time

Flight Number Number of Right-
Censored
Elements

1 154

2 160

3 20

4 40

5 19

6 19

7 10

10 10

11 20

12 10
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RELIABILITY MODEL - Subsystem Estimate Cesa
Merlin Engine Example

Engine Reliability (Kaplan-Meier Estimator)

1.025 A

1.000 -
B

0.975 1

Reliability
o
w
(9}
[}

0.925

0.900

0.875

T T T T T
0 2 4 6 8 10
Failure units

Fig. 3 — KME applied to Merlin Engine data.
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RELIABILITY MODEL - Subsystem Estimate Cesa
Merlin Engine Example

Engine Reliability (Weibull MLE)

—— Fitted Distribution
1.00 « failure data
0.95 ¢
0.290
=
a 0.85
o
&
0.80
0.75
0.70
065 T T T T T
0 2 4 6 8 10 12

Flight Number

Fig. 4 — MLE applied to Merlin Engine data assuming Weibull
distribution.
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“RELIABILITY MODEL - Subsystem Estimate Cesa
Merlin Engine Example

Engine Reliability

1.00 — KME
KME 95%
WB (MLE)
0.98 1
E— |
E 0.96 -
e
G
&
0.94 -
0.92 4
T T T T T
0 2 4 ¥ 8 10

Flight Number

Fig. 5 — Goodness-of-fit verification of MLE Weibull with KME.
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Presenter Notes
Presentation Notes
Assessing the GOF, we see that the two methods converge, albeit with high uncertainty due to low quantity of failure data
Interesting detail is that engine failures can be hidden due to engine-out capability



“RELIABILITY MODEL - System Estimate
Fault Tree Analysis Top Level

Stage 1 Stage 2 Fairing Separations
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Presenter Notes
Presentation Notes
Mathematically express the sequence of failures in order for the top event failure to happen
Main event: Loss of Mission
1st level of indenture: stage and events level
Modelled as an or gate: one has to fail in order for the whole system to fail



“RELIABILITY MODEL - System Estimate Cesa
Fault Tree Analysis Subsystem Level

I |
{ Avionics Siring 1 ] { Avionics Siring 1 } Power Strin
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Presenter Notes
Presentation Notes
Subsystem Level: exemple of redundancy for reliability increase, modeled with and gate



“RELIABILITY MODEL - System Estimate @ csa
FTA Propulsion System

{F’rnpulsinn Failure} Engine'OUt MOdeI:
n
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Presenter Notes
Presentation Notes
Detail in the propulsion subsystem:
	common cause failure: factory or batch defects that cant be addressed by redundancy
	Catastrophic failure: such as engine explosion
	Multi-engine vehicles such as the falcon 9 use engine-out capability: in case failure is predicted, the main computer shuts down faulty engine and the rest are throttled up in order to accomplish mission. M out of N gate



RELIABILITY MODEL - Reliability Increase Strategies esa

Increased . I(\:/I?(XE-IAMSAA Reliability Growth N | | | )

TeStmg » Counting Method;

» Simple Redundancy;

ACUUINCEUOMN . - o Out Capability:
%
: * Operating an item at a stress
Derating lower than its rated design N
value; il lapins
Qua“ty e Use of Components with h|gher Fig. 6 - Reliability increase due to engine-out capability.
Increase reliability.
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Presenter Notes
Presentation Notes
Crow-AMSAA: empirical observation that reliability increases with time of testing or operation
Counting method: allows to obtain a reliability estimate based on a mission equivalence factor

Detail of the importance of the engine out capability




COST MODEL - Cost Estimating Tools

uropean
Space
Program
Data

SOLSTICE &
TRANSCOST
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COST MODEL - Methodology

Cost per
Flight

Operations
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COST MODEL - T1 Equivalence Method esa

Model Philosophy

ik

o
7 e Development
Costs
First Unit
Estimate
C=a-M" Manufacturing
log(C) = log(a) + b - log(M) COStS
C-Cost
M-Mass

Crawford learning curve:
log(p

MAN; = T, - ilog@

Integration and Testing
Factor (I&T)

a, b-Regression Coefficients
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COST MODEL - Cost of Operations

— Ground

Flight and
Mission

Direct
Indirect Transportation
Operations and Recovery
.

