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CLEAN SKY 2 
TECHNOLOGY PROGRESS – CONTRIBUTION 
TO THE ENVIRONMENTAL PERFORMANCE 
OF THE NEXT GENERATION OF AIRCRAFT

HLFC Leading Edge 
in Automated Autoclave Infusion (CS2, AP 1.4.1) 

presented by

Markus Kleineberg

Universidad Carlos III Madrid (Web Conference), March 24th & 25th  2021
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Outline

- HLFC Basics

- HLFC - HTP SSD Design

- SSD Manufacturing

- Manufacturing Optimisation

- Next Steps / Outlook

HLFC: Hybrid Laminar Flow Control

HTP: Horizontal Tail Plane

SSD: Small Scale Demonstrator
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Outline

- HLFC Basics

- HLFC - HTP SSD Design

- SSD Manufacturing

- Manufacturing Optimisation

- Next Steps / Outlook
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Viscous drag reduction and effect 

on total aircraft drag 

Source: F. Thielecke, Methodik zur Leistungsabschätzung 

von HLFC-Absaugsystemen im Flugzeugvorentwurf, 

2010. Deutscher Luft- und Raumfahrtkongress.

Source: Nils Beck, Tim Landa, Arne Seitz, Loek Boermans, 

Yaolong Liu, Rolf Radespiel, 

Drag Reduction by Laminar Flow Control

Comparison of 

- Natural Laminar Flow (NLF)

- Hybrid Laminar Flow Control (HLFC)

- Laminar Flow Control (LFC)

HLFC Basics

Drag Reduction Potential 

of Extended Laminar Flow

-30%
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787 HLFC Solutions (Example)

US7866609B2 

Boeing Patent

Passive (flap) 

or 

Active (compressor)?

HLFC Basics

HTP 

(Horizontal Tail Plane)

VTP (Vertical Tail Plane)

https://www.flightglobal.com/farnborough-aero-secrets-of-boeings-new-dreamliner/113955.article
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EU FP7 AFLoNext Results (Example) 

HLFC Basics

HLFC - VTP

HLFC - Wing

HLFC - VTP 

Flight Test (active & passive)

HLFC - Wing with integrated WIPS

Ground Bases Demonstration (active)

WIPS: Wing Ice Protection System

VTP: Vertical Tail Plane

Source:http://www.aflonext.eu/files/newsletter/AFLoNext_Newsletter7_March2018_20180313.pdf
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State of the Art:

Laminar flow physics and drag reduction is well understood, but efficient

technical solutions so far are too expensive, too heavy and very complex.

Innovative Approach:

For a competitive business case for a long range aircraft HTP 

these enablers have been identified:

- Efficient utilisation of “available” space

- Harmonisation of system and structure

- Manufacturing driven design optimisation

- Early consideration of maintenance and 

ii certification aspects

Status

HLFC Basics
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Outline

- HLFC Basics

- HLFC - HTP SSD Design

- SSD Manufacturing

- Manufacturing Optimisation

- Next Steps / Outlook
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Steps

Gaps

3D disturbances

Waviness Selected Segment for

Ground Based Demonstration

Selected Cross Section for

Small Scale Demonstration

HLFC - HTP SSD Design

Challenging Requirements

SSD

GBD

https://fly-news.es/aviacion-comercial/aviones/asi-es-el-estabilizador-horizontal-del-airbus-a350/



T
h
is

 d
o
c
u
m

e
n
t 
is

 t
h
e
 p

ro
p
e
rt

y
 o

f 
o
n
e
 o

r 
m

o
re

 P
a
rt

ie
s
 t
o
 t
h
e
 C

le
a
n
 S

k
y
 2

 L
P

A
 I

A
D

P
 c

o
n
s
o
rt

iu
m

 a
n
d
 s

h
a
ll
 n

o
t 
b
e
 d

is
tr

ib
u
te

d
 o

r 
re

p
ro

d
u
c
e
d
 w

it
h
o
u
t 
th

e
ir

 f
o
rm

a
l a

p
p
ro

v
a
l

- Identification of space 

allocation as major design 

driver

- Aero Design: „ALTTA” multi 

chamber suction approach 

with 22 chambers with 

individually optimised

pressures

- Development of an

active, no-pipe suction 

system 

- Distributed, spar mounted 

compressors and electrical 

systems

Results of Design Phase

HLFC - HTP SSD Design

ALTTA: Application of Hybrid Laminar 

Flow Technology to Transport Aircraft
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Analyses of  principle 

manufacturing aspects

- Tooling concepts

- Preforming strategy 

- Infusion set-up

Provision of cost data

and risk assessment

- NRC estimation 
(Non Recurring Cost)

- RC estimation
(Recurring Cost)

- Specific processing 

and quality risks

Laser drilled 

Titanium 

erosion 

protection 

skin

Omega spacers 

to separate

“Suction Chambers”

Load bearing 

inner CFRP 

leading edge 

(LE) skin

Throttle orifices to set 

required pressure level 

LE rib to provide 

structural integrity

Objective of the LE Small Scale Demonstrator

HLFC - HTP SSD Design
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Outline

- HLFC Basics

- HLFC - HTP SSD Design

- SSD Manufacturing

- Manufacturing Optimisation

- Next Steps / Outlook
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Analyses of Flat Coupons

- CFRP part in oven infusion 

process

- Global tolerances 

(especially waviness)

- Blocking through bonding 

process

SSD Manufacturing

First Trials
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Transfer of results from flat 

trials to representative leading 

edge geometry

- CTE compatible CFRP mould

RTM6/G0926/Autoclave infusion

- Preforming of omega spacer 

and analyses of automation 

options

- Preforming of load bearing 

LE layers

- Anayses and minimization of 

fibre scap

Geometrical 

Tolerances!

