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Abstract

This paper presents a theoretical analysis of transient temperature distribution in metals and composites struck by different lightning currents
to simulate objects of interest, especially aircrafts. A computer program based on the finite volume technique is written to compute the transient-
temperature distributions in three dimensions due to both high-amplitude impulse currents (IC) and the relatively low-amplitude long-duration
currents (LDC). Typical waveform of the discharge current during lightning strikes to objects near/on ground (negative downward flash), at high
altitudes (negative upward flash) and in-flight (e.g. aircrafts) are simulated with different amplitudes and durations. The simulation considers the
IC as first negative, or superimposed or subsequent return strokes with respect to the LDC. Different types of metals and carbon-fiber composites
are also investigated to compare their thermal transient responses. Finally, the theoretical results are verified by using a sophisticated high-speed
infrared camera to measure the rear-face temperature profiles of metals as a function of the coordinates and time due to both IC and LDC.
© 2005 Elsevier SAS. All rights reserved.
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1. Introduction

Lightning is one of the natural threats that must be consid-
ered for safety reasons in the design of many objects [1]. These
objects are [1–3]:

(1) in-flight ‘airborne’ or landed aircrafts, and rockets,
(2) munitions and nuclear weapons,
(3) storage/collection tanks and pipelines of petroleum/gas in-

dustries,
(4) direct-current gas-insulated switchgear and lines, and
(5) optical ground/shielding wires.

Most of the in-flight measurements (∼90%) of lightning strikes
to aircrafts are when the aircraft itself triggers a lightning dis-
charge leading to the formation of the bi-leader phenomenon
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[4,5]. The rest of the in-flight measurements (∼10%) happen
when the aircraft intercepts a natural lightning channel. The
average probability of a lightning strike to a given aircraft
is somewhere between 1000 and 20 000 flight hours [2], e.g.
every civilian airliner is struck about once per year in aver-
age [4]. Therefore, the study of lightning aircraft interaction
is of significant importance. When an aircraft is in the vicin-
ity of a lightning leader, the electric field from the lightning
leader will initiate connecting leaders from the body of the air-
craft which intercept the lightning leader. The original lightning
leader is not diverted. The interaction can occur for all types of
natural lightning as intra- and inter-cloud discharges or cloud-
to-ground discharges [2,6]. In addition, aircrafts often trigger
the flashes themselves in regions where there are strong elec-
tric fields causing a bi-leader process starting from the aircraft
itself as mentioned above [6]. One of the most dangerous light-
ning events is a direct strike to the tank of the aircraft. Even
if there is no burn-through, the temperature rise inside of a
fuel tank may exceed a critical value and the fuel may ignite
and destroy the whole tank and the surroundings. Hot spots of
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1 cm2 require a temperature of greater than 800 ◦C to ignite [7].
Also, a 600–700 µJ spark represents a 50% ignition probability,
where the minimum acceptable hazard limit of energy is 200 µJ
[7].

Ground flashes can be divided into downward (cloud-to-
ground) and upward (ground-to-cloud) flashes [2,8–10]. Long-
duration currents (LDC) “square-like waveforms” occur in neg-
ative downward and upward ground flashes, cloud-to-cloud
flashes, and aircraft- and rocket-triggered lightning. Most of
the downward ground flashes (∼90%) are of negative polarity,
where they normally strike ground or medium height structures
(<60 m) [8–10]. These flashes are normally composed of sev-
eral impulse currents (typically 3 or 4) of which the first one
usually has the highest peak value of some 10 kA [8–10]. LDC
of a few 100 A may flow for a duration of a few 100 ms in the
lightning channel after one of these impulse currents [8–10].
This type of LDC is often referred to “continuing currents”.
On the other hand, very high structures usually trigger up-
ward ground flashes, where the probability of upward lightning
strikes increases with height [3]. Upward flashes are usually
of negative polarity and start with an initiation LDC with or
without superimposed impulse currents. Subsequent impulse
currents may follow [8,10]. During the in-flight measurements
[1], the aircraft or the rocket itself initiates the lightning, which
contains LDC of a few 100 A and duration of a few 100 ms [1].
Therefore, it is of significant importance to study the effect of
such mixed current (LDC and IC) on the transient-temperature
distribution in the struck objects.

