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C.P. No. 143.
ADDENDA

Summary

Mean conclusions (3), after "7% lower then corresponding
thrusts at 5,000 £4." add "at max., R.P.M.".

1. Introduction

Page 3, four lines from bottam delete "zero'"substitute
"ambient atmospheric",

Page 4, 7th line, delete "and".

5. Consgidsration of Combined Tests

Page 15, 5.1.1, (3) 2nd line, delete "altitude"
substitute "attitude".

6. Conclusions
L -
Page 19, 3rd paregraph, after "...... compared with
5,000 £t, of the order of 74" add "at the maximum
RIPII\‘I. Of the testsi"

Appendix 1

Page 1, para. 2, equation (4), the expression in the
aquare bracket should read:

1
AV
\Hs i

Page 2, Par&oB, 6th llne, after "seeaee equation (2)"
add "assuming no mixing losses",
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C.,Pe No. 143

AEROPLANE AND ARMAMENT EXFERIMENTAL ESTABLISEMENT

A+PEE \Rm\?-(i’s

An anvestigation into the pitot rake method of measuring
turbo jet engine thrust in flight

by

¥1/Lt. J. Stephenson, B.Sc., R.N.Z.A.F.,
R. T. Shields, Bei.
and
D. W. Bottle, B.Sc,

Summery

Tests have been made to establish whether a pitct rake could be used as
an absolute measure of the thrust of a jet engine on the ground and in flight.

The tests were made to investigate errors due to the assumptions inherent
in the single pitot method of estimatang thrust in flight, and to establash if
a rake can be used to calibrate the single pitot of an uncalibrated engine
installed in an aircraft. The tests were also planned to check the generally
accepted non-dimensional thrust relationship for jet engines.

The tests were made on Derwent 5 engines installed in Meteor L4 aircraft,
The tests covered a wide range of flight conditions and included test bed
messurements on bare engines and later, measurements of exat static pressure.
Although the tests could not 211 be made on the same engine; the same final
nozzle was used an all, the maon tests.

The main conclusions were:—

(1) Static tubes must be incorporated in the pitot rake to give
absolute thrust measurements and even so & discrepancy of 2% requires
further investigation.

(2) The single pitot method of estimating flight thrust based on
engine test bed calibration was in error by as much as 6% due to changes in
total pressure sampled by the single patot and in the megnitude of the exit
static pressure between calibration and test conditions.

Using the pitot static rake to calibrate the single pitot of an

installed engine introduced flight thrust errors no larger and posably
mmaller,

(3) Non-dimensional thrusts at 35,000 £t. were some 77 lower than
corresponding thrusts at 5,000 ft,.

Further tests are requared to establish the magnitude of these effects
on other engine types.

/List of contents...
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3.
1e Introduction

It is desirable in all flight performance tests on turbo jet aircraft
to measure the engine thrust. Thas is requared firstly to check that the
engines are in flight developing the thrust which is expected, and secondly
the thrust is required so that the aircraft drag can be obtained fram the
performance equation, Such routine thrust measurements are desirable
because differences in thrust between nominally identical engines, and even
differences in thrust during the life of a particular engine cannot be
neglected.

The desirable requirenents of any method of thrust measurement to be
used at A, & A.E.E. are as follows (Ref.1).

(1) The installation must have a known or negligible effect on flight
performance, since the perfomence of a standard aircraf't is being dealt
‘T.'.Ltho

(2) The nethod should have an accuracy of f 1% if possible.

(3) The installation must be capable of retrospective embodiment,
without major modification, in any type. Test bed calibration of an
engine, as in the single pitot method, would come under the category
of major modafication, since test aircraft may arrive at this Establishment
with an uncalibrated engine fitted.

(4) The additional instrumentation required should not preclude the
use of the normal performence automatic observer in an aircraft in whach
space is limited.

(5) The mothod should preferably give a direct measurement of the
gross thrust and not involve considerations of thrust on engine bearers,
since retrospective embodiment would be very difficult and also accurate
measurenents of air intake efficiency would be necessary (Ref.2).

(6) It should if possible be suiteble for use with reheat.

The normal nethod used to date to measure jet thrust in flight has
been the well nown "single pitot" method (Ref.3). This method meets
requirements 1, 4 and 5, but it has the disadvantages firstly that its
accuracy is not knowm precisely due to lack of information on the
assumptions inherent in the method, and secondly that full test bed thrust
calibrations are required for each engine used for performance flight tests.

To overcane these shortcamings of the single pitot method, it was
decided to investigato the assunptions of the method, and to try to
develop a simple method of calibrating the single pitot which would be
independent of tost bed measurementse.

It will be convenient at this point to re-exemine the basis of thrust
measurement by momentum methods, and in particular point out the assumptions
mnade in the single pitot method, This has been dong more fully in
Appendix 1 to which reference should be made for details.

The basic equation for nett thrust in flight is

M¥o gV
Xy = -"? + - + (PG-PO)A6 , ceseso(l)

where only the internal flow through the engine, M, is considered, and the
plane 6 is chosen where the stotic pressure is zero for subsomic jets, or
alternatively, where the throat occurs for supersomc jets. (Ref.l..).

Similarly the gross thrust in f£light, on the ground or on a test bed
is given by
. YV
X - L3 (P6 - PO) A6 100000(2)
& /a-.nd for..




L.
t Et bed
end for the test bed X = Xy the thrust measured on the/thrust meter.

In flignt it is neoessary to meke measurements at the jet exit in order to
define the interncl flow boundaries.  Assuming that maxing losses between
plene 5 and 6 are negligible the expression for gross thrust is then

‘ f\6
— l}( 2 - ‘:,x :':— EEEEEEEEN]
g
and all quantities in (3) can be calculated siven the total and static pressurs
at the jet exit,end assumin-~ isentropic flow from plane 5 to 6. Thrusts

would be estimated from equation (3) from pitot static rake messurements,

If the assumption is made that Pg = Pg i.e, that the vena contracta
or throat occurs at the jet exit,

MeV
- 5Y5
Thenx - g +(P5—P0) AS OII'!'I'QI(L")
from which % -
ﬂ'— = F.] (P'i) -o----ono-(5)
o5 0

where Fy is known (eee Equation 4 of Appendix 1)

Thrusts would be calculated from Egquation 4 from measurements with a pitot
rake,

In all equations (1) to (5) 1t 25 assumed that an integration over the
internel flow cross section will be made if conditions are not uniform,

In the single pitot methed o Turther agssumption i1s made that

HJ_'_ H
—_ = F ‘_.l-t LIE B I B R I BB )
T, 2 (%) where Hy, is the single pitot total (6)
5 ° pressure
ond combining (5) and (6) gives
X H H
— = Fz (L b
POILS 3 (PO) F1 (F‘o_) .-.-n-c.l.(?)
. . H), Xp X
/. test bed calibration provides measured values of - and p* = p— from
o 0 )

) H
which the effective area LAp' = LigFy (F#) is determined, and hence equation (7)
o

15 used to determine gross thrusts in flight,

To summarise, the assumptiorsin the single pitot method refer to flow
conditions an the final nozzle exat and are:=-

(1) fThe relation between E?t and gé 1.6. the total pressure distribution

o 0
ig the same on the test bed and in flight.

. P
(2) The relation between ?2 end b , i.e. the final nozzle static

P

e} (o]
pressure 18 also the sane on the test bed and in flight,
(3) It 1s necessary to extrapolate values of Ap! obtained on the test bedto
H
higher values of pressure ratio 2 only obtainable in flight,

o

/Measurenents, ,



5.

Measurements have therefore been rade of total head distribution and static
pressure in the finel nozzle of Derwent 5 engincs when installed in a Meteor 4
aircraft both on the ground 2nd in flight, and also on the bare en/ine on the
test bed, The measurements were mede using pitot and prtot static rakes,

1t was thoupght that af the rake method proved successful as an
absclute neasure of thrust, 1t could be used to calibrate the single pitot on
the ground without need for test bed measurements. The tests were also
desicned to check how closely thrusts measured in flight by the rake, agreed
with the generally assumed non-dimensional relationship.

The tests were first planned to investigate total head distrabution changes
uging prtot rakes, The importsnce of the static pressure assumptions was
realised lnter, and separate measurements of static pressures had to be made on
another Metecr 4 aircraft, This has complicated the analysis of results,

In fact the tests mede fell into the following three phases:-

Phase 1, Engine in aircraft, Tests to measure total pressure at the
single prtot and pitot rake, both static on the ground and in flight,

Phase 2. Encine on test bed. lMeasurements of thrust by balance and of
single pitot and pitot rake total pressure, This revealed a discrepancy
between the thrust measured on the test bed balance and thrust caleulated
from the rake total pressure readings which was asecribed to the jet not being
fully contracted at the final nozzle as is assumed conventionally in calculating
thrust from pitot readings.

Phase
Phese 3, Bngine in aarcraft, As o result oﬁ/Z, measurements were made
of staftic pressure at the finel nozzle repeating Phase 1 ground and flight test
condrtions.  These values of static pressure enabled a correction to be epplied
to the thrust estimated from the pitot comb in Phase 1 tests.

Perapgraphs 2, 3 and 4 describe in detail the tests in Phase 1, 2 and 3
respectively. The combined results are then discussed in paragraph 5.

24 Phase 1 tests, Total head neasurements engine installed in the aircraft

The Phase 1 tests were undertaken to obtain a comparison between thrusts
measured using single prtot with a test bed effective area calibration, and
the thrust obtained directly from a total pressure traverse at the final nozzle
exit using a pitot rake, The tests were 2lso plamned to give information on
the suatability of eanlibrating a single vitot against a pitot rake durin~ ground
runs of an cngne installed in an aircraft, and to check the validity of the
non=dimensional relationship between non-dimensional thrust X/p and N/ /6. by a
comparison of thrusts measured over as wide a range of altitude as possible.

When the tests were started it was thought that flow distribution changes
with variation in flight Mach number, Reynolds number and altitude would be
the main source of error in thrust estimated from single pitot pressures and
the tests were planned toc snow up such chanses, It was leter appreciated
that departures in the static pressure 2t the final nozzle exit from the values
normally assumed could not be neglected,

In this account of Phase 1 tests only measurements of total head will
therefore be discussed, and the fully corrected thrusts estimated from the
Phase 1 %otal head results and the static measurements of Phase 3 tests will
be discussed in paragraph 5.

2.1 Descripticn of esaircraft

2.1,1 The sircraft used for the Phage 1 tests, Meteor RA.420, was
& production short span Meteor F, Mk.i,

/The aircraft..
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The aircraft was flown with a 180 gallon ventral tank fitted, at a
normal teke-off weight of 16,020 2b. The starboard guns were removed to
meke room for a pressure selector mechand.sm.

Since on the flight tests the port engine was set to give the correct
intake ram conditions on the starboard test emngine, the weight and aerodynamic
condition of the eirecraft were of no significance provided the required speed
and altitude could be maintained. It is shown later (2.5.5) that the
variation of intake efficiency with incidence was very small,

2.1.2 FEngine details. Meteor RAL20 was fitted with two
Derwent 5 engines, Nos.LOLl and 40L5; all FPhase 1 test measurements were
made on the latter engine. Prior to the tests the engines were fully
calibrated by Messrs, Rolls Royce on a test bed with thoir flight jet pipes
and single pitots. On installation in the aircraft the machined final
nozzle on the test engine was replaced by one to which the rake attachments
were fitteda

2,2 Instrumentation

2,2.1 Pitot rake. In order to reduce blockage of the final nozzle
to a minimum the rake body was made as small asg was consistent with stiffness
(1.5/8" chord x 3/8") and was positicned 33" behind the pleme of the final
nozzle, into which the 10 pitot tubes projecteds Fig.2. The pitots, spaced
as shown in the figure, were 1/8" 0.D. 22 S.W.G. square ended tubes, sleeved
over 2/3 of their length. Stainless steel was used for the tubes, and all
parts of the reke and attachment brackets. The rake body was bolted to
brackets on the final nozzle ring which could be attached to the Jjet pipe
in various positions giving different drametrical positions of the rake
(Figs1). The attachement brackets were givon a 5° clearance from the final
nozzle to clear the jet stream. The temperaturc of the rake measured at
maximum revs. on the ground, using therm index paint, was 500°C.  Tho pitot
tubes were brought down the body of the rake to the outside of the jet pipe,
where they comnected indivadually with copper tubing leading to a pressure
selector in the starboard gun bay.

