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and
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Reports and. Memoranda No. 2748%
January, 1949

Summary.—This report describes the technique which has been developed to measure the overall drag of an aircraft
at high Mach numbers in both level flight and dives. It shows how improvements have been made both in flight
and tunnel technique so that comparisons between full-scale and model tests have now become possible.

Flight results from Meteor IV aircraft show close agreement between drag measured in level flight and in dives and
later tests compare well with high-speed wind-tunnel measurements-on a 1/12th scale model.

1. Introduction.—The effect of compressibility on the overall drag of an aircraft was first
measured in flight some years ago by recording speed and altitudes during sustained dives'.
These early tests were of great value, since they provided the first measurement of the drag
rise at full-scale Reynolds numbers in free air. They were, however, subject to considerable
inaccuracies and, although a substantial improvement was effected by the introduction of a
longitudinal accelerometer®® which provided a direct record of the aircraft’s acceleration during
the dives, the errors involved were still sufficiently large to limit the usefulness of the results.

Attempts have therefore been made to improve the technique and it has now been found that
by giving sufficient attention to detail, together with some minor refinements, a very good

{ standard of accuracy can be achieved in the measurement of drag when diving.

Corresponding improvements in technique were made at about the same time in high-speed
wind-tunnel testing. Up to that time, models were large, having wing spans of about 6 ft,
and were supported on three struts, one attached to each wing and one to the rear fuselage.
Corrections for wind-tunnel blockage and for strut interference were large and of doubtful
validity. Models were therefore reduced to about half their former size, and were supported
from the rear. This enabled tests to be made at higher Mach numbers, while reducing the
wind-tunnel blockage corrections and practically eliminating all support interference.

It was considered that it was now possible to make a true comparison of flight and wind-tunnel
drag measurements and therefore wind-tunnel tests were undertaken on an accurate 1/12 scale
model of the aircraft used in the flight measurements (Meteor IV, EE. 454).

R.A.E. Report Aero. 2241, received 22nd April, 1948.
R.A.E. Report Aero. 2309, received 19th March, 1949.
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As the flight tests had been carried out at medium altitudes, the lift coefficients at which
the measurements were made had been low and, in order to extend the comparison to higher lift
coefficients, further flight tests were undertaken. At this time the aircraft used previously
was no longer available and the measurements were made on another Meteor IV (VT. 108},
although the shorter span of this aircraft slightly reduced the value of the comparison.

9. Description of the Aivcraft Instrumentation.—The two aircraft used in these flight teqts
were Meteor IV EE. 454 and Meteor IV VT. 108 (Fig. 1 and Table 1).

(a) Meteoy IV EE. 454.—This was one of the first aircraft of its type, and retained the
‘ full-span * wings of the preceding marks. Otherwise it was externally identical with a standard
Meteor I'V; the gun-blast tubes were faired over to the fuselage lines.

An incidence vane and an outside air thermometer were fitted to the aircraft. These
instruments are very small and their influence on the total drag would be negligible.

The surface finish of the aircraft was not particularly good and towards the end of the tests
there were regions where the paint work had broken away from the skin, particularly on the

fuselage and nacelles, due to the large amount of flying which was done at these high Mach
numbers,

The aircraft was fitted with an automatic observer containing the following instruments:—
airspeed indicator, two sensitive altimeters (connected together by a length of calibrated fine
bore tubing for the purpose of determining the lag corrections in high-speed dives as outlined
in R. & M. 2352%), normal accelerometer, clock, two engine speed indicators, two jet-pipe pitot
pressure gauges, two jet-pipe temperature indicators, an outside air temperature indicator, and a
Desynn indicator for the measurement of longitudinal acceleration. A Machmeter and a direct
reading normal accelerometer were fitted in the cockpit.

The standard leading-edge pitot-static head position was used and the A.S.I. and the
altimeters in the auto-observer were connected to the aircraft pitot-static system in the normal
manner. There was a single total-head tube in each jet-pipe situated at the standard test-bed
position, z.e., at 34 in. from the final nozzle and 2} in. from the wall of the jet-pipe; the jet-pipe
pitot pressures were measured relative to the aircraft static pressure.