Refurbishment p\@l Fees and
and Spares Insurance

Operations W
Costs
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COST MODEL - Cost of Retrieval

Parametric «  Function of Mass
TRASSEIET « Based only on “Splash-Down”

Retrieval

In-Air Capture

Engineering | Down-Range Parametric
DLR Study | Build-Up Landing at Sea

Recovery Mass «  Function of
2x Falcon 9 Return to yearly Launch
Mass not Launch Site Rate

driving factor
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COST MODEL - Cost of Refurbishment esa

Percentage il + Falcon 9: 1.4%
T1 e Shuttle Orbiter: 2.3%

* Orbital Ramjet: 3%

Refurbishment

: « Learning and Rate effects;
Parametric |

CER « Verified with Merlin reference.
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COST MODEL - Cost of Failure esa

Failure Cost: 2-5 times CpF
1. Flight/Vehicle Replacement
ncrease in Insurance Rates

. Failure Investigation

2
3
4. Implementation of Modifications
5

. Cost of Downtime

LO\/X
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COST MODEL - Cost of Failure

Vehicle/Flight Replacement

* Manufacturing Costs

* Operation Costs

* Re-Flight Guarantee (RFG)
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COST MODEL - Cost of Failure esa

Increase Iin Insurance Rates
* |Insurance Policy
 Insurance Rates

e Time to Recover
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COST MODEL - Cost of Failure

Failure Investigation
* |nvestigation Duration
* Board size (Head Count)

 Worker Costs per Year
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COST MODEL - Cost of Failure

Implementation of Modifications
* Subsystem (type and T1)

 Level of Modification
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COST MODEL - Cost of Failure

Cost of Downtime

Duration
_aunch Rate

Profit Margin

Mass in Storage

Characteristics of Facilities

X
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COMBINED MODEL - Expected Cost of Failure

Expected Cost |
of Failure

Cp=Cs+(1—R)

Failure
Probability

Failure Cost

Cr - Expected Cost of Failure
Cr - Failure Cost
R - Reliability
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COMBINED MODEL - Expected Cost of Failure esa

Finding: Recovery failures do not lead to downtime or
formal failure investigation.

CF:ZCfi.Pi

P;-Probability of Mission Failure

P,-Probability of First Stage not Surviving
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COMBINED MODEL - Expected Value

EV:ZULPL

U;-Outcomes

P;-Probability of Outcome

Expected Valuegg

B Effect of
Outcome

B Probability of
Outcome

- =W 411 = o1l O

s

— em O b Bl =R 2= EX

= Em am [+l

2 THE EUROPEAN SPACE AGENCY



~“ COMBINED MODEL — Expected Value
Standard Case @esa

EV:ZULPL

Simple Case:

Profit RFG | Insurance | Replace | Relaunch | Insurance | Failure Modifications | Downtime
Premium Vehicle Payload Increase Investigation
Total v
Success
Ascent v v v v v
Failure
Landing v v v
Failure

32
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Presenter Notes
Presentation Notes
Total success leads to profit
Landing failure results in only modifications and vehicle replacement
Ascent failures add failure investigation and downtime



~“ COMBINED MODEL — Expected Value QCesa
Re-Flight Guarantee

EV:ZULPL

RFG Case:
Profit RFG | Insurance | Replace | Relaunch | Insurance | Failure Modifications | Downtime
Premium Vehicle Payload Increase Investigation
Total v v
Success
Ascent v |V v v v v v
Failure
Landing v v v v
Failure
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Presenter Notes
Presentation Notes
With rfg, the customer pays the insurance premium, and it is necessary to relaunch the payload



~“ COMBINED MODEL — Expected Value
Insured Launch Vehicle

Insured Case:

EV:ZULPL

Profit RFG | Insurance | Replace | Relaunch | Insurance | Failure Modifications | Downtime
Premium Vehicle Payload Increase Investigation

Total v v

Success

Ascent v v v v v v

Failure

Landing v v v v

Failure

34
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Presenter Notes
Presentation Notes
With insurance, the Provider pays the insurance premium, not needing therefore to replace the vehicle, but in case of failure, there are additional costs coming from the increasing insurance rates



~“ COMBINED MODEL — Expected Value
RFG & Insurance @esa

EV:ZUL"PL'

RFG & Insured Case:

