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EVALUATION OF LIGHTNING ACCOMMODATION SYSTEMS 

FOR WIND-DRIVEN TURBINE ROTORS

H. Bankaitis

National Aeronautics and Space Administration  
Lewis Research Center 

Cleveland, Ohio

SUMMARY

Several concepts of l ightning accommodation systems fo r  wind-driven t u r ­
bine rotor  blades were evaluated by submitting them to simulated l ightning  
tes ts .  Test samples representative of epoxy-fiberglass and wood-epoxy com­
posite structural  materia ls were submitted to a series of high-voltage and 
high-current damage tes ts .  The high-voltage tests  were designed to determine 
the s t r ik e  points and current paths through the sample and the need f o r ,  and 
the most proper type of ,  l ightning accommodation. The high-current damage 
tests  were designed to determine the cap ab i l i ty  of the potent ia l  l ightning  
accommodation system to sustain the 2Q0-kA l ightning current without causing 
damage to the composite structure.

iS The observations and data obtained in the series of tests  of l ightning
^  accommodation systems c le a r ly  led to the conclusions that  composite-
Lu S tructura l -m ater ia l  rotor  blades require a l ightning accommodation system;

that  the concepts tested prevent internal  streamering; and that  keeping d is­
charge currents on the blade surface precludes structure penetration.  Induced 
voltage e f fects  or any secondary e f fec ts  on the in tegra l  components of the 
to ta l  system could not be addressed. Further studies should be carr ied out to 
encompass e f fec ts  on the to ta l  system design.

INTRODUCTION

Lightning is a na tura l ly  occurring phenomenon that  presents a potent ia l  
danger to ground structures.  The Department of Energy's (DOE) research and 
development e f fo r ts  in harnessing wind as a potent ia l  source of energy by 
using wind-driven turbine generators involves building structures at those 
locations with the most consistently  present wind condit ions. These loca­
t ions ,  as i l l u s t r a te d  in f igure  1, coincide with the most frequent occurrence 
of l ightning a c t i v i t y .  Even i f  the p robab i l i ty  of the wind-driven turbine  
generator structure being h i t  by l ightning is low, the involvement of complex 
research instrumentation, mechanical hardware, and personnel at these sites  
warrants the establishment and use of economical and proper l ightning accommo­
dation systems. Furthermore, the use of composite st ructural  materials for  
ro tor  construction presents a series of unique problems that  must be properly 
addressed and resolved. Resolution of these problems should be v e r i f ied  
during the design phase and before committing to manufacturing and f i e l d  
i n s t a l l a t io n .  The approach taken to recognize and properly resolve these 
problems during the design phase was a cooperative e f f o r t  between the NASA 
Lewis Research Center, acting as technical manager of the DOE's research and



development e f fo r t s ,  the blade manufacturer, and recognized experts in the 
f i e l d  of l ightning research.

The establishment of c r i t e r i a  to be consistently  met by a suitable  
l ightning accommodation system was bas ica l ly  influenced by factors encompass­
ing economics, manufacturing, mater ia ls ,  and interference with the environment. 
The roles of these various factors were then evaluated, and a series of ground 
rules were established by Lewis. Accordingly candidate l ightning accommoda­
t ion systems fo r  wind-driven turbine generator rotors must be

(1) Capable of diss ipat ing the energy imparted by a l ightning s t r ike  with­
out deleterious e f fec ts  to personnel, st ructure,  or instrumentation

(2) Inexpensive to in s t a l l  and maintain

(3) Compatible with the processes by which wind-driven turbine rotor  
blades are manufactured

(4) Capable of withstanding repeated l ightning s t r ikes

(5) Easi ly  repaired in the f i e l d

(6) Noninterfering with te lev is ion  reception or navigational or communica­
t ion equipment functions

In meeting a l l  these requirements the designed system shall  not compromise the 
design weight or arm moment requirements of the rotor  blade.

Several concepts were developed by the various manufacturers of composite- 
s tructura l -m ater ia l  rotor  blades and subsequently evaluated by submitting them 
to simulated l ightning current tes ts .  The information refined from these tes t  
data is being applied in designing less complex and more e f fe c t iv e  l ightning  
accommodation systems. In conjunction with th is  a c t i v i t y ,  e f fo r ts  were begun 
to gather l ightning s t r ik e  energy level data by using the passive l ightning  
current detectors i l lu s t r a te d  in f igu re  2 and f u l l y  described in references 1 
and 2.

The information presented in th is  report is a compilation of the data 
obtained by various rotor  blade manufacturers and l ightning researchers under 
DOE's sponsorship and Lewis' technical management, as reported in references 3 
and 4. In addit ion , information obtained by pr ivate  funding but being applied 
to the wind-driven turbine generator technology is also included ( r e f .  5 ) .

SIMULATED LIGHTNING TESTS LIMITATIONS

With respect to simulated l ightning tes ts ,  several l im i ta t ions  must be 
c le a r ly  understood. The most important l im i ta t io n  is that  there is no 
f a c i l i t y  capable of even beginning to f u l l y  simulate the complete and 
simultaneous spectrum of energy and interactions presented by the na tura l ly  
occurring l ightning phenomenon. However, most of the individual voltages and 
current character is t ics  known to make up natural l ightning can be separately  
duplicated by exist ing laboratory generators. Thus, reasonable simulations



of these individual energy spectrum character is t ics  are being p r o f ic ie n t ly  
achieved, and with expert analysis proper designs of systems capable of 
accommodating the complete spectrum of natural l ightning character is t ics  can 
be implemented.