In the course of the tests an adjustable pitot tube was fitted close to
the final nozzle wall so that the boundary layer thickness could be measured.
This tube was connected directly to a pressure gauge in the autc observer.

The frontal arsa of the pitot tubes and of the rake body were 0.06 and
3 ver cent of the final nozzle area respectively.

2.2,2 SBelector. Since no space was available in the auto observer
for a separate gauge for each pitot, a selector was used to relay the pressure
from sach tube in turn te¢ a single pressure gauge. The selsctor, a Relay Box
Mk.5 (Ref. No. 6K/23) was controlled by an electric timing switch which when
activated selected each pitot in turn to the gauge for half a second. At the
end of this period a photograph was taken automatically in the auto observer.
A delay of a quarter of a second between each selection gave a total cycle time
of 10 seconds. The switch was designed to complete three such cycles before
shutting off; a doll's eye in the auto observer marked the beginning of each
cycle,

During the initial stages of the tests e pressure gauge in the observer
was permenently connected directly to tube No.? to check that there was
sufficient time for the pressure in the selector gauge to build up to give
the correct pressure reading on this tube. This was verified during initial
test flight, and it was assumed that the pressure in the other tubes (tubes
were identical to No.1) was also being correctly recorded.

/2426300
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2,2.3 Other instrumentation. The automatic ohszerver contained the
following instruments:

L.S. I,

Altineter.

E, 8,I, - Port and starboard enzines.

Jet pipe thermometer - Port and starbozrd engines.

A,S,I, connected to total head ring in the starboard nacelle, This ring
had holes facing fore and aft, and neglecting velocity effects in the
plenum chamber, gives a mean plenunm chamber total pressure.

Differential pressure gauges connected to standard pitot and static
positions in jet pipe, and tc rake selector switch.

Clock.

The p1lot read the air temperature by means of a balance bridge thermometer,
and alsc the fuel flowmeter.

2.2.k Pressure gauges, The pressure gauces uged for this work were
differential gauges using the aircraft static os a detum, The range of the
ingbruments was =3 to +20 1b/sq.1n. The raages actually covered with the pitot
tubes during the tests were:

Ground run 2,3 = 10 1bv/sq.1n,
5,000 ft. runs 2.4 = 12 1b/sq,1n.
40,000 ft. runs 1,5 = 4,3 1b/sq.an.

The accuracy and suirtability of these gaugzes 1s discussed
1n Appendix 3,

2.3 Qutline of Phase 1 tests

2.3.1 General, The programme was chosen to give a camparison of
the thrust estimated from the single pitot® and from the pitot rake readangs
over as wide a range of operating conditions as could be obtained subject to
engine and airframe limitotions, The measurements were made with the Take
1n positions designated A, B, and C which are shown in relation to the final
nozzle in Fig. 1,

2.3.2 Propramme of tests

Ground tests, Readincs were taken of the single pitot and pitot reke
with the engine running at stabilised r,p.m. under static conditions whcn installed
in the aircraft on the ground, The aireraft wes standing normally on 1ts wheels,
and the tests covered the full r.p.m. range.

Flicht tests, L complete set of measureéments was made at each of
the conditions shown zn Table 1,

/Table 1

Based on test bed callbra%idn’r )
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Table 1
Altimeter L Vy/ /P, ks, M N/ /%

10,000 = 14,500

Ground run by 500 intervals
9250
10250
5,000! 260 . 394 14250
12250
11250
12250
5,000! 412 .623 13250
14250
14250
40,000 12250
or L12 .623 13250
35,0001 11,250
13250
40,000 14250
or L77 722 15250
35,000 L | 16250

It will be seen that this_programme gives measurements over a common range
of N/./8] at the same Vy/./p,, at two extremes of altitude.

It was originally the intention to include a set of measurements at
25,000 feet, but these were omtted after the first rake position measurements
had been made ag it was evident that flying tame on the calibrated engine would
be running short before the programme was completed.  For this reason it was
also necessary to omit some of the readings at Vi/ /p, of 260 and 477 in order
to ensure a complete range at the Vi//p, of 412 knots.

Lfter completion of the programme at the first two rake positions it was
found that at 40,000 feet the required indicated airspeed could not be obtained
at the lower r,p.m, with the port enrine at max. r.p.m. Since no enginec
deterioration wes evident, this change in performanoe was ascribed to airfrome
deterioration. The higher altztude tests were therefore completed at 35,000
feet,

2.3.3 TFlight test procedure. To complete each thrust measurement,
( which involved integration of pressures at three comb pesitions) three runs
at the same value of Vi/ /po and N/ /6y had to be made on threc flizghts, so
that it was important for the pilot to hold steady level conditions at the
selected values of V,/ /1o and N/./8y. The prlot therefore had first to
meagure outside air temperature at o specified A,S,I, He then had to adjust
the starboard engine r.p.m, (on which the thrust measurements werc made) to
give the correct value of N/ /€ which he reed off a card against indicated
air temperatures, whilc controlling V,//p, at the required value by
adjusting the port engine r,p.m.

When stabilised flight conditions were obtained they had to be held for
scme 30 scconds for the photography of three cycles of the cunb pressure.

2.4 Results of Phose 1 tests, The results of the single pitot thrust
calribration of the bare engine Ne.4L0L5 on a Rolls Royce test bed made prior
to installation in the aircraft, are given in Table 6 and the resulting
effective area Ap' 1s plotted egainst H@/Pb in Fig. 3. This fagure also
shows the ratio

Hy, Single pitot pressure

Hp  Mean total head based on weighed thrust

/The measurements,,
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The measurements made on the same engine installed in the aircraft in both
ground and flight tests are given in Tables 2 to 5 where the results for each
rake posttion ere tabulated separately, All measurements are corrected for
instrument error, and sneeds and altitudes for pressure error. In order to
assist comparison of results nt different rake positions or at dafferent
altitudes, flight total precsure measurements intended to be at the same ram
ratio or Mach number but actually measured at alightly different Mach numbers,
are also quoted corrected to a common Mach number by the method given in
Apoendix 2,

Tables 2 to 5 also show calculated values of thrust but these will be
discusgsed in para,b since the resulis of Fhase 2 and 3 are also concerned,

Typical distributions of total pressure across the final nozzle are shown
in Fig.L. The total pressure distribution in the boundary layer ain the ground
runs was measured but those pghawm for flicht condit] were derived from the
ground level results at thefgghe/ﬁhgﬁ numbers, Tzkg%égga ibution measurements
in the houndary layer in flight could not be made due to difficulties in
accurately locating the probe under prolonged conditions of vibretionend heat.

Fig.5 shows nonedimensional thrusts based on rake measurements® plotted
against N/ /04 for the three rake pos:tions and includes a later repeat run.

A comparison of single pitot pressure H), and mean rake total pressures 5
for ground and flight tests 1s shown in Flg.%. Hg was obtained by meamng rake
total pressures on a momentum basis. No dafferentiation between the three
rake positions iz showm in Fig, 6 because Fig.5 demonstrates that the thrust
and hence the mean total head from the three rake positions are in very good
agreement, To indicate the effect of total head changes on calculated thrust
Pir. 6 also showa the dcrivative H 2 X , based on the conventional total
X 3H
pressure thrust relationship., (Equation 2, Appendix 2).
aLr

Measured flightilntake efficiencies based on readings of intake ring
pressure are plotted against N/ /64 an Fig.7 (at the Mach number selected
Tor a check of the engine thrust non-dimensional relationship at 5,000 and
35,000 feet), to check that intake conditions at the two heights are not
materrally affected by differences in incidence ard sideslip angle,

2.5 Discussion of Phase 1 results

2.5.1 Imticl test bed calibration. The effective area of the final
nozzle as defined i1n Appendix 1 shows the normal appreciable variationvath engine
pressure ratio,

2.5.2 Enwgine deterioration check, The single prtot measurements made
at the first and last positions tested are in very good esreement and provide a
eheck that no significant thrust detericration took place during the Phase 1
tests, which covered the period July - December, 1950.

In addition, repeat runs for rake position B (Pig.5) ere in good agreement.

2.5.3 Total pressure distribution, The total pressure distribution
at the finol nozzle exit shown in Fig.h is comparatively uniform and shows
that the central wake from the conical fairing behind the turbine wheel has
become fairly widely distributed. No trace could be detected at any of the
rake positions of a wake from the four struts supporting the conical fairing,
I{ 1s also significant that the thrusts estimated from the three rake positions
(see Fig, 5) were an very good agreement showing that the mean total pressure
from the three pitot rake traverses must also agree closely. For this
particular engine and jet pipe installation it is therefore seen that cne
pitot rake traverse would give an adequate sample to estimnte thrust., A
check for other installations would of course be necessary, /

It 1s..

* gtatic pressure corrections based on Phase 3 tests have been included.
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It is considered that the di enceég in Reynolds number between ground
and flight conditions would havgﬁﬁgﬁﬁffect on the boundary layen and any small
inaccuracy in the flight boundary layer derived from ground %test results, would
have a2 negligible effect on flight thrusts egtimated from the rake,

2.5.4 Compariscn of sinsle pitot and mean rake total pressures,
The results shown in Fig,6 indicate th%f there 1s some change in the retio="
with change in test conditions. Thus at the higher pressure ratios isHb
Hs significantly highcr both under ground

installed conditions end at 35,000 feet than at 5,000 feet. Thease differences
due tc changes in total pressure sampled by the 31ngle pitot are equivalent to
changes of thrust of the order of 3%,  The relationship between the measured
points and the derived test bed curve of Fig.6 will be discussed in para.b.

2.5.5 Lir intake efficiencies, Fig.7 shows that air intake efficiencies
at M = ,62 at 5,000 and 55,000 ft. do not daffer by more than 2% which would be
equivalent to an increase in thrust at the lasher altitude of the order of g%
under these conditions, Thus the comparison of thrust at the two heights
required for a check on the non~dimensional relationship will not be vatiated
due to the effects of incidence and sideslip on air intake efficaency.

3, Phase 2 tegts, Test bed measurements on bare enzaine wath »itot rake

3.1 Genernl, In order to check the valadity of the rake thrust ; as
being an absolute measure of thrust it was required to compare test bed
thrustmeter readings with the thrust derived simultaneously from the rake
total pressure measurements, It was also required to check that the presence
of the rake was not affecting the engine operating conditions through blockage
of the final nozzle, Tests to this programme were made by Rolls Royce whose help
in this matter is acknowledged.

Tests were made on a Derwoat 5 engine which was run on the test bed, wath
rake f1tted and rake removed, under otherwrse identical conditions,

3.2 Description of test bed and instrumentation, The tests were made on
& Rolls Royce Sinfin production type test bed which was equipped wrth a detuner
silencer and a thrustmeter of the weighing type. The engane used for the test
was Derwent 5 No, 3381,

The Inke, smngle pitot and final nozzle static pressures were measured on
mercury menometers, Normal test bed instrumentation was used for other engine
measurements, the engine r.p.m. being set with a stroboscope.

