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Summary.--This report describes the technique which has been developed to measure the overalt drag of an aircraft 
at  high Mach numbers in both level flight and dives. I t  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 t. 
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 2,a 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 at tention to detail, together with some minor refinements, a very good 

-4 _ 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 tha t  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). 

, f R . A . E .  Report Aero. 2241, received 22nd April, 1948. 
*Revised version OI~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 I V  (VT. 108), 
although the shorter span of this aircraft slightly reduced the value of the comparison. 

2. Description of the Aircraft Instrumentation.--The two aircraft used in these flight tests 
were Meteor I V  EE. 454 and Meteor I V  VT. 108 (Fig. 1 and Table 1). 

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

An incidence vane and an outside air thermometer were fitted to t h e  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 i n s t r u m e n t s : -  
airspeed indicator, two sensitive altimeters (connected together by a l eng th  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-statie 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, i.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, i.e., the friction between 



the weight and the rollers was adjusted so that,  when the weight was deflected, it re,turned to 
its original position in the minimum time without overshooting. The calibration of the 
accelerometer was frequently checked and care was taken to ensure thaLthe  damping remained 
at about the optimum during the tests. 

(b) Meteor I V  VT. 108.--This aircraft was a standard production version f i t ted 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 tha t  of Meteor I V  EE. 454 except tha t  
the longitudinal accelerometer was omitted as all the measurements were made in tevei 
flight. 

No special at tent ion was given to the surface finish of the aircraft apart from seeing fhat  it 
was clean before flight. The paintwork, ioints, rivets and leaks were of the standard production 
quali ty and no at tempt  was made to improve them. The condition of the aircraft, however, 
compared favourably with tha t  of the other aircraft. 

3. Description of the Tests and Technique.--3.1. Meteor I V  EE. 454.--The * position errors 
on the pitot-static system were measured by the aneroid method. The measured s e a  level 
position error curve, together with the calculated altitude curves 5 are given ifl Fig. 3. 

The results of R. & M. 24466 provided a curve of drag coefficient a t  zero lift against Mach 
number for this  particular aircraft, measured in level flight up to a Machnumber  of 0~ 8L 

Considerable time had elapsed, however, since those results were obtained and the, su~faC~ 
finish of the aircraft had deteriorated badly. I t  was therefore considered essential to fneasure 
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 oover the whole speed r ange  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. 24466) it was deduced that  the  effective 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 tile present tests for comparison with the results of R. & M. 2446 e. 
However, for comparison with the results obtained later on Meteor I V  VT. 108 and the tunnel 
measurements, the results were analysed using the more accurate values of K determined in 
the measurements on Meteor I V  VT. 108. ' 

In view of the Reynolds number effects which were shown to be present during the earlier 
work (R. & M. 24466) it was desirable to obtain the results from the dives in the region of the 
height at which the level flight tests were made, i.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.ml.) 
down to 10,000 r.p.m.; the dives with the engines part ial ly thrott led were made in an a t tempt  
to simulate the earlier dive tests on a Meteor 13 by using similar thrusts and mass flows as. in 
those tests. This technique covered a range of angles of dive from 10 to 40 dego With ra tes  
of descent 'from 5,000 to 30,000 ft/min. 

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

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 pilot and 
the engine thrusts being determined as in the level flight case. 
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3.2. Meteor I V  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  g rea te r  
al t i tudes than previously (up to 47,000 It) and therefore made possible drag measurements, at 
high Mach numbers at much greater lift coefficients than, in  the t es t son  the other aircr'aft. " ;: 

In order to facilitate comparison with the wind-tunnel measurements, which are. presen, ted 
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. Macti. 
number range being covered by varying the altitude. The pilot was, give~ conditions to fly 
to which took account of the position and compressibility errors and to VvtilC'h he made a fii~al 
correction depending on the amount of fuel in the aircraft. . . . . . . . . .  

• This technique proved to be satisfactory and curves were obtained a t  mean lift coefficients 
of 0.06, 0.24 and 0.33. Small changes in lift coefficient were, however, present due t6 pil0tihg 
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 equating 
it to the measured nett thrust. , ,  

The range of Reynolds number covered in these tests was from 12 to 45 × 10 ~, based on: the 
mean wing chord. It so happens that  using the technique described above the range of -Reynoldg 
number covered at any  particular value of CL is small but there is a large yariation across the 
CL range at a constant Mach number. I t  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  magnitud e 0f~wtiich is 
unknown. ' 

4. Results.--4.1.  Meteor I V  EE. 454.--I t  was found from the prelimina~ydrag measurements 
made  in level flight on this aircraft that the drag. at ,zero lift was, if anything, slightly higher 
than the results obtained in the earlier tests on this aircraft, as shown in Fig. "4. - 

