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AEROPLANE AND AF&MENT EXPERDKENTAL ESTABLISHMEK? 
fq+l=tEE \ri,,ps 

An investigation into the pitot rake method of measuring 
turbo &t engine thrust in flight 

Fl/Lt. .I. Stephenson, BSc., R.N.Z.A.F., 
R. T. Shields, B.A. 

and 
D. W. Bottle, B.Sc. 

Tests have been made to establish whether a pitot 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 estimating thrust in flight, and to establish if 
a rake can be used to calibrate the single pitot of an uncalibrated engine 
installedinan 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 4 aircraft. 
The tests covered a wide range of flight conditions and included test bed 
measurements on bare engines and later, measurenents of exit statio pressure. 
Although the tests could not all be made on the same engine, the same final 
nozzle was used III all the - tests. 

The main conolusions were:- 

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

(2) The single pitot method of estimating flight thrust based on 
ongine test bed calibration was in error by as much as 6$? due to changes in 
total pressure sampled by the single pitot and in the magnitude 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 possibly 
mailer * 

(3) Non-dimensional. thrusts at 35,000 ft. were some 8 lower than 
corresponding thrusts at 5,000 ft. 

Further tests are required to establish the magnitude of these effects 
on other engine types. 
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1. Introduction 

It is desirable in all flight performance tests on turbo jet aircraft 
to measure the engine thrust. Thzs is rcquzred first&y to check that the 
engines arc in flight developing the thrust which is expected, and secondly 
the thrust is required so that the sircraft drag can be obtained from the 
perfonxsnce equation. Such routine thrust measurements are desirable 
because differences in thrust between nominally identical engines, and even 
differences in thrust durw the life of a partioulsr engine cannot be 
neglected. 

The desirable requirements of sny method of thrust measurement to be 
used at A. EC A.E.E. are as follows (Ref.1). 

(1) The installation must have a know or negligible effect on flight 
performance, since the performance of a standard aircraft is being dealt 
with. 

(2) The method should have an accuracy of i 1% if possible. 

(3) The installation must be capable of retrospective embodiment, 
vhthout major modification, in q type. Test bed calibration of an 
engine, as in the single pitot method, would come under the category 
of major modification, since test aircraft msy arrive at this Establishment 
vath an uncalibrated engine fitted. 

(4) The additional instrumentation required should not preclude the 
use of the normal performance autanatio observer in sn aircraft in tvluch 
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, 
SULCB retrospective embodiment would be very dimcult and also accurate 
measurements of air intake effioienoy would be necessary (Ref.2). 

(6) It should if possible be suitable for use xith reheat. 

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

To overowe these shortc&ngs of the single pitot method, it KU 
decided to investigato the assumptions of the method, and to try to 
develop a sdmple method of calibrating the single pitot which would be 
independent of tost bed neasurernents. 

It will be convernent at this point to re-exemine the basis of thrust 
measurement by momentum m&hods, and in particular point out the assumptions 
made in the single pitot method. This has been done more fully in 
Appendix 1 to which reference should be made for detsils. 

The basic equation for nett thrust in flight is 
jbvo WJ6 

xN =-T :- g 
+ (P6 -PO) u6, . . . ...(I) 

where only the internal flow through the engine, M, is considered, and the 
plane 6 is chosen where the statio messure is zero for subsonic jets, or 
alternatively, where the throat occurs for supersonic jets. (Ref.&). 

Similarly the gross thrust in flight, on the ground or on a test bed 
is given by 

X =E 
+ (P6 - PO) % . . . ...(2) 

g /and for.. 
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2nd for the test bed X = XT the thrust measured on the hrust meter. Ytt bed 

In flignt it is necessary to make measurements at the jet exit in order to 
define the internc.1 flow boundaries. hssummq that mxine losses between 
plsne 5 and 6 are negligible the expression for gross thrust is then 

x = ii6 A;v62 
A6 

+ (P6 - PO) A5 ;x 5 , . ,. *. . . . .(3) 

and ~11 quantities in (3) CM be calculated c;,iven the total end static pressure 
at the jet exit,cnd assuming isentropic flew from plane 5 to 6. Thrusts 
mould be estimated from equation (3) from pitot static rake measurements. 

If the assumption is made that P5 = P6 i.e. that the vena contracta 
or throat ocours ct the jet exit, 

%jv5 Then X = - 
R + (P5 - PO) A5 . . . . . . . . . . (4) 

from whch 
X 

5 = Fl (if) . . . . . . . . . . (5) 

where FI is known (SeeEquation 4 of Appendix I) 

Thrusts would be calculated from Equation IC from measurements with a pitot 
rake. 

In all equations (1) to (5) it is assumed that an lnte.vSation over the 
internal flow cross section will be m~ddc if conditions are not uniform. 

In the sinyle pitot method a further assumption is made that 

H& = 
H5 

Fz p-1 w!lere HJ+ is the single pitot total . . . . . . . . . . (6) 
0 pressure 

end combining (5) .-and (6) gives 

. . . . . . . . ..(7) 

H4 xT _ ' I. test bed calibration provides measured values of F and p; - F from 

which the effective area Af' = L5F3 (H#) is d,et,ermin~d, and hence &uation (7) 
0 

1s used to determine gross thrusts in flight. 

To sunnmrise, the assumptiornin the single pitot method refer to flow 
conditions in the final nozzle exit snd are:- 

(1) The relation be?sveen 2 and 3 i.e. the total pressure distribution 
0 0 

is the same on the test bed and in flight. 

(2) The relation between ‘5 
% 

and $J , i.e. the final nozzle static 

pressure 1s also the ssme on the test bed and in flight. 

(3) It is necessary to extrapolate values of Af' obtained on the test bedto 

hi&herwlues of pressure ratio H4 F only obtainable in flight. 
0 

/Measurements.. 
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Measurements have therefore been made of total head distribution ani static 
pressure in the final nozzle of Derwent 5 eng~.ncs when installed in a Mcteor 4 
aircraft both on the ground and in flight, and also on the bare en;:ine on the 
test bed. The measurements were made using pitot and pitot static rakes. 

It was thought that if the rake method proved successful 08 an 
absolute measure of thrust, it could be used to calibrate the single pitot on 
the ground without need for test bed measurements. The tests were also 
designed to check box closely thrusts measured m flight by the rake,agreed 
with the generally assumed non-dimensional relationship. 

The tests were first planned to investyate total head distribution changes 
using pItot rakes. The importance of the static pressure asswptions was 
reahsed later,and separate measurements of static pressures had to be made on 
another Meteor 4 aircraft. This has complicated the analysis of results. 

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

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

Phase 2. aine on test bed. lleasurenents of thrust by balance and of 
single pitot and pitot rake total pressure. This revealed a discrepancy 
betweenthe thrust measured on the-test bed balance and thrust calculated 
from the rake total pressure readings which was ascribed to the Jet not being 
fully contracted at the final nozzle as is assumed conventionally in calculating 
thrust from pitot readings. 

Phase 
surements were made 

llozzle reoentina Phase 1 eround and f'lizht test 
As a result of/2, mon Phase 3. Engine in aircraft. 

of static pressure at the final ~~ ~ ~~~~~~,, ~.~..~~ 
oonditrons. These values of static pressure enabled a correction to be applied 
to the thrust estimated from the pitot comb in Phase 1 tests. 

