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ST vARY
Three acrodynamic methods of thrust measurenent have been
investigsted: -
(i) The "standard" single pitot method.
(41) M™e use of o jet vwipe pitot pressure rake,

(i21) The uce of a pitct-static pressure rake at
the plane of the final nozzle.

The results of the tests indicate that the accuracy of thc sinzle
pitot method was of the order of +3 per cent bul that this technique

could be improved by thc use of a pitot pressure rake with vhich an

ol

accuracy of iﬂ% per cent was indicoated. There was consistently good
agreement between the thrust readings cbtained by the jet pipe pitot
rake and the pitot-static pressure rake at the final nozzle. There 1is
little to choose between the two roke methods, the pitot-static rake has
{he advantage thet no bench calibration of the engine is essential once
the drag characteristics of the rake form are estebliched, but it is more
complicated and more difficult to install than a jet pipe rake,

Purther flisht tests are redquired to investizate the scatter of
experimentol recults vhich did occur and to obtain a more accurate assess-

ment of the thrust performance of ihe engine ot high altitudes.
< (s L9
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1.0 Introditetion

An extensive series of tests to investigate the pitot rake method
of mezsurement of jet engine thrust in {licht has been carried out by
L. and A.E.E., Boscombe Down, using a Derwent engine installed in a
Meteor L aircraft, and they are fully reported in Reference 1. 1In the
final paragcaph of this Report it is recommended that further tests should
be made with a pitot-static rake fitted 1o another engine type, preferably
with an axiel compressor.

Purther light tests have now been carried out and the following
Report describes the first series of tests on an Avon R.A.3 engine
installed in a Canberra aircraft.

The significant conclusions of Reference 1 were:-

(a) Changes in Jjet pipe total pressure distribution between
test bed and £1light conditions cosult in single pitot
sampling errors of up to 3 per cent in totel head prescure,
equivalent to 5 per cent in thrust.

(p) To make an absolute measurement of thruzt by the momentum
nmethod it will be necessary to use a pltot-static rake
(no% a pitot rake) at the plane of the finsl nozzle.

Tt was therefore decided that the fvon installation should feature
thz fellowing equipmert in order to gain further knowlelge of the aero-
dynamic methodsof thrust measurement:~

(a) L "standard" single pitot tube eas installed for the normal
methnod of thrust measursnent

(b) A pitet reke carrying a multiplicity of pitot pressure
tubcs and totel temperature thermocouples, this beivg an
improvement on the standerd single pitot and four
thermocouple equipment in that it would be less sensitive
to local veriations of jet pipe total pressurc and tempera-
ture.

() A pitot-static pressure measuring rake at the plane of the
final nozzle.

The aircraft installation was zlso equipped with hydraulic force
measuring elements at the engine lrunnions for direct thrust measurcments,
but mechanical dlfILCululGS agsociated with the free movement of the
engine were experisnced and this method of thrust measuremeant was
temporarily sbandoned in order to carry out tests wita the Jjet pipe
equipment.

2,0 iratringntation

The engi ne used for the tests was a Rolls-Royce fvon R.A.3 tyne
(Serial No. 291) and it was Lnsuallod in the starboard nacells of a
Canberra B.2 ai rcrs”t (Serial N “.657)

The rear section of a standard jot pipe was romoveu and recplaced by
one carrying the two measuring rakcs. In addition to the cxten31ve
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instrumentation of the jet pipe, care was taken to obtain accurate measure-
ments of compressor intale pressure, fuel flow, compressor delivery
pressure and other normel engine performance readings. Some 20 individuzl
pressure and temperature fappings were connected to the appropriate indi-
cators mounted in six automatic observers in the bomb bay of the aircraft.
The remote operstion of the observers was from & control box in the GooK-
pit. The individual measuring points are listed as Appendix I together
with the details of the various types of indicator used. A more detciled
description of some of the instrumentation equipment is given below:-

2o The intake rake

\

The compressor inlet total pressure was measured by nine individusal
pitot tubes located in the leading edge of one of the streamlined front
bearing supports of the compressor intake. The tubcs were of 2 nym
steel hypodermic tubing and lorated to relate to equal annular areas.