These instruments in the auto-observer were photographed by a robot camera controlled
by the pilot who could select either single shots or automatic, where photographs would be taken
continuously at predetermined intervals. A four-channel continuous-trace Desynn recorder
was also fitted, providing continuous records of the longitudinal acceleration, elevator angle,
rudder angle and for-and-aft stick force. The last three channels together with vibrographs
were used to investigate stability characteristics at high Mach numbers during other tests.
This instrument was equipped with a time base to enable direct correlation between the
continuous records and the automatic observer readings to be made.

The longitudinal accelerometer was mounted parallel to the fuselage datum and very near ~
to the centre of gravity of the aircraft. This instrument employed the principle of the Barnes -
type accelerometer. The mechanism consists of a spring-restrained weight sliding between two -
rotating rollers. The displacement of this weight is transmitted by means of a micro-Desynn -
to a Desynn receiver on the instrument panel and to the continuous-trace recorder mentioned
above. The damping of the accelerometer could be adjusted over a small range by increasing
or decreasing the friction between the weight and the rollers. This accelerometer was built
by the R.A.E. Instruments Dept. Its range was — 0-2g to + 0-95g and its natural frequency .
3-5 c.p.s. The type of longitudinal acceleration, which is recorded in drag measurement tests,
builds up and diminishes very gradually with an average rate of approximately 0-01g per sec. -
Some typical time histories are given in Figs. 2a, 2b, and 2c, showing the variation in longitudinal -
acceleration during the dives. In view of the slowly changing acceleration it is more desirable -
to obtain steady readings than to achieve very rapid response. It was found that to satisfy this :
requirement the damping was at its best when at about the critical value, 7.¢., the friction between :
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the weight and the rollers was adjusted so that, when the weight was deflected, it returned to
its original position in the minimum time without overshooting. The cahbratron of the
accelerometer was frequently checked and care was taken to ensure that.the damping remamed
at about the optimum during the tests.

(b) Meteor IV VT. 108.—This aircraft was a standard production version fitted with the
modified clipped wings and a pressure cabin. The gun-blast tubes were faired over with -shaped
wooden fairings to the fuselage lines and an outside air thermometer was fitted beneath the
fuselage. '

The instrumentation in this aircraft was identical to that of Meteor IV EE. 454 except that
the longitudinal accelerometer was omitted as all the measurements were made in level
flight.

No special attention was given to the surface finish of the aircraft apart from seeing that it
was clean before flight. The paintwork, joints, rivets and leaks were of the standard production
quality and no attempt was made to improve them. The condition of the aircraft, however
compared favourably with that of the other aircraft. :

3 Description of the Tests and Technique.—3.1. Meteor IV EE. 454.—The’ position errors
on the pitot-static system were measured by the aneroid method. The measured sea level
position error curve, together with the calculated altitude curves® are given in Fig. 3.

The results of R. & M. 2446° provided a curve of drag coefficient at.zero lift against Mach
number for this particular aircraft, measured in level flight up to a Mach number of 0-81.

Considerable time had elapsed, however, since those results were obtained and the surface
finish of the aircraft had deteriorated badly It was therefore considered essential to measure
the drag coefficients again in level flight to provide a true basic drag curve.

These preliminary level flight tests were made at 25,000 ft.over the whole speed range up
to a Mach number of 0-81. The engine thrusts corresponding to each speed were measured
using the method given in Appendix I and the overall drag coefficients were computed by
equating the total thrust from the engines to the total aircraft drag.

In the previous tests on this aircraft (R. & M. 2446") it was deduced that the effectwe induced
drag factor K was 1-10 up to the start of the drag rise. This value was used in calculating-the
profile drag coefficients of the present tests for comparison with the results of R. & M. 2446°.
However, for comparison with the results obtained later on Mefeor IV VT. 108 and the tunnel
measurements, the results were analysed using the more accurate values of K determmed in
the measurements on Meteor IV VT. 108. ‘ 3

In view of the Reynolds number effects which were shown to be present during the earlier
work (R. & M. 2446°) it was desirable to obtain the results from the dives in the region of the
height at which the level flight tests were made, 7.e., 25,000 ft, in order to provide a direct
comparison. The pilots therefore endeavoured to reach the peak Mach numbers in their dives
at approximately this altitude.