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

2. Phase I tests. Total head measurements engine installed in the aircraft 

The Phase 1 tests were undertaken to obtain a comparison between thrusts 
measured using single pitot 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 also planned to give information on 
the suitability of calibrating a single pitot against a pitot rake durin:: ground 
runs of an cn@ne installed in an Caircraft, and to check the validity of the 
non-dxnensioncl relationship between non-dimensional thrust X/p and N/fi 
comparison of thrusts measured over as wide a range of altitude as possib 1 

by a 
e. 

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 to snow up such changes. It was later appreciated 
that departures in the static pressure st 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 I total head results and the static measurements of Phase 3 tests till 
be discussed in paragraph 5. 

2.1 Description of arcraft 

2.1.1 The aircraft used for the Phase 1 teats, Meteor Rpi.420, was 
a production short span Meteor F. h&.4. 

/The aircraft.. 
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The aircraft was flown v&th a 180 gallon ventral tank fitted, at a 
nod take-off weight of 16,020 lb. The starboard guns were remwed to 
make room for a pressure selector mechanism. 

Since on the flight tests the port engine was set to give the correct 
intake rem conditions on the starboard teat engine, the weight and aerodynamic 
condition of the aircraft were of no sigrificance 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 Et&m details. Meteor RA.&20 was fitted with two 
Derwent 5 engines, Nos.l&l+ and 4045; all Ehase 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 their flight jet PipOS 
and single pitots. On instsllation in the sircraft the machined final 
nozzle on the test engine was replaced by one to which the rake attachments 
were fitted. 

2.2 Instrumentation 

2.2.1 Fitot rake. In order to reduce blockage of the final nozzle 
to a minimum the rake bo& was made as ~11 a s vms consistent wx'ch stiffness 
(l&/S" chord x 3/S”) and was positioned 3$” behind the plane of the final 
nozzle, into which the 10 pitot tubes projected. Eig.2. The pitots, spaced 
as shown in the figure, were l/8" O.D. 22 S.W.G. square ended tubes, sleeved 
over 2/j of their length. Stainless steel was used for the tubes, and all 
parts of the rake and attachment braokets. The rake bo& was bolted to 
brackets on the final nozzle ring which could be attached to the jet pipe 
in various positions giving different hametrical positions of the rake 
(Fig.1). The attachement brackets were gvon a .T’ clearance frcxn the final 
nozzle to clear the jet stream. The tmnperaturc of the rake measured at 
maximum revs. on the ground, using therm index paint, was 5OO'C. Tha pitot 
tubes were brought down the body of the rake to the outside of the jet pipe, 
where they connected individually with copper tubing leading to a pressure 
selector in the starboard gun bay. 

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

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

2.2.2 Selector. 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 each tube in turn to a single pressure gauge. The selector, a Relay Box 
Ilk.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. 

Ixuing the initial stages of the tests a pressure gauge in the observer 
was permanently connected directly to tube No.1 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. Thiswasverifiedduring 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. 

j2.2.3.. 
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2.2.3 Other instrumentatun. The automatu observer contained the 
followinS u+cruments: 

I.. s. I. 
Altineter. 
E.S.I. - Port and starboard en-nes. 
Jet pipe thermometer - Port and starboard engwes. 
A.&I. connected to total head ring XI the starboard nacelle. This ring 

tmd holes facing fore and aft, and neglecting velocity effects UI the 
plenum chamber, @ves a mean plenum chamber total pressure. 

Ihfferentlal pressure gauges connected to standard pltot and static 
positions in jet pipe, and to rake seleotor switch. 

Clock. 

The pllot read the au temperature by means of a balnnce bridge thermometer, 
rind also the fuel flowneter. 

2.2.4 Pressure ~au2;es. The pressure gaur,es used for this work were 
differential gauges usmr, the aucraft st?rtlc cs a datum. The range of the 
instruments was -3 to +20 lb/sq.=n. The ranrjes actually covered with the pitot 
tubes durlne the tests were: 

Ground run 2.3 - IO lb/sq.ln. 
5,000 ft. runs 2.4 - 12 lb/sq.ln. 

40,000 ft. runs 1.5 - 4.3 lb/sq.ln. 

3n Appendix 3. 
The accuracy and smtablllty of these gauges 1s discussed 

2.3 OutlIne of Phase 1 tests 

2.3.1 General. The prorogramne was chosen to give a comp.?nson of 
the thrust e&mated from the smzle pito+? and from the pitot rake reatiw>s 
over as wide a range of operatIn conditions as could be obtalned SubJect to 
enp,ine and airframe 1Lmitatlons. The measurements were made vnth the rake 
z.n positions designated A, B, and C which are shown in relation to the final 
nozzle in W~.l. 

2.3.2 Programme of tests 

Ground tests. Readu-@ were taken of the single pltot and pitot rake 
ivlth the engine runnin: at stabilised r.p.n. under static oontitlons when installed 
in the alrcrxft on the ground. The aircraft was standing normally on Its wheels, 
and the tests covered the f'ull r.p.n. range. 

Fll?ht tests, A complete set of measurements was made at each of 
the conditions shown zn Table 1. 

/Table 1 

X Based on test bed callbratibn'.- ~ 
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Table 1 

Altimeter w JE kts. M w di 
10,000 - 14,500 a 

Ground m by 500 intervals 
9250 

10250 
5,000' 260 .394 11250 

12250 
11250 
12250 

5,OOG' 412 .623 1325C 
14250 
11250 

40,000 12250 

35&s 412 .623 13250 14250 
13250 

40,000 I 14250 
Or I 477 

I / 
.722 ) 15250 

35,000' 16250 

It will be seen that thisqroSramr,e Sives measurements over a cornnon range 
of N/6 at the sane Vi//p,, at two extremes of altitude. 

It was originally the intention to include a set of measurements at 
25,000 feet, but these were omitted after the first rake position measurements 
had been made as it was evldent that flying time on the calibrated enSine would 
be running short before the pros-e was completed.-For this reason it was 
also necessary to omit some of the reads,Ss at Vi/,/p of 260 and 477 m order 
to ensure a complete ranSe at the Vi/JP, of 412 knots. 

After completion of the proSranme at the first two rake positions it was 
found that at 40,000 feet the required indicated airspeed could not be obtiuned 
at the lower r.p.m. with the port engine at max. r.p.m. Sines no engznc 
deterioration wss evident, this chanSe in performwoe was ascribed to airframe 
deterioration. The higher altitude tests were therefore completed at 35,000 
feet. 

2.3.3 Flight test prooedure. To complete each thrust measurement, 
( which involved inteeration of pressures at three comb positions) three runs 
at the ssme value of V+/./& and R/./G had to be made on three flights. so - ._- 
that it was important for the pilot & hold steady level conditions at the 
selected values of Vi/Jpo and N/,/Ql. The pilot therefore had first to 
measure outside air temperature at a specified A.S.I. He then had to adjust 
the starboard engine r.p.m. (on which the thrust measurements were made) to 
give the correct value of N/&which he read off a card against indicated 
air temperatures, vrhilo controlling V,/,/g at the required value by 
adjustinS the port enSine r.p.m. 

When stabilised flight conditions were obtained they had to be held for 
some 30 seconds for the photogaphy of three cycles of the cimb pressure. 

2.4 Results of Phase 1 tests. The results of the single pitot thrust 
calibration of the bare engine No.4045 on a Rolls Royce test bed made prior 
to installation in the aircraft, are Siven in Table 6 and the resultins 
effective area Aft is plotted sSainst ET/PO in Fig.3. Ths fiSure also 
shows the ratio 

H4 Single pitot pressure 
F 3 
HT 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 position sre tabulated separately. All measurements are corrected for 
instrument error, and speeds anl altitudes for pressure error. In order to 
assist comp,m~son of results nt different rake positions or at different 
altitudes, flight total pressure mensurements intended to be at the same ram 
ratio or Mach number but actually measured at slightly different Mach numbers, 
are also quoted corrected to a common Mach number by the method given in 
Ap~endu 2. 