2.2 The jet pipe rake

As a refinement of the single pitot arrangement, a jet pipe rake
was mede to measure both total temperature and total pressure at a number
of points across the diameter of the jet pips. Twelve total pressurc
tubes of 2 m/m hypodermic tubing were located along the leeding edge of
a streamlined fairing and interspaced between them were twelve radiation
shielded total tcmperature thcrmocouples. Both the thermocouples and
pitot tubes were disposed to rclate to equal annular arcas of tac Jet
pipe. A diagrammatic arrangcment is shown in Figure 1. For bench
tests without this rake, profiled plates were made to blank off the holes
in the Jet pipe woll ia which the rake was located. Flate 3 shows the
rake with its twelve prossure tubes and twelve thermocouples before
installation in the jct pipe. The individual pressurcs were measurcd on
-3 to +2C 1b/sq.in. differential prassurc gauges, the remaining gauge
tappings being connected to the alrcraft static pressure tapping. The
thermocouples were connected to 0 to 700°C Jjet pipe temperature indicators.

It was thought that such a multi-point arrangement of temperature
and pressure mcasurement would be less susceptible than single point
measurements to variations in radial pressurc ond tempcrature distribution
and to the random fluctuations which occur in the jet strcam.

2¢3 “he final nozzle rake

A detachable pitot-static pressure measuring rake was designed to
measure the pressure distribution at the plane of the final nozzle. The
rakeoonsisted of a streamlined strut fixed by two outriggers to the final
nogzle flange. Plate 1 shows this reke following completion of the
ground czlibration of the engine, whilst Plate 2 shows it as installed for
the flight tests. It will be noted that the nozzle flange has been

considerably reduced. This was neccssary to restore a satisfactory cooling

airflow through the engine nacelle. Flate 4 shows the rake assembly
before installation. The individual pitot and static tubes are of 2 n/m
and 3/16 in. 0.D. stainless steel tubing rcspectively and are disposcd to
read mean pressures for equal flow arcas.

<

!



2ely Automatic observers

The various instruments were contained in six sutomatic observers,
five in the bomb bay and one in the rear camera position. Each observer
was equipped with an F-73 type camera. Operation of the observers was
by a press button in the cockpit. To obviate a sudden heavy loading of
the electrical systen the observer lights were sequentially switched by
mslays and then the cameras operated simultaneously.

3.0 Tegt procedure

The work was carried out in two distinct complementary phases, the
ground calibration and the subsequent flight tests. On the test bed a
precimeter was used to weasure thrust, jet pipe pressures were measured
on manometers, and jet pipe temperatures were recorded by a multi-point
indicator.

2.1 The ground calibration

The engine was fitted with a Rolls-Royce typc of test-bed intake
{lare designed to give an efrectively radial flow into the engine.

It was run at speecds from 6,200 rev/min to governed rev/min.
Performance readings were taken at intervals during this running and the
engine was run with the following combinations:-

Te No rakes titted.

2e Jet pipe rake only fitted.

3. Final nogzle rake only fitted.
Lo Both rakes fitted.

Mnally a two hour acceptance test to clear the engine for flight
use was run during which pcrformance readings were again taken. This
proof test was run with both rakes fitted.

3.2  Flisnt tests

For the initial flight tests en indicated air speed (I.4.8.) in
level flight of 280 knots was selected. This enabled a range of engine
speeds to be selected on the test cnginc at altitudes up to 32,000 ft,
whilst this constent I.4.8. was maintained by suitablc control of the
port engine. Further Tlights were carried out to extend the range of
altitudes and I.A.S. Figure 2 shows diagrammatically the renge of I.A.S.
and altitude wiich have been covered. This represents ran ratios in the
range from 1.074 to 1.51 at altitudes from LOO to 45,000 ft. All flights
were carried out with a pre-flight altimeter setting of 1,013.2 mbs.

During readings the aircraft was flown at constent I...35. and alti-
tude whilst both engines were varied in speed to maintain this flight
condition., The test engine wos opcrated over the rev/min range from
6,600 rov/min to 7,800 rev/min. The latter reprcsents meximum take-off
and operational necessity rev/min, The lower rev/min was chosen since
it was above the operating rev/min for the intake vancs and bleed valves
and was considered low enough to cnsure that the final nozzle was not
choked at low ram ratios.
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At each engine rev/min the camera button was operated three times
with an interval of some five seconds between each operation. This gave
three pictures at each engine condition from which mean values were obtained.

Readings were taken with the test engine increasing in rev/min in
order to minimise any effects of instrument lag or stiction. This was
possible only up to approximately 35,000 ft. Above this it was necessary
to obtein the reading required quickly and then to throttle back to
prevent overheating in the engine nacelle.