The dives were made over a range of engine speeds from almost full throttle (14,000 r.p.m.)
down to 10,000 r.p.m.; the dives with the engines partially throttled were made in an attempt
to simulate the earlier dive tests on a Meteor I° by using similar thrusts and mass flows as in
those tests. This technique covered a range.of angles of dive from 10 to 40 deg, Wlth rates
of descent from 5,000 to 30,000 ft/min.

The pilots were instructed to take care to avoid any suieshp during the dives in order:to
minimise the scatter of the measurements due to piloting errors.

NS K

The overall drag of the aircraft in the dive was calculated using the method given in
Appendix II, the aircraft weight being known from fuel content readings taken by the pllot and
the engine thrusts being determined as in the level flight case.
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3.2. Meteor IV VT. 108.—All the measurements on this aircraft were made in level flight.
The aircraft was equipped with a pressure cabin enabling results to be obtained’ at greater
altitudes’ than previously (up to 47,000 ft) and therefore made possible drag measurements-at
high Mach numbers at much greater lift coefficients than.in the tests on the other aircraft.’

" In order to facilitate comparison with the wind-tunnel measurements, which are: présented
as curves of ‘overall drag coefficient with Mach number for constant values of lift coefficient,
the flight tests were conducted so that the full-scale results could be produced in the same
manner. This involved making the measurements at constant equivalent airspeed, the Mach
number range being covered by varying the altitude. The pilot was- given conditions to fly
to which took account of the position and compressibility errors and to Wthh he made a ﬁnal,
correction depending on the amount of fuel in the aircraft.

- This technique proved to be satisfactory and curves were obtained at mean lift coefﬁc1ents
of 0-06, 0-24 and 0-33. Small changes in lift coefficient were, however, present due to pllotmg
inaccuracies and account for some of the experimental scatter. -

The jet-pipe method of measuring the engine thrust already mentioned was.-used and, as the
measurements were made in level flight, the overall drag of the aircraft was computed by equatlng
it to the measured nett thrust. : .

The range of Reynolds number covered in these tests was from 12 to 45 x 108, based on5 the'
mean wing chord. It so happens that using the technique described above the range of Reynolds
number covered at any. particular value of C; is small but there is a large variation across the
C, range at a constant Mach number. It must therefore be remembered that the effective
induced drag factor K, which has been determined from these results for comparison with the
wind-tunnel measurements includes a Reynolds number effect; the magmtude of Wthh is
unknown. ‘ :

St

4. Results.—4.1. Meteor IV EE. 454.—1It was found from the prehmmary drag measurements
made in level flight on this aircraft that the drag at zero lift was, if anythmg, slightly hlgher
than the results obtained in the earlier tests on this aircraft, as shown in Flg 4.

The surface condition of the aircraft, when used for those early tests, was of a falrly hlgh
standard- although probably not sufficiently good to have achieved an appreciably far back
transition. point. The prolonged flying at high Mach numbers between the. two sets of tests
on other experiments caused a severe deterioration in surface condition which poss1b1y accounts
for the slightly higher drag in the present tests.

The profile-drag coefficients measured in all of the dives irrespective of engine conditions or
angle-of dive are presented in Fig. 5. The curve obtained from the level-flight measurements
is ‘also given in this figure and is in extremely close agreement with the dive results. - This is
contrary to the impression gained when comparing these results with the earlier, less accurate
dive tests on a Meteor I fitted with long nacelles® (Fig. 6).

The scatter of the experimental points from these present diving tests is much less than in
the earlier tests; this has mainly been achieved by paying particular attention' to ‘the
accelerometer dampmg and also by usmg apparatus giving a continuous record of the longitudinal
acceleration rather than taking ‘spot’ readings from automatic observer photographs.

~ Comparing the results of the present divé tests with the earlier ones we see that in addition
to the improved accuracy of the present results there is a marked difference between;the curves
obtained. The latest results in fact tend to be a lower envelope of the whole of the earher
experimental results (Iig. 6).

