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A Study of Fog Clearing Using a CO2 Laser
G. J. MULLANEY,* W. H. CHRISTIANSEN,t AND D. A. RuSSELLj

Boeing Scientific Research Laboratories, Seattle, Wash.

It has been suggested that haze and fog may be dissipated by using a 10.6/i laser beam. This
radiation is strongly absorbed by liquid water but only weakly absorbed by water vapor.
Thus, the laser selectively deposits its energy in the water droplet, ultimately evaporating it.
In this paper, the physics of fog removal by a CO2 laser is explored, and the possibility of clear-
ing airport runways is evaluated. Although initial estimates of the power required to clear a
runway 106 to 107 w are large for present-day laser devices, they may not be excessive require-
ments for future systems.

I. Introduction

THE economic loss to the airlines in the United States due
to the presence of fog at airports now amounts to 70

million dollars per year.1 In a decade, this loss is predicted to
increase to over 180 million dollars per year.2 A number of
methods for combating the problem have been tried, including
fires, ultrasonic sound, and seeding.3 It was recently pointed
out that haze and fog may be cleared by using a C02 laser
beam,4 thus providing a new approach. 10.6/z radiation is
strongly absorbed by liquid water because of an intermolecu-
lar bond which is not present in water vapor.5 Indeed the
difference between liquid water and water vapor on a per unit
mass basis is approximately four orders of magnitude, Thus,
the laser selectively deposits its energy in the water droplet,
ultimately evaporating it. Such a scheme otters the prospect
of a more efficient energy utilization than approaches that
rely on heating large volumes of air.

In this paper, the physics of fog removal by a C02 laser is
investigated and the possibility of clearing airport runways is
evaluated. Laboratory measurements have been made of the
evaporation rate of fog when subjected to an intensity of
5-300 w/cm2 of 10.6/x radiation. An induced fog motion was
detected during these experiments which led to a re-evalua-
tion of the energy deposition process. Analysis shows that in
the range of the experiments, a near-equilibrium evaporation
of water talces pla^e into the surrounding air. The clearing
effectiveness bfShe laser under these conditions was also in-
vestigated: Mth different fog densities, beam dimensions, and
geometries/
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Fig. 1 Experiment arrangement for fog dissipation
measurements.
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The results were extrapolated to airport dimensions and
applied to the problem of clearing an airport runway of fog.
Estimates of the power required to clear a specific volume to
FAA specifications under various conditions of visibility and
wind conditions were obtained. The calculations were com-
pared with conditions at Seattle-Tacoma International and
Los Angeles International airports using recorded meteorologi-
cal data. Although the estimates of the power required to
clear a runway are large for present-day laser devices, they
may not be excessive requirements for future systems. A
suggested geometry for a laser installation on a runway is
described, and the economic feasibility is assessed.

II. Details of the Clearing Process

Experiments

The process of fog dissipation by C02 radiation was ex-
plored with a series of laboratory experiments. Reference 6
presented the initial results, including a study of the time to
evaporate single fog droplets. The present study continues
this work with emphasis on the scaling laws for fog clearing.

The experimental arrangement is shown schematically in
Fig. 1. A small freezer was cooled to 275°K and steam intro-
duced. Experiments were begun after the steam entry valve
had been closed and the freezer had filled with a quiescent
fog. A spherical mirror focused the output of the 10.6ju C02
laser (0-100w Coherent Radiation Laboratories Model 40)
at point A, where a mechanical shutter provided an off/on
switching time of 100/z sec. A second spherical mirror
rendered the beam parallel with a 1.5-cm diam. Larger or
smaller beams could be provided by insertion of a colimator
after the second mirror. A germanium window (94% trans-
mission) at B reflected a small portion of the C02 radiation to
a GerAu detector, which could be used to start the oscillo-
scope sweep. The main beam passed through the fog chamber
to a Ge: Cu detector.