Static pressure measurements Jiere made neor the exit of the flnal nezzle
on four wall statics fitted at 90° stations; these consisted of " 0.D, steel
tubes brazed into holes in the final nozzle ring, the tubes being nachlned
flush with the inside of the nozzle, They were located as shown in Fig.1.
The roke was otherwise as detailed in 2,2.1. (Phase 1),

33 Tests carricd out

The followinn tests were made:

(i; Tull ratinz run with flight nozzle and rake fitted
3 1} " L4 1" 1] n " 1" removed.

In each case full englne measurements of thrust, r,p.m. temperatures and
pressures were rade, and in (i) rake total head measurements were taken,

3.4 Results of Phase 2 teats

The relevant results are given in Tables 7 and 8. In Fag.8
the thrustmeter measurements for runs (1) and (ii) and the thrusts Xq derived
by the conventional total pressure-thrust relationship, Bquation 2 Appendax 2,
from the rake total pressures in run (ai), are 1llustrated.

/Figl 9- .
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F17.9 shows the jet pipe temperatures and the single pitot total pressure
values for the Htwo runs.

The mean difference between test bed thrustmeter measurements X, and
those derived from the rake total pressure values Xg, measured 51mul¥aneously,
1s 6 above 11,000 r.o.,m,  Table 8,

3,5 Discussgion, Part of the difference between Xm and X, of 6% can
be attrabuted to the drap of the rake which 1s included in the thrustmeter
measurenents,

Reke dray = difference between Xp, reke on and off,
plus reke interference on thrust.

The dirfference between Xq roke on and off taken from F13.8 28 2%.  The
interference of the roke can be estimated from the sinsle pitot readinzs reke
on and roke off., Fin.9. The change 1s small and is not much s reater than the
acceuracy of measurement, However the chonge 1s significant and amounts to
sbout % per cent increase in thrust due to the presence of the rake at higher
Ty Pall, This increase is confirmed by a very small increcage 1n jet pipe
temperature betwcen the two runs.

at the

Thus the rake drag will be 22%, givang a draz of 90 1b,/shoke at I,C.A.N,
ground conditions. This is a reasonable figure for a body of these dimensions
and chord thickness ratio of 4. 3.

Since the rake would be expected to sive (thrustmeter reading + rake drag),
the discrepency between actunl and expected rake thrust 1s 3% por cent.

Thrs discrepancy hos been verified by repeat tests on another Derwent
encine, and a discrepancy of the same order observed on an axial type engine
(unpublished data),

in investisation indicated that the static pressures at the final nozzle
misht differ sufficiently from the assumed theoretical values to cause this
dzserepancy, and Phase 3 tests bo measure these static pressurcs were therefore
put in hand,

L, Phase 3 tests. inal nozzle exit static pressure mengurements on en~ine
rnstalled in arreraft

4.4 Introduction. In the Phase 1 tests only final nozzle exit total
pressure measurements were made on the assumption that the final nozzle static
pressure was uniform and equal to the theoretical value, Fhase 2 tests showed
that there was a discrepancy between the pitot rake thrust derived on thas
bagis and the balence ithrust, which was ascribed to this assumption regarding
static pressure being incorrect.

It wag therefore decided to make measurements of the fainal nozzle static
pressure under the same ground and flight conditions used in Phase 1,%0 check
the masmitude of this effect and teo enable a thrust ceorrection for the sctual
static pressures to be derived,

At thas staze it was not possable to meke the static measurements on the
sameé engine or aircraft as neither were available, The oricinal flight final
nozzle complete with rake was therefore fitted to another Meteor 4, and sore
ochecks on endine to engine final nozzle static pressure variation were also
obtained,

For the mround and flight measurements of statiec pressure the statio
sources used were a gtatic head fitted in place of the centre pitot on the
reke and two woll statics, Measurements were imitially made only at the
centre and walls since it was thouzht that any swirl in the jet would adversely
affect the accuraey of n stetie head at any other pesition, and in any ocase
an epprecisble departure from the theoretieal static pressure was not expected.

/The rake..
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The rake centre static wes calibrated asainst static pressure measurements
made at the wall of a long tube suspended alonc the jet pipe axis during a
ground run.

When the initial around and flizht tests had been completed 1t was found
that there was n congiderazble difference in the static pressure et the ceatre
and the wall of the final nozzle, amd thot it would be necessary to know the
spproximete static pressure disgtribution between these points to establish
the required correction., The rake was therefore modified by the replacement
of two more pitobs by static heads, ab convenient radils and a final ground run
made to measure the static pressure at these points.

It was anpreciated that the accuracy of these latter stetic heads was
likely to be affected by any swarl in the jget flow, but great accuracy was
not required since the exact distribution of static pressure had a small
effect on the correctrion, No figures of the swirl likely to be encountered
were avollable,

.2 Description of instruments

4,2,1 Lons tube for calibratin: rake gentral static, In order to
measure under ground rumniny conditrons the true static pressure at the centre
of the final nozzle, for calibration of the reke centre static, a lonz tube
wag suspénded along the axis of the jet pipe. It was suspended between the
centre of the turbine exhaust cone and a support downstream of the final nozzle
(see Fiz.1). The tube was stainless steel of g" 0.D, and was 102 inches leng.
The upstream end was sealed, and was welded 2nto a hole at the apex of the
turbine cone, The downstream end ren throuwh a sleeve 1n a streamlined
stainless steel strut -which was bracketed to the final nozzle, A compression

spring between the dovmstreem edge of the strut and a washer mnned to the end
of the tube kept the tube in tension., The strut was 1% inches thick, having

a 3% inch chord, The leading edge of the strut was located 15 x strut thlckness
downstream of the two 1/46" D static holes drilled in the tube at the plane of
the final nozzle, This distence, 22% inches, was chosen as m.ving negligible
interference at the static holeg upstream.(Ref 5).

A differential pressure zsuge was connected to the tube which, apart from
the static holes, was sealed,

The compression spring wag found to lose its temper during the ground
running but the tube was sufficicontly stiff to remaain stable and wathout
vibration except for a perrod between 12,000 and 13,000 r.p.m.

The tube was 2 unit with its turbine exhauvst econe and in order to fit or
remove this unit the engine had to be removed from the airframe,

4.2.2 Rake static. The static heads fitted to the rake were 3/16"
in drameter and hod a hemispherical head. The distance from the two 1/16"
drameter static holes to the head was five tube diameters. Fins, 2.

The two wall statics used were as described in para, 3,2, and were on a
gremeter at right angles to the rake diamster,

The initial calibration end flight measurements were made on the wall and
central stabicg; for the final ground run two additional statics were added
to the rake at radii of 4 and 6 inches. The same correction factor was used
for these heads as was derived for the centre static head.

£11 static vpressure measurcments were mede on differentiesl pressure
gouges (=3 to +20 1b/sa.in.).

4,3 Outline of tests

k.3.1 General, The aircraft used for these tests was Meteor RA.L38;
the conditron of the aircraft was not relevant to the tests,

/The engine.,
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The en=ine used for the calidbration of the single pitot against the lons
tube was Derwent 5 No.4166, The zground and flight pressure measurenents were
made on Derwent 8 No.lL905. The Mark 8 differs meanly from the Mark 5 in the
materinl of the rotatin~s guide vanes, Other differences are external and

ERE

there 1s no relevant chanze of nomnsl thrust or internal geometry.

4,3.2 Calibration of rake centre static, With the lony tube fitted a
rround run was mede through the maximum r,p.m. range obtainable,  Readings of
static pressure were taken on a differential pressure sauce connected to the
longz tube,

To reach as high a Mach number as possaible in the final nozzle a concession
to operate up to 15,250 r,p.m, had been obtained, subject to temperature
limitations, but 14,900 were the meximum rchieved,

With the lon, tube removed and the rake fitted, the sround run was repeated,
throush the same r.p.m. range. The static pressure at the centre stalic was
recorded on & differential pressure pauce,

L,3,3 Flisht neagurement of finol nozzle static pressures, The static
pressure at the wall and centre of the finsl nozzle and the single prtot total
head reading were recorded ot each of the flisht conditions ziven in Table 1.

k.3.4 Ground measuremeant of finel nozzle static pressures, On
completion of the fli~ht tests the rake was modafied by the addition of two more
static heads as described in para.k. 2.2,

4L ~round run was then cerried out and the pressures ot the two wall staties
and three static heads were recorded. The pressures at the single pitot and
the remaining rake total head tubcs were also measured.

4,4 Results of Phase 3 tests

L.4,1 Ground instelled static pressure measurements, The static
pressures neasured at the centre of the final nozzle by the long tube and the
rake centre static cre shown in Fr..10. The correction faotor for the static
head on the roke deraved from these results is «iven in Fis, 11 which also
includes a correction estinated from Ref, 5.

Mcasurements at the centre static after the flaczht programme had bzen
oorpleted, using a different engine, are also shown on Fiz.10.

The static pressure distribution across the fanal nezzle on the final
around run xs plotted in Fig, 12, Included 1n this figure are similar unpublished
measurements made by N.G. T, E,

b.L.2 Flizht stetaic pressure measurements. The corrected static
pressure an the final nozzle expressed as a ratio of the mean dynarmc head
is given for the full flizht programme in Fig,13. Wall static measurements
made on the test bed are clso included. The wall readinss given are the mean
of two wall statics, which were in reasonably close sgreement,

The method of correctinz thrust estimsted from pitot rake readings due to
depertures in final nozzle static pressure from the conventionally assumed values
1s given in Appendix 8, In the one dimengional case, 1t consists of a factor
Ag/Le vinich is a function of the final nozzle static pressure,  This factor has
been plotted for o range of nozzle exit static pressures, and the results are
gaven an Fas, 14,

The flight and ground results were estimated using Fi~,14 and the measured

wall and centre static pressures of Fipg,13 weighted in accordance with the static
pressure dagtribution of Fiz.12, The resulting corrections are shown in Fi~.15,

[l
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4.5 Discussion of Phase 3 tests

45,1 Calibration of central static. The accuracy of the
calibration of the central static on the rake depends on whether
vibration of the static tubes could be affecting the static pressure
readings and on whether the presence of either the long tube or the
pitot statac rake affects the final nozzle static pressure.

Concerning the effects of vibration, the static pressures using the
long tube as a source appear consistent. The tube remained steady over
the engine speed range except for a period between 12,000 and 13,000 r.pu.,
when a lateral vibration of about # an inch developed. The pressure
recorded did not appear to be in any wy affected by this vibration and
remained consistent.

The rake blockage effects were found to be very small in the Phase 2
tests, whale the central tube blockage will be amaller still,_so with the
relatively small rate of change of P with N/Jé? (Fig.10) or H5/po (Fig.13)
calibration errors due to blockage cin be considered unimportant for the
accuracy required in the present tests.

The correction factor for the static head (Fig.11) unfortunately does
not extend to very high values of local Mach nmumber, or H5ﬁ5 , although the
maximm possibleg re.p.m. was used on the ground runs. This is due to the
fact that when H /Po approaches the choking wvalue, the high static pressurs
at the centrs o:f‘5 the jet means that the Mach number there is stall low,.
Cver the range of tests the correction factor agrees to 1% of the dymamic
head with the factors for similar static tubes described in Ref.5.

(See Fig.11).

L.542 Discussion of flight and ground measured static pressures.
The results plotted in Fig.13 show that the centre static pressures are
remarkably high, particularly in flight, and to & less extent in static
ground tests. The wall static pressures agree closely with conventional
theoretical values above the choke, but are naturally influenced more by
changes in flight conditions vhen below the choke. I will be noted that
there are appreciable changes betwsen static pressures in flight and on
the ground below the choke,

Another result of importance to thas report is that the central statics
measured on two different engines and shown plotted an Fig.10 are in very
close agreement which confiims the view from general considerations that
engine %o engine final nozzle static pressures at given pressure ratios would
be expected to agree substantially.