243 Some operational problems

The aim during testing was to maintain the aircraft at a constant
I.A.S. within 2 knots and ot a constant altitude within *50 ft. Flying
to these fine limits was generally achieved, but the task became more
difficult in turbulent air and as altitude increased.

During ground running after the installation of the modified jet
pipe in the aircraft, overheating occurred in the engine nacelle resulting
in destruction of the flexible synthetic rubber tubes connecting rake
pressure tubes to the alrcraft piping system. This overheating was
attributed mainly to the interference with the jet pipe cooling air stream
ejector by the flange at the end of the jet pipe, and partly due to block-
age of the nacelle area by the instrumentation.

It was decided to restore the externsl profile of the end of the
jet pipe to the original shape except where the rear rake mounting pre-
vented this. This modification which meant cutting away most of the
rear flange prevented any re-positioning of the rake which was the origi-
nal purpose of the complete multi-hole flange. Also, the aircraft instru-
ment piping system was lengthened thus shortening the flexible rubber
pipes. As a further precaution silicone rubber tubing replaced the ori-
ginal synthetic rubber. Subsequent ground running indicated satisfactory
engine compartment cooling, and satisfactory flight testing was possible
up to an altitude of 25,000 f't. Above this altitude overheating occurred
and a resistance type temperature bulb was fitted inside the Jet pipe cone
fairing adjacent to the rubber tubes with its indicator situated in the
pilot's cabin. By reference to this instrument it was possible to obtain
some performance readings up to 45,000 £t by judicious use of the test engine
throttle when the gauge showed an increase from its normal rcading,

Some difficulty was experienced toward the end of the trials with
the observer cameras., Jamming of the film in the cassettes was found to
be the cause and careful selection of the cassettes was a solution.
Failure of one camera occurred during the flight test period.

During flignts on which readings were obtained over a range of
altitudes it was necessary to obtain readings at ascending heights as with
the reverse procedure condensation on the camera lenses occurred resulting
in blurring of the observer records.

4O Test results

Since the testing occurred in two phases it is convenient to
consider the rcsults in the same way and the results of the ground cali-
bration and the flight tests are considered separately below.
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bee? Ground calibration

As stated previously, ground performance coalibration of the
engine was carried out over the higher speed range and with no rakes
Pitted, with each rake Titted individually and with both rakes?.  For
all tests readings from the standard four jet pipe therwocouples and
the normal single Jet pipe pitot tube were recorded. It was originally
intended to obtain flight results with single rekes operating but within
the time evailable it was only possible to complete a flight series with
both rakes {itted and this was the main feature of the engine arrange-
ment tested both on the ground and in flight.

The thrust of the engine was calculated from the final nozzle
rake pressures and compared with the measured thrust. The form of the
pressure distribution at the final nozzle is shown in Figure 3.

Figure L shows a typical plotv of thrust curves obtained by the two
methods.,  Accepting the test bed thrust measurement as the basic engine
performance the scatter of the computed thrust measurements was between
limits of accuracy from -1.6 per cent to +1.4 per cent. The test bed
results plotted in the form or an effective nogzzle area against overall
pressure ratio are shown on I'igure 5.

At a maximum engine speed (7,900 rev/min) the drag of the rear
rake was estimated {rom the performeance figures with and without the
rake fitted and found to be 120 1b, and it was assumed to vary as ijz
at lower jet velocitiesd,

Le2 Flight results

The range of flight testing was from 400 £% to 40,000 ft and
extended over the ram ratio range from 1.07 to 1.51. Over tuls range
the agreement betwesn the thrust values as measured by the Jjet pipe rake
("front rake") and the final nozzle rake ("rear ralke") was good end
generelly within 1 per cent although a few random points upset the claim
that this 1limit of agrcement was absolute. Pigure 6 shows a typical
sct of results. Separate curves of gross thrust have boen drawn for
each of the methods used and it will be noted that at most altitudes a
single line could well have been drawn through the points from the two
rakes.