Composite materials are steadily increasing in importance
as structural materials [11,12]. Carbon fiber reinforced plastics
(CFRP) represent a branch of these composites. They meet the
basic aims of aerospace industry such as improving in the struc-
tural efficiency with a reduced mass and without compromising
structural strength [12,13]. Most solid carbon fiber composites
(CFC) laminates employed as aircraft skins having thicknesses
range from 2 mm to 5 mm [6]. Skins of any of these thicknesses
can safely conduct lightning currents away from strike points,
thus the protection design objectives are as follows:

(a) preventing hazardous damage,
(b) providing adequate lightning current paths among parts, so

as to prevent damage at joints, and
(c) coordinating with other electrical requirements, e.g. light-

ning indirect effects.

The available types of CFC are [6]:

(1) woven wire fabrics,
(2) expanded metal foils,
(3) metal coated CFC, and
(4) interwoven wires.

The latter type achieves arc-root dispersion and the damage is
limited to the outermost ply as well as its weight penalty is very
small.

In this paper a computation of the three-dimension (3-D)
transient temperature distribution in metals and composites
Fig. 1. Schematic of the coordinate system and the thermal boundary condi-
tions.

struck by different lightning currents is introduced using a writ-
ten computer program based on the finite volume technique.
Also, the theoretical results are verified using the previously
published experimental works [14,15].

2. Computer program and assumptions

The thermal effect of lightning strikes to objects can be sim-
ulated by the transient heat conduction in solids. This is gov-
erned by the energy equation in axisymmetric coordinates (r, z)
for constant thermal properties as in [16]
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where the thermal properties ρ, c and k are the material den-
sity, specific heat and thermal conductivity, respectively. The
temperature field within the material ϑ(r, z, t) is to be obtained
upon solving the energy equation subjected to the appropriate
boundary and initial conditions. Fig. 1 displays a schematic rep-
resentation of a plate with appropriate definitions. There are
four types of boundary conditions: convective, insulated, sym-
metric, and given heat flux boundary conditions.

(i) Convective boundary conditions on the front and the rear
faces of the plate which can be expressed as

−k
∂ϑ

∂r
= h(ϑ − ϑ∞) (2)

where h, and ϑ∞ are the free convective heat transfer to
the ambient and the ambient temperature, respectively.

(ii) Insulated boundary condition on the plate edges (side
faces) is assumed since the plate dimension in radial di-
rection, r , is quit long enough such that the heat diffusion
at that edges is negligible, and can be expressed by

∂ϑ

∂r
= 0 (3)

(iii) Symmetric boundary condition, r = 0, and is treated as the
boundary condition given in (ii).

(iv) Given heat flux boundary condition at the plate center on
the front face represented by the circular area of the front-
face spot radius, r0, for the arc duration time td , and is
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expressed as

−k
∂ϑ

∂r
= P(r, t) for 0 � r � r0 and 0 < t � td (4)

where P(r, t) is the arc equivalent thermal power intensity.
After the arc dies out, the same area is left bare for free
convection heat transfer as given by

−k
∂ϑ

∂r
= h(ϑ − ϑ∞) for 0 � r � r0 and t > td (5)

The transient conduction differential equation is numerically
solved by the finite volume technique [17,18]. The basic prin-
ciple of the finite volume technique is based on dividing the
calculation domain into a number of non-overlapping control
volumes such that there is only one control surface surrounding
each control volume.