The surface condition of the aircraft, when used for those early t e s t s ,  was of a fairly':high 
standarld: although probably not sufficiently good to have achieved ,an appreciably far back 
transit ion 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 possib!y accounts 
for the slightly higher drag in the present tests. • 

The profile-drag coefficients measured in all of the dives irrespective of engine Eonditions or 
angle of dive are presented in Fig. 5. The curve obtained from the level=flight measuremerits 
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 d iv ing tests is much less than in 
the earlier tests; this has mainly been achieved by paying particular ~ a t ten t ion  to the  
accelerometer damping and also by using apparatus giving a continuous record of the longitudinal 
acceleration rather than taking ' s p o t '  readings from automatic observer photographs. 

Comparing the results of the present dive tests with the earlier ones we see that  i n  addition 
t o  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 o f  t:i{~ earlier 
experimental results (Fig. 6). " ~ .! . ~ . .  .... 

Although the external shapes of the aircraft used in each set of tes t swere  alm0;t the  same, 
the Derwent V units of the Meteor I V  aircraft consumed much larger quanti t ies  of air under 
normal operating conditions than tile 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 lb/sec from start, to finish o~,~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 lb/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 I V  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 I X  7 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. 

4.2. Meteor I V  VT. 108.--The results of the measurements on this aircraft 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 measurements. 

" 5. Description of Wind-Tunnel Tests.--5.1. Descr@tion of Model and Support Syslem.---The 
1/12th scale model representing Meteor I V  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 layoutis 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 poini} 
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 Programm.e.--Drag,. lift, tube incidence, tube air pressure and Wind-tunnel 
wall pressures near the model were measured at approximately 1 deg intervals of incidence up  
to CL = 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 aft 
ellipsoidal fairing fitted over its nose; the daml3ing wire was attached at the same position as 
in the presence of the model. 

The Reynolds number was kept constant throughout at R = 0.43 × 106 based on the mean 
wing chord of the model. 

5.3. Correclions 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. 
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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 CD. 

(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 a of 0.1 at the rear of 
the fuselage will only produce a change of 0. 0008 in model CD. 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 (*w + 2,s) where *s is the increment of velocity at the model due to solid blockage 
and Sw that due to the wake blockage. The latter was found from the measured drag values 
in the usual way I° and hence it was possible to derive s (= ss + *w) and the correction to the 
Mach number. 

AM 
M ----- (1 + } M ~ ) ~  • 

The following table gives the values of A M 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 ½p V 2 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 CL ---- 0 both tile wind-tunnel and flight results show an increase of drag coefficient of 
0.012 from M ----- 0.50 to M ----- 0.82. However, whereas tile 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 tile 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 
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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 tha t  the early drag rise is more apparent m model 
tests on such wings. 

The agreement in the absolute values of CD at CL = 0 (e.g., at M = 0.5, model CD = 0" 017 
and full-scale CD = 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 CD at all Mach 
numbers. The resulting difference of 0. 003 in CD 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 CD 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 L ~ 
C~ = C~o + ~A 

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 tha t  under these conditions the value of K is 
of doubtful significance since the drag is no longer a linear function of CL 2. 

Comlusions.--(1) I t  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 tha t  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 I V  showed very good agreement between level- 
speed and dive measurements, contradicting impressions gained from earlier, less accurate tests. 

(3) 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 tha t  under these conditions the value of K 
is of doubtful significance since the drag is no longer a linear function of CL 2. 
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A P P E N D I X  I 

The Determination of the Thrust of a Jet Engine from Measurements of the Total-Head Pressure 
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 
t0tal-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) tha t  
due to the momentum of the gases and (2) that  due to the difference between the pressure at 
the~final nozzle and atmospheric pressure acting on the final area. 

If Fo is gross thrust (lb) 

FN nett  thrust (lb) 

M gas mass flow (lb/sec) 

Ps pressure at final nozzle (lb/sq in.) 

Pl density at final nozzle (lb/eu ft) 
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t empera ture  at final nozzle (deg C abs.) 

velocity at final nozzle (ft/sec) 

effective area of final nozzle for calculating gross t-hrust (sq ft) 

- effective area of final nozzle for calculating mass flow (sq It) 

total-head pressure in the jet-pipe (lb/sq in.) 

to ta l -head tempera ture  in the jet-pipe (deg Cabs.)  

atmospheric pressure (lb/sq in.) 

aircraft t rue speed (ft/sec) 

specific heat  at constant  pressure (C.H.U./lb/deg C) 

mechanical  equivalent  of heat  (f t  lb/C.H.U.) 