The thrust figures from the single pitot are not so consistent
but nevertheless show better agreement than was experienced during the
earlier tests! on the Derwent engine.,

5.0 Discussion of results

The following are tl. mejor points arising from an examination of
the test results:-~

5.1 Gross thrust values

As mentioned earlier, the agreemont between gross thruast values
computed from the readings of the two rakes was good over the wiwle test
range. The velues computed from the single pitot rcadings also showed
fair agreement. If it is assumed that at any flight condition the true
gross thrust is the mean of the values obtained by the tuo rakes then
values of Ap (effective finel nozzle arsa) can be computed Trom the
corresponding single pitot rcadings. Such calculations heve boeen done
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and the results are presented as Figure 7. The extent of the scatter of
the individual values of Af is a measure of the accuracy not only of the
single pitot method but also of the rake method of determining thrust.
Whilst these two sources of error cannot be separated the rear rake
method is an absolute measurc of thrust and showed an accuracy of 1% per
cent during ground tests. From Figure 7 it is clear that, except for a
few isolated points, the use of the single pitot method allied with the
ground calibration curve for Af would result in errors of only about 2 or
3 per cent at the most. This is considerably better than the 5 or 6 per
cent accuracy for the single pitot method as concluded in Reference 1.
When one considers the difference between the Derwent and Avon installa-
tions this is understandable because: -

(a) The Avon has a two stage turbine and a lower turbine outlet
gas velocity and hence a more even gas velocity distri-
bution at cntry to the exhaust system.

(b) There is less outlet swirl of the gas leaving the Avon
turbine than in thc case of the Derwent, thus giving
less change of pitot position error.

(c) The arca changes in the exhaust system arc more even
end the jet pipe is longer, both features helping to give
a more cven velocity distribution at the measuring stations.

An examination of all the flight results shows that scatter of the
experimental points increascs with altitude and in agrcement with the
findings of Reference 1 it would be an advantage to use lower range
pressure gauges for these readings.

5.2 Final nozzle static pressure distribution

£n interesting feature ol the test results was the level and
distribution of static pressure across thec planc of the final nozzle
measurcd both on the test bed (Figure 3) and in flight as shown in
Figure 8. It will be noted that the distribution is approximately ellip-
tical. Similar results have becn obtaincd by Dcacon during tests on a
Derwent engine and more recently by Rolls—Royoc) on Avon cngincs perticu-
larly the R A.7 engine in the Hunter. The foxm of the static pressure
distribution in the region of the plane of the final nozgzle for a Dorwent
engine has beeon extracted from Reference 3 and presented as Figure 9.
The significant levecl of static pressure and its distribution across the
plane of the final nozzle is commented on in Reference 3 and is the main
reason for the recommendation by the authors that a pitot rake is
inadecquate to give an absolute measure of thrust and must be backed by
static pressure measurements.

Three dimensional theory predicts that there is a slight rise in
static pressurc at the centre of the plane of an unchoked convergent
nozzle, and that the distribution across the plane is similar to that
mcasured but the predicted level of static pressurc is insignificant
compared with the measured valucs. Figure 10 shows how the centre static
pressure varies with increasing overall nogzzle pressure ratio together
with the static pressure variation as predicted by onc-dimensional flow
theory™, and it will be noted that thc curves have a similar glope.

LT T T T e T T T o T

*This states that the static pressure distribution across the plane of the nozzle is uniform and
equal vo embient pressure until the nozzle is choked. after this it becomes equal to
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In Appendix IV an attempt has been made to explain the high values of
static pressure based on the assumption that the effective throat of the
nozzle is downstream of the physical throat.

5.5  Brnzine performancs

The thrust perfcrmance of the engine ig shown on Figure 11 correc-
ted to 1.C.A.N. conditions for a constant 7.A.S. of 280 knots up to an
altitude of 30,000 ft. Except Tor some bad scatter of the points for
the thrust at lowest engine speed, the remaining values are consistent
and indicate the good agreement between the experimental methods. In
those instances where the individual values agree for one test cordition
but give scattcr when associated with other groups of points then the
fault would appear to be with the measurement of corrected engine spced,

The usual non~limensional theory states that the non-dimensional

thrust is a function only of corrected engine speed.<~7353zuui the ram

/
? ’

P i
raﬁiﬁ><;§¢. In order to compare the gross thrust of an cengine in flight
g
N
over a range of — at several ram ratios, some function of gross thrust
AT N
independcut of ram ratio and varying only with —r:‘is reguired.
iy
&