Measurements of the clearing effectiveness of the C02
radiation were made by using a 0.63/4 He-Ne laser as a
visibility probe. This beam had a diameter of approximately
0.2 cm. It was chopped at 500 Hz and passed through the
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Fig. 2 Output of visibility probe (He-Ne beam).
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Fig. 3 Photographs of the clearing process taken at J^-sec
intervals.

fog chamber, generally along the axis of the C02 radiation.
Most of the beam reflected off the germanium window and was
then picked up by a photodiode, and the output was displayed
on the oscilloscope. A typical oscillogram of the transmitted
He-Ne signal is presented in Fig. 2. The lower line on this
figure corresponds to zero transmitted signal, whereas the
light upper line is the transmission without fog. The middle
trace is the time dependent transmission of the He-Ne beam.
It shows an increased transmission, corresponding to in-
creased visibility, immediately after the C02 laser is turned
on. The initial rise provides a measure of the droplet evapora-
tion rate.6 After a few seconds, the He-Ne signal becomes
steady at a level which indicates improved visibility.

Figure 3 is a photograph taken along the beam axis using
an intense white light beam to illuminate the fog. It shows
the initial clearing of a hole in the fog by the C02 laser and the
rise of a plume of cleared air as time progresses. Eventually
the steady-flow condition is attained, for which 1-10 cm/sec
plume velocities and 0.1-1°C plume temperature increases
above ambient were measured. The convective motion re-
duces the length of time that a fog droplet is in the C02 beam,
and thus limits the ability of the laser to completely clear the
fog. In order to study this effect, measurements were made
of the initial and final characteristic visibility lengths Li and
Lf as the C02 beam diameter d and power density P were
varied.

Li and Lf were obtained from the oscilloscope traces using
the relation

I/Io = exp[-Z/L] = exp[-n27rr2/] (D

Here I/I0 is the attenuation of the He-Ne beam in passing
through the fog chamber of length I = 0.83m. The attenua-
tion is assumed to be caused by large particle scattering.
The characteristic length is thus equal to (n2irr2) ~1, where the
particle density n, and the mean particle radius r, were esti-
mated to be 103-104/cm3 and 2-7p, respectively.6 Li was set
between 0.5m and 20m by varying the amount of steam ad-
mitted to the fog chamber prior to a test. P was varied be-
tween 5 and 300w/cm2, whereas d was set at either 0.60, 1.50,
or 2.85 cm. The data were taken with the He-Ne beam con-
centric with the C02 beam, with the common axis located a
minimum of 15 cm from the sides and the top and bottom of
the test chamber.

The data are presented in Fig. 4, where the ratio of initial
to final visibility length is plotted vs the parameter d2P2Li
(in w2 per cm) for each experiment. The figure shows that
Li/Lf was always less than one and thus, that some fog
clearing was realized under all experimental conditions.
For fixed values of P and d, it can be seen that the light fogs
(large Li) showed the most improvement. With Li fixed, in-
creasing P or d also increased the clearing effectiveness.
Li/Lf and d2P2Li are seen to correlate the data.

Experiments designed to check the effect of a ground plane
below the C02 beam did not produce significantly different
results, unless the probing beam was moved close to the plane
surface. More confined geometry would be expected to in-
hibit the induced motion and thus, improve clearing effective-
ness. However, exploratory measurements produced incon-
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Fig. 4 Collected data from the fog clearing experiments
[the solid curve is Eq. (6)].

elusive results, presumably as a result of thermal gradients
introduced by the confining structures and the viscous nature
of the flow.