Profit RFG | Insurance | Replace | Relaunch | Insurance | Failure Modifications | Downtime
Premium Vehicle | Payload Increase Investigation
Total v v v
Success
Ascent v (v | v v v v v v
Failure
Landing v v v v v
Failure
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Presenter Notes
Presentation Notes
Combination of both



RESULTS - Reliability Eesa

Falcon 9 Reliability Results

1.00 1 Fig. 8 — Reliability life-cycle results
for Falcon 9.
\ \ ! \) % \
\ : \ \ - \ R \ \
\ \ 1 " . %, !
0.95 \ L \i W
\\ Y
\ \
\
E“0.90— | b
8 b
2 .
0.85 4
]
0.80 4
—&— Mission Success
—&— Landing
—— Stagel RECOVEW Success
0 20 4‘0 60 Bb 160
Flight Number
Element Average Reliability
Mission Success 0.9881
Landing Success 0.9298
First Stage Recovery 0.9190
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Presenter Notes
Presentation Notes
General trend of reliability increase
Each dip represents the reliability degradation of a booster, which is then expended

High mission reliability, lower landing success proability
These two figures can be used to obtain the probability of recovering the first stage




RESULTS - Cost per Flight

esa

Cost per Flight Over Lifetime

100 -

80 +

Cost (M€)
h
o
1

40 -

N \‘J—-—ua_..u__u_

9.

20

T T T
40 60 80 100

Flight Number

Flight Type

Average Cost (2021 M£)

Average Cost (2021 M$)

New Launcher

78.3

92.6

Fig. 9 — Life-cycle Cost per Flight results for Falcon

Launch w/ Reused Booster | 23.8 28.1
Total 29.3 34.65
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Presenter Notes
Presentation Notes
Peaks correspond to launchers using new boosters
Overall trend of cost reduction due to learning
New boosters sold at a loss of 49%, reused boosters sold at a profit of 78 % profit (ESA sells at a 8% margin)
Flights on reused boosters are paying for the losses of flights with new boosters
Public clients
Average profit margin of 48%



RESULTS - Failure Cost

» Expectation from literature: 2-5 times the CpF;

* Result for Falcon 9: 17 times the CpF.

Absolute and Normalized Failure Cost

- 18.0
520 A
Suuny -17.5
S
200 — 17.0
o
w 165
Z 480 4 3y
= W]
[=] =
v -16.0 &
I | 8
460 i
“ - 15.5
440 1 - 15.0
e o ] ] ® ]
T T T T T T " 14.5
0 20 40 60 80 100
Flight Number
Fig. 10 - Failure cost results for Falcon 9.
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Presenter Notes
Presentation Notes
Dips related to the fact that the vehicle isnt reused on last flight



RESULTS - Expected Cost of Failure

Absolute and Normalized Expected Cost of Failure

—8— Simple
—8— RFG
—8— INS

30 A
—e— RFG, INs [ 1.0

25 A
ro.s

. . © Case CFM (M€) CFavg/ CpFapg (%)
N ™ Simple 9.4 32.1%
RFG 9.7 33%
N INS 7.2 24.4%
RFG+INS | 7.4 25.4%
0 20 40 Flight Number 60 80 100
Fig. 11 - Expected Cost of Failure cost results for Falcon 9.
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Presenter Notes
Presentation Notes
Expected cost of failure varies between ¼ and 1/3 of cpf
This gives a measure of how much Money is “risked” for a flight, but it is an incomplete picture, as it is necesary to contemplate the case of success in order to compare diferente options



RESULTS — Expected Value esa

Absolute and Normalized Expected Value

50 - )
—e— Simple Fig. 12a - Falcon 9 Expected
20 - —o— RFG M3 Value results 9 (constant profit).
—8— INS
20 —e— RFG,INS |, -
E 20 o
g 1 E
0 . v - 0 =
=10 4 \ > |
F-1
—20 : , . . . .
o] 20 40 60 80 100

Flight Number

Absolute and Normalized Expected Value

207 N Fig. 12b - Falcon 9 Expected
N M M Value results 9 (fixed price).
0 0
on
=
@ v v v 15
= —20 V £
E &
g E
—407 —— simple [-3%
—8— RFG
—601 —— NS F4
—®— RFG, INS
-5
4] 20 40 60 80 100
Flight Number
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Presenter Notes
Presentation Notes
First graph: constant profit margin
Second graph: Fixed pricing

