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/ ABSTRACT

Thermal data have been obtained from Jaguar aircraf t flying routine,

warm weather operations in Sardinia. These data have been analysed in terms

of the ambient and cockpit wet bulb, globe temperatures (WBGT) and the mean

body temperature (Tb) of the pilot.

In contrast to similar data previously obtained from Barrier and

Buccaneer aircraft , no inter—relationships could be demonstrated between

ambient WBCT at ground level and either cockpit WBCT or pilot Tb. Relationships,

which could be described by equations of negative slope, were ~~ained between

T and sortie time and between cockpit WBGT and sortie t ime . A model has

been derived for predicting aircrew thermal strain in the Jaguar from cockpit

temperature and sortie t ime.
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Therma]. data have been obtained from Jaguar aircraft flying
routine, warm weather operations in Sardine . These data have
been analysed in terms of the ambient and cockpit wet bulb,
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)
of the pilot .

Thermal stress; cockpit temperatures;

aircrew temperatures.

Author(s) Ministry of Defence, London.
COCHRANB L A Flying Personnel Research

~~~iaon N H - Committee.
RIGU~4 ~ No. FPRC/137

Dete March 1979
Tide. COCKPIT 111~~M&L SThESS ANI) AIRCRJ~ Th~~U4IL SThAIN WRING ROUTINS

JAGUA R OP~~ATIONS

Thermal, data have been obtained from Jaguar aircraft flying
routine, warm weather operations in Sardine. These data have
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Ptsvious reoorts have described the relationships between ambient , cockpit
and pilot temperatures occurring during routine operational sorties flown

in high performance aircraft and in helicopters (4, 7). Unfortunately, due

to differences in the types of sortie flown and in the effectiveness of the

cabin conditioning systems , the data upon which the mathematical analyses

were based were highly variable; in addition, the measurements were made

during generally cool conditions.

During 1978, similar measurements of ambient , cockpit and pilot

temperatures were obtained in RAY Jaguar aircraft flying in Sardinia (5).

These measurements were obtained when prevailing ambient temperatures

corresponded to those expected during August in Germany. The data have been

subjected to a similar mathematical analysis, using the same indices of ambient

and cockpit thermal stress and pilot thermal strain. This paper describes

the relat ionships between these indices for the Jaguar aircr af t , and compares

the present data with those obtained previously for both fixed wing and

rotary wing airc raft (7) . A comparison is also made between the present

Jaguar data and those reported by Allan et al (1) for the P4K aircraft.

MATERIALS AND NSTHODS

A full description of the data collection and retrieval systems, and the

experimental protocol followed during the investigation, can be found in the

appropriate reports (6, 8). Measurements were made in 22 Jaguar sorties.

j The sorties were either routine range sorties (altitude <1230 a) or low level

navigation exercises (altitude <615 a); air speed while airborne was between

240 and 420 knots Sortie duration , which “as dictated by the range timetable ,

was 30 to 40 am .

- .~ Mea sur ements of Heat Stress. The following aeasure ents were made on the

ground adjacent to the aircraft tax ivay :

.
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1. Dry bulb temperature (Tdb).

2. Ventilated wet bulb temperature (Twb).

3. Black globe (50 ma) temperature (Tg)•

4. Wind speed.

The following measurements were made in the aircraft cockpit during flight

using a sensor cluster mounted just behind and above the pilot ’s right

shoulder.

1. Tdb.

2. Relative humidity (converted to Twh by use of psychrometric tables).

3. T~.

4. Air movement in the cockpit (1T
~

) .

For the reasons discussed by Harrison et al (7) and to allow direct

comparison with their results , the WBCT index was chosen as the index of

thermal stress, as given by the equation

WBGT — 0.7 T b + 0.3 T~ . (1)

In 6 sorties, additional measurements were made of Tdb at 5 sites using sensors

mounted on the pilot’s clothing. The sites were laterally on the middle of

the right upper arm (T~~), dorsally on the middle of the right forearm

in the centre of the chest on top of one of the lobes of the life preserver (Tc),

on the anterior surface of the right mid thigh (TRT) and on the anterior surface

of the right lower leg just below the leg restraint garter (Ta). Comparisons

were made of the arithmetic mean cockpit dry bulb temperature from these five

sites (fdbA
)
~ 

a weighted mean (Tdb)  and the single point measurement from the

sensor cluster just behind and above the pilot’s right shoulder. The weighted

mean was calculated by the equation

Td~~~~~~
O3S TC +O20 TR + O l 9 TRT + OI4 TRA + O l 2 TRp (2)

•
~~~~. ~~~~
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which gives a contribution from each sensor which relates to the local body

surface area as described by Allan et al (1).