Analysis

The rate of evaporation of a stationary fog is determined by
a heat balance for the individual droplets. Some of the ab-
sorbed energy goes into evaporating the droplet and reducing
its size, while the rest is conducted from the droplet surface to
the surrounding air. It can be shown that7

r = Ti exp[— t / r ]

where r» is the initial radius at t = 0.
time for evaporation given by

(2)

r is a characteristic

rP = const - (3phv/a)[l + £] (3)

where p is the liquid water density and hv the heat of vapori-
zation. a is the absorption coefficient for liquid water at
lO.Gjit, measured during the course of this study to be 0.12/z"1.
The second term in the brackets £ represents the loss due to
heat conduction to the air. It was calculated to have a value
of approximately 2 for the experimental conditions, inde-
pendent of P (see Eq. 4, Ref. 6). Thus, f of the absorbed
laser energy goes into heating the air. This rise in air tem-
perature is just that required by the Clausius-Clapeyron rela-
tion to prevent recondensation of the water vapor evaporated
from the droplet.

If a mean value U is assigned as the induced steady flow
through the C02 beam, Eqs. (1) arid (2) give for L»/Z// on the
C02 beam centerline

Li/Lf = = exp{- [2(d/2) / U r ] } = rd/Ti (4)

Here rd/2 and rd are the mean droplet radii after traversing
distances d/2 and d from the beam edge. The convective
flow pattern is complex: however, a useful result may be ob-
tained if it is assumed that the kinetic energy in a "char-
acteristic" volume in the flowing system is proportional to the
energy that goes into heating the air in the same volume.
This in turn is proportional to the amount of water vaporized
from the droplets in the volume. Thus,

(5)

pair is used in calculating the kinetic energy, since the con-
tribution from the water droplets is negligible. The last
equality of Eq. (5) was obtained with the use of Eqs. (1) and
(4). Inserting Eq. (5) into Eq. (4) and using Eq. (3),

(C/n)PWLi = (liLi/Lf)*[l - (Li/Lf)*} (6)
Equation (6) was fitted to the data of Fig. 4 by selecting
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Fig. 5 Velocity induced by the clearing process vs the
initial characteristic length Li.

C/n = 4.3 X 10~6 cm/w2. It is shown as the solid line on
Fig. 4. The agreement is seen to be good for the complete
range of the experiments, with no systematic differences ob-
served. This suggests that TI did not change markedly with
Li, although the logarithmic abscissa would obscure small
variations. Equation (6) provides a simple exponential rela-
tion for small values of !/»/!//, with a more complicated be-
havior as Li/Lf approaches unity.

The experimental data are well correlated by Eq. (6), how-
ever, caution must be exercised when attempting to scale the
results to much larger systems. The fraction of the kinetic
energy to the total that is introduced by the laser is extremely
small (of order 10~8), and thus might be sensitive to small
changes in the system or its scale.

III. Application to Airports

Having identified the physics of fog dissipation by a C02
laser, it is interesting to consider the possibility of clearing
fog on a scale corresponding to an airport runway. Here the
cleared volume must be large enough to visually land an air-
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craft (see Sec. IV), but as small as possible to minimize the
laser power requirements. The dimensions used in the fol-
lowing analysis are 30m X 30m X 500m, where the longest
dimension is taken as the runway length (I). The estimate of
the power requirements to clear the volume is the subject of
this section.

The laser power requirements depend on the fog velocity,
induced by the clearing process as well as by natural winds.
Consider the laser power requirements due to the induced
velocity. Using the results of Sec. II and combining Eqs.
(3, 4 and 6) gives

U = [I- (Li/Lf)*/(rP)*(C/ri)LiVl* (7)

The experimental value6 of rP is 28 joules/cm2. Equation (7)
shows that U is independent of P and d, depending only on the
degree of clearing L»/L/ and the initial fog condition Li.

The minimum requirement for Cat II-B landings is 1200-ft
visibility (see Table 1, Sec. IV). Transmissometer cali-
bration data8 show that this corresponds to a value of L equal
to 80 m). Using Lf = 80m, U can be calculated as a func-
tion of Li. The resulting curve is shown in Fig. 5. U de-
creases with increasing Li} going to zero at Li = Lf = 80m.
It is small, being less than 1 cm/sec for natural fogs (Li >
10m). These low values of velocity may be questionable in
view of the scale of the airport. It is possible that the in-
duced flow changes character when scaled up to larger dimen-
sions because of a Reynolds number effect. In our experi-
ments the Reynolds number range was small (3 < Red < 50).
Although Re dependence correlations were attempted, they
were inconclusive. The authors believe the induced velocity
U scaled from the experiments represents a lower limit on the
induced velocity, with an upper limit not really known at this
time. Using results of Scorer9 for thermals, which are large
Re flows, an upper limit can be estimated. From Scorer,