Effort!

Accuracy!

SSD Manufacturing 

Tooling and Preforming Strategy
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Cycle time and raw material cost 

optimisation

- Autoclave Infusion Set-Up

(positioning of ports an flow aids)

- Autoclave Infusion Simulation

(avoid race tracking)

- Vacuum bagging application 

and vacuum tightness check

- Definition of heat-up, cool-down 

rates and dwell times (infusion)

Approved!

SSD Manufacturing

Infusion and Consolidation Process
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Bonding Strategy for 

Microdrilled Titanium Skin

- Bonding Fixture

- Thermal Boundary Conditions

(120°C Cure Temperature)

- Pressure Distribution

(Scalability up to 5m)

- Quality inspection an blocking 

analyses (Bondline must be 

air tight)

Approved!

SSD Manufacturing

SSD Bonding of Titanium Skin
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SSD Manufacturing

Trial 1  

Trial 2  

Trial 3  

Trial 4  

Rejected due to 

infusion process failure  

+ Ti-Skin 1
Not laser drilled

Manufacturing sequence has been used to identify cost drivers

“Trial 3” CFRP Structure available for further tests 

+ Ti-Skin 2
Laser drilled

Destructive

Test

Fully functional

demonstrator +

cost analyses

Trial 4

SSD Functional Demonstrator
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▪ I >50% fibre scrap rate

▪ IIa/b Preforming and 

Preparation need to be 

optimised

▪ III Consolidation phase 

has significant cost 

saving potential

▪ IV Manual Bonding 

approach with potential 

for automation

Expected:

▪ V Dominating labour cost

▪ VI Significant tooling cost

(5 prototypes)

26h IIIIIb

IIa

SSD Manufacturing

Identified Potential 

for Improvement
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Outline

- HLFC Basics

- HLFC - HTP SSD Design

- SSD Manufacturing

- Manufacturing Optimisation

- Next Steps / Outlook



T
h
is

 d
o
c
u
m

e
n
t 
is

 t
h
e
 p

ro
p
e
rt

y
 o

f 
o
n
e
 o

r 
m

o
re

 P
a
rt

ie
s
 t
o
 t
h
e
 C

le
a
n
 S

k
y
 2

 L
P

A
 I

A
D

P
 c

o
n
s
o
rt

iu
m

 a
n
d
 s

h
a
ll
 n

o
t 
b
e
 d

is
tr

ib
u
te

d
 o

r 
re

p
ro

d
u
c
e
d
 w

it
h
o
u
t 
th

e
ir

 f
o
rm

a
l a

p
p
ro

v
a
l

Manufacturing Optimisation

Omega preforming is 

critical bottle neck

“Omega” preform shaping and 

preform consolidation is time 

consuming and not mature. 

Splitting-up of the preform helped 

but improvement was insufficient.

Suggested alternative 

for “Omega” preforms: 

Insert foam cores in braides tubes

Is easy to automate.

Glas fibre braided tubes are highly 

cost effective.

Preforming (Hexcel G0926):
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Manufacturing Optimisation

Closed
Mould

Preform

Resin
Resin Trap

Vacuum

P

Vacuum

SLI
Switch

Resin

Pressure
Reducing
Valve

Autoclave

SS Mould

Membrane

Preform

P

Reference Process (2 K/min):

Autoclave cycle with standard 

heat-up and cool down rates

→ Cycle Time: 6h 

“Autoclave Power Cycle (5,5 K/min)” 

- Automated sensor controlled process

- Dynamic infusion during heat-up

- Cure sensor based process termination

→ Cycle Time: < 2.5 hours

“RTM Power Cycle” 

- Isothermal process at 180°C

→ Cycle Time: < 1 hour

Consolidation (RTM6):
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Manufacturing Optimisation

Improved Preforming Approach

- Wrapped GFRP omega spacers 

proved to be robust, easy and 

preparation is very quick

- Expected to be advantageous for 

bird strike 

Automated Autoclave Infusion

- Fully automated cycle

- Precise parameter logging

- Highly responsive microwave heating

- Infusion Control Center can transfer

process parameters to RTM process

Trial 5 Results:
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Manufacturing Optimisation

Estimated series

production cost 

of a 800mm 

series component

“Prototype”

production cost

of the 800mm 

demo component

More than 75% cost reduction can be expected 

for a series production (15 A/C per month)

5 Prototypes

15 A/C per month series

Series Cost Estimation:

100%

50%

100%

200%

300%

400%
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Outline

- HLFC Basics

- HLFC - HTP SSD Design

- SSD Manufacturing

- Manufacturing Optimisation

- Next Steps / Outlook
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Next Steps / Outlook

Next Steps:

- Simplified bird strike test with Trial 5

- Analyses of water uptake and drainage 

options with Trial 4 Demonstrator

- Analyses of compressor related thermal 

effects with Trial 4 Demonstrator

Outlook:

- Analyses of selective inductive heating 

as heat source for bonding process

- Analyses of an energy efficient inductive 

WIPS system

- Support of TRL 5 GBD activities at 

Aernnova

CFRPTitanium
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