The grid points are numerically located in the center of the
control volumes. Thereafter, the differential equation is inte-
grated over each control volume. This integration is performed
after making presumptions about the manner in which the vari-
able ϑ is distributed between grid’s nodes. It is assumed that the
variable ϑ is varied in a linear manner between grid’s nodes. At
each time step the discretization equation leads to a system of
linear algebraic equations containing the values of ϑ for grid’s
points. After imposing the foregoing boundary conditions in
their numerical forms, the solution of the resulting system of
equation is obtained. Then, the solution is advanced in time to
obtain the temperature field at the next time level until reach-
ing a pre-assigned maximum time limit. Special care is taken
by using variable time increments, such that the waveform of
the IC is captured during each time level of the calculations.
The IC rise time is divided into 10 time intervals. This time in-
terval is used after detecting the birth of each IC up to 1.5 of
its rise time. Following each IC, the time interval is uniformly
increased until the IC tails off at 1.5 of its tail time. These non-
uniform time intervals guarantee that each IC in such flashes
having successive impulses is numerically captured during the
calculations. Prosperities of all metals were taken from [19].
For metal sheets the Joule/resistive heating and the variation of
the thermal conductivity due to the fast-changing current flow
in the material is negligible [20].

3. Results and discussion

An experimental simulation of the effects of lightning long-
duration and impulse currents (LDC and IC) striking to metal-
lic plates was performed by measuring the temperature pro-
files as a function of the rear-face coordinates every 20 ms
by using a sophisticated high-speed infrared camera, having
an upper temperature limit of 1200 ◦C [14,15]. The test sam-
ple (25 × 25 cm2) is concentrically fixed on an aluminum disc
(diameter = 60 cm and thickness = 10 mm). The rear-face tem-
perature profiles as a function of the coordinates and time were
measured, where the electrode-jet phenomenon and arc move-
ment were avoided. From these results, the input power density
is computed by knowing the spot radius, the cathodic/anodic
potential drop and the stroke current, where it is equal to the this
potential drop times the stroke current divided by the spot area.

3.1. 3-D transient-temperature distribution

Fig. 2 shows a comparison between the measured [14] and
computed rear-face temperature contour maps ϑr(x, y) for nor-
mal steel [19] at different times due to an LDC (square-like)
current with an amplitude I = −93 A and a duration �t =
325 ms. A good agreement is found between the measured and
the computed ϑr(x, y) during heating and cooling, too. Since
the major part of the absorbed energy by the sample is trans-
ferred by heat conduction to the sample rear-face. Hence, the
measured rear-face temperature contour maps ϑr(x, y) are, to
some extent, similar to those occurring on the front face but
with reduced scales. These contour maps “ϑr(x, y)” are con-
centric circles as observed from the front-face spots. Fig. 3 il-
lustrates the computed transient-temperature distribution along
the sample thickness ϑ(y, z) for normal steel [19], where the
temperature is slowly spreading due to the very low thermal
Fig. 2. Comparison between the measured (solid) and computed (dashed) rear-face temperature ϑ–r(x, y) contour maps (in ◦C) at different time steps for normal
steel having δ = 2 mm struck by an LDC of I = −93 A and �t = 325 ms.
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Fig. 3. Transient temperature distribution (in ◦C) along the sample thickness (z) for normal steel having δ = 2 mm struck by an LDC of I = −93 A and �t = 325 ms.
diffusivity and thermal conductivity of the steel [19], i.e. long
time constant.

3.2. Injected current amplitude and sample thickness

Although the arc tends to be radially contracted at increasing
the current, but it always stays symmetrical. This leads to the
concentric circles of the contour maps [14,15]. Fig. 4 depicts
the dependence of the rear-face maximum core-temperature
(ϑrm) for aluminum sample [19] on current amplitude of LDC
having �t = 525 ms. Aluminum has a much higher thermal dif-
fusivity and thermal conductivity than steel [19]. Therefore, ϑrm
occurs just after the current quenches, i.e. short time constant.
In addition, a good agreement between the measured [14] and
computed ϑrm is also observed for different thicknesses of the
aluminum sample. For a given current amplitude, the smaller
the sample thickness the higher is ϑrm.

