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The physiologic and per. auce effects of low-level recon-
naissance flying in hot environments were documented and
quantitated. RF-4C pilots and weapons system operators were
studied in hot and cool seasons during both high and low mis-
slons tc distinguish environmental temperature from flight level
effects. ECG, sternal and thigh skin temperatures, and cockpit
temperature at helmet level were monitored continuously, Body
weights, oral temperatures, sweat Na/K ratios, and urine elec-
trolytes, steroids, and catecholammes, as well as sleep and fa-
tigue scores, were measured. Mission performance was assessed
using photo target acquisition scores. RF-4C aircrews are exposed
to moderate heat stress and acute dehydration (1.2% over 90
min) during low-level summer flights where cockpit temperature
occasionally exceeded 50°C. Photo target scores indicated that
the potential for crew error was increased, and that the margin
of safety was accordingly decreased, during such hot missions.
The RF-4C cockpit air conditioning system proved inadequate.

L OW-LEVEL reconnaissance flying in hot environ-
A4 ments exposes flight crews to multiple stressors. Con-

The current address of R. R. Bollinger is Department of Sur-
gery, Duke University Medical Center, Durham, NC. The cur-
rent address of G. R. Carwell is Department of Surgery, Nor-
folk General Hospital, Norfolk, Va.

This rescarch was conducted jointly by personnel in the En-
vironmental Sciences Division, USAF School of Acrospace Medi-
cine, and the Flight Medicine Office, Shaw Regional Hospital
The voluntary informed consent of the subjects used in this
rescarch was obtained in accordance with AFR 80-33.

siderable experimental work has been done to measure
human responses to elevated temperature and dehydra-
tion in the laboratory under controlled conditions
(6,10,12,16). However, hittle similar data are available
on aircrew physiology and, especially, performance dur-
ing comparable operational situatiors in high-perform-
ance aireiaft. Thus, the application of laboratory derived
physiologic prinuiples to flight operations often rests on
assumptions or empiric practice. Quantitative assessment
of aircrew physiology in adverse operational situations is
essential to relate laboratory findings to practical ques-
tions of flying safcty and mission performance.

The problems of inadequate cockpit air conditioning,
especially elevated temperature, humidity, and caropy
fogging, werc reported by RF-4C crewmen and con-
firmed by their fhght surgeons. Review of the Category
II Chimatic Evaluations of the RF-4C Aurcraft (15) re-
vealed that these problems were detected during the
initial hot weather flights in Panama. However, the
cockpit conditions had been studied only from the
avionics and sensor engineering viewpoirt and their
physiologic significance had never been determined.
Consequently, Operation Phantom Flame was designed
10 quantitate the physiologic and performance effects of
5oy, fow-fevel fiight in the RF-4C and to relate opera-
tional data to existing experimental knowledge.

MATERIALS AND METHODS

Data were collected from crewmen of the 16th TRS,
363 TRW, Shaw AFB, SC, during regular student train-

Aviation, Space, and Environmental Medicine » October, 1975 1221

T

:
L
i e NP SRR e v e

N T

—— SN SRS, * R A Y ax 2

Cod

A .




v

P ST Tty AR R - 3

2 EEAETO d

-

~ g v o T o e e e T o e e T
RIS o s dgi it AR MR N  A Redit d y

T v Qe t s 2

v

. -

INFLIGHT HEAT STRESS—BOLLINGER & CARWELL

ing mussions. Volunteers with similar prior fght experi-
ence trom two consecutive classes were used at identical
phases of their thght traimng when they were flying the
same mussion protiles. The flyers studied mn August 1973
formed the hot-season group snown 1n Table I, while the
next class, m January 1974, comprsed the covl-weather
group. In each case. mformation was obtained during
both high- and low-level reconnaissance nussions. Simul-
taneous control data were collected from crewmen peg-
forming administrative duties on the ground. Flights were
classified as low level sf they had 30 mmn or more of
hugh-speed (420 knots), low-altitude (152 m AGL)
flying over circurtous courses several hundred mules tong.
High-level mussions ncluded air-to-arr refuehng, area
cover, and other reconnarssance msstons flown at alti-
tudes greater than 610 m. Multiple simulated military
targets (dams, bridges, etc.) were preselected for photog-
raphy. The courses were flown with pilotage techniques
so that relatively numor errors in heading, timing, or
crew coordination would cause o missed target, especial-
ly at the lower alutudes. G forces usually ranged from
U to +3 or 4 G, mn the turns. No aerobatics or defen-
sive combat maneuvers were performed.