Although the external shapes of the aircraft used in each set of tests were almost the sani‘é,
the Derwent V units of the Meteor IV aircraft consumed much larger quantities of air under
normal operating conditions than the W2.700 units of the Meteor I. The tests made at
14,000 r.p.m. covered a mass flow range of 36 to 45 Ib/sec from start. to finish of:the dive while
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those made at the lower engine speeds to simulate the Meteor I dive tests covered a mass flow
range from 14 to 26 Ib/sec. This change in air flow conditions through the nacelles, however,
made no measurable difference to the values of the drag coefficients obtained (Fig. 5).

A possible explanation of the difference is that the slight change in nacelle shape on the
Meteor IV to accommodate the larger diameter jet-pipes (4 in. greater in diameter than on the
Meteor I) may have the same effect as a further increase in the fineness ratio of the nacelle.

There was no evidence of the ‘ hysteresis * effect in the drag curve observed in other tests;
e.g., the tests on Spitfire IX" which showed that when the Mach number was decreasing the
drag coefficients were apparently higher than when the Mach number was increasing, thus
forming two distinct curves.

49 Meteor IV VT. 108.—The results of the measurements on this aircrait are presented in
Fig. 7. The drag curve obtained in the previous tests has been corrected using the more accurate
values of the induced drag factor determined in these latter tests (Fig. 12) and is also shown

in Fig. 7 for comparison. The agreement between the two sets of measurements is so close
that it is impossible to distinguish any difference in the drag coefficients at zero lift.

These results will be discussed in detail when compared with the wind-tunnel measurernents.

5. Description of Wind-Tunnel Tests.—S5.1. Description of Model and Support System.—The
1/12th scale model representing Meteor 1V EE. 454 was made of laminated teak with a smooth,
polished Phenoglaze finish and with Tufnol trailing edges. Flow through the nacelles was not
represented and the control gaps were faired in. The only major difference between aircraft
and model was the fairing of the nacelles at entry and exit. A photograph of the model is shown

in Fig. 8.

The aft cantilever strut support system described in Ref. 8 was modified for drag measurement.
A schematic diagram of the layout is presented in Fig. 9. The sting supporting the model
was fixed at the rear to a tube hanging-on two sets of links from an outer housing. Behind the
rear links the tube was connected to this housing by a steel spring. A drag force on the model
extended the spring and the movement was measured on an electro-magnetic balance. .-The
housing was encased in an outer tube, which was supported by wires from the tunnel walls. A
full description of the drag balance and its calibration is given in Ref. 9.

To restrict vertical vibration of the model a weight was suspended in an oil pot from a point
about 4 in. aft of the wing root trailing edge.

Lift was measured by strain-gauges placed at two stations on the sting.

5.2. Wind-Tunnel Programme—Drag, lift, tube incidence, tube air pressure and Wind—tﬁnnel
wall pressures near the model were measured at approximately 1 deg intervals of incidence up
to C, = 0-3 over a range of Mach number from 0-50 to 0-90. Tunnel choking occurred at
M = 0-91. -

Tests to determine the drag of the faired sting and damping wire were made at the same
incidences and Mach numbers with the model removed from the sting and replaced by af
ellipsoidal fairing fitted over its nose; the damping wire was attached at the same position as
in the presence of the model. o »

The Reynolds number was kept constant throughout at R = 0-43 x 10°® based on the mean
wing-chord of the model. -

5.83. Corrections to Wind-Tunnel Results—It was found that the effect of the difference of

‘tube air pressure between the model test and the faired sting test was negligible when expressed

as a drag coefficient based on wing area.
5




The model drag was therefore corrected for support and damping wire interference by
subtracting from the measured value the drag measured in the faired sting test. The accuracy
of this correction depends on the following assumptions:—

(a) The drag of the fairing over the part of the sting normally inside the model is small.
No reliable measured value is available but the skin friction drag of the fairing was
calculated to be about 0-002 in Cp.

(b) The presence of the sting does not affect the air flow over the model.

(c) If the sting had not been present, the mean pressure over the rear cross-section of the
fuselage would have been equal to the static pressure in the undisturbed stream ahead
of the model.

Little information is available on how far the second and third assumptions are justified
but it is probable that the effect of the third is small since a change of C, of 0-1 at the rear of
the fuselage will only produce a change of 0-0008 in model Cp. Assuming that the second
assumption is justified for lack of contrary evidence, then the method gives model drag
coefficients which are underestimated by about 0-002.