Another important l im i ta t io n  is the extent to which the tes t  sample re­
presents the f u l l - s c a l e  production rotor  blade. Id e a l ly ,  the tes t  sample 
should be a f u l l - s c a l e  production rotor  blade or a representative prototype 
because even minor var ia t ions from the samples tested may change the behavior 
of the l ightning currents.  In the case of wind-driven turbine rotor  blades, 
use of such f u l l - s c a l e  hardware is physically  as well as economically un­
feas ib le .  The size and complexity of the rotor  blade design are dictated by 
the size of the wind-driven turbine generator the rotor  must dr ive .  Blade 
sizes are i l l u s t r a te d  in f igu re  3. Use of such large tes t  objects would be 
l imited not only by the physical size of the ava ilable  tes t  f a c i l i t y ,  but also 
by the generator capacity.  Thus, subscale-model rotor  blade samples had to be 
used in these simulated l ightning tes ts .

F in a l ly ,  i t  must be c le a r ly  understood that  only the rotor  blade aspect of  
in teract ion  with a l ightning s t r ike  was considered. The grounding of the 
tower, protection of the bearings, or e f fec ts  on instrumentation and any 
potent ia l  interactions between these various interfaces were considered to be 
outside the scope of these simulated l ightning tests  and not within the scope 
of the blade l ightning accommodation system design object ive.  Thus, v e r i f i c a ­
t ion  of the to ta l  wind-driven turbine l ightning accommodation system was not 
undertaken.

DESIGN AND TEST OBJECTIVES

The l ightning accommodation system concepts fo r  use with composite- 
struc tu ra l -m ater ia l  blades were based on the object ives of preventing the 
l ightning s t r ik e 's  e le c t r ic a l  components and the accompanying energies from 
penetrating the composite material  structure and also preventing any internal  
streamering, as i l l u s t r a te d  schematically in f igure  4.

The primary reason fo r  these object ives, because of the highly d ie le c t r i c  
properties of composite-structural-mater ia l  rotor  blades, is to avoid the 
p o s s ib i l i t y  of l ightning puncture to the blade in t e r i o r .  Subsequent l ightning  
arc pressures in the i n te r io r  of the blade could cause hoop stress of s u f f i ­
c ient  magnitude to s t ru c tu ra l ly  destroy the blade. Such an occurrence could 
begin by the generation of internal  streamering, which would provide an 
in te rnal  ground point fo r  the approaching l ightning step leaders. The methods 
to provide conductive paths, and hence l ightning accommodation systems, for  
the blade were ind iv idu a l ly  developed by the manufacturers of composite- 
structura l-mater i  al rotor  blades in consultation with expert l ightning  
researchers. In th is  manner these ind iv id u a l ly  chosen systems were compatible 
with the manufacturers' ro tor  blade designs and the respective proprietary  
blade fabr ica t ion  processes. Thus, before a p a r t ic u la r  l ightning accommoda­
t ion system was accepted as being va l id ,  i t  was v e r i f ie d  by the simulated 
1ightning tests .



SIMULATED LIGHTNING PARAMETERS

Lightning parameters that  can be ind iv idua l ly  simulated in a laboratory  
f a l l  into two general categories: the high voltages produced during the
lightning s t r ik e ,  and the currents that  f low in the completed channel of 
l ightn ing.  The high-voltage character is t ics  were used to determine attachment 
points,  breakdown paths, and streamer e f fec ts .  These character is t ics  were 
attained by using steep-front  voltage waves (1000 kV/ys ± 50%). The voltage 
waveform is i l lu s t r a te d  in f igure  5, and in general was in accordance with 
procedures described in the SAE Committee AE4L Report ( r e f .  6 ) .  Not a l l  the 
requirements and tests  outl ined in th is  reference were applicable to the wind- 
driven turbine rotor  blade tes ts ,  but se lect ive tes t  waveforms and procedures 
were adopted fo r  the needs of each set of tests .  The fa s te r  wavefronts were 
used fo r  test ing d ie le c t r i c  mater ia ls because according to information in 
reference 6 such a waveform presents a greater p robab i l i ty  of puncture.

The high-current f low character is t ics  were simulated fo r  damage tests and 
to check the cap ab i l i ty  of the accommodation system to withstand the l ightning  
currents. The applied currents ranged in excess of 200 kA. Severe l im i ta ­
t ions of current inherent ly  result ing from tests  of large objects with large 
path inductance necessitated that  high current tests be performed loca l ly  at 
the most c r i t i c a l  t ip  and root areas of the rotor  blade or representative  
small specimen.

TEST FACILITIES

The tests  were conducted by two distinguished companies at t h e i r  respec­
t iv e  tes t  f a c i l i t i e s .  One of the companies was Lightning and Transients 
Research In s t i t u t e  with tes t  laborator ies at St. Paul, Minn.,  and Miami Beach, 
Fla. J. D. Robb was t h e i r  pr incipal  invest igator .  The other company was 
Lightning Technologies, In c . ,  who used the tes t  f a c i l i t i e s  of the General 
E lec t r ic  High Voltage Laboratory in P i t t s f i e l d ,  Mass. Keith Crouch was th e i r  
principal  invest igator .

The f a c i l i t i e s  were equipped with the proper impulse- and current-  
generating equipment, capacitance banks, and photographic as well as current-  
monitoring instrumentation. These f a c i l i t i e s  are su i tably  deta i led in the 
discussions of individual tes t  procedures and data in subsequent sections of
th is  report as well as in references 3 and 4.

TEST SAMPLES

The candidate designs of rotor  blades fo r  wind-driven turbine generator 
applications are based on the use of two types of composite structural  mate­
r i a l s :  an epoxy-fiberglass mater ia l ,  and an epoxy-wood m ater ia l .  These com­
posite materials have many a t t ra c t iv e  character is t ics  from the viewpoint of 
structural  and economic considerations. However, the highly d ie le c t r i c  
properties of the blade materials enhance the need fo r  proper l ightning
accommodation systems. In turn these systems must be compatible with the
rotor  blade designs they must serve.