An experimental station was set up n the squadron
persondl equipment room. Urnine samples were collected
in dilute hydrockione acid and further preserved by im-
mediate freezing at —20°C They were shipped to the
School of Aerospace Medicine where they were analyzed
for urea by Auto-Analyzer, sodium and potassium by
tlame photometer, and catecholanunes by a fluorometric
method (19). 17-OH corticosteriods were measured by
Endocrine Laboratories, Inc., Madison, Wi All urinary
variables  were eapressed s ratios to  the sample
creatimine, which was dalso determined by Auto-Analyzer.
Accurate budy weighes were obtained before and after
each flight using a scale sensitive to 5 g and accurate to
the niearest 20 g, Sweat loss was caleulated by subtract-
ting the werght of thud lost as urine from the total change
in postvoiding body weight oc¢urring during the mission.
Sleep histories were filled out before each flight and
questionnaires probing for details of the mission, cockpit
conditions, and crew reaction were completed after-
wards. Subjective fatigue forms were filled out both pre-
and post-flight. Filter paper squares with impermecabie
backings were applied to two sites on the back »f cach
crzwman to absorb sweat. These were subsequently dis-
solved in concentrated HC1 and the resulting solutions
tested by ifame photometer to determine the Na/K ratio

_TABLE 1. PHANTOM FLAME SUBJECTS!.

Grour: * Ground Low High Season

Scason control level level sotals
HOT B -

(Aug. 73) 24 26 30 80
COOL

(Jan. 74) 23 20 46 89

Group

Totals 47 46 76 169

1Some squadron personne! were sampled more than one time,
in different groups on different days.

of the sweat. Oral temperatures were measured pre- and
post-flight using a Yellow Springs Instruments Telether-
mometer. During 16 of the summer and 17 of the winter
{lights, cach crewman was monitored continuously with
sensors for electrocardiogram (ECG) and cockpit tem-
perature at helmet level, as well as for sternal and thigh
skin temperatures. The outputs were taped on a 4-
chuannel cassette-type analog recorder, which fit into the
map compartment of the aircraft. The recorder was con-
nected via o breahaway plug to a signal conditioner in the
crewman’s G-suit leg pocket. Simultancous data were
obtained from the pilot and weapons systems operator
{WSQ) to allow comparison of conditions in the front
versus the rear cockpits. Ground temperature and dew
points were recorded hourly by the Shaw AFB weather
station. Cochpit humidity was measured on sclected
flights with a hand-held psychrometer. Mission perform-
ance was asscssed on the basis of aircrew photo target
acquisition scores by comparing the exposed scnsor
films with preflight target maps. Squadron photo inter-
preters determined the number of targets missed during
all missions flown in each of the 2-week study periods
whether or not the crews were being monitored. Misses
due to pilot error were distinguished from those duc to
bad weather, in-flight cmergencies, mechanical failures,
or other factors beyond the crew’s control.

RESULTS

A representative low-level flight temperature profile
for a WSO is shown in Fig. 1. After takeoff, the helmet-
level temperature declined as the aircraft climbed to
aitiwude, The temperature rose to more than 48°C.
(118°F) during the low-level portion of the flight, then
fell precipitously as the crew climbed back to altitude,
leveled slightly as they landed, and fell again as they
entered an air conditioned debriefing area.