~

Tt can be shown that when the final nozzle is choked then the
function

F
G + 1

»

al

should lie on 2 unique curve if the assumptions of the non-dimensional
theory are correct. ith the final noszle not choked measurements at a
selected ram rotio should be on unique curves, Tigure 12 shows the
thrust performance of the Avon engine presented in this form taken Trom
the firm's brochure togethcr with points calculated from the actual thrust
values obtained during {he flight tegts. The same value of Af(z 299)

as used for the brochure curves was used to calculate the values of

P
G + 1

4t this stage it shculd be stated that the ram ratio values used for the
calculated points were those actually obtained from the engine compressor
intake pitot rake. These showed practically an even distribution across
the whole intoke, the mean pressure varying an almost negligible amount
from the corresponding A.S5.1. total head pressure indication.  There

are insufficient experimental points and the random valucs of ram ratio
prevent any clear deductions being made.  There is, however, an indi-
cation that the distribution of +the points is related to a unigue set of
curves of a similar form to the predicted curves but lyings slightly below
and falling off more decidedly at the higner valuesg of —Ef

FE L]

~~
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Because of the limitations imposed duc to overheating in the engine
nacelle performance recadings were not obtained above 45,000 ft. The few
readings that were obtained at the higher altitude do indicate a possible
effect of Reynolds number on the ergine performance., Jet pipe temperature

N
values have been plotted for constant values of ir: and it will be noted
T
in Figure 13 that the curves are rising steeply at approximately 40,000 ft,
It has been noted6 that when the value of T5t/T1t recaches tiat measured
under sea level static conditions then a detcrioration in performance
occurs which can be attributed to a reduction in Reynolds number.

6.0 Conclusions and recommendations

It is considcred that further tests are required before the whole of
the limitations and accuracy of the acrodynamic methods of thrust measure-
ment in flight can be determined.  However, the following conclusions
seem warranted: -

641  The accuracy of thrust measurement by the single pitot method
is considerably improved in the casc of the Avon engine as installed in
the Canberrs when compared with the results from the Derwent-Meteor
installation.  Generally, the errors do not exceed 3 per cent.

6.2 At altitudes up to 25,000 ft, the usc of a pitot~static rake
gives consistent values of absolute thrust witi: 1ittle more than +1 per
cent scatter of the experimental points.

6.3 The use of a pitot pressure rake is a big improvement over
the usc of a single pitot, an accuracy of +1.5 per cent is indicated and
its use is recommended, There appears to be no need to increase the
number of Jjet pipe total temperature thermocouples from tle standard four
normally fitted as there was consistently good agreement between their
readings and those of the twelve thermocouples on the jet pipe rake,.

The following recommendations are made:;-

6.4 PFurther flight tests arc necessary particularly a’ selected

N
ram ratios over as wide a range of —=— as possible,

Jr
€.5 The use of lower range multi-turn pressure gauges for jet
pipe pressure readings at the higher altitudes is required to maintain
accuracy.

6.6 Some form of speed counter to give a calibration of the rev/
min indicator under engine operating conditions would be of considerable
benefit,

6.7 The integration of the rake readings by fecding them to a
common gauge should be investigated, earlier bench tests have indicated
that a true arithmetic mean pressure is obtained in this way.

6.8 In order to increase further the accuracy of the readings at
the higher alititudes further knowledge of the recovery factor of the air
tempecrature bulb on the aircraft is required, and future flight progromme
should include some tests to achieve this.
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T.iet of Symbols

A = nozzle area

Cp = spccific heat ut cousvant pressure
B = thrust

O = rake cslculated thrust (excludes rake drag)
g = acceleration duc to gravity

J = heat equivalent of work

P = absclute pressure

Q = air or gas mass flow

q = fuel:edir ratio

R = gas constant

Ry4 = ram ratio

T = sbsolute temperaturce

t = temperature ratlo

v = velocity

v = ratio of specific heats

P = denslty

a refers to ambicnt conditions

o] refers to a chokxing condition

£ refers to an effective value

G refers to a gross value

P refers to an c¢ffect of pressure
t refers to total head conditions
v refers to an efTect of velocity
1 compressor intake nlane

5 compressor outlet plane

3 turbine inlet plane

4 turbine outlet planc

5 Jet pipe plane

$ Pinsl nozzle planc
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ATTEVDTY T

Ca iy

Thrvest measurement in flicht

“temperature

craf't nose

C tors.