3.3. Impulse current (IC)

Fig. 5 shows the transient profiles of the rear-face maxi-
mum core-temperature (ϑrm) for different metals [19] having
δ = 2 mm struck by IC (85 kA peak, 12/550 µs), where this
current represents the positive return stroke [9]. The observed
trend of ϑrm may be attributed to the fact that the spot diameter
in case of IC is much larger than that in case of LDC [14,15].
In case of a much smaller LDC spot diameter, high heat is dis-
sipated sideways into the material by heat conduction. While
in case of a large IC spot diameter, with almost equal heat flux
over a wider area, only a small part of the heat is dissipated into
the material. Here, the cooling down of the spot occurs mainly
by convection/radiation into the ambient air. For metals, as it
is well known, heat conduction is a much faster process than
heat convection/radiation. Consequently, an LDC following a
first return stroke will lead to the accumulative thermal effect,
i.e. “temperature build up” as can be seen in Fig. 5. Good agree-
ment between the measured and computed ϑrm is observed for
the aluminum sample.
Fig. 4. Dependence of ϑrm on current amplitude of LDC (�t = 525 ms) for
aluminum sample having different δ. Lines: computed. Symbols: measured.

Fig. 5. Transient profiles of ϑrm for different metals having δ = 2 mm struck
by IC (85 kA peak, 12/550 µs) simulating the positive return stroke current.

3.4. Mixed LDC and IC for metals

The power density (P ) and the current waveforms of any
lightning flash are identical. Fig. 6 illustrates the simulated
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Fig. 6. Simulated power density of a lightning flash having n = 3 and
0.25/100 µs.

Fig. 7. Transient profiles of ϑrm for aluminum having δ = 2 mm struck by the
lightning flash shown in Fig. 6.

power density (P ) of a given lightning flash representing the
“downward flash”, which consists of three impulses (n = 3) for
each of the preceding, the superimposed on a long-duration one,
and the subsequent ones. Each impulse simulates the IC having
a power density P = 60 MW m−2, while the ratio of the power
densities simulating the LDC to that of the IC is taken as 4. The
simulated power density in Fig. 6 is also chosen for simplicity
reasons. It represents an artificial mixture of the following two
kinds of lightning flashes when: (1) the aircraft itself triggers
the lightning and (2) the aircraft intercepts a natural lightning.
The front-face spot diameter is considered to be as large as
2 mm [14]. The front-face spot diameter is kept constant during
such mixed current strokes.

Fig. 7 depicts the variations in the transient profiles of
the rear-face maximum core-temperature (ϑrm) for aluminum.
These results reveal that the transient-temperature response of
aluminum is insignificantly governed by the number of the IC
impulses (n). The effect of the IC is not dominant because of
the short response time of the aluminum. For a constant power
density of the IC, other results reveal that ϑrm show an approx-
imate linear dependence on the relative power density (power
density of LDC to that of IC). A similar trend is also observed
for the case of having a constant power density of the LDC and
increasing that of the IC.
Fig. 8. Transient profiles of ϑrm for two-layer Al/C (0.1/1.9 mm) sample.

Fig. 9. ϑrm profiles for n = 3 and for multi-layer samples.

3.5. Mixed LDC and IC for composites

This section gives an introduction for studying the transient
profiles of the rear-face maximum core-temperature (ϑrm) for
samples consist of multi layers, i.e. aluminum and carbon, with
an overall thickness δ = 2 mm. For Figs. 7–9, it is also assumed
that the front face is normally made of aluminum and struck by
the same lightning flash illustrated in Fig. 6. The carbon prop-
erties are taken as ρ = 1600 kg m−3, c = 2000 J kg−1 K−1 and
k = 15 W m−1 K−1 [6].