where co is the velocity of the thermal (interpreted to be the
upper limit of induced velocity), g is the acceleration due to
gravity, B is the mean buoyancy Ap/p, and x is the appropri-
ate scale dimension normally taken as the half width of ther-
mal. The effect of the nonuniform buoyancy and ground
plane influence is here approximated by taking B = J5max/2
(Bmax is the buoyancy at 30m height) and using x as one-half
the suggested dimension, i.e., d/4. 5max is given by | Ap/p| =
|AjP/T|, since the pressure is constant. AT/T can be calcu-
lated knowing the heat loss during evaporation (<£ term ef-
fect) and setting this equal to the temperature rise in the sur-
rounding air. It can be shown with this calculation that the
ratio co/£7 is a constant having a value of about 50 for a run-
way dimension of 30m. The upper limit induced velocity is
less than 25 cm/sec for a typical fog.

The laser power required to clear the runway (P was calcu-
lated by equating it to the rate of energy required to evapo-
rate the fog drops as they are carried through the runway
volume by the induced wind;

= dlphv[l + £]n%7r[ri* - rd*]U (9)
Table 1 Low-visibility landing categories

Category

I
II-A
II-B

III-A
III-B
III-C

Runway visual
range (RVR)

ft
2400
1600
1200
700
150

0

Decision
height (DH)a

ft
200
150
100&

Fig. 6 Power required to clear the runway at zero wind
speed.

a A height (above runway elevation) below which a pilot must not descend
if he has not obtained adequate visual references before approaching this
point. He must execute a missed-approach procedure at this point or be
assured he has adequate references to land by visual means.

& Sometimes called CAT II.
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This equation assumes a geometry can be realized whereby all
the laser radiation is absorbed within the volume. Equation
(9) can be rewritten with the help of the previous equations as

0 = iadl(n/Li)[l ~ (Li/LfY]^/[(C/ri)Li]^ (10)
Considering rz- = 5/z as an average value of the drop radius
and d the width of the runway, the required power can be
calculated. Figure 6 shows (P as a function of Li for L/ =
80. The power is a maximum for low values of visibility and
is zero at Li = 80m. If the upper velocity co is used, the power
requirements are higher as shown by the dashed line in Fig. 6.

Wind loads must also be considered as they are often
larger than the induced velocity. For winds perpendicular to
the runway, a heat balance identical to Eq. (9) can be used if
U is replaced by UwjL]

where the subscript w± represents wind perpendicular to the
runway. For winds parallel to the runway, the cross-sectional
area used in calculating the flux of fog across the runway
changes so as to reduce the power required. Thus,

where the subscript w\ \ represents wind parallel to the runway.
Power calculations for dense natural fogs (T

2g-mile visibility
range) are shown in Fig. 7, together with the zero wind calcu-
lations. The power requirements are linear with wind speed,
the parallel wind requirement being the lower by a factor of
^o as a result of area change. Even for low-wind speeds, say
100 cm/sec (approximately 2 knots) the power requirements
are large, especially for the perpendicular wind case. For-
tunately, airports are usually designed with the runways paral-
lel to the local wind trends, thus reducing the possible times
that winds blow across runways. For a general wind direction
the total power requirement (Pr may be approximated by

<Pr = 1+
Uw sinfl ddUw J- — cos0

I U J

(13)
where the wind has been resolved into perpendicular and
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Fig. 7 Power required to clear the runway vs wind
velocity.
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Fig. 8 Meteorological conditions at Seattle-Tacoma
International Airport during fog.

parallel components and 6 is measured from the runway di-
rection. This equation can be used to estimate the power
required to clear an airport. Equation (13) is a function of
Uw, 0, and Li for fixed Lf.