The static pressure dastribution zcross the final nozzle measured on the
ground runs is fairly independent of jet Mach number, and agrees reasonably
with the N.G.T.E. unpublished results, also shown in Fag.?2, These latter
measurements were made with an N.P.L. pitot static head in a Derwent 5 flight
final nozzle under test bed conditions. The values very near the wall are
likely to be incorrect due to interference and have not been shown.

The additional static tubes not at the jet centre may have been affected
bty any swirl present in the jet flow. No information as to the likely magnitude
of this swirl has been obtained, but it seems unlikely that it would be greater
than 2 or 3° which would have a mmall effect on the static readings.

L.5.3 Corrections to Phase 1 rake thrusts. The required corrcctions
to the thrusts deraved from roke total pressurc messurements assuming the
theoretical static pressures in the final nozzle are given in Fig.i5.

The correction increases with flight liach number and decreases with
increase in totol pressure. Thus at maximum level speeds the correction
is small, about ¥% in gross thrust.

At cruising conditions the correction is larger, of the order of 2%,
and at condations such as wonld be encountered in A decelerated level, amounts
to about 6. %
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5. Consicderation of conbined tests

The indavidual results of Phase 1, 2 and 3 tests have been considered in
detail an paragraphs 2, 3 and L. To compare thrusts under flight conditions
estimated from single pitot with fully corrected thrusts estimated from pitot
static rake measurements, the results of Phasc 1, 2 and 3 must however be
congidered in conjunction. It 15 therefore proposed/Sumarise the individual
results which will be used, cutline the method of combining results, and
finally to present and discuss the results of the combined tests,

5.1 Burmary of individual results

5.1.1 Phase 1 tests, Measurement in flight ond on the ground of
single patot and pitot rake total pressures on Derwent 5,
No,4OLb an Metcor L RA,L20, The tests covercd a range of
conditions as wide as possible, which arc sumarised in Teblc 1 on page 8.

single pitot total pressure
mean rake total pressure
which may be considered as the single pitot "sampling factor" of the jet fanal
nozzle total pressure, and established bthat 1ts magnitude has small but
significant changes at given engine coaditions between ground and flight

tests and between fliuht tests at high and low altitudes which would affect
the single pitot method of cstimating flight thrusts., (Fig.6). The tests
also dercnstrated

H

These tests measured the ratio HA/'EB =

(1) That any troughs in the final nozzle total head dastribution due %o
strut wakes did not heve any serious effects, as the mean total pressures at
three rake positions were in good agreement (Fig.5).

( (?) No significant engine deterioration occurred during Phase 1 tests
Fig.5).

(3) The air intake efficiency 1in flight at a given Mach number (or ram
ratio) was not apprecisbly affected by altitude or sideslip effects. (Fiz.7).

(4) The scatter in Hh/'ﬁé of single observations is of the order of +1%
cexcept 1n flight at high altithdes when it increases to +2 to 3%
(See Appendix 3).

5.1.2 Phase 2 tests., Measurements made =%t the request of A.& A.E.E, by
Rolls Royce on a test bed to compare thrust measured by balence,
and estimated from pitct coub, The engine wes Derwent 5
No, 3381 which was fitted with the same final nozzle as was used in the Phase 1
tests.

These tests demonstrated that the drag of the rake was of the order expected
and that due to the presence of the rake the enpine thrust was increased by X%
or only just significantly, (Fig.8 and 9). The main result was that the thrust
estamated directly from pitot roke recdings assumang jet exit stetic pressure
cqual to atmospheric was 3% higher than the test bed balance thrust,

5.1.3 Phase 3 tests. Measurements of static pressure at the jet final
nozzle exit on the ground and in flight, The nessurements were
nade on Derwent 8 No,4905 fitted with the same finnl nozzle as was used in
Phase 1 and 2 tests, and was installed in Meteor 4 RA.L38. These tests
included o calibration of static tube fitted to the reke at the jet centre,
flight and ground measurements of wall and centre static pressures and measurc-
nent, on the ground, of the atatic pressure distribution across the jet exat.

The msan results viere:-

(1} The measured calibration of the central stetic wes satisfactory and
agreed $0 1% of the dynemic head with other published work, (Figs.10 and 11 and
Ref.10).  Extrepolationto higher final nozzle Mach nusbers obtained in flight
was necessary,

/(2)..
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(2) 8tatic pressures in flight and on the ground daffered markedly from
atmospheric when the jet wrs not choked, the centre static being 30% of the
dynamuc hcad above ambient atmospheric in some cases. Above the choke wall
statics agreed with the theoretical choked valucs but the centre statics were
again appreciably migher, (Fiz.13).

(3) The memsured static pressure distribution across the Jet exit was
not rarkedly affected by jet pressure ratio and agrecd with some other
unpublished neasureents by N,G.T.E. {(Fiz. 12).

These results showed that a pitot rake 1s i1nedequate to give en absolute
neasure of thrust and must be backed by static measurements, Correations for
iecasured stotic pressure to thrust estimcted direet from pitot readings only
(see Appendix 1) are given in Fig,14. The results also showed a change of
static pressure between static and flight conditions which would affect the
single pirtot method of estimatinsg thrust. '

5.2 Method of combining results to obtain fully corrected thrusts for
pLtot statie rake. It is now clear that to obtain fully corrected

thrust directly by the momentum method 1t 1s necessary to make measurements with
a prtot static rake, In fzet, the pitot rake readings were obtained on one
engine and the static measurements weoe msde on another nominally 2dentical
engine with the same finnl nozzle, and thrusts from the pirtut rake results
obtained can only be corrected for static pressure on the assumption thet
varietions in the magnitude and dastribution of static pressure between
nominelly identresl enpraes 13 ingignificant. Ground static pressure
measurcmenty at the jet centre on twe enmnes shown in Fip,10 are in very
close agreement, while equally close agrcement has been obtained on wall
statics measured on zround tests on two other engines. Hence, bearing in
rmnd that ajpreciable changes of static pressure arc required to effect the
thrust significantly™ the above assumption is considered justified at any
rate for the particular installetaon.

Fucther, the static pressure distribution was measured on the ground, so
it is necessary to assume thet the distribution is similer ain flaght, Since
wall and centre valucs are aveilable in flight the crror introduccd on this
account must Le very small indecd.

Wath these assuaptions on static pressure, corrections to be applied to the
vitot rake measuremcnts to give fully corrected rake thrust have been estinated
from the flight static pressure measurements by the uethod of fopendax 2 and are
shown in Fis, 15,

Ls statced in —aragreph 5.1.2, thrusts estiuated directly fron g%tot roke
readings agsuning exat static pressures equel to atmospheric were 335 hagher than
test bed bolance thrusts neasured sumultaneously,  Only wall static measurements
werc niade on the test bed, but these are of the same order as wall statics on
ground tests (sce Fiz.13). Unler the latter conditions the statrs pressure
correction would reduce the 335 discrepency to 4.  Whether this 2% discrepancy
is the sum of variocus crrors in the measurements including windage in the test
bed, or is due to some more fundanentol difference, has not been established.

The assumption has been wade 1n presenting thrusts calculated from cambined
plitot static resdings that they are basically correct, and no 2% reduction
has been epplaed.  Such thrusts will be nomnated Xp.

5.3 Thrusts estimnted from combined results, Velues of Xp estimoted on
the basis of paragraph 5.2 are included in Tables 2 - 5, and have been used to
estumete single pitot effective areas Ap',

/(cefined.,

o
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ﬁ%gﬁ = 0,10 gives 2% chenge of thrust of 0/ P, = 1.4
and 1% change of thrust at ﬁy’Po =1,8
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xR _Xp )
thrust per unit area gaven by single pitot = xgp

(defined by Lp'

which are plotted in Fig.16 against Hg/P, and in Fig,17 against N/ Jei .
The test bed calibration for this sinpgle pitot-jet pipe combination 1s
reproduced from Fig,3 for comparison with these results, It is uvsual
practice in using a single pitot in conjunction wath a test bed eanlibration
to assume the effective area to remain constant sbove the hichest pressure
ratios reached on the test bed, This extrapolation 1s shown on Fig,16.
Velues of the effective area at high total pressures for a Derwent 5 engine
derived from measurements made in the Munich zltatude test chamber, Ref.6,
are included in this figure,

It may be noted that 5% change in Ap' between calabration and test
condition by definition equels ¥ error in thrust by itho single pitet rethed,

The conventional non-dimensional relatronshp for Jet thrust is that

iR _ f N ris N Pq
= = 14 (=, M or fof ==, =L which however nerlcets changes
Po (/51—, ] ) 2(/‘; PO) [
of Reynolds nurber and combustion efficiency with olfztude, To check this
relationship measurcments of Xp made at M = 0.62 2t 5,000 and 35,000 ft, hove
been plotted against N/ /8y in Fiz,18, It has been demonstrated in para,
2.5.5. that *{; 1s independent of altitude at fixed M so that Xgp/P, for the two
heipghts can be campared dairectly. Values of Xgp/Po are also plotted in Fig.18.

In Fipg.19, mezasurements of Xp made at 5,000 and 35,000 feet, but at several
Mach numbers, are plotted in the form

X
!
-:fﬁ—9--— s against N/ /8y 1n which form they are theorectically
o1

independent of ram ratio above the choke, The derivation of this parameter is
explained 1n Appendix 4. Also plotted in this fipgure are the test bed (balance)
thrusts, calculated toking Rpqy = 1.0, and the non dimensionzl performance grophs
for the Derwent 5 ensine teken from the Rolls Royce brochure (Ref,10).

The experinental errcr in the mecsurcment of Xp end Xgp :s discussed in
Lppendax 3,

5.4+ Discussion of combined results

5.h.1 BErrors in flight thrust estimated fron sincle prtot with n test
bed calibration, ALl single patot effective areas in the pground

run and flight cases in F1g, 16 src lower then the test bed effoctive areas (except
at very low total pressure ratics of about 1.2). This shows that if the test
bed effective aren is used under thesc conditions the thrust would be over=-
estimated, In general there awpesrs to be o stecady rise in lhe actual effective
areas under flight conditions between total pressure ratios of 1,7 and 2.6, the
highest value reached on the tests, This rise brings the actual effective areas
into better agreement with the extrapolated test bed values at the highest total
pressures rceached at 35,000 feet,

In general therc appcars to be little Mach No. effcct in the values of Ap!
at the samc altitude,

At a Mach number of 0,39 at 5,000 feet there 1s spproximate agreecment between
tne test bed and flight values over the range of total pressures covered an the
tests and there 1s little difference between the effective areas at this Mach
number and the results at a Mech nuriber of 0,62 at 5,000 feet, where they can be
compared over a cammon rance of Hb/Tb. At this higher Mach number the difference
between test bed and flight values increases to 4% at Hs/Py of 1,6, and then
decrenses at higher Hs/P,, being about 259 at H5/PO of 1.75.

/At a..
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At a Mach number of 0.62 at 35,000 feet the error involved in the use of
the test bed effective areas is largest and 1s of the order of 5 - 6% at H5/?o
values between 1.5 and 1.7. Agean the steady increase of effective area With
increasing total pressure brings flight values into closer_agreement with the
extrapolated test bed curve. The difference is mall at Hp/ Py values of 2.5.
The values of effective aresa at a Mach number ef 0.72 at 35,000 feet are in
general agreement with those at M = 0.62, The difference between the flight
values and the extrapolated test bed curve decreasing from L fo Z% approximately
ever the Hg/F, range of 1.9 to 2.5.