Tables 2 to 5 also show calculated values of thrust but these will be 
67.scussed in para. since the results of Phase 2 and 3 3re also concerned. 

Typical distributions of total pressure across the final nozzle are shown 
m fig.4. The total pressure distribution in the boundary layer in the ground 
runs was measured but those&,RF ~~l~~~~~,cond~~~~~~~t~~nd~3~~~~~ts 
Tround level results at the same/&c . 
in the boundary layer in flrght could not be made due to difficulties in 
accurately locating the probe under prolonged oonds.tions of vibrationand heat. 

BQ.5 shows non-dimensional thrusts based on rake measurementsx plotted 
against N//B, for the three rake positions and includes a later repeat run. 

A comparison of single pitot pressure H 
k 

and-mean rake total pressures Z5 
for ground and flight tests 1.9 shown in Fig. . 
total pressures on a momentum baszs. 

H5 tins obtained by meamng rake 
No differentiation between the three 

rake positions is sholm in fig.6 because fig.5 demonstrates that the thrust 
and hence the me3n total head from the three rake positions are in very good 
agreement. To indloate the effect of tot31 head changes on calculated thrust 
Flg.6 also shows the derivative H r) X 

X --E' 
based on the conventional total 

pressure thrust relationsbp. (Equation2, Appendix 2). 

Measured flight &take 7 efficiencies based on rendings of intake ring 
pressure are plotted against N/,/q in Fig.7 (at the Mach number selected 
for a check of the engine thrust non-dimensional relationship at 5,000 3nd 
35,000 feet), to check that intake conditions at the two heights are not 
materially affected by differences in incidenoe and sideslip angle. 

2.5 Discussion of Phase 1 results 

2.5.1 In~ti:l test bed calibration. The effective area of the final 
nozzle as defined In Qpendix 1 shows the normal appreciable vamatlonvath engine 
pressure ratio. 

2.5.2 En;:ine deterioration check, The single pitot me3surements made 
at the first and lost positions tested are in very good agreement and provide a 
*heck 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 (Fig.5) <are in good agreement. 

2.5.3 Total pressure distribution. The total pressure distributzon 
at the f'inol nozzle exit sham in Fig.& is comparatively uniform and shows 
that the central wake from the conical fairinbehind the turbine wheel has 
become fairly widely distributed. No trace could be detected at any of the 
rake posltlons of a w,ake from the four struts supporting the conical fairing. 
It is also significant that the thrusts estimated from the three rake positions 
(see Fig.5) were in 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 thct one 
pitot rake traverse would give an adequate semple to estimr.te thrust. A 
check for other installations would of course be necessary. 

x Static pressure corrections based on Phase 3 tests have been mcluded. 
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It is considered that the ' 
9% 

ences in Reynolds number between ground 
and flight conditions would have a e feet on the boundary layen and any small 
inaccuracy in the flight boundary layer derived from ground test results, would 
have a negli&ble effect on flight thrusts estimated fron the rake. 

2.5.4 Comprlson of single p1tot and mean rake total pressures. l++ 
The results shown 1n F1.g.6 indicate th p1; there 1s scme change in the ratio= 

with change in test conditions. Thus & at the M.gher pressure ratios isH5 
H5 significantly higher both under ground 

installed conditions end at 35,000 feet then at 5,000 feet. These differences 
due to changes 1n total pressure sampled. by the single 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.5. 

2.5.5 Air intake efficiencies, Fig.7 shows that air intake efficiencies 
at M = .62 at 5,000 and 35,000 ft. do not differ by more than 2$ which would be 
equivalent to NI increase in thrust at the tegher altitude of the order of 4% 
under these conditions. Thus the comparison of thrust at the two heights 
required for a check on the non-dimensional relationship will not be vltlated 
due to the effects of inc1denoe and s1desl1p on air intake efhc1ency. 

3, Phase 2 tests. Test bed measurements on bareen21ne with pitot rake 

3.1 General. In order to check the validity of the rake thrust 3 as 
being an absolute measure of thrust it was required to compare test bed 
thrustmeter rea&nSs 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 blocka e 
of the final nossle. Tests to this programme were made by Rolls Royce whose a elp 1n this matter is acknowledged. 

Tests were made on a Derwo,lt 5 entine which was run on the test bed, inth 
rake fitted and rake removed, under otherunse identical conditions. 

3.2 Description of test bed and instrumentation. The tests were made on 
a Rolls Royce S1nf1n production type test bed which was equipped mth a detuner 
silencer snd a thzustmeter of the weighing type. The engne used for the tests 
was Derwent 5 No.3381. 

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

Static pressure measurements were mede near the exit of the final nozele 
on four wall statics fitted at 50' stations; these consisted of it' O.D. steel 
tubes brazed into holes 1n the final nozzle ring, the tubes being machined 
flush with the inside of the nozzle. They were located as shown in Fig.1. 
The rake was otherwise as detailed in 2.2.1. (Phase 1). 

3.3 Tests carried out 

The follovvlng tests were made: 

(i Full rating run mth flight nozzle and rake fitted 
( il II !t (1 II tI I ,t 0 I, removed, 

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

3.4 Results of Phase 2 tests 

The relevant results are given in Tables 7 and 8. In F1g.8 
the thrustmeter measurements for runs (i) and (ii) and the thrusts XG derived 
by the conventional total pressure-ttiJst relationship, Equation 2 Appendix 2, 
from the rake total pressures in run (1i),are illustrated. 
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F12.9 shows the jet pipe temperatures and the single pitot total pressure 
values for the t,vo L1111S. 

The mean difference between test bed thrustmeter measurements X and 
those derived from the rake total pressure values XC, measured sinlul aneously, 'F 
1s 62 a'bcve 11,000 r:o.m. Table 8. 

3.5 Discussion. Part of the difference between XT and X of 6$ can 
be attributed to the drag of the rake which is lncludcd in the hrustmeter E 
measurements. 

Reke dra;: = dxfference between XT, rake on and cff, 
plus rake interference on thrust. 

The difference between XT rake on and off taken from Fq.8 IS 2% The 
interference of the rake can be estimated from the single pitot readin,: rake 
on and rake off. F~,y.9. The chanp,e is small and is not inuch t,reatcr than the 
accuracy of measurement. However the change is sqmficant and smounts to 
about 3 per cent increase in thrust due to the presence of tho rake at higher 
r.p'.m. This increase is confirmed by a very small increase in jet pipe 
temperature between the two runs. 

at the 
Thus the rake drq will be 2$$, giving a drag of 90 lb./ohoke at 1.C.A.N. 

,Sround conditions. This is a reasonable fagure for a body of these dimensions 
and chord thickness ratio of 4.3. 

Since the rake would be expected to <ive (thrustmeter rending + rake draS), 
the dlscreponcy between actunl and expected rake thrust as 3; per cent. 

Thss discrepancy hes been verified by repeat tests on another Derwent 
enSine, and a discrepancy of the same order observed on an axial type engine 
(unpublished data). 