In general the test  samples representative of the two types of composite 
structura l  materia ls consisted of a f u l l - s c a l e  chordwise dimension of the 
rotor  blade and 4 .6 -  to 6.1-m span with appropriate simulation of the steel  
hub adapter at the root end. The tes t  sample representative of the epoxy­
f iberg lass  materia ls was manufactured by Kaman Aerospace and is i l l u s t r a te d  in 
f igu re  6. The tes t  sample was a 4.6-m-span rotor  blade section consisting  
of an a l l - f ib e r g la s s  D-spar, an afterbody of f iberglass-faced-paper honeycomb 
panels,  and a steel hub adapter ins ta l led  at the inboard end of the spar. The 
wall thickness of the hollow D-spar was approximately 2.5 cm, and the a f t e r ­
body panels consisted of 5-cm-thick honeycomb core panels with 15-mm-thick 
epoxy-fiberglass skins. There were no metal parts inside the tes t  sample. 
However, the sample was stored and then transported from Connecticut to the 
Flor ida tes t  s i te  unprotected from environment and as a resu l t  was thoroughly 
soaked by ra in .  I t  was used in the "as is" condition during the i n i t i a l  27 
exposures in the high-voltage, long-arc tests .

The tes t  sample representative of the wood-epoxy composite structural  
materia l  is shown in f igure  7. The sample was a 6-m span with an all-wood 
laminate D-spar and plywood-sandwiched 5.1-cm-thick honeycomb core t a i l  
panels. The wood laminate D-spar was approximately 3.8 cm th ick .  The outer  
surface of the sample was covered with 0.13-mm-thick epoxy-soaked f iberg lass  
cloth .  An aluminum rod approximately 1.8 m long was ins ta l led  along the 
inside of the leading edge of the D-spar to simulate in ternal  wiring or other  
m eta l l ic  components. This rod was retained in the tes t  specimen throughout 
the te s t  sequence. For the high-current damage tes t  a 61-cm by 61-cm square 
plywood Nomex sandwich panel,  as i l l u s t r a te d  in f igure  8 was used. Aluminum 
screen was bonded under a 0.13-mm-thick layer of f iberg lass c loth .

EPOXY-FIBERGLASS TESTS

This series of tests  were conducted by Lightning and Transients Research 
I n s t i t u t e  on the Kaman Aerospace sample i l l u s t r a te d  in f igure  6 and described 
in the section TEST SAMPLES.

FIRST SET OF HIGH-VOLTAGE TESTS

These tests consisted of a series of high-voltage (3 .5  MV, 20 kA), long- 
arc simulated discharges on the sample. Because these e le c t r ic  currents were 
of  s u f f i c i e n t l y  low magnitude to impart only nominal damage to the test  sam­
ple ,  repeated tests could be performed and l ightning accommodation schemes 
systematical ly  introduced.

The objectives of th is  pa r t ic u la r  series of tests were threefo ld :  f i r s t ,
to determine the s t r ik e  points and current paths through the sample from the 
t i p  to the root end attachment; second, and probably equally important,  to 
determine whether l ightning accommodation provisions are indeed necessary f o r  
composite material  ro tor  blades; and th i rd  ( i f  l ightning accommodation provi ­
sions are needed) to determine the l ightning accommodation system most proper 
fo r  the p a r t ic u la r  blade design.

The tes t  sequence was begun by submitting the sample to long-arc discharge 
without any l ightning accommodation provision and monitoring the blade spar



i n te r io r  by a camera through a mirror ,  as i l l u s t r a te d  in f igure  9. The test  
sequence is i l lu s t r a te d  in the indiv idual  photographs in f igures 10 to 16. 
These i n i t i a l  str ikes did puncture the t ip  and penetrate the blade i n te r io r  as 
shown in f igures 10(a) and (b ) .  Additional str ikes imparted on the tes t  sam­
ple at various locations on the t ip  exhibited s t i tch ing  in and out through the
a f t  panels from t i p  to root .  These are i l l u s t r a te d  in f igure  11.

Pa r t ia l  penetration through the i n te r io r  of the t r a i 1ing-edge box is shown
in f igu re  12. Had these discharges been high-current natural l ightning
s t r ikes ,  catastrophic structural  damage would most l i k e l y  have ensued. Thus a 
l ightning accommodation system is required fo r  th is  p a r t ic u la r  type of rotor  
blade structure.

A l ightning accommodation system was ins ta l led  in stages and submitted to 
subsequent high-voltage attachment tests in order to determine the minimum 
configurat ion required to el iminate internal  streamering. A succession of 
top-surface conductors was added and tested un t i l  no fu r the r  streamering or 
st i tch ing  was observed.

A fu l l -chord  metal cap was simulated by adding aluminum f o i l  to form a 
7.6-cm s k i r t  inboard of the t ip  of the blade and was submitted to the high-  
voltage discharge. The discharge struck the f o i l  cap and propagated over the 
ex te r io r  path along the afterbody. Moreover, i t  eventually penetrated the 
afterbody in areas away from the blade t i p ,  as shown in f igure  13.

Next two chordwise str ips  of f o i l  were added at approximately 1.2-m in te r ­
vals across the afterbody to provide external conductive paths in an attempt 
to help in establ ishing the arc completely over the ex te r io r  surface. How­
ever,  penetrations of the afterbody were s t i l l  observed, as evidenced in 
f igure  14. This penetration may have been due to moisture in the tes t  sample 
or the many puncture paths from previous tests .

A fu l l -span  conductor (aluminum f o i l  connecting to the chordwise s tr ips  
already in posit ion) was added down the t r a i l i n g  edge of the tes t  sample, and 
an addit ional chordwise s t r ip  was placed along the bottom over to the spar.
As shown in f igure  15 the discharge current apparently was s a t i s fa c t o r i l y  
carr ied by the current paths provided by the f o i l  s t r ips  and the t ip  cap with­
out any fu r the r  penetration of the spar or the afterbody panels.