The method of correction for blockage was as follows. The total peak velocity increment
at the walls due to the presence of the model was found from the wall pressures and was assumed
to be equal to (ey -+ 2¢5) where ¢gis the increment of velocity at the model due to solid blockage
and ey that due to the wake blockage. The latter was found from the measured drag values
in the usual way" and hence it was possible to derive ¢ (= es 4+ ew) and the correction to the
Mach number.

= (i
The following table gives the values of 4M for various values of uncorrected Mach number.
M 0-7 0-8 0-85 0-875
AM 0 0-005 0-009 0-015

The blockage correction to §p¥* was very small and was not applied.

6. Comparison of Flight and Wind-Tunnel Measurements—The results of the wind-tunnel
measurements are presented in Fig. 10 and a comparison is made with the results of the flight
tests in Fig. 11.

At C; = 0 both the wind-tunnel and flight results show an increase of drag coefficient of
0-012 from M = 0-50 to M = 0-82. However, whereas the drag as measured in flight starts
to rise at M = 0-70, in the wind tunnel the rise starts gradually and at a lower Mach number.
Although this small difference is at the limit of the experimental accuracy, it is possibly caused
by the difference in Reynolds number. No flight results at present available show a rise of
drag at these moderate Mach numbers but the effect has been noted in wind-tunnel tests on
several other models. In some cases, the effect has been found to vary with Reynolds number.
It is possible that in the wind-tunnel tests a forward movement of the transition position or
the development of a laminar separation results from an increase in Mach number, thus giving
an early drag rise.

The agreement between the wind-tunnel and flight measurements on the shape of the drag
curve is also good at the higher lift coefficients. The flight results show a more gradual rise,
which starts at a lower Mach number.

The fairly close agreement in the drag rise between model and full-scale results in these tests
should not be interpreted as applying necessarily for other aircraft designs. The boundary-layer
effects mentioned above are of course dependent on the particular wing pressure distribution

6
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and may be aggravated by any marked spanwise flow, such as is encountered on highly tapered
or swept wings. There is some evidence that the early drag rise is more apparent in model
tests on such wings.

The agreement in the absolute values of Cp at C, = 0 (e.g., at M = 0-5, model Cp, = 0-017
and full-scale C;, = 0-016) is interesting but probably has little meaning. As explained in
section 5.3, the wind-tunnel results should probably be increased by 0-002 in Cp at all Mach
numbers. The resulting difference of 0-003 in C, at M = 0-5 would be no more than might
be expected in view of the difference in Reynolds number and surface finish. The apparent
improvement in agreement of the absolute value of Cp at the higher lift coefficients is due of
course to the increased induced-drag contribution resulting from the lower aspect ratio of the
full-scale aircraft.

Fig. 12 presents a comparison of the value of the effective induced-drag factor K calculated
from the relation

KC;?
CD:CD0+ nff

At M = 0-5 the flight value is 1-3, the corresponding wind-tunnel value being 1-4. As pointed
out in section 3.2, the value as determined from the flight results includes some of the variation
of the aircraft profile drag with Reynolds number.

If a correction could be made for this Reynolds number effect the discrepancy between the
model and full-scale values of K would be greater. At high Mach number the agreement is
quite good (Fig. 12) but it must be remembered that under these conditions the value of K is
of doubtful significance since the drag is no longer a linear function of C.%

Conclustons—(1) It has been shown that measurements of the overall drag of an aircraft in
high Mach number dives using the longitudinal accelerometer method can be made to a high
standard of accuracy, comparable with that obtainable in level flight measurements. To
achieve this, considerable care must be taken to obtain the optimum damping for the
accelerometer and continuous records of the acceleration must be taken throughout the dives.

(2) Results obtained in this way on Meteor IV showed very good agreement between level-
speed and dive measurements, contradicting impressions gained from earlier, less accurate tests.

(8) There was no evidence of the hysteresis effects found in certain other cases, the drag in
the dive being independent of whether the Mach number was increasing or decreasing.

(4) Variaton in the engine mass flow over a considerable range made no measurable difference
in either the low-speed drag or in the compressibility drag rise.