Ln investiqaticn indxatcd that the static pressures at the final nozzle 
rm;;ht differ sufficiently from the assumed theoretical values to cause this 
discrepancy, and Phase 3 tests to ,neasure these static pressures were therefore 
put in handy 

4. Phase 3 tests. Pinal nozzle exit static pressure mensurcmcnts on en-lne 
installed in aircraft 

4.1 Introduction. In the Phase 1 tests only final nozzle exit total 
pressure measurements were made on the assumption that the final nozzle statlo 
pressure was uniform and equal to the theoretical value. PZlzse 2 tests showed 
that there was a discrepancy between the pitot rake thrust derived on this 
basis and the balence thrust, whioh was ascribed to this assumption rer,arding 
statac pressure beinS incorrect. 

It was therefore decided to ioake measurements of the final nozzle static 
pressure under the same ground and flight conditions used in Phnse Itto check 
the magnitude of this effect and to enable a thrust correction for the actual 
static pressures to be derzved. 

At this staye it was not possible to m&e the static measurements on the 
same engine or aircraft as neither were available. The orio,inal flqht flns.1 
nozzle complete vmth rake was therefore fitted to another Meteor 4, and some 
checks on cn$ne to eqine final nozzle static pressure varxtion were also 
cbtalned. 

For the ground and flqht measurements of static pressure the statlo 
sources used were a static head fatted in place of the centre pltct on the 
rake and two wall statics. Keasurements were initially made only at the 
centre and walls since it was thought that any swirl in the Jet would adversely 
affect the .accuraay of a stat18 head at any other position, and in any case 
an sppreoiable departxwe from the theoretical static pressure was not expected. 

/The rake.. 
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The rake centre static wes ojlibrated e&n& static pressure measurements 
made at the wall of a ion? tube suspended alone, the jet pipe axis durin; a 

ground run. 

When the initial ground and flight tests had. been completed it was found 

that there was n considerable difference in the static pressure at the centre 
and the wall of the fulal nozzle, ard thet it would be necessary to know the 
ry2roximat.e static pressure distribution between these points to establish 
the required correction. The rake was therefore moddied by the replacement 
of two more pitots by static heads, at convement radii,end a final ground run 
made to measure the static pressure at these points. 

It was arJ?recieted that the accuracy of these latter static heads was 
likely to be affected by eny swirl in the jet flow, but great accuracy was 
not required sanoe the exact distribution of static pressure had a smsll 
effect on the correction. No fi,gure s of the swirl likely to be encountered 
were available. 

4.2 Description of instruments 

4.2.1 Lens tube for calibratin.: rake central static. In order to 
measure under sround running conditions the true static pressure at the centre 
of the final nozzle, for calibration of the rake centre static, a ion:: tube 
was suspended along the axis of the jet pipe. It was suspended between the 
centre of the turbine exhaust oone and a support downstream of the final nozzle 
(see Fiz.1). The tube was stainless steel of &'I O.D. and was 102 inches long. 
The upstream end was sealed, and was melded into a hole at the apex of the 
turbine cone. The downstrcsm end ran throu-,h a sleeve 'Ln a stresmllned 
stainless steel strut -which was bracketed to the final nozzle. L compression 
sprin; between the downotrezm edge of the strut and a washer yinned to the end 
of the tube kept the tube in tension, 
a 3% inch chord. 

The strut was 14 inches thick, hatinn, 
The leading edge of the strut was located I5 x shut thickness 

downstrenm of the two l/16" D statio holes drilled in the tube at the plane of 
the final nozzle. This distance, 226 inches, was chosen as hiving negli@ble 
interference at the static holes upstream (Ref. 5). 

h differential pressure ,zauge was connected to the tube which, apart from 
the static holes, was sealed, 

The compression spring was found to lose its temper during the ground 
running but the tube was sufficiently stiff to reman stable and without 
vibration exoept for a period between 12,000 and 13,000 r.p.m. 

The tube was a unit with its turbine exhaust cone and in order to fit or 
remove this unit the e@ne had to be removed from the airframe. 

4.2.2 Rake static. The static heads fitted to the rake were 3 
6/ 

16" 
in diameter and had a hemispherical head. The distance from the two l/l )t 
dxmeter static holes to the head was five tube diemeters. Fi.::.2. 

The two wall statics used were as described in psra.3.2, and were on a 
diemeter at right angles to the rake diameter. 

The initial calibration and fli:jht measurements mere made on the wall and 
oentral statics; 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. 

All static pressure measurements were mzde on differentiel pressure 
gau,%es (-3 to +20 lb/sq.in.). 

4.3 Outline of tests 

4.3.1 General. The aircraft used for these tests was Meteor Rfi.438; 
the condition of the tircraftwas not relevant to the tests, 

/The er@ne.. 
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The entine used for the calibration of the sanele pitot s.&.nst the ions 
tube was Derlrent 5 no.41 66. The <round end flight pressure measurenents were 
made on Derwent 8 No.4905. The Xark 8 differs mainly from the &r-k 5 in the 
matcnal of the rotatin? guide vanes. Other differences are external and 
there is no relevant chr.n-$ of nomine. thrust or internal geometry. 

4.3.2 Cnllbration of rake centre static. With the long tube fitted a 
pound run WES mde through the nsxi.,wm r.p.m. range obtainable. Reedirqs of 
static pressure were taken on a differentLa1 pressure qaute connected to the 
long tu'oe. 

To reach as high a Mach nu?nber as possible m the final nozzle a concession 
to operate up to 15,250 r.2.m. had been obtained, subject to temperature 
limtntxons, but 14,900 were the mexinmm achieved. 

With the loq, tube removed and the rake fitted, the Ground run was repeated, 
throu:h the same r.p.m. raw,e. The static pressure at the centre static was 
recorded on a differential pressure ~<auu;:e. 

4.3.3 Fli:!ht neasurement of fine1 nozzle static pressures. The static 
pressure at the wall and centre of the final nozzle and tho sin&e pitot total 
head reading were recorded et each of the flight conditions ?;iven m Table 1. 

4.3.4 Ground measurement of fine1 nozzle static pressures. On 
completion of the fli-ht tests the rake was motifLed by the addition of two more 
static heads as descrrbed in llara.4.2.2. 

Ia Ground run was then cerrred out and the pressures et the two wall statics 
and three static heads were recorded. The pressures at the siqle pitot and 
the remam..ln~ rake total head tubes were also measured. 

4.4 Results of Fhase 3 tests 

4.4.1 Ground lnstelled static pressure ~neasurements. The static 
pressures measured at the centre of the final nozzle by the ion;: tube and the 
rake centre static cre shown in fi,,.lO. The correction faotor for the statlo 
head on the rake derived from these results is :qiven in Fi.:;.ll which also 
includes a correction estirmted fron Ref. 5. 

Measurements at the centre static after the flxsht propane had b-en 
oompleted, usins a different enqlne, are also shown on Fq.10. 

The static pressure distrAbutlon across the fanal nozzle on the final 
ground run is plotted in Fi::.lZ. Included in this fimre are sir.nl,ar unpublished 
measurelilents made by N.G.T.E. 

4.4.2 Fli,?ht strtic :iiressure measurements. The corrected static 
pressure in the final nozzle expressed as R ratao of the mean dynaruc head 
is Given for the full flqht progranae an E'lg.13. Wall static measurements 
made on the test bed are also Included. The wall readings qven are the mean 
of t?o wall statics, which were in reasonably close agreement. 

The nethod of correcting thrust estimated from pitot rake readings due to 
deflertures In fin?1 nozzle static pressure fron the conventionally assumed values 
1s given in ILppendax P. In the one dimensional case, xt consists of a factor 
As/I.5 which is a function of the final nozzle static pressure. This factor has 
been Rlotted for o range of nozzle exit static pressures, and the results are 
given m Fiz.14. 