The f in a l  sequence of high-voltage attachment tests was carr ied out on the 
te s t  sample containing jus t  the t i p  cap, one chordwise s t r ip  approximately 
two-thirds of the way to the root end, and the t r a i 1ing-edge down-conductor. 
Puncture to the i n te r io r  is evidenced by the discontinuous surface arc shown 
in f igu re  16. I t  may be concluded from these observations that  the punctures 
occurred in the r e l a t i v e l y  th in  afterbody panels. Penetration of the leading 
D-spar edge of the blade was precluded by i ts  thickness, and the energy char­
a c te r is t ic s  of the high-voltage, long-arc discharges were not of proper magni­
tude to cause puncture of the leading edge of the rotor  blade.

The i n i t i a l  conclusions to be drawn from th is  series of tests  are as 
fo l lo w s :



(1) A l ightning accommodation system is required fo r  th is  type of 
composite-structura l-mater ia l  blade especia l ly  at the t i p ,  the t r a i l i n g  edge, 
and the root end to assure that  discharges are retained on the ex te r io r  
surfaces.

(2) The need f o r  a leading-edge conductor was not c le a r ly  demonstrated.

F i r s t  Set of High-Current Damage Tests

The tes t  specimen with the aluminum f o i l  placement, shown in f igure  17, 
was reposit ioned hor izonta l ly  fo r  high-current damage tes ts .  The objectives  
of th is  series of tests were to determine the c a p a b i l i ty  of the potent ia l  
l ightning accommodation system ( f i g .  17) to sustain the 200-kA l ightning  
current and, more importantly,  to determine whether the discharge would be 
dissipated along the conductive paths without causing damage to the composite 
structure.

The f i r s t  task in th is  series of tests was to c a l ib ra te  the high-current  
generator.  This was done by f i r i n g  a low-level current into the te s t  sample 
to determine the charge voltage needed to reach the required current .  The 
current generator measurements were checked by ca lcu la t ing  the theoret ica l  
current  from the known bank capacity,  charge voltage, and o s c i l la to ry  decre­
ment and period as determined from waveform oscil lograms. The exact c i r c u i t  
equations were solved on a computer, but a s im pl i f ied  solution ( r e f .  3 ) ,  which 
is usually s u f f ic i e n t l y  accurate,  can be derived by using the fol lowing  
equation:

_ VC 2 tt 4.
^max ~ t

where

^max maximum current,  A
V charge voltage, V
c bank capacity,  pF
t period, ps
dl f i r s t  ha l f  peak
d2 second ha l f  peak

The ca l ib ra t io n  results  ( r e f .  3) together with the Pearson probe measurements 
are presented in tab le  I .

A select ive  high-current oscillogram is shown in f igu re  18. Normally when 
the theoret ica l  ca lculat ions and measured currents agree to with in about 5 to 
10 percent, the ca l ib ra t io n  is considered acceptable.  For the purposes of 
these tests the values as shown in tab le  I were considered acceptable even 
though they exceeded the 5 to 10 percent range.

The high-current tests demonstrated that  the provided paths would success­
f u l l y  carry the current without damage to the composite structure even though 
the th in  aluminum f o i l  used in th is  series of tests fo r  ease of configuring 
could not withstand repeated s t r ike s .  The required 200 kA could not be dis­



charged through the f u l l  length of the tes t  specimen because of the large  
inductance, which l imited the maximum current.  But on the other hand such a 
high current represents a s t r ike  level that  occurs less than 1 percent of the 
time. The damage incurred by the f o i l  is shown in f igure  19. The damage was 
very local and, i f  such a system were to be used on operational wind-driven  
turbine blades, the damage could be eas i ly  repaired in the f i e l d .

Conclusions Based on F i r s t  Test Series  

This sequence of tests  demonstrated

(1) That to prevent internal  streamering in the composite-structural-mater ia l  
blade a l ightning accommodation system is required

(2) That a network of surface paths can successfully accommodate excessively 
high currents without s ign i f ican t  damage to the structure

(3) That the extensiveness of the need f o r  a network of current paths has not 
been adequately defined and fu r the r  work is necessary

(4) That the 200-kA cap a b i l i ty  may be a commendable object ive but, on the
basis of the r a r i t y  of occurrence of th is  s t r ike  le v e l ,  may be an over-
ambitious objective

Based on the data and observations of the described tes ts ,  Kaman Aerospace
set about to derive a l ightning accommodation system that  would be a more dur­
able and more production-representative concept. The concept consisted of a 
t r a i  1 ing-edge down-conductor of f l a t ,  braided-copper-wire cable coated with 
thermoplastic; a fu l l -chord  t i p  cap of aluminum; and Hexcel Thorstrand cover­
ing the blade root area. The cross-sectional area (MIL-W-3861) of the f l a t ,  
braided cable was 48 000 c i rc u la r  mils .  On the basis of data in read i ly  
available  l i t e r a t u r e  th is  c i r c u la r  cross-sectional area was judged to be able 
to accommodate the l ightning s t r ik e  current of the levels pert inent  to th is  
appl icat ion as well as the ensuing thermal e f fe c ts .  In addit ion , the cable 
weight f o r  a 30.5-m-long Mod-1 type rotor  blade would be 7.3 kg. The thermo­
p las t ic  coating was used to minimize the axial  s t i f fness  mismatch between the 
conductor and the f iberg lass  composite and also to guard against corrosion or 
other undesirable e f fec ts  by the environment. Thorstrand is Hexcel‘ s trade  
name fo r  a woven cloth of aluminized glass f ib e rs .  This material  was sub­
mitted to simulated l ightning tes ts ,  and the results are described by 
J. A. Plumer in reference 7. Thorstrand was placed at the blade root area 
shield the steel in te rnal  hub adapter against l ightning penetration through 
the composite material  structure to the adapter, lo  minimize te lev is ion  in te r ­
ference, chordwise conductors were excluded. The concept is i l l u s t r a te d  in 
f igure  20.