The cochpit temperatures measured during low- and
high-leve!l flights were much higher than the ambient

00 HELMET
N
37 5¢-
250k .
£ 50001 STERNUM
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T 315}
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= 25.0%
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M
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HOURS INTO FLIGHT
Fig. 1. Phantom Flame in-light recording.
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TABLE 11

Study Day i 2

Condion

Max Temp! 34 33
Aug M Jemp 28 3
1973 Max Humd? sy 14
Min Humd it 49
Max Temp 21 16
Jan  Min Temp 17 8
1974 Max Humd 100 S3
M:n Hum Jd 44 29

ENVIRONMENTAL CONDIULONS ~SHAW ARB, SC
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MAXINUM COCKPIT TEMPERATURES IK °C
Fig 2 Phantom Flame cockpit temperature by season

temperatures The cochpit temperature distributions by
seasont and posiion are shown mn Fig 2 The corres-
ponding environmental temperatures and humidities are
shown m Table H. The m-thght wet- and dry-bulb tem-
perature measurements revealed relative hunudities vary-
ing from near U to 807, depending on fhght level. Before
takeoff and at 152m AGL., cochpit hunudity was usually
greater than that of the surrounding atmosphere. The
high hunudity and problems with canopy fogging limited
effectiveness of the arrcraft air condiioning system at
just the time when the high-speed low fhght, relatively
high ambient temperature, and marked heat trapping
“geeen house™ effect of the canopy were combmmg to
produce uncomfortably high cochpit temperatures. Tem-
peratutes greater than 49°C (120°F) were recorded
on three oceasions and the maximum measured was
S1.7°C (125°F). The seasonal natuie of the problem
is also evident from Fig. 2, The air conditioning system
will provide a swtable environment during cool scasons,
but not during hot, hunud weather.

merestingry, tinie e o mrerlod dfference hetween
front and rear scat temperatures. During summer fhghts,
the WSO was nearly 5.5°C (10°F) warmer at helmet
level than the pitot. The WSO routinely expenenced tem-
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peratutes greater than 38-C (100°F) for more than
1 h, while the pilot's cochpit was waime* yan 32°C
(90°§). In the winter, the WSO was cooler than the
pilot at head level Sternal shin temperatures were nearly
dentical 1 the two posttions, but thigh shin temperature
was cooler 1 the rear seat during summer flights. Post-
fhght oral temperatures showed no significant seasonal
varations. However, the postflight measurements were
made i the tempetature-controlled squadron equipment
room about 0 S h after completion of cach mission and
thus may heve been too late to detect heat stored dunng
hot fhghts

The electrocardiograms were adequate for determining
heart 1ate and the occurience of gross arrhythmas, None
of the latter were observed on iecordings from either
season Heart rates just before and during takeofl were
90-100 beats, nin m the winter. Rates of 110 beats/ muin
or moic were genetally observed at the coniesponding
umes gn the summer. After takeoff, heart raie could not
be correlated directly with cockpit temperature  but,
rather, appeated to depend more upon what maneusets
or events were taking place at the time. However, heart
rates greater than 120 beatsy min occurred wfrequently
duning winter flights, whereas they were observed durmg
portions of nearly all summer fhghts The hghest rates
tecorded were 150-160 beats/ nun dunng a hot weather
MissIoN.

As a first step i the analysis of physiological param-
eteqs, ground control data fiom both seasons were com-
pated to detect any baseiine shifts. Unne volume, po-
tassium, sodivm, Na/K ratio, uiea, and 17-OHCS, as
well as fatigue scores and oral temeiature, showed no
ssgnificant changes. The giound control epmephrine was
05 hugher duning the hot period (p<0025) and sweat
loss on the ground was nearly 300 2 n the summer as
compared 1o a ucghgible change m the winter (p<
0.005). Interestingly, sleep scores were significantly high-
e (p<<0.01) for the summer giound control group.
Since most of these subjects flew the day before, the near-
Iy I-h longer sleep noted atter tymg w hot weather can
be interpreted as an increase recovery time necessitated
by more stressful flying circumstances. In addition o this
seasonal difference m sleep scores, there was a significant
(p=0.025) variation by anticipated Thght Crews that

o Space, and Envoonmental Mediane + Qctober, 1975
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INFLIGHT HEAT STRESS—BOLLINGER & CARWELL

flew low-level flights got less sleep the mght before their
missions than did those who were scheduled for high-
level flights.