The fli.Rht and r(round results were estimated using fi::.14 and the measured 
wall and centre static Rressures of fiyj.13 weighted in accordance with the stntw 
pressure tistnbution of Fi~,.l2. The resul-3 corrections are shovm in Fiz.15. 

/4.4 
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4.5 Discussion of Rmse 3 tests 

4.5.1 Calibration of central static. The accuracy of the 
calibrztion of the central static on the r&e depends on whether 
vibration of the static tubes could be affect- the static pressure 
readings and on whether the presence of either the long tube or the 
pitot statx rake affects the fY.nal nozzle statx pressure. 

Concerning the effects of vibration, the static pressures using the 
long tube as a source appear consistent. The tube remained stea@ over 
the engine s-peed range except for a period betcveen 12,000 and 13,000 r.p.m., 
when a lateral vibration of about 4 an inch developed. The pressure 
recorded did not appear to be in q xny affected by this vibration and 
remained consistent. 

The rake blockage effects were found to be very small in the Phase 2 
tests, whde the central tube blockage wdl be smaller still,,so with the 
relatively small rate of change of P 
calibration errors due to blockage 

with N/A (Fig.10) or H5/po (Fig.13) 
c 2n be considered unimportant for the 

accuracy required m the present tests. 

The correctIon factor for the static head (Fig.11) wortunately does 
not extend to very hxgh values of local Mach number, or H55/p5, although the 
maximum possibl_e r.p.m. was used on the ground runs. Thm 1s due to the 
fact that when H /p. 

a 
approaches the choking value, the high static pressure 

at the centre o the jet means that the Mach number there is stdl low. 
Over the range of tests the correction factor agrees to IF of the dynsmic 
head mith the factors for similar statio tubes described in Ref.5. 
(See R.g.ll). 

4.5.2 Discussion of flight and ground measured static pressures. 
The results plotted in Kg.13 show that the centre statzc pressures me 
r--u-kably high, particularly in flight, and to a less extent in static 
ground tests. The wall static pressures ag-ee closely with conventional 
theoretical values above the choke, but are naturally influenced more by 
changes in flight conditions t/hen be1a-r the choke. It vdl be noted that 
there ore appreciable changes between static pressures in flight and on 
the ground below the choke. 

Another result of importance to thz.s report is that the central statics 
measured on biro different engines and shown plotted 2.n Fig.10 are in very 
close agreement which confirms the view frcun general consderatxons that 
engine to engine final. nozzle static pressures at gzven pressure ratios would 
be expected to agree substantially. 

The static pressure bstribution across the final nozzle measured on the 
ground runs is fairly independent of jet Mach number, and agrees reasonably 
with the N.G.T.E. unpubhshed results, also shown in R.g.12. These latter 
measurwents were made with an N.P.L. pitot statio head in a EerTflent 5 flight 
final nozzle under test bed conditions. The vslues very near the wall sre 
likely to be incorrect due to interference a& have not been shown. 

The additional static tubes not at the jet centre may have been af‘fected 
by WV .w?u-1 present in the jet flow. NC information as to the likely magnitude 
of this swirl has been obtained, but it seems unlikely that it ~0ul.d be greater 
than 2 or y which would tive a SI@.SL effect on the static readings. 

4.5.3 Corrections to Phase 1 rake thrusts. The required corrections 
to the thrusts delrved from rake total pressure measurements assuming the 
theoretical static pressures in the final nozzle are gz.ven in F3.g.15. 

The correction increases with flight IJach numbor sz-d decreases with 
increase in total pressure. Thus at maximum level speeds the correction 
is small, about $J% in gross thrust. 

At cruising conbtions the correction is larger, of the order of 2$, 
and at con&tions such as wodd be encmmtnred in R decelerated level, amounts 
to about 6%. 

/5... 
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5. Consideration of combined tests 

The ind~vldual results of Phase 1, 2 and 3 tests have been considered in 
detail in pnra;,raphs 2, 3 and 4. To compare thrusts under flight conditions 
estimated from single pitot with fully corrected thrusts estimated from pitot 
static rake measurements, the results of Phase 1, 2 L 3 must however be 
considered m conjunction. It is therefore proposed sumw?isc the individual T 
results winch will be used, outline the method of combi.lunS results, and 
finally to present and discuss the results of the combined tests. 

5.1 Sumnary of intividual results 

5.1.1 Phase 1 tests. Measurement in fli,?ht end on the aground of 
slnflle pltot and pitot rake total pressures on Derwent 5, 
No.4045 m Meteor 4 R&.420. The tests cover& a rang of 

conditions as vvlde as possible, which are summarised in Table 1 on pa&e 8. 

These tests measured the ratio H4/F5 = 
single pitot total pressure 
mean rake total pressure ' 

which may be considered as the single pitot "ssmplinS factor" of the jet final 
nozzle total pressure, and established that its m,agnitude has wall but 
siSni.ficsnt chanSes at given engine oo.?ditions between Sround and flight 
tests and between fli:;ht tests at high and low altitudes mhich would affect 
the single pitot method of cstimatinS flight thrusts. (3~6). The tests 
also demonstrated 

(1) That any trouzhs in the final nozzle total head distribution due to 
strut wakes did not heve any serious cffect- Q, as the mean total pressures at 
three rake positions were in Sood a&r-cement (Flg.5). 

(2) No sigmficant engine deterioration occurred during Phase 1 tests 
(FiS.5). 

(3) The air intake efficiency In flight at a Siven Mach number (or rsm 
ratio) was not appreciably affected by altitude or sideslip effects. (m3.7). 

(4) The scatter in H4/E5 of sin$e observations is of the order of 21% 
cxcejst in fli,Sht at high altltu(:cs when it increases to 52 to 3F 
(See Appendix 3). 

5.1.2 Phase 2 tests. Mensurenents made et the request of A.& A.E.E. be 
Rolls Royce on a test bed to compare thrust measured by balance, 
and estuated from pltot comb. The engLne was 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 enSine thrust was increased by 3; 
or only Just siSnifice.ntly. (~iS.8 and 9). The main result was that the thrust 
estimated directly from pi-tot r&e readings assurmnr~ jet exit static pressure 
equal to atmospheric was 3% higher than the test bed balance thrust. 

5.1.3 Phase 3 tests. Heasurements of static pressure at the jet final 
nozzle exit on the ground and in flight. The measurements were 

made on Derwent 8 No.4905 fitted with the same final nozzle as 'j-1e.s used in 
Phase 1 and 2 tests, and was installed in Meteor 4 ~A.438. These tests 
included a calibration of static tube fitted to the rake at the jet centre, 
flight and e;round measurements of wall end centre static pressures and measurd- 
nent,on the ground, of the static pressure distribution across the jet exit. 

The main results wcrc:- 

(1) The ncasured calibration of the central stetio wss satisfactory <and 
agreed to I$ of the dynamic head with other published work. (F~Ss.10 snd 11 and 
Ref.10). Extrapolationto lmiher final nozzle Mach numbers obtained in flight 
was necessary. 
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(2) Static pressures in flight and on the ground differed markedly from 
atmcspheric when the jet was not choked, the centre static beinS 3C7$ of the 
dycxnc heed above ambient atmospher:nc in scme cases. Lbcvc the choke wall 
statics agreed with the theoretical choked values but the centre statics were 
ngnln appreciably higher. (Pig.1 3). 

(3) The measured static pressure distribution across the Jet exit WaS 
not markedly affected by Jet pressure ratio acd agreed with some other 
unpublished measureilents by N.G.T.E. (F~g.12). 