The simulated l ightning tests  of the concept were conducted by using the 
previously described test  specimen and tes t  procedure with one exception.
Before the tests with the rotor  blade specimen samples of glass-f iber-wrapped,  
plast ic -coated f l a t  cable were tested at currents to 200 kA at the Lightning 
and Transients Research I n s t i t u t e 's  St.  Paul, Minn.,  f a c i l i t y  without any sig­
n i f ic a n t  d is tor t ion  being reported.



Second Set of High-Voltage Tests

The te s t  specimen with the l ightning accommodation system described pre­
viously and i l l u s t r a te d  in f igu re  20 was submitted to high-voltage, long-arc 
simulated l ightning strokes. The object ive was to id e n t i fy  l ightning dis­
charge current paths on the sample. In a l l  cases except one, the simulated 
l ightning stroke attached to the surface and dissipated across i t  to e i th e r  
the aluminum t i p  cap, the t r a i 1ing-edge conductor, or the root end. The 
exception occurred in tes t  2, during which the probe was located 2.9 m from 
the root end at the leading edge of the D-spar. The arc attached at 2 m from 
the root end and 48 cm a f t  of the leading edge. The afterbody puncture (entry  
point)  was 76 cm from the arc attachment point ,  and the e x i t  point was 86.4 cm 
from the arc attachment point .  Surface f lashover completed through the re­
mainder of the surface to the root of the sample. No attachments were ob­
served on the leading-edge D-spar. All  attachment points were e i th e r  on the 
afterbody ( t a i l  panels) or on one of the current paths (conductors),  as in d i ­
cated by the carbonaceous t r a i l  l ine  in f igu re  21.

Second Set of High-Current Damage Tests

The second set of high-current damage tests  proved to be more venture­
some. The tes t  setup ( f i g .  22) and currents were within the desired c a l ib r a ­
t ion  range and magnitude, as in the f i r s t  set of high-current damage tes ts .
In the f i r s t  tes t  of the second set of high-current damage tests a s t r ik e  on 
the t i p  cap discharged a 229-kA current along a 51-cm-long section of the f l a t ,  
braided cable fastened to the rotor  blade tes t  specimen surface with contact  
cement. The 51-cm-long section of cable was blown o f f ,  as shown in f igure  
23. The resu l t  was very surprising to the personnel present at the tes t  
s i t e .  The primary cause of the outcome was the electromagnetic force produced 
by the abrupt d i rec t ion  change in l ightning current  f low. In set t ing up fo r  
the tes t  we had overlooked the need to insure that  the radius of bend of the 
conductor was not less than 20.3 cm even though the angle was not less than 
90° ( r e f .  8 ) .  The most unexpected resu l t  was the catastrophic f a i l u r e  of the 
down-conductor ( i . e . ,  the cur l ing and excessive d is to r t ion  of the f l a t ,  
braided cab le ) .  Previous tes t  reports had stated that  currents of such magni­
tude were successfully carr ied without any s ig n i f ican t  d is to r t io n .  Review of 
the observations with the author of these reports disclosed that  the same type 
of d is to r t ion  had been observed and judged not to be s ig n i f ic a n t .  Such a 
judgment by i t s e l f  may not be improper. However, in l ig h t  of the to ta l  rotor  
blade structure and the cable being an in tegra l  part  of the structure,  the 
d is to r t io n  as experienced becomes a source of concern. Speci f ic  concerns are 
potent ia l  i r reparable  structural  damage to the rotor  blade or i rreparable  
damage only to the down-conductor that  would require replacement of the to ta l  
l ightning accommodation system. Ei ther  occurrence would resu l t  in extensive 
machine downtime and exorbitant  repa ir  costs.

To more f u l l y  define the s u s c e p t ib i l i t y  of a f l a t ,  braided cable to d is­
t o r t io n  as a function of current le v e l ,  f i v e  high-current shots of progres­
s ive ly  higher current levels were f i r e d  at the 78.7-cm-long braided-cable  
specimen. The cable specimen was located on the t r a i l i n g  edge of the rotor  
blade specimen in such a manner as to reduce the abruptness of changes in 
current  f low d irec t ion  and thus reduce electromagnetic force e f fe c ts ,  as shown



in f igure  24. None of the strokes caused damage to the rotor  blade sample.
The current levels through the braided cable and the observed cable condition  
are given in table  I I .

The aftermath of the las t  current shot in tab le  I I  is i l l u s t r a te d  in f igure  
25. Note that  a goodly portion of the braided cable is missing ( r ig h t  side of 
the f ig u re )  and the remainder is badly d is tor ted .

A single 217-kA s t r ike  was impacted onto a 15.2-cm-wide s t r ip  of Thorstrand 
bonded to the afterbody of the tes t  specimen. There was no damage to the tes t  
specimen. The Thorstrand, however, sustained i rreparable damage. The alumi­
nized coating on the glass f ib e rs  pa ra l le l  to the current f low was vaporized 
and thus rendered in e f fec t ive  fo r  subsequent s t r ikes .

Conclusions Based on Second Test Series

The l ightning accommodation system configuration consisting of the alumi­
num t i p  cap and the f l a t ,  braided cable down-conductor located on the t r a i l i n g  
edge of the rotor  blade and grounded to the metal adapter w i l l  be adequate fo r  
numerous l ightning s t r ikes of 150-kA current levels .  However, several con­
secutive 150-kA str ikes might cause f ie ld - r e p a i r a b le  damage to the system. 
Lightning s t r ikes imparting current levels exceeding 150 kA and reaching 
200 kA most l i k e l y  would cause damage requiring more extensive repairs .  The 
extent of damage and the d e f in i t io n  of needed repairs could not be ascertained 
during these tests .