(5) Close agreement was obtained between flight and wind-tunnel measurements of the
increase in the drag coefficient at zero lift with Mach number up to M = 0-82. The drag
coefficient of the Meteor I'V increased by 0-012 in both the full-scale and model tests on raising
the Mach number from 0-50 to 0-82, although the drag rise in the model tests was more gradual
and started at a lower Mach number than in flight. This effect may be due to the difference
in the boundary-layer flow in the two experiments and for this reason agreement may not be
so good for highly tapered or swept wings, where there is a pronounced cross-flow.

(6) The agreement between the flight and wind-tunnel values of K is quite good, especially
at high Mach number, but it must be remembered that under these conditions the value of K
is of doubtful significance since the drag is no longer a linear function of C;”.
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APPENDIX I

The Determanation of the Thrust of a Jet Engine from Measurements of the Total-Head Pressuve
and Temperature in the Jet-Pipe in Flight

(a) Gross Thrust.—It can be shown that, for a jet-pipe with a fixed final nozzle, the gross
thrust depends only on the pressure in the jet-pipe and the pressure after the final nozzle. The
pressure in the jet-pipe may be either the static or the total-head pressure. Thus the unit can
be calibrated for gross thrust by a pressure point only. The pressure usually measured is the
total-head as static measurements are liable to errors due to buckling of the jet-pipe whereas
total-head tubes give correct readings even when considerably out of alignment.

The theory of the method is as follows:—The gross thrust is made up of two parts (1) that
due to the momentum of the gases and (2) that due to the difference between the pressure at
thefinal nozzle and atmospheric pressure acting on the final area.

If Fg is gross thrust (1b)
Fy nett thrust (Ib)
M gas mass flow (Ib/sec)
P; pressure at final nozzle (Ib/sq in.)
p; density at final nozzle (Ib/cu ft)
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T, temperature at final nozzle (deg C abs.)
V ; wvelocity at final nozzle (ft/sec)
A ; effective area of final nozzle for calculatihg gross thrust (sq ft)
A5 - effective area of final nozzle for calculating mass flow (sq ft)
P, total-head pressure in the jet-pipe (Ib/sq in.) '
T. total-head temperature in the jet-pipe (deg C abs.)
P, atmospheric pressure (Ib/sq in.)
V ¢ aircraft true speed (ft/sec)
Kp specific heat at constant pressure (C.H.U./Ib/deg C)
J mechanical equi{falent of heat (ft Ib/C.H.U.)

we have:— , ‘
Fo— f}%&’ L 144 (P,— P A, -
Now M = oAV, Vi = 2JKa(T. — T) and p; = li%fif .
S
Therefore  Fo :s’i{g—%‘ 1 144 (P,—P,) 4;
:E%A—fz]KP[T”— 1] - 144 (P, — P,) A, -
| R T,
T, (P/\r=t |
N ()
e —ms B () 1]+ e [F 1]
Therefore P P = 288 L— R P 57 + 144 o

JK» P [( \_Pf] [ﬂ_].
= 288 7 P.U\B) TP + 144 7. 1
Now using the usual Values for the gas constants, .
R = 96-4 ft Ib/Ib deg C |

i.e.,
K =0-276 CH.U./Ib/deg C
y = 1-33
this gives
- B () R+ -]
P.A, = 1158 —- o L\B X + 144 ?—a—l

Before the final nozzle chokes, P; = P, and the pressure term is zero: Therefore

Pa)% —Zs].
e( o . —Pe' ’

f v
=188 (5

’

After the final nozzle chokes 2 is a constant and equals 1-8505. The relation between

b _Pf
Fg P, "

g2 A, and 2

then becomes linear.



. Fo i o P/
1.€., m—— 181-05 ?a — 144,

The curve for these functions is given in Fig. 13.