Fig. 8 shows the transient profiles of ϑrm for various num-
ber of IC (n) and for two-layer aluminum (Al) on the front face
and carbon on the rear face, where the thickness ratio of Al/C
is 0.1/1.9 mm. It seems that the effect of n becomes sensible in
case of such composite material because of the long time con-
stant of the carbon as a result of its poor thermal conductivity
and high specific heat. This also leads to higher ϑrm and longer
time-to-peak for ϑrm(t) profiles in comparison to those of the
results in Fig. 7 for pure aluminum.

Other results show that a significant damping of these pro-
files along the sample thickness occurs inside the carbon layer
because of the above-mentioned reason. A similar trend of these
results is also obtained experimentally for steel [14].

Since carbon has bad thermal properties, therefore it is of
significant importance to reduce the rear-face temperature. Dif-
ferent samples are investigated, namely,
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(i) Al/C = 0.1/1.9 mm,
(ii) Al/C/Al/C = 0.1/0.9/0.1/0.9 mm, and

(iii) Al/C/Al = 0.1/1.8/0.1 mm.

Fig. 9 illustrates the effect of adding a thin layer of aluminum
either inside the carbon (configuration (ii)) or on the rear face
(configuration (iii), i.e. sandwiching the carbon between two
identical thin aluminum layers) with keeping the overall thick-
ness of the sample to be constant and equal to 2 mm. The peak
value of the rear-face temperature profiles is dominantly re-
duced by adding the above-mentioned aluminum layer, where
configuration (iii) gives the highest reduction. This can be ex-
plained by the following fact. In the two cases (ii) and (iii), high
heat is dissipated sideways into the material by heat conduction
leading to the decrease in the transient profiles of ϑrm. Other re-
sults also reveal that there is no significant difference between
case (ii) and the case Al/C = 0.2/1.8 mm. In addition, there is
no appreciable effect of the IC waveform (either in the order
of negative subsequent or negative first return strokes) on the
rear-face core temperature for both metals and composites. The
front-face “first” layer (Al = 0.1 mm) simulates the lightning
protection by a mesh. The samples (ii) and (iii) are not used in
aircraft skin, but they are examined just to show that it is pos-
sible to reduce the rear-face temperature without changing the
sample thickness.

4. Conclusions

A computer program based on the finite volume technique is
written to compute the transient-temperature distributions in the
three dimensions for metals and composites struck by simulated
lightning flashes. Good agreement between the measured and
the computed profiles is found for striking metallic plates with
both long-duration and impulse currents. Impulse currents pro-
duce much lower rear-face temperatures with prolonged pro-
files for a few minutes. On the contrary, long-duration currents
produce higher rear-face temperatures with their profiles decay
just after their generating currents die out.

The results also reveal that under mixed current flashes, the
higher thermal diffusivity and thermal conductivity the lower is
the prolonged temperature profiles with time even after quench-
ing the arc. The superimposed and/or the subsequent impulse
currents give an increase in the rear-face temperature, while the
preceding ones do not significantly contribute to the tempera-
ture rise on the rear face. For such mixed current flashes and for
metals having good thermal properties, there is a negligible ef-
fect of the number of impulse currents on the rear-face transient
temperature profiles. On the contrary, for aluminum/carbon
composites, this effect becomes appreciable with a delay in the
occurrence of the peak value of the rear-face temperature pro-
files. Keeping the overall thickness constant, the addition of a
thin aluminum layer to the rear face significantly reduces the
rear-face temperature.
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[19] M. Necati Özişik, Heat Transfer: A Basic Approach, first ed., McGraw-
Hill Book, New York, 1985.

[20] Ph. Testé, T. Leblanc, F. Uhlig, J.-P. Chabrerie, 3D modeling of the heat-
ing of a metal sheet by a moving arc: Application to aircraft lightning
protection, Eur. Phys. J. AP 11 (2000) 197–204.