List of measuring points and associated instruments
No. : Ttem 10, or. Location Indicator
: ‘points
1 iCompressor inlet 4 Cutside wall of 3k 19A Altimeter
istatic pressure © compressor inlet ‘range 0-60,000 f£t.
’ casing ' o
2 ‘Compressor inlst 9 . Pitot tubes on lead- . &ir speed indicators
. total pressure ing edge of one bear- typve 1/1.
ing supvort strut Range 50-600 Fmots,
3 .Compressor outlet 1 | Outside vall of “Pregsure gauce type
‘static pressure . comvrescor outlet {IBR, Type IT-1/3..
' ~ caging ‘Range 0-200 1b/in”
4. Compressor outlet 1 ¢ Thermocouple i ~‘Thermocouple indi-
-total tewmperature ' compressor cutlet ‘cators. Hange O-
casing 35000
5 Fuel flow 1 Ingine main fuel ‘Neprettl and Zambra
‘ ©line Series 1.
. : _Range 0~-%,500 kQ/hr,
6 Fuel temperature i Fngine main fuel Range ~50 - +100°C
: . line
7 :Jet pipe total & Jet nipe at peints Sangamc Weston
temperature . 90° avart type B
8 Jet pipe total 1 c Pitot tube at Pressure gauge, type
pressure redius of Jjet pire cKBB.  LT=1/10, =3 =
: : . +20 Ih/4in”
9 "Jet pipe total 12 Shielded thermo- Sangamo Weston.
" temperature i couples in jet pipe  Ranmge 0-7000C
: - rake .
10 .Jet pipe total 12 - Pitol tubcs in Jet - Pressurc gauge type
; . pipe rake - 73 I9-1/10. Range |
: =3~ 420 1b/in® z
11 Final nozzle total 12 1 Pitot tubrs in Cinal * Pregsure gauge type
L pressure : nozzle reke T HRB IT-1/40.
: Range ~3 +20 1b/in°
12 Tinal nozzle static 12 Static tubes in - Tressure gauge type
i pressure final nozzle roke BB IT-1/10. Ronge
: =3 = +20 1b/in®
13 Nacelle static 12 Stotic tubes o CMx.154A Adtimcter,
pressure carcund cngine snd . Range 0-50,000 £t
: " hoarcund jet nipe :
14 Nacelle total 1 ©Adjacent Mlexible . Temnerature indica-
 temperature _synthetic rubber tor. Range ~40 -
- tubing +140°C
15 Trunnion thrust L Engine trurmions 2 " Statimeter pressurc
Torward and 2 af't : gauccs calibrated in
' " Ib. Range 0-6,000 1b
16 Altitude 1 Sk 194 Altimeter.
: Range 0-£0,000 £t
17 iAir speed 1 . Kollsman type .1,
: 1 " Range 50-600 m,p.h,
i 18 .Engine rev/min 4 Engine gear box 1%.104. Range O.
: . 20,000 rev/min !
19 ;Ambient air 1 Impact bulb on adir- Temperature indica- |

Qange =70 «
+30°0
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Aprendix IT

Thrust weoasurcaont in £licht

Debermination of gross thrust

1. With the rear raxes

The gross thrust of an cngine is given by

~ o
V2 BA Vo
B = .&..Z_n_.. + | (s - Pa) A N
& i
i

s

1T hovever a mumber of readings wre taken in such a menner that they
arc weightcd Lfor area the aritmmetic mean of such reading will clogel;
aprroximate to an dnbtegral,

Thus we can write

=3
phs V5 o _
R A R DTN €
&)

w—

vhere Vg and Ip are average values.

It can be shown tihdc will reduce to the form

FG 2" - fave ;=
haanannd = r—— 1‘::9 'LG (‘t - .1) 4 \fﬁ had }fa_) se \,‘))

This iz the form vhich has becn used in the caleulations which were
corpuced in tabular form fur ecasc of handling, Table I snows Ty
figures vhich were obtainced during the £light tests,

-t b
LJ..LC Qi

2, Uith the front rake

Lgein equation (1) can be used, but it was found morce convenient to
use it in the form

he one Jdincnsgional theory Tor nonzles was ascumed, thus

Ee‘t

.
{,1 Y o= 4
{ o+
Ve
| /
This has also veon computed in tabular form and is showm in
Table TI1.