EPOXY-WOOD TESTS

This series of tests were conducted by Lightning Technologies, In c . ,  at 
the General E lec t r ic  High Voltage Laboratory in P i t t s f i e l d ,  Mass., on the 
Gougeon Brothers sample i l l u s t r a te d  in f igu re  7 and described in the section 
TEST SAMPLES.

High-Voltage Tests

The low-power-level tests were to be performed f i r s t  on the tes t  specimen 
containing no l ightning accommodation system

(1) To id e n t i fy  complete external l ightning current paths, including those 
resul t ing  from side f lashes

(2) To determine the current paths i f  the i n te r io r  of the blade contained 
cables, hydraulic l ines,  s t ra in  gages, or navigational l ightning wiring

These low-power tests  were to be used as the basis fo r  defining and test ing  the 
proper prototype concept of a l ightning accommodation system.

The tes t  specimen as manufactured was not equipped with any type of 
l ightning accommodation system. To assure that  the test  specimen was not 
rendered useless before the intended tests  were completed, the sequence of 
Lightning Technologies' recommendations was reversed. Gougeon Brother, on 
J. D. Robb's recommendation, were using to ta l  rotor  blade surface coverage

10



with aluminum screen as a l ightning accommodation system. The approach was 
economical and very compatible with the manufacturing process. Thus the tes t  
sequence was started with the tes t  sample being equipped with aluminum screen 
surface coverage as the l ightning accommodation system. The accommodation 
system was progressively diminished u n t i l  there was none f o r  the f in a l  series  
of shots. The progression is schematically i l l u s t r a te d  in f igure  26.

Instrumentation. -  A Marx type of impulse generator was used in the high-  
voltage attachment t e s t .  A c i r c u i t  schematic is i l l u s t r a te d  in f igu re  27 
( r e f .  4 ) .  A high-impedance, compensated voltage d iv ider  was used to monitor 
applied tes t  voltages. The output waveform was displayed on a Tektronix 507 
oscil loscope. The steep-front  waveforms were in accordance with the charac­
t e r i s t i c s  described reference 6.

Sequence of tes ts .  -  Sixteen high-voltage attachment tests were con­
ducted. Of these, 11 were posit ive  p o la r i ty  tests and 5 were negative 
p o la r i t y  tes ts .  Test results  are summarized in tab le  I I I  (data from r e f .  4) 
and shown in f igures 28 to 37.

The series of tests  l is ted  in table  I I I  were carr ied out in d is t in c t  
groups. The f i r s t  group consisted of tests  2 and 3. For th is  group of two 
shots the tes t  electrode was posit ioned at the leading edge of the tes t  speci­
men approximately 2.5 m down from the t i p .  The tes t  specimen was protected by 
aluminum screen except at the leading edge, where an approximately 31-cm gap 
between the aluminum screens exposed unprotected surface. As noted in tab le  
I I I ,  attachment was to the screen. For the next group of tests  (4,  5, and 6) 
the test  electrode was moved to the center of the leading edge and closer to 
the unprotected leading-edge surface. A l l  shots attached to the screen.

The th i rd  group of tests (7 to 11) were negative p o la r i ty  shots ( f i g .  
3 2 ( a ) ) ,  and a l l  attached to the screen once the specimen and electrodes were 
properly posit ioned. The remaining group of tests  (12 to 15) were carr ied out 
with an aluminum t i p  cap and a 1.3-cm-wide aluminum tape conductor down the 
t r a i l i n g  edge of the specimen. At tes t  12 puncture was evident.  Polaroid 
cameras were ins ta l led  in the D-spar and in the afterbody (wing box) to record 
internal  streamering, and the tes t  was repeated ( te s t  13) .  There was no 
evidence of streamering in the afterbody. D-spar streamering was evident from 
the grossly overexposed f i lm  s t r ip .  Neutral density f i l t e r s  were ins ta l led  on 
the D-spar camera lens and the tes t  was repeated ( te s t  14) ( f i g .  3 7 ( a ) ) .  The 
specimen was punctured again. There was no evidence of streamering in the 
afterbody. Inside the D-spar the streamer traveled down the inside leading 
edge and attached to the aluminum bar conductor, simulating in te rnal  wiring  
as i l l u s t r a te d  in f igu re  37(b) .  For tes t  15 in th is  group the specimen was 
rotated 90°,  as shown in f igure  35, and the electrode was posit ioned half-way  
between the leading edge and the afterbody to determine i f  the charge would 
stay on the surface and reach the aluminum tape down-conductor. The side was 
punctured. The streamer went along the inside surface of the afterbody,  
penetrated the D-spar, and came down through the aluminum bar conductor along 
the inside surface of the leading edge, as i l l u s t r a te d  in f igures 4 and 38.
The last  shot ( tes t  16) was made on the tes t  specimen without any conductive 
paths on the surface. The attachment occurred at the top of the tes t  speci­
men, punctured i t ,  and went down the inside of the leading edge. There was no
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evidence of streamering in the afterbody, only in the D-spar, as seen in f i g ­
ure 39. The expectation was that  the specimen would be destroyed by such a 
shot, but i t  did not happen.

A f ter  the tes t  specimen was returned to Lewis, i t  was dissected at the 
points of puncture. The evidence of arc penetration through the epoxy-wood 
structure is shown in f igures 40 and 41. I t  is in terest ing  to note that  the 
carbonaceous t r a i l  of penetration ends at the internal  surface of the w a l l .
No other trace of the carbonaceous arc t r a i l  could be found.