These results showed that a ptct mke 1s insdequate to give FJI absolute 
measure of thrust and must be backed by static monsurenents. Corrections for 
rloasured static pressure to thrust estimated direct from pitot rezdings only 
(see Appendix I) are given in Fig.14. The results also showed a change of 
static. pressure betvreen static and flight conditions which would affect the 
single pitot method of estimating thrust. 

5.2 Method of combinini?; results to obtain fully corrected thrusts for 
pltot static rake. It is now clear that to obtain fully corrected 

thrust directly by the mcmentun method it 1s necessary to make ,aeasurements with 
a pitot static r,&e. In fact, the pitot rake readirys wore obtained. on one 
engine and the static measurements we=e mede on another nominally identical 
engine vnth the seme final nozzle, and thrusts from the prtut rake results 
cbtsaned can only be corrected for static prressure on the assumption tnet 
variations in the IV.gnitudc =wulii distribution of static pessurc between 
nominally identical enpAnes is msLgnificsnt. Ground statctlc pressure 
measurements at the Jet centre on two engnes shown in Fig.10 are in very 
close agreement, while equally close nSrcement has been obtcined on wall 
statics measured on &round tests on two other engines. Hence, bearing in 
mind that a?~reciablc chmycs of statLc pressure arc required to effect the 
thrust si@flcantlyx the above nssumptlon is considered Justified at any 
rata for the particular installs-ticn. 

Further, the static prcssurc distribution was measured on the ground, so 
it is necessary to assume thot the distribution is similar in flight. Since 
wall and ccntrc values are aveilnble U-I flleht the error introduced on this 
account must be very small indeed. 

With those assumptions on static pressure, corrections to be applied to the 
nitot rake measuremcnta to give filly corrected rake thrust have been estlrded 
from t'ne flight static pressure measurements Sy the method of L3pends.x 2 and are 
shcwn in fig.15. 

I :s stated in -nmSraph 5.1.2, thrusts estimated directly fron prtot rake 
renamgs assuming exit statrc pressu..e 7 s equcl to atmospheric were 3%; higher than 
test bed balance thrusts measured siimultanecusly. Only wall static measurements 
were rfide on the test bed, but these ere of the same order as wall statics on 
,pxmd tests (see F1S.13). Under the latter conditions the statis pressure 
corrcctmn would reduce the 3% discrepancy to 2$. Whether this 2b discrepancy 
is the SU;I of van.cus crrcrs in thL ,ntnsurements includinS windage in the test 
bed, or is due to some more fundanentcl difference, has not been established. 
The assmpticn has been u ade in presenting thrusts calculated from combined 
pitot static readings that they r.re basically correct, and no 2$ reduction 
has been applied. Such thrusts will be nccunated XH. 

5.3 Thrusts estimcted from ccmbaned results. Velues of XH estimated on 
the bcsls of paragraph 5.2 are included in Tables 2 - 5, and have been used to 
estimete single pitot cffcctive areas Lf', 

/(defined.. 

& = 0.10 pves e change of thrust at E/P, = 1.4 
and 1,Z 0hanSe of thrust at E/p0 = I.8 



(defined by Af' = XR Xii 
thrust per unit area gc.ven by single pitot = QP --I 

which are plotted an F~g.16 against H3/o and in fig.17 against N/A. 
The test bed calibration for this single pitot-jet pipe com'3inotlcn is 
reproduced from Fag.3 for comparison vnth these results. It is usual 
practice in using a single pitot in conjunctaon with a test bed cnlibration 
to assume the effective area to remain constant above the hishost pressure 
ratios reached on the test bed. This extrapolation is shown on F~z.16. 
Values of the effectlvc area at high total Iressures for a Derwent 5 englnc 
derived frcm m$asurernents made in the Munich altitude test chnnber, Rcf.6, 
are Included in thas figure. 

It may be noted that $ change in Af ' between calibration and test 
condition by definition equals :!' error m thrust by Cho sin@ pitot method. 

The conventaonal non-dimensional relationshap for jet thrust is that 
Xl? 
5 

= fj ( N , 'ii, M) 
A- 

or r'++ * $1 which hoyfever nc[locts ohan+e 

of Reynolds number and combustion efficiency \tith cltitud!. To check this 
relationship mensurcments~f XR mndc at M = 0.62 at 5,000 and 35,000 ft. hcve 
been plotted against N/J/Q, in FQ.18. It has been demonstrated in para. 
2.5.5. tht 'ii 1s Independent of altitude at fixed M so that XR/Po for the two 
heights can be compared Lreotly. Values of XGP/P" are also plotted in Fig.18. 

In FQ.19, measurements of XR made at 5,000 and 35,000 feet, but at several 
Mach numbers, are plotted in the form 

XR 
In+' 

ROI 
, against N/ 6 in whch form they are theoretically 

independent of rm ratlo above the choke. The derivation of this p?rometer IS 
explained in Appendix 4. Also plotted in this figure are the test bed (balance) 
thrusts, calculated taking RO1 = 1.0, and the non dimension& performance graphs 
for the Derwent 5 cndlne t&en from the Rolls Royce brochure (Ref.10). 

The experimental errcar in the mecsurcment of XR end XGP 1s discussed an 
Lppendix 3. 

5.4 Discussion of combined results 

5.4.1 Errors in flwht thrust estimated from sinzlc pltot wstii a test 
bed calibration. 1.11 single gatot effective cress m the ground 

run and flight cases in F~~g.16 ero lower then the test bed effective areas (except 
at very low total pressure ratios of about 1.2). This shows that if the test 
bed effective area is used under these conditions the thrust would be over- 
estimated. In general there a~npecrs to be a stcndy rise in the notual effective 
areas under flight conditions between totnl pressure ratios of 1.7 and 2.6, the 
highest value reached on the tests. This rise brings t!le actunl effective areas 
into better agreeslent vilth the extrapolated test bed values at the highest total 
pressures reached at 35,000 feet. 

In general there appccrs to be little Mach No. cffcct in the values of Aft 
nt the same eltltudc. 

'\ At a Mach number of 0.39 at 5,OcO feet there 1s a$proxi~ma'c.e agreement between 
tne test bed and flight values over the range of total pressures covered in the 
tests ‘and there is little difference between the effective areas at this Mach 
number and the results ct a Mach number of 0.62 at 5,OW feet, where they oan be 
compared over a camon range of Kg/PO. At this higher Maoh number the difference 
between test bed and-flight 
decreases et higher Hg/Po, 

values increases to@ at H~/P, of 1.6, and then 
being about 2% at Hg/P, of 1.75. 

/At a.. 
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At a Mach number of 0.62 at 35,000 
the test bed effective areas is largest 
values between 1.5 and 1.7. A@.m the 
increasing total pressure brings flight 

feet the error involved in the use of 
and 1s of' the order of 5 - 6$ at i%5ko 
steady oncrease of effective area with . values into closer-agreement with tne 

extrapolated test bed curve. 
The values of effective area at 

The difference is msll at H5/ PO values of 2.5. 
a Mach number of 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 4 to 2$ approximately 
ever the g5/Po range of I.9 to 2.5. 

Measurements made in the installed ground case sha-r that the eingle PItOt 
effective area under these conditions is in approximate agreemen vvlth the test 
bed calibration at values of tot& pressure of 1.2, but that as H5po is 
increased a tiscrepancy, amounting to 9 at ii5/po = I .3 and .!$ at H 

3 
/p, = 1.55, 

1s encountered. This difference between the ground installed &l.i ration 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 $ hf'f'erenoe between test bed balance and rake thrust measurements, 
would, if applicable in the ground installed and flight cases, increase the 
Percentage differences detailed above by 2$. 