Once bascline stability was known, the physiological
data from both seasons could be compared. Sweat loss
(Table 111), expressed in terms of percent of total body
weight lost, showed a significant scason by level by posi-
tion interaction (p=0.027). Both pilots and WSOs fly-
ing low-level flights lost much more fluid as sweat during
the summer period. However, when high-level flights
are compared by scason, the backseat crewman again
lost sigmficantly more flmd i the summer (p=0.004)
while the front seat occupant did not. When time of day,
season, and position are considered (Table IV) an en-
vironmental effect is obvious in both positions (p=
0.042). The seasonal increase in sweat loss is due pri-
marily to hot, afternoon flights.

Crewmen {lying in the summer and experiencing mark-
edly increased water loss from sweating showed a signif-
icant (p=0.009) decrease in urine volume (Table V).
The same crewmen excreted less urea than their winter
counterparts (p=0.012). The Na/K ratio of the urine
tencled to show increased sodium conservation during
hot veather, but the seasonal difference was not sta-
tistically significant. The Na/K ratio of the sweat also
failed to show any significant seasonal variation.

Sodium excretion (Fig. 3) showed a significant (p=
0.005) season by level interaction. Sodium loss was
markedly diminished during low-level summer flights
when compared to similar flights in the winter (p=
0.001). In contrast, sodium excretion duting high-level
flights showed no such seasonal difference.

Urinary .pinephrine show¢d a significant scason by
position by level interaction (p=0.028). Epinephrine
excretion was greatest during low-level summer flights
and least during high-level winter ones. Low flights in
the winter and high flights during the summer produced
intermediate levels. As in the case of sweat loss, WSOs
flying on high-level missions showed significantly (p=
0.035) increased epinephrine excretion in the summer
relative to the winter, whereas pilots on high-level flights
did not. The environmental basis for the effect is again
confirmed by the position by level by time interaction

o 20

=z L

=

g 18 ~~<_ CooL

@ F ~<_

8 W P=00] P=.489

> | —*
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5 10+~ HoT
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2 8l ] |
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Fig. 3. Phantom Flame sodium excretion (seasor * level in-
teraction: p=0.005).

TABLE I1II PHANTOM FLAME PERCENT SWEA[ LOSS BY
FLIGHT LEVEL.

PILOTS WSOs
Season Low High Low High
Hot 1.128 .818 1.166 1.048
Cool .439 .689 616 511
P 002 469 012 004

Season * Level * Position Interaction; p = .027

TABLE IV PHANTOM FLAME PERCENT SWEAT LOSS BY

TIME OF DAY.
PILOTS WSOs
Season AM PM AM PM
Hot 872 1.073 .869 1.346
Cool .534 .594 .630 496
p .090 .013 .228 <.001

Season * Time * Position Interaction; p = 0.042

TABLE V. PHANTOM FLAME SEASONAL VARIATIONS IN
URINARY EXCRETION PATTERN.

Mean Vol. (cc) Urcal Na/K
Season

Hot 85.2 987 272
Cool 141.1 1198 3.37
p .009 012 122

1mg/100 mg creatinine.

TABLE VI. PHANTOM FLAME VARIATIONS IN 17-OHCS
EXCRETION1 BY SEASON, LEVEL AND POSITION.

Season Pilot Low WSO Low Pilot High WSO High
Hot 413.4 384.4 403.2 380.7
Cool 295.2 353.9 306.4 294.5
p .034 616 .020 027

1In ug/100 mg creatinine.

(p=0.029). The difference between pilots and WSOs
on high-level {flights is significant only in the afternoon
(p=0.020).

Steroid excretion was higher in August than in January
for both pilots and WSOs (Table VI1). The differences
were statistically significant in three of the four groups
when the comparisons included the appropriate ground
control data. In the fourth, weapons systems operators
flying at low level, the unusnally large winter value is
due to inexplicable large morning steroid values from a
small number of subjects. WSOs flying similar missions
in the afternoon showed changes paralleiing the other
three groups. Interestingly, the seasonal variation in
steroid excretion showed a significant interaction with
aircrew age. The older crewmen showed higher summer
values and low winter values than their younger cohorts.
Flight level did not affect 17-OHCS excretion.