Yo = Py o
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[Prustuip s,

Calculation of thrust and mas flow

S

Trom rinal nozvle ruke 2

@

o\

=t
[
)]
b

at

25000 £t

280 kts

15000 It
at

260 Irts ¢

10000 It
at

200 kts

5000 £1
at
260 kis

-

100 £t
at

200

-
TS

g

N rev/min corr

7247

G650

7942 7891 -
Tt = Tyt OK corr si0 820 746 714 61 659
et 10/in® corr 13,05 15,75 17,91 19, 50 19,77 22,24

e A ——————— .~

T, 1b/in® corr 8,03 9. 70 11.25 12,15 1.4 15,615
Ps 1b/in? 3.93 ¢ 5.40 £.22 10,03 12,20 b 45
Lt 7 - )
1.625 1.621 1,592 1,565 1,570 © 1.5.0

P =g

0. 2535 0, 2562

P [t e D B

2. 780

U

J
== (constant)

1,126 1

29,17

kpPs (t - 1)

40,00

S 8,71

11.15

1,0

By - P, 10/i%® 4.0 . 450 203 2 4.5 44e

F(';/Ae 1b/1b/in® 12,21 I 1. 1:“" 10, 50 12,15 12, 515

Fo 1b 2802 4405 LIT70 R
[OR. VASS FLOT

2gJ {constant) B 90, 150 T B i

V=angQy%t(£~%¥L 1511 1543 1423 1508 1905 1230

p ==Xt 0.01685 0,0201 ~ 0,025  0.02345 Q.03.8  0.0391

Lg —_ e _1

V: N : T %

Oy = pheVe Ib/s  Bl.lL3 65.3 7.9 36,2 6o w3
Qp 1b/s 0. 524 0, 05 0,93 0.5 O.ECh P07
0.75 Q@ 1v/s - 0,62 ¢, 71 €.700 0.7 0,60 0.63

N, = -0, 753 ‘o . _ ) . . o

59 W 0T 530 6l 5 71,2 3.5 0Tk M02.35

- - B |

Rake Drag 1b 53 ol 72,9 15 A 70

Fg 1b 2759 Lo 4297 Lo 3577 BN




Calculation of
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TABLE 1T

et e sotera o

thrust and nnss flow

from Jet pine rale

52000 £ 25000 £6 . 15000 Lt 10000 £ (5000 F 00 ft
Teal at at at at at at
220 b 280 kits 280 lIts C200 kts 282 ks 2C0 kis
N rev/uin corr . TUL2 7591 7207 F 0 7052 671 6650
———- A e oML Wy W 7t WD WA i A TN MY i S PO T YA O - - o P
Tyt OK corr . 610 820 TG 7k 661 659
L 1b/intcorr 15,168 15 ik 10, 1 1a, 82 20,01 20 L8
WOR QLOEING
Co 0. 2653 C. 2557 0.2610 0,250k 00,2550 0. 2550

3,770

¥ 1, 34 1,749 1,357 1,361 1,367 1.367
.“f_.g;.i= to 1,17 1,175 1,178 1.18 1.183 1,163
o=t s 66 1.865 1065 5 1870 4,870
VORI NOAZE B ]
o 1b/in o5 a5y 972 10,52 42,20 15
Py 10/10 G S0 Reen 1o.03 12,20 T b5
Op LT - - 0.2556  0,2558
. - - - - 3T 3%
p, overall - - - . 1,560 1,555
s ) N T b T R T S R T 1,125
b o - ———— s <, o - o - ~
T, K 690 £93 6% (05 579 585
AT = T b-Tg 9¢ 420 2o 1L s Y 7

one s 7 . S et B A W S

Too Pe

= n2.ls C,0% 5L C.Ci0H6  0,023505 ) 00261 0,0316 0,0370
et
=5 - - e e e

v ox 107 2,07 2,92 2.60 2. Al 1,09 1.77

Yy = Pa lh/m_ z.15 5. 19 1.5 0, 4 ¢ : 0

¥y oV T

-g~l::g= . 1575 1675 1605 2060 1855 2070

Tp/ff‘
= ! A = ot 2
1§z~1wﬁ(*s Pa) w5y 159 216 70.5 0 0

/1 /67

o/ApYibAb/ 1Y 1027

- o N
het P40 Ok

217 2,2121  2130.5 1855 2070 !
~.Ch .l 2.0k 1,905 1. 950

—————

o 1o )727 L5 L)‘O ol D 3603 20L0
| 05=p AV 1b/s 5.2 6L.3 70,6 6la 8 Bl 5 96.0
| QF Ib/u 0, el 0. 95 0,95 0,93 0. 00 0. O
0,77 x @ 0,62 0, 71 0,70 0,70 0,50 0, 65
PO, =0e =0, 75 ST _ o I . i i
; J: b Ay 7,/ i r\?_’bm ‘ C.)._‘)Q . —,;‘:3 :}l’—.j 85,9 ) 9” .35 !
P 1b/s b
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Avpendix IIT

Thrust measurenent in £1iht

Derivation of arivient temwerature and pressure

'
-

Ambient pregsure

An allimeter pocition error as determined from £, and A,E.E. Report
Yo, A A4 E.E./C6/1 dated St April, 1951, was auplied to the mean value of
recorded heights for one particular level. Bince all flights were corried
out with the altimeter sub scale sct to 1,013.2 ubs, the ICAN pressure
egquivalent of the true altitnde glves amoicent pressuwre (Pa).