Measurements made in the installed ground case show that the single patot
effective area under these conditions is in approximate agreement with the test
bed calibration at values of total pressure ef 1.2, but that as Hg /Py is
increased a discrepancy, amounting to 3% at H5/PO = 1,3 and 5% at Hg/Po = 1.55,
1s encountered. Thas difference between the ground installed calibration of
the single pitot using a pitot static rake and the test bed thrustmeter
calibration is dealt with below when the implications of using such a rake
calibration for flight measurements are discussed.

The 25 difference between test bed balance and rake thrust measurements,
would, if applicable in the ground installed and flaght cases, increase the
percentage drfferences detailed above by 27.

The indivadual centribution to the error in single pitot thrust of changes
in H, /H. and changes 1n static pressure between calibratien and test conditions
can be &xamined in Fags.6 and 15 Abeve the cheke the larger part of the error
1s centributed by c<hanges an H /ﬁ . At lower pressure ratios it is more
difficult to generalise but both effects are appreciable,

5442 Frrors in flight thrust estimeted from single pitot used in
conhmction wath ground installed calibration against rake
thrust Xg. Again referrang to Pig.16, the errors in thrust

measured i1n flaght by the single pit~t method used in conjunctien with a ground
installed calibration against rake thrust X, vall an general be less than those
invelved when the test bed calibration i1s used. This is fortuitous, and is
accounted for by the fact that under ground installed conditions the single
pritot samples a total pressure corresponding more closely with those sampled
in flight than on the test bed. (Fag.6).

Over the total pressure range covered on the ground run, agreement
between the single patot ground calibration and the flaght values is within
1 er 2 per cent.,

If the ground calibration is extrapolated above the highest pressure ratios
ebtained assuming Ap' to remain constant, the single pitot thrusts would be
sensibly correct at a pressure ratis of 1.6, With increasing pressure ratios
the single pitot thrust would become progressively low, and would be about 3%
low at H5/PO = 2,5,

In this case the 2% difference between test bed balance and rake thrust
meagurements, if applicable egually to ground and flight conditaions, would not
alter the frgures guoted above,

5ebe3 Choice of abscissa far plot of Af' The single patot_effective
area Ap' caleulatsd Gf rake of test bed IAruss can be plotted against Hg/P, or
N//8y." It has been usually considered that H /P.* 15 the more logical parameter.
This 1s confirmed in Figs. 16 and 17, where thé spread of Ap' at any engine
condition specified by Hp /P, 18 less than the spread at a condition similarly
specafied by NAQ@;: It 1s therefore not proposed to discuss Fig.i7.

S5eb ol Check on non-dimensional thrust relationship. Examination of
Fig.18 shows that at lower r.p.m. there 1s good agreement between the rake thrust
values Xp/F  at 5,000 and 35,000 feet, but with 1ncreasing re.pem. the higher
altitude thrusts fall progressively below these for 5,000 feet., The fall off
in gross thrust at 35,000 feet compared with that which would be predicted frem

the 5,000 feet results according to the non dimensional theory amounts to 7% at
the mexamum r.p.m. reached in the tests.

*
Or HL/TB

/The single..
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The single patot thrust ¥Gp/P, calculated using the test bed effuctive srea
also demonstrates this effect, but less clearly, since the effective areas used
are in error and nmask the effect,

Fag, 19 which includes addrfionsrl resulfs at M = .39 and .72 agoin demonstrates
the fall in non-damensionnl thrust with altztude, Comparing measured and
brochure figures, shows that the brochurc figurcs tend to be optimistic at hizh
altitude and pessarmstic 2t low altitude, The engine test bed thrustse are in
good agreenent with the curve at a ram ratio of 1.0,

This foll off of XR/PO at high altitude which 1s ascribed tc changes in
Reynolds number or combustion efficiency has been previously noted an Refs.7/
and 8,

6. Conclugons

The tests nave demonstrated that the assumptions inherent in the single
prtot method of estimating gross thrust based on a calabration of the engine on
a test bed are not quite accurate, Thus changes i1n total pressure dastribution
between test bed and flight condations result in single patot sampling errors of
up to 3% in total head, cquivalent to some 55 in thrust. Lgain chanses in the
magnitude of the static pressure at the jet exit between test hed and fli~ht
eonditions are quite large, and would result in thrust changes of up to ¥i.
These two effects are additive but were measured on different engines.  There are,
however, good grounds to conclude that the single pirtot method besed on a test Ded
calibration could give a thrust error of up to &%, Comparative mcasurements cn
a test bed showed the thrust from prtot statie rake readings to be 27 higher than
thrust measured by the test bed balancc, Further investigation would be needed
to determine the ceuse of this discrepancy, but the amplication 1s that total
single pitot errors quoted above may be increased by the order of 2%. A further
agsumption of the single prtot method, that above the highest final nozzle pressure
ratic reached on the test bed the single pitot effective area remains constant, is
also not quite aocurate; in faot 1t increases slowly,

From the above conclusions 1t follows that to make absolute neasurements of
thrust by the momentum method, 1t will be necessary to use a pitot static rake.
Such measurements of total and static pressure on a Derwent 5 in a Meteor 4 on
the ground gave a calibration of the single pitot at least as pgood, if not bettler,
than the test hed ealibration.

Using the pitot statac rake as an absolute measure of thrust, 1t has been
possible to check the effect of altitude on the generally cocepted non-dimensional
re¢lationship for the thrust of jet engines, and the conclusion reached 1s that
there 15 a fall coff in non-dimensional thrust at 35,000 f't, compared with 5,009 1Y,
of the order -f 7%,

Other detailed conclusions arc:=

(1) Dafferential pressurc gauges of drfferert ranges for high and low
altitude pressure measurements are needed to obtain good accuracy at high
altrtude,

(2) 4n adequate calibration of static tubes can be estimated from the
literature if care is taken.

(3) The development of an integrating rake would be advantagecus for use
1f further flight rake measurements are to be made.

7. Further developments

It 15 suggested that to confirm the findings of the present report, and to
provide inforration on other engine types, test bed, ground and flight tests with
a prtot static rake fitted shenld he mnde on another engine type, preferably with
an axial compressor, The use of an inteprating rake should be investigated.

/List of symbola..



List of gymbols

X Gross thrust
X Bnsine gross thrust measured on test bed balance
Xa! Ground or flight gross thrust deraived fram pitot rake total pressure
neasurements, corrected for boundary layer and using hot area of
final nozzle
Xq Xg' corrected to nominal vi/ /Pg
b (] Xg corrected for static pressure in final nozzle
Xep Ground or flight gross thrust measured by standard jet pipe single pitot,
using test bed effective area correction based on H@/Po, corrected to
nominal Vi// T_p;
Xop Thrust per unit area based on single pitot total pressure
x'  Momentum thrust per unit area = at actual v,/ /g
x Momentum thrust per unit ares - corrected to nominal V,/ /Ty
P Static pressure
P! Static pressure measured by rake static head before correction
P Ratio of static pressure to selected standard = Po/14.7
H' Total pressure ot actual Vi/ /P,
H Total pressure corrected to norinal Vi/ /P,
34 Mean total pressure ceross final nozzle area (hot), meaned from rake
nmeasurenents on a monentun basis
ﬁé Mean total pressure across final nozzle area (hot) based on weighed thrust
t Temperature °C
T Terperature %K
T Total temperature at engine intake = T, + v%/2Kp
=) Retio of T to selected standard = T/288
69 Rotio of T4 to selected standard = T4/288
Ip Specific neat at constant pressure
M Gos flow, 1b/sec,
{ Density
¥ Ratio of specific heats Kp/Kv = 4/3 for jet gases
J Mechanieal equivalent of heat
R Gns constant
N Engine r.p.m.
Ay Final nozzle area - cold ;
Ap! Effective final nozzle erea for single pitot
Thrust by rake or test bed balance = Eﬁq or EI_
Thrust per unit area given by single pitot Xep XCP
" Intoke efficiency = M - %
' Hy = F,
Rgpt  Ram ratioc Py/P,
Cp Reke static correction factor = f?c Z5C.
) Hs - Psg!
hP Pressure height, feet
Vs Bquvalent air speed, knots
v True airspeed, ft/sec,
Subscripts

QWL -0

Refers to free stream conditions

Refers to condations in nacelle at entry to compressor

Refers to condations in jet pipe at standard single pitot posztion
Refers to condaitions at fansl nozztle

Referas to nentre of finsl nozzle
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ALppendix 1

Theory of thrust estimotion from momentum measurement

1+ The thrust of a jet engine 1s normally defined e8 the change in momentum
of the internal flow. The planes before and behind the engine between which
the momentum change 1s measured must then properly be taken as those where the
static pressure of thc internal flow 1s equal to the amhient static preasure
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The nett thrust is then
xlq - — MoVo M6v6 ..oooccl"(-‘)

g ' T g

where M is the internal engine mass flow, the plane O is at infinity and Vo
18 the flight speed, and the plane 6 is such that Pg = P,.

For a supersonic jet,plane 6 may be token at the throat (Ref.%) and
(1) becomes

v v
XN = -— LIOO + M6 6 + (Ps -PO) As .....--o.('l&)
g g
H6 ’
where Pg = ___11 TR 6:-}

—
2 |
2, In the static case V, = 0 and the nett thrust is equal to the gross thrust,

X = MG‘LG + (PG"'PO) Ag R €23

where the pressure term is zero below the choke.

This is the thrust which is measured on the test bed, subject to minor
effects of windage over the engine exterior from induced flow which should be
negligible in a properly designed test bed,

If it is assumed that the static pressure in the plane of the final

¢

nozzle, Pg, is equal to P, below the choke and to Hg /(X + 1)

e —

b2

above the choke, the plane 6 1s then at the final nozzle, 5, and

M5V
x = g + (PS-PO) As onoccuo-cu(j)

the pressure term being zero below the choke,

This moy be shown to give (as in ref,3)

X_ . 2Ep Hp [f"ﬁz?g‘ _B) L (B ceeeeneea (&)
E5P, R B, |1%] H5} ( B, )
from whach %—- 18 obtained as a function of I%i only ueing the assumed values
of Psg. ° °
If the distribution of Hg 1s non-uniform over the final nozzle %; may be

obtained by integrating (4) over the nozzle sarea,

/3.
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3¢  Gencrally, however, Pp = P, ts found %o have higher values than those
assumed, The effect of this will be for the jet stream to contract further
from 5 to 6 where the assured pressure is reached and there will be a vena

contracta at 6,

The thrust which will be measured on the thrustmeter is givean by equation
(2) and this wall differ slightly from that deraved from equation (33 by an
amount arising from the pressure at the jet stream bouadery between 5 end 6.

6
Mev 5 Mev :
Thus rali (Eg - Py) Ag = 686 + (P6 - P,) Ag + % Pap venas(5)
6
The tem [ PdAd will be nssociated with an equal external dras at the
5

rear cf the engine,

he In flight it is not praetical to make measurcments in plane 6 =3 downstream
of the jet exat the internal and external flows mix and 1t will nol be possible
to measure the morentum of the internal flow,

The gross thrustXR may however be derived from e pitot-static traverse in
the final nozzle on the assumption of isentromic expansion with no mixing
losses between 5 and 6 and this 1s the basis of estimation of gross thrusts
calculated from prtot static measurements used in the present report.

XR has been derived. by first obteining Xg as the thrusi value given by
equation (4) with the usual assumptions as to static pressure. This iz
cquivalent to obtarning

"6ﬂ5V62
XG. - —__....._.,8 o+ (PG-PO) A5 -ooo-oo.'o(é)

since the total and static pressures used are really those carresponding to
plene 6 (HS = He ).