The individual contribution to the error in single pitot thrust of changes 
in H E and changes III static pressure between calibration and test conditions 
can b e &wined in Fags.6 and Above the cheke the larger part of the error 
1s contributed by changes in At 1cws.r pressure ratios it is more 
difficult to generalise but are appreciable. 

5.4.2 Errors in flight thrust estimated from single pitot used& 
conjunction u-nth ground installed calibration against rake 
thrust xi?. &am refer- to ~ig.16, the errors in thrust 

measured in fl.igh~si& pit,& method used In c&junction with a pound 
installed calibration against rake thrust Xp X&J, 111 general be less than those 
involved when the test bed calibration is used. This is fortuitous, and is 
accounted for by the fact that under ground s.nstcllcd conditions the tingle 
pitot samples a total pressure corresponding more closely with those sampled 
in flight than on the test bed. (Fig.6). 

Over the total pressure range cwered on the gound run, agreement 
between the single pltot ground calibration and the flight ValUeS is t%thin 

1 or 2 per cent. 

If the pound calibration is extrapolated above the highest pressure ratios 
obtained assuming Af' to remain constant, the single pitot thrusts would be 
sensibly correct at a pressure ratio of 1.6. With increasing pressure ratios 
the single pitot thrust would become progressively low, and would be about $ 
10~1 at H5/po = 2.5. 

In this case the 2$ ds.fference between test bed balance and rake thrust 
measurements, if applicable equally to ground and flight conditions, would not 
alter the figures quoted above. 

5.4.3 Choice of abscissa fw plot of i"f' The single prtot-ef'fectlve 
area 4' Cahilat~m rake or test bed W 
N/Yq. 

russ can be plotted against H5ko or 
It has been usually considered that H5/Eo* IS the more logicsl parameter. 

This is oonfinned in Figs. 16 and 17, where the spread of nf' at any engrne 
condition specified by H5/Po is less than the spread at a condition ainularly 
specified by N/G It IS therefore not proposed to ~LSCUSS Fig.17. 

5.4.4 Check on non-dimensional thrust relationship. F&aination of 
Pig.18 shows that at lower r.p.m. there is good agreement betvreen the rake thrust ' 
values XR/Po at 5,000 and 35,000 feet, but with mcreasw r.p.m. the higher 
altitude thrusts fall progressively below th-se for 5,000 feet. The fall off 
in GOSS thrust at 35,000 feet compared tith that which mould be prehcted firm 
the 5,000 feet results according to the non dimensional, theory amounts to 8 at 
the maximum r.p.m. reached III the tests. 

*or H4Bo 
/he single.. 
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The single pitot thrust XCp/Po calculated using the test bed effcotive arcs 
also demonstrates this effect, but less clearly, since the effective ,arens used 
are in error md mask the effect. 

Kg.19 which includes addition?1 results at M = .39 and .72 agam demonstrates 
the fall in non-dimensions.1 thrust vlth altitude, Conparing measured and 
brochure fi,wes, shows that the broohurc figures tend to be optimistic at high 
altitude and pessrrustic at low nltitudc. The enp,me test bed thrusts sre in 
good agreement with the curve at a ram ratio of 1.0. 

This fsll off of XR/Po at high altitude which IS ascribed to changes in 
Reynolds number or combustaon efficiency has been previously noted in Refs.7 
and 8. 

6. conclusions 

The tests have demonstrated that the assumptions inherent in the single 
pitot method of estimating gross thrust based on a calibration of the engine on 
n test bed are not quite nccuratc. Thus changes in total pressure distribution 
between test bed and flight conditions result in single pitot sampling errors of 
up to 37; in total head, equivalent to some 59 in thrust. Lgnm changes in the 
magnitude of the static pressure 
conditions are qutc large, 

at the Jet exit between test bed and fl.i;ht 
and would result in thrust changes of up to 3%. 

These two effects are additive but were measured on kfferent engines. There are, 
however, good grounds to conclude that the slnQe pitot method based on a test bed 
calibration could give a thrust error of up to 6jj. Comparative ncnsurements on 
a test bed showed the thrust from pitot static rake readings to be 2x bgher than 
thrust measured by the test bed balanoc. Further investigation would be needed 
to determine the cause of this discrepancy, but the implication IS that total 
single pitot errors quoted above may be increased by the order of 2"/:. A further 
assumption of the single pitot method, that above the highest final nozzle pressure 
ratlo reached on the test bed the sir&e pitot effective orea remains constant, 1s 
also not quite accurate; in faot it increases slowly. 

From the above conclusions it follows that to make absolute measurements of 
thrust by the momentum method, it i-n11 be necessary to use a pitot static rake. 
Sucn measurements of total and static pressure on a Denvent 5 in a Meteor 4 on 
the ground gave a calibration of the single pitot at least as good, if not better, 
than the test bed calibration. 

Usan?; the pitot static rake as sn absolute measure of thrust, it has been 
possible to cheek the effect of altitude on the generally cocepted non-dimensional 
relationship for the thrust of Jet engines, and the conclusion reached is that 
there is a fall off in non-dimensional thrust at 35,000 ft. compared with 5,OOJ ft. 
of the order ;f @, 

Other detailed conclusions arc:- 

(1) Differential pressure gauges of differert r,angcs for lugh and low 
altitude pressure measurements are needed to obtain good accuracy at ho.gh 
altitude. 

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

(3) The development of an integrating rake would bc ndvnntngeous for use 
if further flight rake measurements are to be made. 

7. Further developments 

It is suggested that to confirm the findings of the present report, and to 
provide infom?atlon on other en>gine types, test bed, ground and flight tests with 
a pitot static rake fitted shmllrl 1~ made on another en,gine type, preferably with 
an axial cor+ressor. The use of an intsgl*af~ng rake should be lnvestrgated. 

/List of symbols,. 
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XT 
XG’ 

x, 
xR 
XGP 

XGP 
X’ 

x 
P 
P' 

PO 
H' 

:: 

HT 
t 
T 

TI 
e 
81 
KP 
Id 
.* 

b 
J 
R 
N 
df 

Af' 

ROI 

% 

% 
vi 

v 

List of symbols 

Gross thrust 
En,me goss thrust measured on test bed balance 
Ground or fli& gross thrust derived from pitot rake total pressure 
measurencnts, corrected for boundary layer and using hot area of 
fznxl nozzle 
XGt corrected to nomind Vi/& 
X, corrected for static pressure m find nozzle 
Grxnd 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/& 
Thrust per unit area brsed on single pltot total pressure 
Ilomentum thrust per unit area - at actual VJ /%i 
Momentum thrdst per unit area - corrected to notinn& VJJO 
Statlo pressure 
Static pressure measured by rake statlo head before correction 
Ratio of stntlc pressure to selected standard = Pdl4.i’ 
Tote1 pressure at actual Vi/./c 
Totcl pressure corrected to noCna1 Vi/J5 
Moan total pressure xross final nozzle area (hot), neanea from rake 
nensurenents on n norxntux basx 

Mean total pressure aoross final nozzle area (hot) based on weighed thrust 
Temperature 'C 
Teqerature % 
Totcl tempernture at engine intake = To + v2/2Kp 

Ratio of T to selected standard = T/288 
ktlo of T1 to selected standard = T1/288 
SpecdYc neat at constant pressure 
Gss flow, lb/set. 
Density 
Rctro of speclfrc heats Kp/Kv = J./3 for Jet gases 
IIecbruccal equivalent of heat 
Gxs constant 
En@ne r. p. m. 
final nozzle ares. - cold 
Effective find nozzle erea for single pitot 

Thrust by rake or test bed balance 'A or 
= Thrust per unit creo Given by single pitot = qp 

xT 
XGP 

Intake efflclency = HI - PO H 
0-P 0 

Ram ratlo P,/P, 

P50 R&e static correation factor = - - P5C’ 

H5 - P5C 
Pressure hei&t, feet 

Eqmvnlent air speed, knots 
True airspeed, ft/sec. 