-

N.B, 8ince the static sides of all differential nressurce gauges
used on the rakes woere comnsctea to the aircral’t static
system, the pressure equivalent ol altituce, without
pogition error arplicd, wag uscd to ovtain absoluve valucs
of pressure from gauce values,

Ambient temperature

Ambicnt air temperature was deidived from the reading of a type
IT-3-2 impact bulb in the following momcr,

A mean velue of inaicatcu alr snocd vos derived from the recorded
volues of air speed for one particwlar aliitude and noaminal air specd,
From o knowledge of the all up weizat of fthe aire oft o position error
corrcction was obtaincd from a. ard AL 3, Leport so. ui.B.D, /861/1,
Arrlication of position crror corrcction ani cormressibility error
correction wepre pmde to the nean iudiecatel alr speed to give equivalent
air specd,

Let v = truc alr snced
e = eculvilent wir speed
Ty = amwcicnt air temperature

Tat = totel wbient temperatire as recorded
g

by 1i=3-2 bulb

e = tenvcralurce recovery factor

T =  grvandard veunerature at ICAIT altitude

5 = sgtandard relative density at ICAN
altitude

& = true rclative density at ICAT altitude

T = temperaturc difference Tat - Ty,

Then for an adiabatic process

AT = and assuming rccovery factor k
2gd kp

V2

AT _- 1& R —



wirleh can be vritten

) with V in nm.o.h. .. (1)

V = === anc at a given Zresgurc level

$6

. et — L ——

!I";:l al JUNIES)

o’

Suvstibtating (2) in couatior (1

~% e
SAVOS

2
Ve 1
14+ I (...(Z'...«) ——
100 VA

Wow UBCL thiwughout.

oy

G
H
o
I
&

»

C

sV
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Appendix IV

Thrust measurement in £light

Discherge {rom a jet vpipe —5 _—f r----7
i : s
Congider the diagram which represcnts the Se el e
flow at exit from a Jet wnipe, t is assumed
that when the critical pressure ratio over the
nozzle is recached the throat is actually dovmstream e - T TN

of the physical nozzle throat, i,e. at plane. 7
instead of "blane 6,

Now if the system is choking the Mach musber will be uaity at
plane 7. t 1s shown below that cven though the systen is choked it is
possible for a limited increasc in ihe ratio of Pet/?b To occur with an
incrcase in Pg t/P,.

Assume taat the following conditions sre apolicables-

A = 1,0 by = 1,05 b = 1,10
Thus

M, = 1.0 iy = 0.8 s = 0,706
And. if

Pst = Pgt = Pv?t

Ps t/Br

i
1

1,862 Fst/P, 1.502  Pyt/Fs

1
—
L ]
SN
€}

Now if the overall pressure ratio Pst/Pa is increased, there will
be an increase in the nozzle daiscnarge cocfficient hich can be regarded
as an effective increase in the arca in plane 7, Also Ag will increasc
due to a thinning of the boundary larer,

Lot us now assume that due to an increase in Fgt/P, the arcas will
have changed to

A = 1,02 A = 1,06 by = 1.1
which based upon

Ay = 1,0

A o= 1,0 Ae = 1,04 Ag = 1,078
Thus

I, = 1,0 g = 0,822 M = 0.738
And

1,862 B t/F;

1]

1.42

i

Fy t/Fy 1,542 Fyb/B

Thus due to an incrcasc in overall nozzle vressure rubtio an increase
in the ratio ¢ total head to stotic pressure has been cxperienced in the
plane of the final nozzle although the system has reuained choked throughout.
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This effect can be scen in Figure 14 where Py t/P has been plotted against
overall nozzle pressurc ratio. It will be noted that P,t/P; does not
reach a meximum until P, t/P, has reached about 2.3. It also shows that
P, t/P never reaches the theoretical value of 1.86, the reason belng
shown in FPigures 3 and 8 which show the static pressure distribution.

Thus it could therefore be argued that this high static pressure is due

to the effective nozzle throat being in fact downstream of the throat of
the physical nogzzle.
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