The true gross thrust is, from (2) in this Appendix

- 62
X = o ' (Pé—PO) !‘._6 oa.---ucoo(?)
30 that
-X—R = i@_ - I.Q....(a)
e A5

The area ratio, which is applied as a correstion to Xg, 18 easily
obtainable from consideration of 1sentropic expansion from conditions Hg,
P5 to Hg, FPg.

The expressions obtained are

Below the choke 4 (P5\£;%;L' I
\ 5 1 - Pl :
(P6 =P);{t§ = Ei!f 4 H-S-.J { L e --(9)
o°" A \Po/f ! Tol 3=-1 |
f 1 - H5 L J
Abcove the choke : '
H 7 \-—'.I—-, . ‘1. f 1)_1}-':'2“
A oW NI /PNT "Bgy e
e TR e B
(L‘-—g—lj {f_‘,- :‘q\j ’ 5 \ ) N 5.‘} } o HB/ :l
/ ‘
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3.

This applies to one dimensional flow., In the present tests the static
pressure across the fincl nozzle exat 1s not umform, so an equivalent mean
static has been estaimeted, weighted for area.  The error involved in weirghting
static pressure for area rather than integratiny over the nrea of the jet 1o
negligible since the total correction 1s of the order of a few per cent of
thrust,

5e Consirder now the single pitot method of thrust measurement in the lignt
of the above discussion,

5.1 Usinn this method a pirtot tube 18 fitted in the jet pipe upsiream
of the final nozzle and a calibration run cn a test bed nede in which this
pitot value, H, , and the static thrust, Xp, are measured over the r.p.m. range.

H
The relation of éi v =% 350 obtained then provides a calibration for the
o o
uvncowled stotic case of sross thrust acainst sinzle prtot reading,.

To apply this calibration to thg installed flight case an teffectave areafl,
Ag' 18 derived os a function of Hiy by inserting H) = Hg and the measured
P
o
value of Xp 1n eguation (4) =nd assumng the classiczl theory values of P5,
so0 obtaining Ag' as the resulting value of A,

This effective area Ap', which may d&ffer from the finnl nozzle area by
up to the order of 10%, 1s regarded as a calibration of the sincle pitot which
takes into account the discharge coefficient of the nozzle and any position
error etc, of the tube,

In using it for the flisht case 1t 1s therefore assumed that such fastors
are unchanged, Further, since much higher values of H,/P_ are obtainsble in
flight at hiph altitude than on the ground calibration run the curve of

Let v ?Q must be extrapolated and this 1s done on the assumption that Le!

o H . v b
is constant above the critical value of ?ﬁ = {d;%—l"§~1 after which
o

sontc conditions obtain at the nozzle; this value 1s usually just reached
on the test bed run.

5.2 BFBrrors in the derived thrust nay thus arise from the following causes.

(1) 4 change g e relation between single pitot reading Hy and uean
final nozzle totgﬁ\yg 5 due to the different intake conditions resulting
from installation in the sareraft and to Reynolds number effects. Those

effects may cause dunfferences between therround installed and flight cases.

(2) A chanmge in the exat static pressure, l,c., .in the relation

P5/P, v H,/P, between the test bed and flizht cases; this would correspond
to a dafferent contraction rotio Ag/AB behind the nozzle. It would be

expected that with increasing flicht speed (or Vo/Vs) the external flow would
cause an 1ncreasinc contraction and hence a hisher static presaure than that
on the test hed,whnch 1s agsumed to still opply in the applicatron of the
single prtot calabrztion.

(3) If (23 has been found for the Derwent 5) bhe totnl and static
pressures are non~-uniform in the finel nozzle, the nozzle flow does not becowe
uniformly sonic at . 2

H 'l . " e
P SR e s 1,85
P T2y - !

in thas particular case the craitiecal pressure ratio wes not reached at the
centre of the nozzle until Hy /P, - 2.4. The flow distribution thus does not
remaln uniforn abeve the critical value of H@/Po and the effective area for
the single pitot camnot be assumed to remain constant 1n this region.

It has sometimes in the past bOen the practice to regard Le! as a function of
N/ /81; H,/P, is however now reqarded os the more relevant parameter and
this is supported by Figs. 16 and 17.



Appendax 2

Method of deriving thrust from pitot static reke measurements

1. Qeleulation of reke thrust, Xa

It as shovn ain Appendaix % that

XR=XG éé. .--.----..(1)

5

A
The factor 3% is obtained fram the static pressure in the fuinel nozzle
as 1n parazraph 5 of this Appendaix.

From Appendix 1

XG- 2 v J‘}_{i\ L‘f-_ i
. = = P J ’ - { ¥ - LN |
Ly e P Py f Fr o4 (15 PO) R -3
T
H
where Pg = P, or 2 « 4 whichever 1s the greater,
S 1 ——
2 !I
Then talansy  § = b/3
FHey T
CO N - R cererenann(3)
Fo Yo g
Hs
below the critical value of = = 1.85
o
end  Xg H
G . 1,250 22 .
PO 59 PO 1 o-otn-u.«.(l}.)

above this value,

From equations (3) and (4) above a plot can be made of X_ aoeinst ;2
o o

Hence for ecch pitot velue of Hs/P, the thrust per wmt area x/P_ cen be
" o
obtained from the plot.

Then, considering a pitot rt radius r the velue of HEUSE ror the
)
annulus width ™ r at that radaus, rsswnng uniform circumferentianl
distribution, w1l be

Sor G
275 1T, . Po
and over the whole area of the finzl nozzle

R

s o r
— g e X, r. ar
Py P, JQ .G

The integral f X, r. 4T can be conveniently obtained by a grapmcal
0
method, each product being plotted at the corresponding radius,  The boundary
layer 1s at this stage ncqlected, and a corrcetion mede later.  The area
under the resulting curve is the required integral.

2, Correction to thrust for boundary layer in finel mozzle

The total head at three positions close to the finel nozzle wall (1/16, 3/16,
% inch) was obtained over a range of r.p.m, during a ground run.

/The..,
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The corresponding values of x.r h~ve been plotted in several of the
graphical integretions and the mean value for the loss in thrust due to the
boundary layer found, This is equivalent to a decrease in final nozzle arca
of 1.9%. This correction has been made to zll rake results.

3. Correction for expansion of final nozzle

It has been assumed that the increase in area of the final nozzle due to
expansion was 1, 3%, This figure 1s based on a final nozzle temperature of 500G,
coefficient of expansion 13 x 1076 £4/£4/°C, This wall be the avproximate
temperature 2t maxamum r,p.m. The error at other speeds will be very small,
(This 1s the value used by Messrs. Rolls Royce in simler work - Ref,9,

L. Correction of thrustto nominal Vi//§;

The variation of aircraft speed froa the nominal valuc was not neglizible
in some of the tests, espccially at the hirher altitudes, and a correction hes
been derived using information from the Rolls Royce Derwent 5 brochure (Ref,10).

The thrust over a range of M/ /6) was cstablished from the non dimensional
thrust curve for the various nominal test conditions and at airspeeds above and
below the nominal test conditions,

The voriation of thrust with speed was then assumed to be linear over the
small intervals considered, and the differential V & X calculated.
X oV

Fach flizht thrust mcasuremcnt has been cocrccted to the nominsl test
airspeed usinz this infomation. The largest correction involved was 2, 7%
of thrust, but the mean correction was 0.9%.

Sanile pitot thrust values have also been corrected in this way, and the
corrected total head corresponding to this corrected thrust is tabulated and
used 1n this repert,

5.  Static pressure correction

/ oftmskwq?m
. . 1.6 . N gL
This is applied as the factor . in cquation (11. — 1s derived as

Py = P, Hg 5 5
a function of ~——— and 5 Lppendix 1 and plotted in Fig. 14,
o o}

In derivang this parameter the static pressure in the final nozzle is
taken to be unifom and in applying it for the .weasured static pressures an
equivalent uniform static pressure was first obtaned os the mean of the observed
distmbution weishted for area,

In the flight tests stotic pressurecs were only ueasured at the centre and
wall of the finsl nozzle (Fr:.13). Intermediate posttaons werce obtained on
ground runs however (F1x.12) and the required mean for these readily obtainsble,
Por the flizht results the stotic pressure variation aeross the nozzle was
assuned to be similar and the mean value taken to bear the ssiic relation to
the centre and wall values as on thce zround runs.

The corrections derived in this way, which have been applied to the rake
thrust Xg to mve the fully corrected rake thrust Xg, are shown in Fi;.15 for
the ground and flicht condaitions at which the tests were mede,

A check has been mndc on the accuracy of taking a mean static pressure
weighted for srea, This woes done by using Fiz. 14 to correct the value of
thrust per umit area derived from each of tne single pitots for the iieasured
static pressure at that radius, and integrating the resultant values zcross
the final nozzle area, The thrust correction thus derived was in ood
agreement with thot mven by the simpler method used,



Agpendlx 5

Posaible sources of observed scatter an thrust
derived from total pressurc measurements

1e Differential pressure gauge

The inetrument selected for the pressure measurements in these tests was
a two pointer sensitive differential pressure gauge of range -3 to +20 1b/sq+in.

The gauge 18 temperature compensated and the auto~observer was heated,
the temperature being usually between 5 and 15°C. The instruments used were
frequently calibrated and no sudden changes in instrument error encountered.

The mean lag® was about 0.03 and the maximum 0.10 1b/sq.in. The gauge
could be read to a nominal 0,02 1b/sq.1n. The accuracy of the gauge would
be expected to be about 0.1 1b/sg.in.

The pressure ranges required were as follows:

Ground run 2.3 - 10 1b/sq.in.
5,000 ft. 2.y - 12 1b/sq.an.
J-J-0,000 f‘to 1.5 - 14-.3 lb/Sq.ln.

The error in thrust for a 1@ error in dynamic pressure is given in
Table 9 and 1s approximately 0.%{ over the working range of total head values.

Thus for the ground runs and 5,000 f£t. flaghts the instrument errors
should not cause random scatter of any sigmificance. At hagh altatude however
the maximum error of a single observation could be 67 at the lowest total
prressure decreasing to 27 at the higher values.

In any future single pitot and rake measurements the use of an accuratc
yressure gauge of a smaller range is recommended for hagh altitude measurements
in congunction with a gauge of the type used for use at lov altitude. Some
automatac swatching device might be necessary to protect the lov range
instrument from hagh pressures at low altitudes. It is possible that an
A,S.I., with a suwitable pressure range could be used at high altitudes,

2. Erngine speed indicators

The accuracy of thesc instruments 1s quoted as 1% of full range
corresponding to a possible 1% error at high r.p.m. Since the change of thrust
for one per cent change in r.p.m. rises to about 3%/ at high r.p.m., this could
introduce a scatter in the results camparable with that possible from the
bregsure gauge at high altitude.

The actual scatter of the thrust values obtained 1s of the order of &7
throughout the total head range at 40,000 ft. and about 27 at 5,000 ft.
This latter fagure can be considered satisfactory when these two possible
sources of error are considered but the increase in scatter at 40,000 ft.
then seems excessive.

3. Other sources of ecrror

Other possible sources of error an the tests are in the unsteadiness of
flight condaitions during the period when a set of readings was being taken
and possible malfunctioning of the selector box.

/341

*Defined as dafference in reading of a vabrated instrument at the same applied
dafferential pressure calibrating first with differential pressure increasing
and then decreasing.
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3«1 During =2 set of readings some variation in A.S5.1., height and r.p.m.
did in fact occur, particularly at high altitude. However during the 30 second
reading period each pressure was read 3 times at 10 second intervals and the
mesan velue was ascribed to the mean flight conditions so that the final error
involved would be considerably less than that due to the overall change.
The biggest change was in r.p.m. where the mean variation during a set of
readings was 40 and the maximum 100, The resultant error should generally
be negligible.