Measurement of Heat Strain. Deep body temperature was measured using a ther—

mistor in the external auditory canal close to the ear drum (Tac); mean skin

temperature (T
k) was calculated as a weighted mean of skin temperatures from

— thermistors placed at 4 Sites (10). Heat strain has been assessed in the same

way as Harrison et al (1) to allow direct comparisons to be made. Thus mean

body temperatu re (Tb) is given by the equation

T — 0.8 T + O.2 T . (3)b ac sk

Data Collection and Analysis. Ambient conditions were measured next to the

aircraft taxiway iimnediately before and after each sortie, and the WBGT index

— was calculated using a mean of these measurements. Aircraft cockpit conditions

and pilot body temperatures were measured automatically during each sortie; the

indices of stress and strain were calculated from measurements made every second

minute between take off and landing.

Relationships between ambient, cockpit and pilot temperatures, and between

sortie duration and cockpit and pilot temperatures were examined by regression

analysis. Possible relationships between the following variables were considered:

1. Mean cockpit WBGT and ambient WBGT.

2. Mean pilot Tb and ambient WBGT.

3. Pilot Tb and cockpit WBCT.

4. Cockpit WBGT and sortie time .

5. Pilot Tb and sortie time .

a. T and sortie time.ac
b. T and sortie time.sk

6. Cockpit temperatures and V
d~

7. T*, Tdb and Tdbw
.

.
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~~ ~~~r-



_ _ _ _- - -_ --~~~
- - - - 1

Page No 4

In these analyses, a regression line was fitted for each sortie, and r2 was

calculated. The regression lines were then compared for slope and intercept.

The mean slope (a) and mean intercept (c) with their standard errors (sea and

se0) were calculated and the significance of the difference of overall mean

slope from zero was established.

RESULTS

The individual results for each of the 22 sorties have been reported

separately (5).

1. Cockpit and Ambient WIGT. Values of WBCT . , averaged over each air—cockpit
craft sortie, did not correlate significantly with the mean of ambient WBCT

values measured at ground level iimaediately before and after each aircraft

sortie.

2. Pilot Tb and Ambient WBGT. The average pilot body temper ature for each

sortie did not correlate significantly with the mean of ambient WBGT values

measured i ediately before and after each sortie.

3. Pilot T~~and Cockpit IThGT. Regression analysis yielded the following

relationship between pilot Tb at any time between take off and landing and

cockpit WICT at the same t ime:

Tb — 36.17 + 0.033 WNGTcockpit (4)

(0.03 $ r2 ,
~~ 
0.74 for 13 sorties ; se — 0.006, P < 0.001;

— 0.18; Fig 1).

In one Sortie, the cabin conditioning system failed imeediately after take—off

and this sortie was therefore analysed separately. In this case , the relation—

ship (which proved statistically significantly different from that described

— by equation (4) at the O.1Z level) was as follows:

* ~~~~~~~~~~~~~ ~~~~ ---—~~ 
— — — —-~~
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Figure 1 Relationship between cockpit WBGT and Tb.
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Tb — 35.75 + 0.051 WBGT
COCkPit

(r2 — 0.60 for n — 20, p c 0.001) ,

although a split regression of the form

Tb — 37.20 (for 25 4 WBGT k ’t ~ 31)

and Tb — 37.20 + 0.110 (WBGrcockpit 
— 31 .0~

(for 31 4 WBCT kit ~ 35; Fig 1) (6)

gave a better f it.

4. Cockpit WBGT and Sortie Time. Cockpit WBCT fell between take-off and

landing , as follows :

WBCTcockpit — 20.57 — 0.044 t (7)

(0.00 r2 c 0.66 for 13 sorties; sea — 0.018, P < 0.01;

— 0.54; FIg 2), where t is the time in minutes.

When the aircraft was parked with the canopy open, cockpit WBCT was the same as

ambient WBGT. When the canopy was closed, 1
~~~cockpit 

rose by 4.22 ± SD 0.47°C

by the time of take off. When the cabin conditioning was switched on limeediately

after take off, cooling to the level described by equation (7) generally took

place within 2 mm and always within 5 m m .  During landing, the cabin condition—

J ing system was switched off , and cockpit WBGT increased 2.20 ± SD 0.53°C before

the canopy was closed. In the one sortie where the cabin conditioning system

failed, WBCTcockpmt rose exponentially during the sortie; the relationship was

-dxexpressed by an equation of the form y — a + b.c as follows:

WBGrcockpit — 33.76 — 7.66 e~
OJIl7t (8)

(r2 — 0.91 for n — 20, P < 0.001;

cc
5 

— 0.37; seb — 0.60; sed ~ 0.0218; Fig 2).

• 
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5. Pilot Tb and Sortie Time. Pilot Tb tended to fall between take—off and

landing; regression analysis gave the following relationship:

Tb — 37.00 — 0.010 t (9)

(0.00 < r
2 

< 0.98 for 14 sorties; se — 0.0025 , P ~ 0.01;

se
~ 

— 0.07; Fig 3).