Under all conditions of {lying, subjectiva fatigue was
highly significantly (p<0.003) increased over ground
control values. This increase in fatigue tended to be great-
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TABLE VII PHANTOM FLAME PHOTO TARGET ACQUISI-

TION SCORES

Seasen Result Missions Targets

Summer Successful 75 (758) 337 (918)
Unsuccessfull 24 (242) 30 ( 82)
Total 9% (100) 367 (100)

WWuater Successful 76 (905) 245 (957)
Unsuccessfull 8 (95) 11 ( 43)
Total 84 (100) 256 (100)

IDue to crew crror Percentages are shown in pareatheses

er i the summer than the winter. However, vanauons
in fatigue by season, thght level, and crew posttion were
not statisticaily significant

The proportion of successful missions and the propor-
uon of successful targets for the two seasons are com-
pared in Table VIL The vast majority (>90¢ ) of
targets was photographed in both seasons. However,
rearly twice the percentage of targets was mussed in the
suramer (8.2% ) as in the winter (4.3% ). Moreover, the
misses due to plot error were not 1solated 1 one or two
extremely poor missions but, rather, were spread over
24¢¢ of the summer and 109 of the winter flights. The
proportion of targets successfully acquired in the winter
approached beng statistically significantly higher (p=
0.070) than 1n the summer period. More definitely, re-
connaissance crews were significantly (p=0.011) more
likely to have a completely successful mission in the win-
ier time.

DISCUSSION

The Phantom Flame results indicate that RF-4C air-
crews are exposed Lo moderate heat stress and dehydra-
tton during low-levei flights 1n a hot environment. ‘1 he
.29 acute dehydration expenienced by the men over
90 min has been shown to cause a 15-18% decrease in
+@G, tolerance (05-1.0 G) in similar subjects during
centrifuge testing (17). Blackouts occurred at 3.8 to 4.3
G, m 1% dehydrated subjects without G suits. No
blackouts were reported by the aircrews duning Operation
Phantom Flame. However, all subjects were weanng G
suits ard were exposed to 3-4 +G. for relatively short
perniods of ume. Under more stressful maneuvering
emergency or combat situations, the decreased G toler-
ance in dehydrated individuals would be sigmificant.

The Na/K ratios of sweat and urine were determined
for both the summer and winter groups as an index of
temperature acclimation. A reduction 1 the concentra-
tion of sodium in these fluds often accompanmies heat
adaptation (11). However, finding no statistically sigmf-
icant differences is not surprising Since the Phantom
Flame pilots spent only a small part of each day in the
hot environment and the balance of their time 1m air
conditioned facilities, their acchimation would only be
partial. Morcever, if the sabjects maintained a high salt
ntake, they might not have shown a change in the sodium
content Of INEIr >Weat Cvuur 1 iivy
to some extent (11).

The cockpit temperatures (90-125°F) and humidi-
tes (50% +) experienced by RF-4C crewmen flying
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summer low-level flights constitute an environment far
outside of the ASHRAE thermal comfort envelope (14).
When such cockpit measurements are substituted into
the Rohles-Nevins equation for predicting thermal sen-
sation. they vield a value in the highest (hot) category.
Although the arcrews’ cothing insulation values and
activaty levels may not be idenucal 1o those used in de-
terminmg the comfort envelopes. the flyers’ subjective
mpressions confirm the mathematical predictions. In
many cases, the cockpit temperatures were higher than
body temperature so that radiation, conduction, and
convection added to the body heat load rather than serv-
ing as a means of heat rermoval. Under these circum-
stances, sweating was the only major mechanmsm avail-
able for heat ehmmauon. H&ever, m the face of high
humsdity, evaporative heat loss 1s mefficient Sweat soak-
ing the flight swit and rolling off the <kin, but providing
little effective cooling, accounted for much of the water
lost when, for example, one crewman lost 4 8 1bs during
a 90-min flight. The discomfort, inconvemence, and dis-
traction caused by massive <weating may have been
partly responsible for the observed performance decre-
ment. However, heat by atself has demonstrable per-
formance effects.