3.2 A further source of error in the pitot rake results is tho selector
box. It will be seen from Fig.18 that the scatter of the thrust values at
35,000 feet, estimated from the rake, is rather hagher than those from the
single pitot. This may be, in part at least, due to malfunctioning of the
selector. This was ground checked at intervals for satisfactory operation
of the valves but their continued satisfactory operation at high altitude
could not be entirely verified. A check was made however on the initial
flights by duplicating the pressure recorded at one rake pitot as a
continuous reading on another gauge and satisfactory agreement with the
selector gauge found. On scveral occasions o tube was found to be giving
grossly inconsistent readangs, the trouble being located in a faulty valve
which was rectified. On such occasions the relevant pressure was obtained
by interpolation from tho adjacent tubes, if the faulty tube was one of
those near the centre where pressure errors would contribute 1ittle to
errors in the integrated thrust velue. Otherwise a repeat test was made.

While soame such device is necessary for these measurements in an
aircraft whore auto-observer space 18 restricted it would be very desirable
where possible in such tests to have a separate gauge for each tube or,
if only mean total pressure is required for thrust estimation and not
necessarily the actual distrabution, to use an integrating rake recording
continuously on a single gauge (Ref.11).
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X
Derivation of the function _if T'o v
Ro1

The usual non dingensional theory states that the non dinensional tiwrust
ig a function only of N ond the ran rotio Py . In order to coapare the
/. Po
fross thrust of an en[,:?ﬁe neasured in flight over o renie of N ab several

VA I .
ron rotios E‘i_ ;, to check the velidity of the above asswiption, i1t is desired
o

to find saie funetion of the gross thrust vhich is independant of the ran
ratio and varies only with N_,
V84
This can be done ghove the finnl nozzle cheke as follows:

Conzader sn engine, on a stond, running at or above the choke, there being
an evenly dastraibuted pressuwre P4 corrcsponding, to the ran pressure around the
intake and onfine, the enrine cxhausting to a pressurc Pe.

Then if the choke occurs at the finel nozzle the farce T neasurcd on the
stand will he

P =M v
2.2+ A (P5 - Bo) ~ e (P - B
g
Lesuning zero intake aonentun
by
—— = ME oy 1 TE
Thereforef* P 5 5 T + J = 1 ® % B % 2 ) 0 % 3 g0 8 08 &8 G [ 1
£ P4 2 T ie o (1)

It pressure ratios above that at which the final nozzle chokes Tp and
M5 V5are directly proportional to Pq, so that at sny particular N the expression

J8r

? will be unigue for any P4 and independent of Pg,
J'\.f PJ[
o 1 o -
Now the r~ross thrust X = 11:-2 veg o, Lo (P - B )
£ 2 °
. F_=_X_ =/ =-P |\ .-
o ie Py Ly Pq k I £ Py - 1, where Roq = Py
R Jo
which from (1) is independent of Rgq above the choke
HENCE medome . 4 is independent of Py
Lr Po l':,;
Ro1

above the choke, ond when plotted sagainst _N_ the velues of this function

V&1
shouldlie on a unique curve if the assuiptions of the non-dincnsional theory

ere correct. Below the choke neasurc.ynts at variocus ran ratios should be on
a serics of unique curves,

In practice the function is plotted as X + 1
APy
Ro1

convient fornn when the single pitot effective area Lf? is assuied constant above
the choke,

. This being a

/Then. v
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Then hy the nonentwi theory X

Tt 1259 I—;—% « 1 (4ppendix 2)
snd we have
IE%S v = 1,259 Bk
Ro1 .
In this case 2 value of Af1 = 188 sq,ins. has been used when plotiing

this function, this corresponding closely to the velue of the coffective area
of 187 sg.ins. obtained for the test engine st the cheke (Fic 3) amd being
the value used in the Rolls Royce hrochure in the plot of this function as
being a typical value of the effective arca,



Test hp.feet | W67
Cround - 19,000
" - 10,500
" - 11,000
n - 11,500
" - 12,000

" - 12,500

" - 13,000

n - 13,500

" - 14,200

o - 14,250
5.84.1.1 5000 {9,300
2 4870 | 12,280

3 5000 | 11,290

I 5220 | 12,290
5.04.2.1 5150 | 9,250
2 5060 | 10,290

3 5100 | 11,210

L 4990 112,220
5.2:.3,1 5040 J,250
2 5055 | 10,250

3 5020 {11,250

4 hoed | 12,250
5.bA.1.1 4827 111,230
2 5430 | 12,290

3 5260 | 13,290

5. bAL 2,1 538¢ | 41,275
2 5550 {12,210

3.3 5312 113,120

3.4 5420 1444120

)0, b 1.1 39570 {11,220
2 39560 {12,230

5 35540 | 13220

L | 39670 {14,290

0.0, 2.3 58520 143,390
L | 39900 114,210

0. ch. 1.1 39400 13,180
2,2 | 40260 | 14,230
40.ch.2.3 | 40,120 {15,260
2. Yrougy 145,895

_RATE PCSITIGNEAT

w7

L I S Y R B |

262.3
2640
264..0
26L.9
262.0
262.0
259.0
262.0
26k, 9
264, 9
264.0
2640
416.,0
Lei.3
1-}-1 9-5
L18,6
L22.0
L18.6
L2O.k
411.7
i1, 7
Iy I
419.5
417.8
L13.4
LB85.0
489.0
482.0
L840

LI I S R T R R R

e
-t
@]
o

1.250
1.334
1468
1.181
1.231
1.330
1441
1.182
1.252
1.337
1.452
1.465
1.662
1.867
1.480
1,64
1.824
2.105
1475
1.636
1,802
2.075
1.215
2.077
1.95%0
2.236
2.540
2.738

E 2

REED BHGR Using test ; Rake
ed. if 'XGP/Po | X6/Po | X&/Po |Y G/Po I?:E/Po B, ﬁ5 LT | XR/Po
- 45.0 | 1.166 64,8 - 67.1 L7.5 | 1.1758 1 0.992 | 1.463 | 65.8
- 53.4 | 1,199 75.8 - 77.1 S4.6 | 1.204 1 0.996 | 1.416 | 75.6
-~ 62.0 | 1.233 86.9 - 85.7 60,6 | 1.228 | 1.004 [ 1.355{ 84.0
- 70.8 | 1.270 98.5 - 97.7 69.2 | 1,263 {1,005 | 1.355 | 95.7
- 81.0 | 1.313 112.3 - 109.7 77.6 1 1.238 | 1.012 | 1.332 {107.9
- 92,6 | 1.363 125.6 - 125.1 88.6 | 1.346 {1.013 {1,328 |123.0
- 107.3 | 1.429 41,2 - 138.3 97.9 | 1.387 | 1.030 [ 1.268 1136.0
- 124.0 | 1.507 161.2 - 155.0 | 110.0 | 1.442 | 1.045 | 1.235 | 153.1
- 141.2 | 1.590 182.4 - 176.5 | 125.0 | 1.511 1.052 |1.231 [17.0
- 150.5 | 1,635 1941 - 185.5 | 131.3 | 1.542 {1.060 }1.215 ]182.9
18.81 48.7 | 1.180 69.7 76.1 76.3 54,0 1 1,202 | 0,982 1482 721
63.71 63.5 | 1.2L0 88.5 56.7 96,5 | :68.3 | 1.260 |©.984 | 1.460 | 92.6
85.1| 84.8 | 1.3%3C 15,2 119.7 | 119.3 84.% ['4.328 | 1,002 | 1.369 {116.0
115.8 | 115.3 | 1.466 150.6 149.7 | 149.0 | 105.5 | 1.420 |1.032 !1.264 {145.7
48.8] 18,7 |1.48% 69.7 7%.0 73.9 52.3 § 1,195 (0,989 |1.435 | 69.8
6121 61.1 |1.230 85.7 94,2 94.0 66.5 | 1.252 [ 0.982 [ 1.478 ] 90.2
85.01 85.1 {1.331 117. 121.2 | 124,4 | 86.0 | 1.335 | 0,957 |1.389 | 118.1
109.71 109.5 | 1.440 143.9 14,6 ) k. 102,141,405 [ 4,024 {4,290 [141.3
L9.1| 48,9 |1.1815 69.9 75.2 | 74.9 | 53.0 1 1.197 | 0.987 | 1.h46 | 70.7
66,3 66.0 §1.250 92.1 91.3 90.9 6.3 | 1,243 11,006 | 1.320 | 87.0
6. | ©b.1 | 1.335 118.6 116.2 | 115.8 82.1 { 1.318 | 1.013 | 1,305 |112.4
112,31 111.9 | 1.450 14:6.7 143,0 | 17,5 | 1044 | 1,547 | 1.023 | 1.290 | 1441
1150 ] 4.8 ] 1.462 149.7 15004 | 149.4 | 105.5 | 1.421 [1.029 |1.240 | 142.0
155.81 153.5 {1,651 198.1 197.5 | 194.5 | 137.7 | 1.573 [ 1.049 | 1.227 [188.3
194..01191.7 | 1.854 209 .4 249.7 | 246.7 | 475 | 1.760 | 1.054 | 1.266 | 2424
118.5 [ 117.3 | 1.474 153.1 157.2 | 155.6 | 110.1 | 1.443% | 1.021 1,264 | 148.2
152,41 150,0 | 1.633% 193.9 195.9 { 193.7 | 137.1 | 1.570 {1.061 1,250 [187.5
186,21 184.2 11.813 239.6 250.1 | 237.5 §168.1 j 1.726 1 1.050 |[1.265 |233:0
237.2| 233.,9 | 2.086 304.0 301.9 | 297.7 | 210.6 | 1.958 | 1.065 |1.267 {296.0
1171 117.6 1 1.476 153.5 151.4 | 151.6 | 107.3 | 1.430 | 1,032 |1.209 J142.1
150.6} 450.8 | 1.637 194.8 138.4 | 188.7 | 133.5 | 1.553 {1.054 |1.199 |180.8
182,15, 1482.7 11,805 235.9 232,5 | 233.0 | 165.0 | 1,710 | 1.055 | 1.2.9 228.0
231.9] 229.1 | 2.060 297.9 293.8 | 290.3 | 205.5 | 1.930 11.068 |1.260 |288.3
202.81 201.0 | 1.905 261.3 248.7 | 246.5 | 17,5 | 1,762 | 1.082 11,206 | 242.5
232.21 231.9 | 2.076 301, 3 280.6 } 280.2 { 133.4 | 1.89t [ 1.097 [1.198 )277.8
209.01 206.2 | 1.933 268.0 266.9 | 263.3 | 166.4 | 1.825 {1.059 |1.257 | 259.3
261.0| 256.0 | 2.208 355.0 28,7 | 322.3 | 228.0 | 2.004 | 1.075 |1.255 1 321.0
316,01 313.6 | 2,527 407.0 393.0 | 390,0 | 276.0 | 2.320 |1.090 |1.241 }339.0
354,81 347.7 2,715 451.,0 AL T L39.5 211.0 2,512 1.081 1.260 | 438.0




RLEL POSITION 'B!