FG-- MVs 
g 

+ 144 (Ps-- Pa) As" 

M = piAsVf, Vfl = 2gyKp(T/-- T) and p, = 

+ 144 (P~-P.) A± 

144 p~ 
RTj 

144PyA/ 2JKp [ T/ 
R L Ts - - - -  1] + 144 (Ps-- Po) At" 

Z f  

Vs 
1 As 

, ~ A-/ 
, i  

j _Pe t 

Ye  t 

:! l/T ] 
K p  -i 

J 
i :~ we havg:v-- 

a 

Now 
z] 

psA ~i Therefore f a  = "  /Vs~ 
g 

-o I 
N 

~1 Te  t 
Now _ _  = 7 

ffKp Py F ( P / ~  1] + 144 [~__Z __ I] Fo --  288- Therefore P~A: R -Fo L\ P j  
_ . , . / 

- £_,] [P, ] 
- = 288 R Po p , , ]  -- -}- 144 E - 1 

Now using the usual values for the gas constants, 

I I . C .  j 

this gives 

R = 96.4 It lb/lb deg C 

K = 0. 276 C.H.U./lb/deg C 

y = 1.33 

F~, = 1 1 5 8 ~ L k P , /  - - - -  

Before the final nozzle chokes, Pi  = Pa and the  pressure term is zero. 

Fa  _ 1158 * a ~ - - T /  " 
% \  e l -  

P/  is a constant  and equals 1. 8808. After the  final nozzle chokes, P7 

Fc  :P/ : 
p ~  and ~ then  becomes linear. 

9 

Therefore 

(1) 

Tile relat ion between 



i.e. FG P /  144. , p a A s - -  181.05 p-~ -- 

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

(b) Mass  F l o w . - - I n  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, 

F2v = FG - -  M V_____r . 
o" 
b 

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

M(:L')'/ ' 
P~A/  

2 g ] x .  1/, p~ p ,  ~,_ ~. -h "--~- '/~ ) EA.,) (, (.) )] - -  - -  r - ~ - - ? ,  ( 2 )  

Thus we can calibrate the unit  for mass flow by means of a pressure point and a thermocouple 
to measure T,'. Unfortunately, a thermocouple does not measure the full total-head temperature 
of the gases; if, however, it is assumed tha t  it measures a constant proportion (k say) of the 
dynamic temperature rise, we have : - -  

T.'md~ca,~a = T .  + k ( T / - -  T.) (3) . • . . . . • • • • . . 

where T, is the static temperature at the measuring section. 

Equation (3) can be written 

T',md. TT. _ k + (~ - k) = k + (1 - k , / , , , Y -  ~ Pt i: 

T . '  ' \ P . /  ~ (4) 

where P.  is the static pressure at the measuring section. If we assume tha t  the total-head 
pressure in the iet-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 Vs respectively), v i z : - -  

(5 - . : , ( . . . : )  . i v , =  ~ _ 7 1 - = - 

where p,' is the density corresponding to conditions of rest, 

and p, is the density at the measuring section. 

Similarly, 

½vz~_ v P "  E l  -- ( P s , ~ @ ]  • 
y - -  1 p~' \i~e/ J 

r ( P e ~ - - q  Pe' l _  _w. 
p.' k \Pc / J 

Now from continuity, 
l 

p,A.v. = p sA s' vs 

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

or e Fe ~ ~ ~vIpfz~I 

o r  
- -  1 p .  L ) ; - -  1 A f ' 2 P f 2  - -  1 - -  \ B e )  J, 

10 



which, after substituting P_~-- = (Pe"~; and simplifying, becomes:--  
p, kP, /  

' \ A , /  \P ,  / \P ,  / _1 
(s) 

From this equation, used in conjunction with (4) and (2), curves for M~/T,'ina/P,A~ against 
P/[P, for different values of Ae/A/can be drawn and these are shown in Fig. 14 for three values 
of A,/As' using the value k = 0.6. I t  will be seen tha t  the difference between the curves for 
values of A e/A s' 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 
1½ per cent, as the intake momentum loss is usually about half of the net thrust  at speeds around 
the above normal cruising. 

I t  should be remembered tha t  the mass flow measured is the total  gas mass flow, whereas tha t  
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. 

I t  should be noted that  the value of k used in Fig. 14 (0-6) applies to thermocouples that  are 
total ly 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 k is very nearly unity. F rom equation (4) it will be seen tha t  the 
thermocouple will read the correct temperature if k is uni ty  or if P , / P / =  1. From equation (5) 
it is found tha t  P~/P/ = 1-0 if A~/A/ = oo. Hence the t op  curve in Fig. 14 can be used for 
all mass flow calcnlations if the k for the thermocouple used is unity. 

A P P E N D I X  II  

The Longitudinal Accelerometer 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 pa th  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. I t  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. I t  
is assumed that  the accelerometers are mounted at right-angles to each other. 