(b) Mass Flow.—In order to determine the net thrust in flight, we have to subtract the intake
momentum loss and for this we require to know the mass flow since,

MVr

o
o

Fy=Fg—

It can be shown in a similar manner to the above that, for a fixed final nozzle

M(Te’)]/Z _ <2g]KP>1/2|:Pf<P,'>" - 1‘< <Pf )15__—_}>1/z:| . .
PaAfl— = 144 I Z—,)a ?f— Y 1 — Pe' 12 . . (2)

Thus we can calibrate the unit for mass flow by meansof a pressure point and a thermocouple
tomeasure 7,.  Unfortunately, a thermocouple does not measure the full total-head temperature

of the gases; if, however, it is assumed that it measures a constant proportion (£ say) of the
dynamic temperature rise, we have:—

Te,indicated — Te + k<Te/ - Te) .. .. . . . .. (3)

where T, is the static temperature at the measuring section.
Equation (3) can be written
elin . Te Pe Y - 1:
-—i,—d=k+(1—k)~T—e,=k+(1—k)<}Te,>V - . . . (4)

where P, is the static pressure at the measuring section. If we assume that the total-head
pressure in the jet-pipe (P,') remains constant up to the final nozzle, we can apply Bernoulli’s
equation to the conditions at the measuring section and at the final nozzle to obtain expressions
for the velocities at the measuring section and the final nozzle (V, and V; respectively), viz:—

e 7 <£e'_£e):_y,;f£<1_ﬂp_e'>: Y ._13_;[1_<Pg>v;1]
oy —W\p)  pd Ty —1 p/ P, p, y—1 p/ P,

’

where p,” is the density corresponding to conditions of rest, .
and p, is the density at the rﬁeasuring section.

Similarly,

Now from continuity,
PeAe'Ue = pfAfIUf

where A, is the effective cross-sectional area at the measuring section,

or $0p A = Jufp A, : L
2w - (B )= B o ()
o y — 1 Al Pel ! P,/ ’ _'}/—1 Af Pt Pel P, ’ ,
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’ N1
which, after substituting 2~ = (P‘ >§ and simplifying, becomes:—

Pe P,
P2 A va=ty Af’>2 ( P,>3[ <Pf>”—’1 _
EF -] = () @y - ()7 o B
From this equation, used in conjunction with (4) and (2), curves for M/ T, ina] PoAs against
P[P, for different values of 4./4; can be drawn and these are shown in Fig. 14 for three values
of A,/A; using the value & = 0-6. It will be seen that the difference between the curves for
values of A,/A; of 1-0 and infinity amounts to only about 3 per cent. Thus the error in net
thrust introduced by neglecting the inaccuracy of the thermocouple is only of the order of
1} per cent, as the intake momentum loss is usually about half of the net thrust at speeds around
the above normal cruising.

It should be remembered that the mass flow measured is the total gas mass flow, whereas that
used in calculating the intake momentum loss is only the air mass flow. The measured values
should be corrected therefore for the fuel flow; it is sufficiently accurate to use the maker’s
specification figures for this if no fuel flow measurements are made.

It should be noted that the value of % used in Fig. 14 (0-6) applies to thermocouples that are
totally sheathed. In thermocouples, such as the Type ‘ B’ Pyrometer, which is now extensively
used in jet-propulsion engines, in which the gas is reduced nearly to rest around the thermocouple
junction the value of % is very nearly unity. From equation (4) it will be seen that the
thermocouple will read the correct temperature if % is unity or if P,/P,” = 1. From equation (5)
it is found that P,/P,’ = 1-0if 4,/4, = co. Hence the top curve in Fig. 14 can be used for
all mass flow calculations if the % for the thermocouple used is unity.

APPENDIX II

The Longitudinal Accelevometer Method of Measuring the Overall Drag of an Aircraft in
Non-steady Flight

The theory of this method of drag measurement for the single case, where the longitudinal
accelerometer is directed along the flight path of the aircraft, is given correctly in Ref. 2.
However, in general the accelerometer is not directed along the flight path and corrections
have therefore to be applied for this. Further corrections have to be applied since the thrust
line is not along the line of flight, and the axis of the normal accelerometer is not perpendicular
to the line of flight. It is this general case, where no assumptions are made concerning the
directions of the accelerometers with respect to the flight path, that is considered here. It
is assumed that the accelerometers are mounted at right-angles to each other.