TABLE 3

’ =3 / i - -
Test hp.feet | W/AT |Vi/ffo |(m/Po)'| =dpicep | Hi/Po Uﬁ;gsAgi “|xd/po | x6/Po |x6/Po | Bi/Po Hy/fs | Reke | XB/Po
Po | Po ¥62/Po Ar-

Ground - 13,000 - - -} 43.8}11.162 63.1 - 67.5 | 47.8 {1.477 | 0.987 [1.512 66.2
" - 10,500 - { - - { 52,4 |1.195 T 6 4.7 52.9 | 1.197 | 0,998 |1.398 73.2

" - 14,000 - 1 - -1 61,511,232 36.2 - §2.8 55.6 | 1.220 | 1,009 |1.320 81.1

" - 11,590 - - ] - | 69.3]1.263 96.5 - 95.8 67.8 | 1.257 | 1.005 {1.355 93.9
o - 12,000 - - -1 79.1 11,305 109.8 - 109.3 77. | 1,298 | 1.005 {1,359 107.4

" - 12,500 - - -1 91.8[1.360 | 124.7 - 122.8 87.0 | 1.339 | 1.016 [1.314 | 120,6

" - 15,000 - - - {105.5 1 1.424 139.4 - 138.9 98.3 1+ 1.389 | 1.023 [1.294 136.5
" - 13,500 - - - {122.711.502 | 159.5 - 1158,0 {111.8 | 1.450 | 1,036 {1.269 155,7

" - 14, 250 - - - 148,711,627 | 192.0 185.0 | 130.9 | 1.540 | 1.056 |1.226 182.1
5.aB.1.3. 5000 111,230 | 259.7 1.328 | 84.5] 84.611.3%28 | 116.7 116.3 | 116.4 | 82.4 | 1.320 | 1,006 {1.335 113.0
L 5100 {12,260 { 261.4 | 1.456 |113,0}112.9 | 1.455 | 147.9 W91 | 149.0 | 105.5 | 1.422 | 1.023 {1.291 145.8
5.08.1.1 5220 111,250 | 416.0 1.465 | 115,2[114.5 | 1.463 149.8 155.8 | 15,9 1 109.6 {1,440 1 1.016 {1.289 147.5
2 5470 [ 12,250 | 418.6 1,647 1152.8{151.2 [ 1,639 | 195.1 197.2 1 195.1 1138.2 |1.575 | 1.040 [1.250 189.0

3 5320 | 15,235 | 418.6 1.877 [196.0}194.0 {1,867 | 252.2 253.2 | 250.6 | 177.4 [1.775 | 1.052 [1.270 | 246.2

L 5270 {14,035 | 417.0 2,083 |233.3{231,6 | 2,074 | 301.1 302.9 | 300.8 | 212.8 |[1.970 | 1.053 [1.294 | 299.5
1,0.b5.1.3 39870 | 13,390 | 40L.8 1,838 |188.8]191.311.852 ©.0 237.6 | 240.8 | 170.4 |1.739 | 1.065 [1.234 | 236.0
A 32,330 | 14,210 | 422.0 2.055 |228.2{z2h.4 | 2.033% | 291.7 268.7 | 283.9 | 200.8 | 1.904 | 1.068 [1.252 | 281.0
J.0.cB.1.2 | 40050 114,230 | 473.2 2,170 | 249.0{250.9 | 2.181 326,0 302.2 | 304.5 | 215.5 ] 1.985 | 1,099 [1.209 303,0
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. ZATE TCEITEON B TAELE 5

Test hp.feet | 1//°8, T1//po | (E4/Po)” | £.6P7 | LGP |H4/Po [Using teeb | X&7/Fo | ¥i/Po  yG&/Po (Hg/Po |Hu/E, | Rake AR/Po
Po Po hed Af - ATT
_ YR/ Po

Ground - 12070 - - - 53,8 11.162 63.1 - 63.2 48,6 [1.16C }0.985 1.526 66.8
" - 10622 - - - 53.611.220 76.1 - 7o 6 52.8 $1.197 | 1.003% 1.365 73.1

n - 11130 - - 63.8 | 1.241 £9.2 ~ 86.8 6l.h. 11.232 | 1,008 1.334 85.0

" - 11620 - - - 71.011.271 9R .85 - 57.6 9.1 |1.263 | 1,006 1,349 95.6

" - 12170 - - - 81.911.317 13,1, - 12,7 79.6 |1.307 | 1.007 1.355 | 110.,9

it - 12630 - - - 95.0 { 1.37k 128.0 - 127.3 90.3 [1.353 | 1.016 1,318 [ 125.1

" - 13190 - - - 114..0 | 1,460 1451 - 1454 102,6 [1.408 | 1,037 1.255 | 43,0

" - 13670 - - - 130.4 | 1.537 168.9 - 16%.9 116.2 [ 1.470 | 1,045 1.240 | 161.5

1 - 145210 - - - 150.8 | 1.637 194.8 - 16€.4 131.9 11,54 | 1,061 1.219 |} 183.6

t - 14570 - - - 164.0 | 1.705 211.5 - 205.7 145.5 11.611 | 1.059 1.238 | 203.0
5,2B'.1.3 5129 11250 262.3% | 1.325 33.7 1 83.6 {1,326 115.6 114.8 14,6 81.1 [1.314 | 1.010 1.330 (11,2
b a1 30 12250 261,50 | 1,450 | 111.9 [141.8 | 1,451 146.6 148.3 148.2 104,38 [1.418 | 1,02, 1.298 | 145.0
5.05'.1.1. ] 310 11200 L1E,6 1 1.464 115.0 [ 113.8 1 1.159 149.0 154.1 152,5 107.9 |1.432 | 1.019 1.275 | 145.0

2 5290 112130 | 419.5 | 1.4 151.7 1149,9 1 1,633 | 193.5 194..2 | 151.9 135.8 [1.564 | 1.045 |1.240 |185.8
3 5300 | 13160 | 419.5 | 1.856 | 132.1 [189.8 | 1.843 | 246.7 248.0 | 2,5.1 173.5 {1.755 | 1.051 1.271 {244.0

A 5420 | 14220 | 419.5 | 2.130 | 241.7 [238.8 | 2,114 | 310,35 31,0 | 310.3 219.6 [2.007 {1.054 | 1,300 {310.0
35,bB%.1.1 | 34780 [ 11220 | 417.0 | 1.494 [ 1214 {120.5 {1,590 | 156 8 156.2 | 155,0 109.7 [1.441 11.034  {1.210 | 145.8
2 | 35260 12210 | 422.0 | 1.652 { 153.8 [151.3]1.639 | 195.3 189.4 | 186.3 131.9 {1.545 | 1.061 1.176 | 178.0
3| 35320 |13220 | 421.3 | 1.832 | 187.7 |184.9 [ 1.817 | 239.7 228.9 | 225.5 159.6 [1.682 | 1,080 | 1.190 |220.0
I} 3,020 {14310 | 117.8 | 2.052 | 227.7 | 225.7 [ 2.062 | 293.3 286.0 | 283.5 200.3 |1.900 | 1.076 | 1.245 |280.5
35.¢B'.1.1 ) 35220 12050 | 4845 | 1.913 | 202.6 {200.2 {1,501 260.2 255.3 | 252.3 178.6 [1.783 | 1.066 | 1.236 | 247.5
2 1 35330 417D | 478, 2,197 | 253.8 |253.4 12,195 | 329.4 323.1 322.6 228,3 {2,055 | 1.069 | 1.269 |321.0
3 135360 [15110 | 484.5 | 2,537 | 315.4 [ 311.6 2,516 | LOL.9 397.1 392.6 277.9 {2.330 | 1.030 |1.255 |392.0




Table 6

Derwent 5 Rolls Royee
Engine No, LOLS Turbine Test Dept.
18-11¢)—§-9n
Po = 29,59" Hg, Ref: Lov/FG/LE 2/0T
N H-P |H YGP XT } XT Apt T fip H |
L "o N —_ —_ 4
/91 A Po 1b. AO PO -]-'D-C-) —l I
YL e B A SR )
Inchea Thrust
Hg. Measured
10110 5.20 [1.,1758 L7.52 985 | 67.85 | 1.428 48.05 1 1,178 | 0.998
10610 6.10 |1.2061 55.11 | 1135 | 78.05 | 1.417 55.25 | 1.207 | 0.999
14120 7.12 | 1.2405 63.63 | 1290 | 88.8 1.395 62.85 | 1.237 | 1.00L
11620 8.35 |1.2821 73.60 | 1488 | 102,2 1.390 72.35 1 1.277 | 1.004
121320 9.85 |1.3325 85.49 | 1710 | 117.8 1.378 B34 1.324 ! 1,007
12630 | 12,08 | 1.408 102,64 | 1976 | 136.0 1,328 96.25 | 1.379 | 1.021
13130 | 1440 | 1.486 119.62 | 2267 | 156.0 1.307 | 110.4 1.0 | 1,028
13630 | 17.30 |1.585 | 140.2Y4 | 26L5 |182,2 1.299 [129.0 i 1.531 | 1.03%
1140 | 20,20 |[1.,683 159.69 | 2993 | 205.9 1.290 | 145.75 | 1.613 | 1,044
14630 | 23.65 |1.800 181.86 | 3121 [ 235,8 | 1,297 | 166.9 1,720 | 1.047
14830 | 25.15 [1.8,95 | 190.9 3603 | 248.0 1.302 | 175.6 1.767 | 1.0,8
14630 | 23,65 [1.800 | 181.86 | 3416 | 23L.6 | 1.292 1166.0 | 1.714 | 1,050
14120 | 20.22 :1.6845 | 159.99 | 2995 | 206.0 1.289 | 145.8 1.613 | 1.045
13630 | 17.51 {1.592 131.58 | 2613 [182.0 1,288 | 128.9 1,530 | 1,041
12620 | 12,00 |{1.4055 | 102.07 | 1971 {135.8 1.329 96,1 1.378 | 1,020
12120 9.80 |1.3316 85.29 | 1712 [117.9 1.381 83., 1.32L | 1.005
11610 8.35 |1.2821 73.60 | 1493 | 102.8 14395 72,75 | 1.278 | 1.003
11110 7.05 |1.2381 63,04 | 1285 | 88.45 | 1.401 £2.6 1.237 | 1.001
10600 6.08 |1.2055 54.97 | 1133 | 78.0 1.420 55.2 1.207 | 0.998
10100 5.5 [1.1740 47.05 983 | 67.6 1.4,38 L7.85 | 1.177 | 0.998
Repeat
10080 5.12 |1.1738 1.7.00 983 | 67.9 1443 18,05 | 1.178 ' 0.997
11100 7.05 |1.2392 63.29 | 1285 | 88. 1.402 62.7 1.237 | 1,002
12110 9.75 11,3302 84.93 | 1700 |117.4 1.383 83.05 | 1.322 | 1,007
13110 | 14.28 [1.4845 | 119.30 | 2253 |155.,2 1.301 | 109.8 1,42 | 1,070
14120 | 20,00 :11.6785 | 158.80 ! 2981 !206.0 1,299 | 145.8 1,613 | 1.042
14,840 | 25,00 11.8485 | 190.73 | 3593 | 248.0 1,301 | 175.6 1.767 | 1.0L.7
14630 | 23.50 |1.79% 18141 | 3403 {235.2 | 1.298 | 16645 1.718 | 1,045
13620 | 17.30 [1.5865 | 140.55 | 2625 |181.3 1.262 | 128,3 1.528 | 1,038
12610 | 11.90 |1.L0L 101.74 | 1963 |135.7 1,33 96.05 | 1.378 | 1.019
11600 8.11 (1.2752 72,02 | 1485 1102.5 1,423 72,55 | 1.278 | 0.998
10590 6.00 [1.2036 5451 1115 | 77.0 1,412 5k¢5 1.204 | 0.999
1710 | 23,95 11.8105 | 183.50 | 2468 | 239.6 1.304 1 169.6 1.736 i 1,043




Toble 9

Percentage chonge in

% Change in thrust

HBIP thrust for 1% change | for 1% chonge in
[° in (H5/Po) W_HL
5-Fo
1.15 7.20 .939
1.20 5,60 .933
1,30 3.90 . 900
1.40 3.10 . 886
1,60 2,25 . Bhh
1,80 1,82 . 809
2.20 1,56 . 853
2,60 1,44 . 886
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