When the components of Tb were studied in further detail, no significant

relationship was found between T
~ 

and Sortie time (the slopes were negative in

5 sorties and positive in 9). Mean skin temperature varied with sortie time

as follows:

T k — 34.73 — 0.056 t (10)

(0.01 .~ r
2 
.~ 0.96 for 14 sorties; scm — 0.009, P c 0.001;

se~ — 0.22; Fig 3).

In the sortie where cabin conditioning failed, Tb was related to sortie time

as follows:

Tb — 37.13 + 0.012 t (11)

(r2 — 0.90 for n — 20, P < 0 .001; Pig 3).

The components of Tb, (T c and T k), were related to sortie time as follows:

— 31.32 + 0 .009 t (12)

(r2 — 0.79 for n — 20,P<0.OOl

and T k - 36.40 + 0.019 t (13)

(r2 — 0.87 for n — 20, P < 0.001; Fig 3).

- 

- 
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Figure 4 Relationship between cockpit Tdb and WBCT and cockpit air flow.
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6. Cockpit Temperatures and V1,. The relationships between cockpit

temperatures and cockpit V~, were as follows:

a. Tdb — 29.79 — 6.53 V 
- 

(14)

(0.00 $ r
2
4 0.65 for 16 sorties; s~~~ — 1.40

P < 0.001; se
~ 

— 0.90; Fig 4).

& b. WBGT . — 22.83 — 6.63 V (15)
cockpit w

(0.03 .~ r~ .
~ 
0.59 for - 16 sorties; 5C

m 
— 1.71,

P < 0.01; se
~ 

— 0.84; Fig 4).

c. There was no statistically significant relationship between T~ and V,,.

7. Tdb , Tdb and The arithmetic mean dry bulb temperature was related

to the single point measurement of cockpit Tdb in the following manner:

Tdb — 4.36 + 0.834 Tdb (16)
A

(0.40 ~ r
2 
~ 0.83 for 5 sorties; at — 0.07 , P C 0.001;m

se~ — 3.05; Fig 5).

The weighted mean dry bulb temperature was related to the cockpit db as

follows:

Tdbw 
— 1.71 + 0.90 Tdb (17)

(0.40 4 r 2 
~ 0.86 for 5 sorties; se~ — 0.06, P c 0.001;

se~ — 2.57; Fig 5).

Individual measurements of Tdb at different levels in the cockpit shoved a

vertical gradient, the legs being cooler than the chest. The aaxia~ gradient

recorded from calf to chest was 140; the a~ximu. thigh to chest gradient was 80.

t 
~~

——-— —
~~~

—

~~~~~~~
/~~

— --lw



-

Page No (2

r J
I

50

40

~~~~~~~~: 

~~~~~- -
t 

Figure 5 Relationship between single point and nultiple point measurements

~ of cockpit Tdb.

~
.
~~~~~~~~~ -~

4’
.

-

p-



- ~~~~~~~~~~~~~ — 
— 

___
5~~~5 ,.L jT ~~~~~~~~~~~ •~ —

- 

•\ PageNo l3 •

I
I

*2 - —-— —-—~— ——-——-—-— •—~— 1ds~~~l’am.,I

310
I I I

0 20 30
Time of sortie (min)

- 
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DISCUSSION

Harrison et al (7) found that ambient WBGT correlated significantly with

both cockpit WBGT and pilot Tb 1u Barrier and Buccaneer aircraft , and

were able to predict cockpit WBGT during sorties for different ambient WBCT

levels. In the Jaguar, however , no relationship between ambient conditions and

cockpit or pilot temperature, could be demonstrated . Consequently it was not

possible to pridict pilot thermal strain or cockpit thermal, stress from ambient

WBGT. - However,’ prediction of piLlot~ thermal strain has pr.ved possibl e provided

that cockpit WBGT is known &igur e 1.) and -this can -ha -retated to- sor tie time

(Figs 2 and 3) as follows:

Tb — 36.62 + 0.017 1
~~~ cockpit — 0.0085 t (18)

(0.42 c r2 c 0.97 for 13 sorties; SC
m (WIGT) — 0.004, -, c 0.001; sejt) • 0.0026,

P c 0.01; se
~ 

— 0.12; Fig 6).

F. Equation 18 allows pr ediction of pilot thermal str ain with greater accuracy

than equation 9. •

The effectiveness of the cabin conditioning systems of different aircraft

may be compared in terms of the slopes of the equations describing the

relationship between cockpit WIGT and Tb as in Table 1. The differences in

intercept between the .quattons probably reflect the pilot ’s respons , to

differences in the initial ambient t~~~eratu res and other pref light conditions.

(The mean ambient WBGT for the Harr ier/Buccaneer trial was 20.5°C (7) ; for

this trial it was 23.6°C; and for the one sortie with cabin conditioning

failure, it was 27.6°C.) It can be seen that conditions in the Jaguar with

the failed cabin conditioning changed in a very similar way to the Harrier

(Table 1 and Fi8 7).  The effectiveness of the various cabin conditioni ng

systems is also indicated in Fig 7 which pr ovides a comparison of data from

this trial with the prediction made by Harrison et al (7) for the Harrier!

Buccaneer combined and the Scout/Gazell e combined , at the same level of ambient

- 
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- 
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TAILE 1

Rate of Rise of T~ with Cockpit WBGT

Aircraft Source Slope

S Jaguar This trial 0.033

Jaguar with
failed cabin This tria l 0.051
conditioning

Harrier Harrison et al (7) 0.049

Buccaneer Harrison et al (7) 0.129

WICT . The differences in initial cockpit WOCT between aircraft types reflect

the different times before take—off that the canopies were closed . The

Harrier s and Buccaneers tended to have their canopies closed about 15 mm

before take—off; consequently, cockpit temperatures increased substantially

over ambient levels (for example, 6). On the other hand, the Jaguar airc raft

at D.cimomennu wer e parked with their canopies open and cockpit WICT did not

rise until the canop ies were closed just before take—off. )
The differences in the way cockpit WBGT change s with time in the

different aircraft are explained as follows. After take —off , cabin tempe ratures

change toward s an equilibriu , t emperature at which heat gain is ba lanced by

hea t loss. This temperature will depend mainly on the flight pr ofile (speed

and altitude ) , the ambient enviroumenta l conditions , the electrical heat load

in the cockpit and th. performance of the conditioni ng system. If these 
S

factors are constant , cockpit temperature viii rise or fa) l depending on its

starting va lue . In practice, equilibrium temperatures are hardly ever reached

because of changing beat input and extraction and because of limited sortie

duratio n .

~¼ .

-
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• The evidence from this and the previous studies suggests that the

equ ilibrium temperature for the Jaguar is about 100 lower than for the

Barrier and Buccaneer at comparable speed , altitude and ambient conditions.

This is almost certainly due to Jaguar ’s moch more effective cabin conditioni ng

system. Thus the WIOT in this trial fell towards its equilibrium

temperature but the Harrier/Buccaneer rose toward. their equilibrium t~~~era~~~e.

Both changes are probably exponential, but the steep part of the change in the

-Jaguar is lost in the gap between early data points. Increasi ng the mass flow

of cabin air lowers the inlet temperature, decreases heat pick-up in transit

through ducts and cockpit. and increases air flow over the pilot . An inverse

relationship between airflow and WBGT is therefore to be expected (Pig 4).

From this, it follows that the slope of the relationship between cockpit WIGT

and sortie time will be determined by the miss flow and inlet temperature of

the conditioni ng air and also by the difference between the cockpit temperature

and the theoretical equilibrium temperature for the flight condition.. The 
-

interc ept of this relationship is-obviously unrelat ed to starti ng coaditio.s;

rather it reflects the asymptote (or equilibrium temperature) of the emponential

relationship between cockpit WICT and sortie time, and this will be determined

also by the performance of the cabin conditioning system.

It can be seen that , despite an effective cabin conditioning cystam, pilots

flying the Jaguar aircraft in s~~~er conditiona are generally above the ideal

level of thermal comforts although the conditions did not approach the.. regarded

as dangerous by Wunneley et al (9) . No core te~~erature (Tac) above 3$.o°c was

measured during the trial , althoug h it was equalled on several occasions. Skin

temperatures approaching the same level were seen only in the sortie where cabin

conditioning failed. At these skin and core t~~~era tu res , there is laboratory

evidence of motor performance decremsnt (2, 3)3 dehydration of up to 12 was

also encountered , and this has been described as causing a decrement in physical
5’i~~

. 
_ ,

S

mork capacity (Ii). It should be noted that aircrev in this trial were light , -

• -U-—-
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susmer , aircrew equipment ~ssenb1ies. It would obviously be anticipated that

the wearing of more insulative garments will increase the thermal strain on the çilot .

The data also demonstrated a vertical gradient in dry bulb temperature in

the cockpit similar to that described for the F4 aircraft (1). The results

confirmed the bias reported by Allan et al (1) in the use of a single point

measurement of Tdb in the cockpi t at shoulder height compared to a mean environ—

mental derived from equation (2). This bias was found to be smaller in the

Jaguar than the 4°C found in the F4, and was less than 2° between 20 and 40°C.

The data for the Jaguar also showed tha t there was little to be gained in relating

to body surface area because an arithmetic mean was just as accurate (Fig 5); in

the temperature range of 20—40°C, however, the sing le measurement of Tdb at the

pilo t’s shoulder is probably suff iciently accurate.
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