High-Current Damage Test

A captive discharge generator,  shown in f igure  42 ( r e f .  4 ) ,  was used fo r  
the high-current damage te s t .  The high-current waveform shown in f igure  43 
was monitored with a wide-band-pulse current transformer rated at 250 kA, a 
current-t ime product of 64 As with a frequency response of 1 Hz to 100 MHz.
The f e r r i t e  core had a 100-turn secondary winding terminated in a low- 
inductance coaxial  res is tor  of O.Oln ± 0.1 percent.  The voltage across the 
res is tor  was carr ied by a double-shielded coaxial  cable to a type 7704A 
Tektronix osil loscope housed in a shielded room.

The specimen fo r  th is  test  consisted of a 61-cm by 61-cm square plywood 
Nomex sandwich panel with aluminum screen bonded under a 33-mm-thick layer of 
f iberg lass .  The specimen panel was ins ta l led  in the high-current generator  
with about a 3-cm electrode gap ( f i g .  8 ) .  A 210-kA pulse with an action 
in tegral  of 3.5xlO^A^s was applied to the specimen. As shown in f igure  44 
the aluminum screen and f iberg lass coating evaporated or blew o f f  in a 76-mm- 
radius c i r c le  under the entry point and the f iberg lass peeled in other areas 
and delaminated from the Nomex honeycomb. No fu r the r  major structural  damage 
was evident.  The damaged area could be eas i ly  repaired in the f i e l d .

Hamilton Standard, a div is ion of United Technologies, funded a test
program carr ied out by Lightning and Transient Research In s t i t u t e ,  with
o. D. Robb as the pr incipal  invest igator  ( r e f .  5 ) .  The test  program object ive  
was to confirm that  the system evolved by Hamilton Standard would properly  
accommodate current flows and energies from l ightning str ikes without com­
promising the epoxy-fiberglass rotor  blade structure.  Their system uses 
153-mm by 0.20-mm adhesive-backed aluminum f o i l  tapes. The test  program 
successfully v e r i f ied  the acceptab i l i ty  of the Hamilton Standard concept, and 
by the same token v e r i f ied  the observation and f indings of the test  programs 
carr ied out under Lewis' sponsorship.

CONCLUSIONS AND RECOMMENDATIONS

The observations and data obtained in series of tests of l ightning
accommodation systems c le a r ly  led to the fol lowing general conclusions:

1. Composite-structural-material  rotor  blades require a l ightning  
accommodation system whether or not the blades contain internal  wiring or 
metal l i e  components.
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2. The basic l ightning accommodation concepts examined in these series  
of tests do e f fe c t i v e ly  contain the charge on the surface of the rotor  blade 
and prevent in ternal  streamering. An aluminum screen covering e f fe c t i v e ly  
prevents in ternal  streamering even with a metal conductor component inside the 
specimen.

3. Adhesive-backed aluminum tape (153 mm by 0.20 mm) properly accommo­
dates currents in excess of 200 kA without structural  damage to the composite- 
mater ia l  ro tor  blade, and only very local damage to the tape i t s e l f .  The local  
damage at the point of attachment would be eas i ly  repairable  at very low cost.

4. Keeping discharge currents on the rotor  blade surface, s p e c i f ic a l ly  
by using conductive paths, precludes structure penetration.

5. A conductive t ip  cap e l e c t r i c a l l y  bonded to the current path down- 
conductor is mandatory to preclude l ightning entry into the spar and afterbody 
from the blade t i p .

6. Abrupt d i rect ion  changes of the current paths must be avoided.

7. Although quant i ta t ive  data were not obtained, i t  is known that  mois­
tu re  content in the structure enhances structure penetration by l ightning  
currents.

8. The need to shield internal  steel adapters from p o te n t ia l ly  causing 
in te rnal  streamering between themselves and the t i p  cap over the length of the 
in ternal  cav i ty  of the rotor  blade has not been c le a r ly  substantiated.

9. Induced voltage e f fec ts  or any secondary e f fects  on instrumentation,
structures,  or components cannot be assessed.

10. Compliance of the potent ia l  l ightning accommodation systems with non­
in terference with te lev is ion  reception has not been defined.

For a l ightning accommodation system to be e f fe c t i v e ,  namely to prevent 
or minimize damage, the system must be capable of accommodating a wide range
of l ightning currents.  One of the most important parameters a f fect ing  the
damage tha t  may be caused by l ightning is the peak current amplitude. From 
the data published in NASA Reference Publication 1008 (pp. 21, 27, and 28),  
the p ro b a b i l i ty  is that  in 50 percent of the strokes the peak current w i l l  be 
greater than 20 kA; in 4 percent,  greater  than 100 kA; and in 0 .8  percent,  
greater  than 200 kA. Combining these data with the isokeraunic level and 
f lash density values (f lashes per square ki lometer per thunderstorm days per 
year) indicates that  in 10 years only 5 percent of s tr ikes  would exceed 100 kA 
and in 5 years 10 percent of str ikes would exceed 65 kA. On the basis of 
these current levels  a much simpler l ightning accommodation system would be 
j u s t i f i a b l e .  One drawback is that  while the observed peak current amplitude 
s t a t i s t i c a l  data may be more predictable ,  the isokeraunic level data are of 
l im ited value. The isokeraunic data do not dist inguish between cloud-to-cloud  
discharges and cloud-to-ground f lashes,  do not al low fo r  the duration of the 
storm, and so on. Nevertheless, i t  would seem that  a l ightning accommodation 
system capable of handling 100- to 150-kA peak current amplitude would s t i l l
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be e f fe c t iv e  even fo r  a 200-kA stroke. However, a system having experienced 
such a peak current amplitude undoubtedly would have to be repaired.