Several authors have recently reviewed the literature
on performance at elevated temperatures (4,8.20). The
levels of heat stress eapenienced by the Phantom Flame
crews have been shown to deciease visual monitoring
accuracy and traclng abibty under experimental condi-
uons. These performance decrements are most apparent
1 complex tasks, such as instrument flying Early flight
stnulation studies showed increasing performance errors
as the temperatures and durations of exposure ap-
proached the limits of physiological tolerance (1), More
recent simulation studies have demonstrated marked de-
creases 1 pilot performance when the temperature ex-
ceeds 43.3°C or 110°F (7). U.S. Army investiga-
uons of helicopter pilots revealed performance decre-
ments and increased vanability at cockpit temper «tures
above 43.3°C (13). However, other experiments us-
ing complex performance devices, mounitoing, tracking,
or atthmetic tashs have failed to demonstrate petform-
ance decrements at elevated temperatures (3,5.18). Con-
scquently, it was not possible to predict from laboratory
experience whether the performance of RF-4C aicrews
would be affected by the stress of hot, Tow-level 1econ-
nassance fhghts. The Phantom Flame photo target ac-
quisiion scores mdicate that the potential for crew error
15 increased and that the margin of safety 1, accordingly,
decreased during such hot missions. These data lend
operational support to the concept of increasing per-
formance decrements in tracking, cogmtive, and other
skilled tasks at environmental temperatures greater than
29.4°C (4).

The temperature differences between the pilot and
WSO cockpits are due, at least in part, to peculiarities
of the RF-4C air conditioning system. Whercas the pilot
reecves cool air over his head and shoulders. the rear
seat ducts open at the level of the WSO's knees. The
back seat, consequently. has much poorer temperature
control at head level than ¢ yes the front seat. Since head
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temperature 15 & cntical determinant of general thermal
comfort, this diticrence may be retlecied i the higher
muidence of nausead observed among WSOs during hot
sanuner thghts relative o wooler winter ones. Other
physiological ditferences detected between the two post-
tons may also be related o the diffening cockpit en-
vironments.

This study was conducted durning hot and cool seasons
with a ditterence - mean temperature ()'@,})oul 1o-C
so that cnvironmental temperature effects could be dis-
tmgushed {rom thght-level etfeets 1 a mulustiess situ-
ation. However, meteorological data alone are nade-
quate tor predicting thermal condiions n the cochpit
(9). The mavimum ground temperature obseived during
the summer study penod was 34°C, which s many
degrees lower th: the ground temperatures that girerews
must sometanies cope with elsewhete i the wotld, In
contrast. cochpit temperatures occasionally  exceeded
SU-C. Relative hun ity was also higher in the cockpit
than the surroundi.; wr. The physiological and per-
formance changes mdicate that an unaceeptable cochpit
env.ronment deseloped despite aie and surface weather
conditions that were not evireme.

Operation Phantom Flame documented and quantitat-
ed the biomedical cost of Tow-level fhght 1 a hot en-
vironment The RE-4C cochpit air conditioming system
proved madequate under the high temperature and hu-
midity conditions of the study The degree of physiofogi-
cdl Lhange obsersed mothe wircrews has res tlted o
diminished G-tolerance and decreased accuracy in eritical
tasks under laboratory conditons Most sigmificantly, this
study demonstrated an associated decrement in mission
performance 1 an operational situation.

Speaial attention must be given o cochpit wir con-
ditoning when desigming high-performance aircraft for
low-level fhght. The current RE-3C system 15 madequate
and should be revised. For example, ducting to provide
head-level cooling to the WSO would markedly improve
Bis sttuabon Most thghts studied were in aireraft manu-
factured pnior to 1972 Later model RF-4Cs have a
water separator, - hich was desigied to solve the cockpit
humidity and _anopy fogging problens. Only a few
fhghts m these ancraft were available for study and no
significant improvement 1n cochpit conditions was noted
However, no ducting changes have been made. Untl
revisions are possible, crew cducation and proper nus-
s design will ameliorate the problems. Low-level tram-
mg flights during hot weather should be hmmted 1 Jura-
ton and preferably schedaled for the coolest times of
day The importance of rehydration and adequale rest
following hot, low flights must be emphasized to air-
crews  Fmally, when operational requirements dictate
that long, low, hot missions be flown, commanders should
be aware of the possibility of decreased mission
success and incieased hazard to flying safety that such
flights entail.
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