Recorded meteorological data10 for the years 1965-1968
were used to obtain wind speed and direction relative to the
runway when there was a significant fog (Li < 80m) for two
selected airports (Los Angeles International and Seattle-
Tacoma International). The visibility, measured in yV of a
mile, was noted as well. This information was plotted on a
graph of wind speed (knots) vs the wind direction in degrees.
The, degree of fog intensity (proportional to the inverse of
visibility) is noted on the graph by different symbols. The
data for Seattle-Tacoma International Airport is plotted in
Fig. 8, while Los Angeles data is shown in Fig. 9.

Using a 107-w source at the airports, the wind speed and
direction that can be handled by the laser beam for category

0 4 8 12 16 20 24 28 32 36

North East South West North

Wind Direction

Fig. 9 Meteorological conditions at Los Angeles Inter-
national Airport during fog.
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Fig. 10 Suggested laser system for fog clearing of an airport runway.

II-B landings can be calculated from Eq. (13) if Li is known.
Seattle-Tacoma fogs are seen to be predominately -f-% mile
visibility or Li = 51m, which was taken as the average fog.
Using Li = 51m the tolerable wind speed vs direction (mea-
sured from the runway) was calculated. The results are
shown by the curve in Figs. 8 and 9. The peaks in these
curves represent wind directions along the runway, whereas
the minimums represent wind directions perpendicular to the
runway. Data points falling below these curves represent
fogs at these airports which are cleared by the laser beam.
Conversely points above these curves cannot be completely
cleared by the use of the laser. In both cases, a 107-w laser
can clear 80% of the serious fogs that occur at these airports,
whereas twice this power can clear essentially all fog. Fogs
with little or no wind associated with them are handled very
easily (cf Fig. 6). Radiation fogs such as those that exist at
Dulles International Airport may represent this case. How-
ever, meteorological data recorded for this airport is still
sparse and no calculations could be made.

IV. Airport Laser System

At this time the airlines and the major airports are upgrad-
ing to category II weather operation. The different categor-
ies of landing minimums are defined in Table 1.

With present equipment there is an unacceptably low ap-
proach success under category II-B weather,11 and the lowest
range of category III operation is years away. In the United
States, the philosophy continues to be that the pilot actively
controls landing of the aircraft. The procedure under adverse
weather conditions during a landing is to initially rely on in-
strumentation, change over to visual observations, then re-
turn to a combination of both during the most critical stage of
the landing. Better systems are needed to strengthen the
visual portion of the landing operation.

As shown in Sec. Ill, a laser power of 107 w can clear most
fogs (either warm or cold), to meet the visibility require-
ments for an FAA category II-B landing. Time to improve

visibility would be about 60 sec. The laser system would be
combined with category II ground and airborne equipment to
permit aircraft movements under category II and III weather
conditions.

A sketch of a suggested fog clearing system is shown in Fig.
10. Power plants installed underground on each side of the
runway would energize the laser system. The output C02
laser beams would travel from the power plant in distribution
tunnels parallel to and below the runway. Reflecting mirrors
at several stations would also expand the beam and rapidly
reduce its intensity as it passed through a grating adjacent to
the runway. The radiation intensity level in the zone
through which the aircraft would pass would be 10 times that
of sunlight, 1 w/cm2 and would not present a safety prob-
lem. During landing the flare begins when the aircraft wheels
are 15 m above the ground. The ideal touchdown distance
with a 3° glide path is 290 m with a touchdown dispersion of
perhaps ±150 m. Thus, a 500-m path length along the run-
way cleared by the laser would provide a minimum accept-
able visibility distance during the critical phase for landing.

The equipment costs for such an installation might be simi-
lar to gas turbine electrical generators of the same power out-
put (100 dollars per 103 w). Thus, the laser power source
would be a million dollar investment. All weather landing
systems of the more conventional type for category III-A
and III-B conditions have comparable costs. Any system
would require an additional investment in ground equipment
for surface routing of aircraft during III-B or III-C weather
conditions.