First:
-first of each booster has high value, due to high revenue
-while reliability doesn’t mature and costs aren’t reduced, it isn’t advantageous to reuse boosters multiple times: the provider can be expected to lose moneyu

Second:
-first flights sold at a loss aren’t beneficial
-same case where reused might not be worth it

This mirrors Falcon 9:
	-first boosters were only reused once or twice
	-Flights with public customers subsidized (100M-300M)



RESULTS - Expected Value

Absolute and Normalized Expected Value (First Booster)

Absolute and Normalized Expected Value (Last Booster)

20+

F—0.2 —o— Simple 14
4 —o— RFG
—8— INS |
N L 0.4 18 4 —— RFG,INS [ 3
6
- 1.2
’ e 2
w eul @ 16 4 T,
= -10 4 E 3 L11 &
Lh e W =]
3 --0.8 & E; =
S 12 4 E g E
= 14 4 1.0 g
—14 4 r—1.0
—8— Simple 09
“161 o RFG 127
- INS F—12 L 0.8
-18 1 —e— RFG, INS l
i 3") =I1 5 é TI—‘ é é lll) 9|2 9|3 9|4 9|5 9|6 9|}' 9|8 9|9 160
Flight Number Flight Number
Fig. 13a - Falcon 9 Expected Value (first booster). Fig. 13b - Falcon 9 Expected Value (last booster).
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Presenter Notes
Presentation Notes
First booster: insurance helps mitigate costs
Last booster: insurance becomes worth it only after 6th flight: model allows to choose the optimal insurance policy



.

RESULTS — Expected Value esa
Case Emwg (Iﬂ%‘) E[’{wg/(Prﬂfit)avg (%)
Simple 4.6 32.8%
RFG 5.5 39%
INS 5.0 35.7%
RFG+INS 5.8 41.4%
Maximum Value | 6.2 44.3%
RFG: Re-Flight Guarantee
INS: Insurance
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Presenter Notes
Presentation Notes
Expected value between 30 and 45% of expected profit – this shows the importance of considering reliability, launch rate and failure when comparing different options. Cost, which is typically the value optimized in MDO, is an incomplete measure of value
Optimal insurance policy allows to increase value

60-85% of profit margin, if negative value are removed: purchasing of flights at a higher price by public agencies

In order to have EV=expected profit, Profit increase from 48% to 75%, price increase of 7.9Meuro



RESULTS — Expendable Case esa

96.9 M€ 86.3 M€ 63 M€

EV/Profit 92.6% 82.6% 30%

LpY =20 LpY =10 LpY =10
Profit = 48% Profit = 48% Profit = 8%
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Presenter Notes
Presentation Notes
Same Lpy and pm
	very high value, better for Provider
	very high (uncompetitive price)->leads to lower LpY
Lower LpY
	Lower value, still high price
Pm equal to ESA
	EV much lower than that of reusable option



ALTERNATIVE USE-CASE - Methodology esa

Parameters of multi-

Original Parameters

Derating Engine Masses

engine Configuration M
nT.R

Mg, Tg
Ta,
n configurations

Costs

Cluster Reliability Cost DEV. MAN. OPS

Roluster Model

CpF

RD uster

Reliability i
Requirements Riarget

MNumber of Tests

n!\.-!:'.:

Model

Ria rget

Fig. 14 - Multi-stage problem solving methodology.
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ALTERNATIVE USE-CASE - Results esa

Average Cost per Flight (100 Flights) Average Cost per Flight (100 Flights)

Fig. 15a - 17 1
Expendable Vehicle
results. 16 7

Fig. 15b - Reusable
Vehicle results.

15 4

Cost (M€)
Cost (M€)

12 4

11 4

10 4

T T T T T T T T T T T T T T T T T T
1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9
Number of Engines Number of Engines

Additional findings:

« Engine commonality with upper stage beneficial in
reusable case;

« Heavier original engines yield better results
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CONCLUSIONS

« Combination of tools:

Development of new CERs;

Failure incorporated as a cost figure;

Accounting for cost of Reliability increase;

New variable for MDO: Value

Range of applications: From design to insurance
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