AXIS

THRUST LINE

FLIGHT PATH
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is weight of aircratt =

lift on aircraft

w
L
D overall drag of aircraft -
T thrust on aircraft
9 angle of flight path to. horlzontal i
¢ = angle between: thrust line and longltudmal accelerometer axis
P -angle between thrust line and flight path
W, Weight‘ of longitudinal accelerometer weight
- W, ,weight of normal accelerometer weight
fhef, | -
ecceleration of aircraft centre of gravity along a line parallel to the longitudinal acceleronﬁeter:
axis is Ag say,

[(Wsin (0 — ¢ — ) + T cos ¢ — D cos (¢ + v) + Lsin (¢ + v)].

o

Therefore A = sin (6 —¢ —v) + WT cos‘gﬁ — lecos (6 +v) + V£V sin (¢ + y).

Acceleration of aircraft c. g along a line perpendicular to the longitudinal accelerometer axis
is Ng say,

-=%m%mw—¢—w+me—Jnm@+w—Lmu¢+m:

Therefore N=cos (6 — ¢ — ) -+ 75 - L Ging — %m ( +v) V—f, cos (¢ + ).

Acceleratmn of longitudinal accelerometer welght along longltudmal accelerometer axis, ﬂif
unrestrained is /g, say,

:ﬁil Wysin (6 — ¢ — ).

Therefore [ = sin (6 — ¢ — ).

Acceleration of normal accelerometer weight along normal accelerometer axis, if unrestrained
i1s ng, say,

=V%1Wncos(0——¢—1p).

Therefore # = cos (8 — ¢ — w).

Therefore reading of longitudinal accelerometer in g units is R, say
=1— 4.
12
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Therefore R = 77 €08 (¢ + v») — 7 oS ¢ — 7 sin (¢ + v). .. .. - (1)

Reading of normal accelerometer in g units is @, say

=5 — N.
Therefore Q = %/cos (¢ + v) + IED,-sin (6 + v») — ﬁ];singb . .. .. .. (2)

From (2) :
L T . D .

7= I:Q -+ 77 Sin ¢ — 77 sin (¢ + w):| sec A(?S‘“[_ 1/)).‘
Substituting this in (1) gives,

R= D cos (4 +v) — b cos s —Qtan (b + ) — g sind i (b )

+Dsin (¢ + v) tan (4 + )

or

R+Qtan(¢>—|—1p):[v—?/—%coswjlsec(qS-{—w)

or approximately

R+06 +v) = [ 25t + o[+ 5]

i«k;6+(D%Ty§;wﬂ+;§,r

which becomes,

D—T R Ty R
C =R — g ) — g e B

During the tests described in this report, it was found that the last two terms on the right-hand
side of equation (3) were negligible in comparison with the other two. Hence for these tests
the expression used was, - ( .

p_—T o
- =R+ L)

In this expression, it is necessary to know the incidence of the aircraft throughout the tests.
This was obtained from a lift carpet from high-speed wind-tunnel tests. Hence having calculated
the thrust by the method described in Appendix I, and estimated the weight of the aircraft
the overall drag was obtained from the readings of the two accelerometers.

The profile drag is then obtained by subtracting the induced drag which must be corrected
for any changes in lift coefficient due to normal acceleration.

13



Wing area (sq ft)

TABLE 1

Details of * Meteor’ IV EE. 454 and VT. 108

Wing setting to body datum (degrees)

Wing section ..

Span

Aspect ratio ..

Taper ratio

Tailplane area (sq ft)

Tailplane setting (degrees to W.R.C.)

Aerodynamic mean chord

All-up weight (Ib)

C.G. position at full weight (per cent A.M.C.)

Fuel capacity (gall) ..

The model tested in the wind tunnel was 1/12 scale of Meteor EE.454.
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EE.454
374

1-0

EC 1240/0640
EC 0940/0640

43 ft 0 in.
4-95
3:1

66
— % deg
109-5
13,810
30-0
325

VT.108
350

1-0
(root)
(tip)
37 {t 4 in.
3-98
2:2:1
66
0 deg
116-6
14,720
27-5
325
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OVERALL AIRCRAFT PROFILE DRAG COEFFICIENT

OVERALL AIRCRAFT PROFILE DRAG COEFICIENT
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Fi. 4. Meteor IV EE.454. Drag measurements in

level flight.
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Fic. 8. 1/12th Scale model of Meteor IV EE.454.
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Fi1c 9. Schematic drawing of installation in wind tunnel showing method of drag measurement.
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