A recent study done by a consultant firm2 for the FAA pro-
jects much heavier air traffic loads to come in the next decade.
Net economic benefits will be possible to the airlines and the
national economy by upgrading the aircraft equipment and
ground installations on the forty major airports. The bene-
fit/cost ratios which would result from installing equipment
for all weather landing systems are favorable. Combining a
laser with present systems would provide the same favorable
economics. Thus, laser systems may become an integral
part of future all-weather landing systems.
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Use of Ground Based Simulators in Aircraft Design
P. G. DlLLENSCHNEIDER* AND A. W.

LTV Aerospace Corporatiorij Dallas, Texas

The growth in flight simulation technology in the flight training context and the extension
of this technology to engineering oriented flight simulation is discussed briefly. Basic dif-
ferences between simulation used for training and engineering design are identified. The use
of ground based flight simulation in support of aircraft design is demonstrated by presenting
three diverse but typical examples. The specific engineering oriented simulations discussed
are an air combat simulation used to evaluate the effect of changes in gross aircraft char-
acteristics on air combat effectiveness, the approach and landing on board an aircraft carrier
at night to evaluate aircraft handling qualities in this critical tracking task, and a V/STOL
assault transport simulation used to tailor aircraft dynamics, control feel system characteris-
tics and flying qualities over the complete aircraft flight envelope.

Introduction

SOPHISTICATED ground based flight simulation has
been in general use since the advent of real time electronic

analog computers. Over the past decade great strides have
been made in improving the fidelity of flight simulators as-
sociated with training, through the rapid development of
hybrid/digital computers and the associated environmental
devices—principally cockpit motion and real world visual
display systems. Application of this technology to the
engineering design task has added a new dimension to the
analysis and synthesis of flight systems.

The flight training simulator is used to promote a change
in behavior through practice in the simulated flight environ-
ment. The simulator, normally restricted to the representa-
tion of a single aircraft over a well-defined flight regime, be-
comes available only after the design of the aircraft is com-
pleted.

The engineering simulator, on the other hand, is used in
the very early stages of the design cycle to establish aircraft
and aircraft systems design requirements and the evaluation
of alternative approaches to the solution of engineering design
problems. Typical engineering tasks include the assessment
of flying qualities, evaluation of flight control feel systems,
study of stabilization and automatic flight control systems,
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determination of the significance of gross aircraft design
parameters, appraisal of crew station configurations, develop-
ment of cockpit displays, exploration of head-up display
symbology, evaluation of system failure modes and emergency
conditions, etc. The simulator, normally configured on a
very short time scale by the use of flexible hardware and soft-
ware "building blocks/7 has a brief life span in any particular
configuration. An individual program is nearly always de-
voted to the study of a single design problem. The fidelity
of the mathematical model of the aircraft and its systems and
the environmental devices employed are largely dictated by
the status of the particular design. Early in the design, the
mathematical models are generally first order approximations.
As the design progresses, the fidelity of the mathematical
models are improved appropriately—ultimately including
all major nonlinearities which might affect design decisions.
In a similar manner, the environmental devices employed
extend over the full range of fidelity. Therefore, throughout
the research and development phase of an aircraft or aircraft
system one is likely to see a wide range of simulation fidelity—
ranging from very simple single degree of airframe freedom,
restricted maneuvering range, fixed base, instrument flight
studies to full 6° of airframe freedom, maneuvering over the
complete flight envelope, realistic cockpit mounted on a
motion system, and employing a real world visual display.

Numerous examples of the use of ground based flight simu-
lation in support of aircraft design are evident throughout the
aircraft industry, Department of Defense laboratories, and
the NASA. Several typical examples of engineering oriented
flight simulation studies, recently conducted at the Vought
Aeronautics Company, LTV Aerospace Corp., are presented
below.