LONGITUDINAL ACCELEROMETER 

FLIGHT PATH 

1i 



If W 

L 

D 

T 

~ .::0 ~ 

' ' 4 

Wl 

• .  " W  n . 

is weight of aircraft 
- ,  t ": ,-" " " ' " - - 

lift on aircraft ', 

overall drag of aircraft 

thrust  on aircraft 

angle 9 f flight path to  horizontal 
t ' . , ,  

angle between: thrust line and longitudina ! accelerometer, axis 

.angle be tweenthrus t  line and flight path 

weight of longitudinal accelerometer weight ,:• 

,weight of normal accelerometer weight 

! .  

'L, ' ,  

acceleration of aircraft centre of gravity along a line parallel to the longitudinal accelerometer 
axis is A g  say, 

- -  g [ W s i n ( 0  4 - -  ~o) + T c o s 4  - -  D c o s ( 4  + ~ )  + L s i n  (4 + ~0)]. - W  

T h e r e f o r e  
T D L, 

A ---- s in (0 - -  4 - -  ~0) + w c o s ' ~ - w c o s ( 4 + ~ . ) + w s i n ( ~ - t . 7 ~ ) .  

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

- -  g [W~cos (0 - -  4 - -  W ) +  T sin 4 - -  D sin (4 + ~) L Cos (4 + ~),], 
- W  

- -  T - :  D , L 
Therefore - N ]= cos (0 --  4 ~o) -t- W sin ~ -- W sin (4 -¢- ~o) W cos (4 -¢- ~). 

Acceleration of longitudinal accelerometer weight along longitudinal accelerometer axis, ~iI 
unrestrained is lg, say, 

i 

g We sin (0 - 4 -,- ~0) . . . .  
, , ] / l /"  l " ' c .  - , , , ,  . [ ,  ,- 

T h e r e f o r e  l =  s i n ( 0  - -  4 - -  w). 

Acceleration of normal acce!erometer weight along normal accelerometer axis, if unrestrained 
is ng, say, 

g W.  c o s ( 0 - 4 - , p )  : '  
W t l  " / 

Therefore n = cos(0 -- 4 - -  up). 

Therefore reading of longitudinal accelerometer in g units is R, say 

- = I - - A .  , .  

t 2  



D T L 
Therefore R - -  w c ° s  (~ -t- ~p) - - - ~ c o s ~  W -- --  sin (q~ + VJ). (1) 

Reading of normal accelerometer in g units is Q, say 

L D T 
Therefore Q = ~ c o s ( ~  + 10) -1- w s i n  (~ -t- 10 ) --~-isin~b . (s) 

From (2) 
L [ T 
W-- Q+W 

D ] 
s i n ~ - - w s i n ( ~  + 9 )  sec.($ +~v).  

Substituting this in (1) gives,. 

D T R =  w c ° s ( ¢  +~o) -- w c ° s ¢ - Q t a n ( ¢ + ~ J ) -  

D . 
+ w s l n ( ¢  + 9 )  t a n ( ¢  + 9 )  

o r  

R + O t a n ( $  + 9 )  = wC°S 

or approximately 

R + Q(, ÷ = - L D 
T 

W 

9] sec (~ + ~o) 

T¢7 F (~ + 9) 5] 
+ 2 

T 
W sin ~b taft (6 + 9) 

.,.f . 

! ! : . "  

which becomes, 

D - - T  

- -  W 2 2 W  
. ¢ "  ; : : '  " "I 

W 
- -  R + (2(~ + ~) - -  ~ (~ + 'r) ~ -  2 W  "" 

(3) 

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 V{wo. Hence for these tests 
the expression used w a s ,  f. . ; .... 

i D - - T  

-11 

~ In this expression, it is necessary to know the incidence of the aircraft throughout the tests. 
~ T h i s  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. 

1.3 



TABLE I 

Details o f 'Me teor '  I V  EE. 454 and VT. 108 

Wing area (sq ft) . . . . . . . . . .  

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 (lb) . . . . . .  

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

Fuel capacity (gall) . . . . . . . .  

EE.454 

374 

1.0 

EC 1240/0640 

EC 0940/0640 

43 ft 0 in. 

4.95 

3 " 1  

66 

_ !2 deg 

109.5 

13,810 

30.0 

325 

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

VT. 108 

350 

1.0 

(root) 

(tip) 

37 ft 4 in. 

3.98 

2 - 2 : 1  

66 

0 deg 

116.6 

14,720 

27.5 

325 
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FIG. 2a. Meteor I V  EE.454. Typical time history of 
a dive at 14,000 r.p.m. 

FIG. 1. Meteor IV .  General arrangement of aircraft. 
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