An e f fe c t i v e ,  yet  simple, l ightning accommodation system would consist of 
an aluminum t ip  cap with an e l e c t r i c a l l y  bonded down-conductor on the t r a i l i n g  
edge of the rotor  blade grounded to the steel hub adapter and chordwise st r ips  
of current d iverters  from the leading edge to the t r a i 1ing-edge down-conductor 
every 1.5 to 2 m of the rotor  blade spar. Use of the current d iverters  has 
been described by Plumer and Hoots ( r e f .  10).

The e f fects  discussed in th is  report emphasize l ightning accommodation 
systems fo r  rotor  blade structures only.  However, mechanical components, 
tower structure,  generating equipment, instrumentation, and e lectronic  com­
ponents must be included in the to ta l  system design. Building structures and 
generator equipment without specif ic  and proper provisions to accommodate 
currents from a l ightning stroke may have most undesirable consequences.
The bearings may be rendered i rreparable  or t h e i r  l i fe t im es  may be consider­
ably reduced. Development of induced voltages in instrumentation l ines  
located in the tower structure or in ter fac ing  with u t i l i t y  power l ines can 
cause extensive damage to instruments, sensors, microprocessors, computers, 
and control c i r c u i ts .  The consequences of these damages can range from a 
t o t a l l y  uncontrollable machine or unpredictable response to commands to to ta l  
disfunction of the operating system. An addit ional hazard is presented by 
f i e l d  repairs or in f i e l d  modifications such as in s ta l la t io n  of ice detectors,  
t i p  weights, and addit ional instrumentation. The real danger is that  such 
actions may compromise a properly designed l ightning accommodation system and 
render i t  in e f fe c t iv e .

There are no recorded data of a wind-driven turbine generator structure  
being h i t  by l ightning.  Even where visual observations have been made, the 
current peak amplitude of such an "observed" s t r ike  is unknown. Therefore 
designing a l ightning accommodation system is more d i f f i c u l t .

To ease the design tasks and to assure that  the l ightning accommodation 
systems are properly designed and perform as intended, a d u a l - a c t iv i t y  ap­
proach is most strongly recommended. One a c t i v i t y  presently pursued is to 
gather data of l ightning str ikes on active  wind-driven turbine generators and 
to develop a handbook of recommended procedures fo r  l ightning s t r ik e  accommo­
dation systems on operational wind-driven turbines.  This a c t i v i t y  is being 
pursued through a cooperative agreement with Southern I l l i n o i s  University .  
Passive l ightning current detectors and s t ra te g ic a l ly  placed cameras have been 
ins ta l led  at the Rocky F la ts ,  Colorado, tes t  s i te .  Si te  personnel have been 
acquainted with the need to record occurrences, damages, observations,  
ef fe c ts ,  and delayed ef fects  and to transmit the information to Southern 
I l l i n o i s  Univers ity  and/or the Lewis Research Center. Southern I l l i n o i s  
Univers ity  co l la tes  and analyzes the data,  investigates damaged f a c i l i t i e s ,  
and documents the f indings. These f indings,  together with appropriate re­
commendations in conjunction with exist ing practices and methodology, are 
being combined into a handbook of acceptable practices fo r  wind-driven turbine  
systems.

The second a c t i v i t y ,  namely to ta l  system subscale-model tes t ing ,  i f  
carried out in conjunction with the SIU e f fo r ts  would be extremely pert inent
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and productive. Conducting a scale-model wind-driven turbine generator system 
study in a simulated l ightning environment would y ie ld  data on the basis of an 
integrated to ta l  system rather  than piecemeal. In tegration of the subscale- 
model analysis data with the l ightning current detector data would form a very 
sound technical base fo r  def ining more appropriate,  r e a l i s t i c ,  and economi­
c a l l y  feas ib le  l ightning accommodation system designs fo r  wind-driven turbine  
generators.
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TABLE I .  -  HIGH-CURRENT CALIBRATION

Hub area Full  length Tip area

Charge voltage, V 
Bank capacity,  pF 
Period, ys 
F i r s t  ha l f  peak 
Second ha l f  peak 
Maximum current,  i^^x* 

Computer calculat ion  
Simpl if ied calculat ion  
Pearson probe measurement

14 000 
610 
230 

1.75 
0.35

174 000 
156 015 
199 520

14 000 
610 
300 
1.3 
0.3

136 000 
123 968 
118 000

14 000 
610 
320 
2.3 
0.3

118 000 
100 771 
104 880

TABLE I I .  -  PROGRESSIVELY HIGHER CURRENT FLOWS 

THROUGH BRAIDED CABLE

Current,
A

Observed cable condition

50 000 
83 000 

133 000 
181 000 
246 000

No damage
Sl ight  tubular cur l ing
More pronounced tubular  cur l ing but no breakage 
Complete cur l ing and s l ig h t  shredding 
Braid torn loose and shredded
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TABLE I I I .  -  RESULTS OF HIGH-VOLTAGE TESTS ON EPOXY-WOOD BLADES

Test P o la r i ty Pulse,
kV

Wavefront 
r ise  time,  

kV/ms

Observations Figure

1 + 1445 1300 Generator checkout OK 28
2 1500 1300 Attached to screen —
3 1500 1300 29
4 (a) (a) 30
5 1420 1300 —
6 1420 1300 31
7 1490 1200 Did not cross rod gap —
8 1490 Did not cross rod gap —
9 1510 Attached to screen —

10 1500 Attached to screen 32(b)
11 1 1500 Attached to screen 33
12 + 1700 1400 Punctured leading edge 34
13 1730 Punctured leading edge —
14 1680 Punctured leading edge 37(a)
15 1480 Punctured side 35
16 1r 1975 ' r Punctured 36

®No oscil logram.
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Figure 5. -  Waveform A. (From ref. 6.)
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Figure 15. -  Attachment at or near tip with external surface flashover and no stitching. (From ref. 3 .)
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Figure 16. -P rogressive deletion of cu rren t paths on Kaman specimen. (From ref. 3.)
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