Subscripts 
0 Refers to free stream conbtions 

i 
Refers to contitionz in nacelle at entry to compressor 
Refers to conhtlons in jet pipe at standard single pitot position 

5 Refers to conbtions et fmdnozz1.e 
C Refer-, to qent= of fi,l nozzle 
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Theory of thrust estimstlon from momentum measurement 

1. The thrust of a jet engine 1.8 normally defined es the change in momentum 
of the internal flow. The planes before end behind the engine between which 
the momentum chsnge 1s measured must then properly be taken as those where the 
statio pressure of tho internal flow 1s equal to the amblent static pressure 

: c 
"==Tn,-rr7 1 - 1 
*\ i9 

The nett thrust is then 

'6 

“iovo MSV6 xN=--y-+y . . ...*....(I) 

where M is the internal en&ine mass flow, the plane 0 is at infinity and v. 
1s the flight speed, and the plane 6 is such that P6 * PO. 

(1) b 
For a supersonic jet,plnne 6 may be taken zt the throat (Ref.&) and 
ecomes 

xN = - h!& + W?6 
e - + (pf5 E - PO) 4 

where P6 = H6 
(i+t: ,- PI 
( 2 i 

A- 

2. In the static case V, = 0 and the nett thrust is equal to the gross thrust, 
X = Mfl6 

- + (p6 CI, - PO) A6 . . . . . . . ...(z) 

where the pressure term is zero below the choke. 

This is the thrust wh.xch 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 deslgned test bed. 

If it is assume.3 that the static pressure 
nozzle, Ps, is equal to PO below the choke and to H 

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

x = MTi + 
9 (P5 - PO) A5 . . . . . . . ...(3) 

the pressure term being zero belovf the choke. 

This may be shown to give (as In ref. 3) 

X -: 
A5Po 

. . . . . . . . . . (4) 

from which xF 1s obtained as a function of 3 onl&uGng the essumcd values 
0 

of P5. 
PO 

If the distribution of H5 1s nan-unifonil over the final nozzle L may be 
PO 

obtained by integrating (4) over the nozzle area. 

/3. 
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3. Gcncr<elly, however, P 
assumed . The effect of t 2 

- Po 1s found to have hizher values than those 
IS ~~11 be for the Jet strain to contr,lct further 

from 5 to 6 where the assuned pressure 1s reached end there vnll be a vena 
contracts. at 6. 

The thrust which will be measured on the thrustmeter is sxvea br equntlon 
(2) and th' 1s ~~11 differ sll,:htly from that derived from equation (3 3 by ~1 
mount arising from the pressure at the Jet stream boundxy betwccn 5 end 6. 

Thus MT5 6 
- + (P5 - PO) A5 = R Mq +(P,- PO) A(, + i Pti . . ...(5) 

5 

6 
The term i PEA will be associated wrth an equal external draq nt the 

5 . 
rear cf the entine. 

4. In flight it is not praotxnl to mzke mensuremcnts in plane 6 es downstrcan 
of the Jet exit the internal znd external flows mix ,?nd It ~~11 not be possible 
to measure the momentum of the internal fled. 

The gross thrustXRmy however be derived from r. pztot-stntlc traverse m 
the final nozzle on the assumption of isentronx expansion with no nnxx~ 
losses between 5 and 6 end thrs 1s the baas bf estxmction of gross thrusts 
calculated from prtot static measurements used in the present report. 

xR has been dcrzved by first obteinlng k ns the thrust value 
equation (4) with the usual assumptions as to static pressure. 

t;xven by 
Ths is 

cqulvalent to obtnlning 

XG = -6n5V62 
E + (P6 - PO) A5 . . . . . . . . . . (6) 

since the total rind statlo pressures used are really those correspontig to 
phe 6 (H5 = H6). 

The true gross thrust is, from (2) j.n thza Appendix 

x = 
,‘@g62 

R + (p6 - PO) 66 .*........(7) 

. . . . . . . ...(8) 

The area ratio, which is applied 28 R correctzon to Q, LS easily 
obtainable fYom consideration of IsentropIc expansion from conditions H5, 
9 to H6, PG. 

The eqressions obtained are 

Below the choke 1 
(P6 =P,);-2 = /?t’!‘- 

\-PO/ 

Above the choke 

P6 = 

*.. .: . . . . . (9) 

/This applxes 
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This applies to one dimensional flow. In the present tests the statio 
pressure across the final nozzle exit is not uniform, so an eqmvnlcnt mean 
stztic has been estimated, wei.;;htcd for area. The error involved in nei;hting 
static pressure for area rather than integratin: over the area of the Jet ic 
negll~ible since the tctal correction is of the order of n few per cent of 
thrust. 

5. Consider now the single pitot method of thrust measurcxent in the liznt 
of the above discussion. 

5.1 Usin? this method a pitot tube is fitted in the Jet pipe upstre,un 
of the final nozzle and a calibration run on a test bed nade in which this 
pitot value, H4, and the static thrust, XT, me measured over the r.p,m. rmse. 
The relation of XT H4 

‘p;;“‘i;-a 
so obtained then provides a calibration for the 

uncowled static case of :g-oss thrust c.g3inst sin@ pitot reading. 

To apply this calibration to t$ installed flight case an 'effective area’, 
A$ 1.5 derived OS a function of I;4 by insertin II4 = H5 and the measured 

% 
value of XT in equation (4) end ass-n& the olassiccl theory values of P5, 
SO obtaians Aft as the resultinq value of A.5. 

This effective area Af', which may &ffer from the fir,?1 nozzle mea by 
up to the order of I@,,, is reyarded as a calibration of the sink;le pitot whioh 
takes into account the dische.rBe coefficient of the nozzle and any position 
error etc. of the tube, 

In usin? it for the flizht case it is therefore assumed that such faotors 
are unchanged. %rther, since much higher values of HJPo are obtLunrble in 
flight at hizh altitude than on the sround calibration run the curve of 
A f' v Hc must be extrapolated and this is done on the assumption that Af' 

PO 
is constant above the critical value of H+ _ j:+l? &- 

2 I 
after which 

s0nl.c conhticns obtain at the nozzle; tb& value is usually Just reached 
on the test bed run. 

5.2 Errors in the derived thrust relay thus arise from the follo?iing causes. 

flnal(Sc~~~% - 
e relation between single pitot re‘&ins I-i4 and ~csn 
5 cue to the different intake conditions resultin; 

from installation in the arcraft and to Reynolds number effects. These 
effects may cause differences between thc;:round installed and flight cases. 

(2) A change in the exit static pressure, i.c. in the relation 
P5/Po v HJPo between ths test bed and flight casts; tubas would correspond 
to a different contraction rotio AdA behind the nozzle. It ~rould be 
expected that vvlth incrensin ;: flight speed (or V&5) the external flow would 
cause an increasing contraction and ha?ce a higher statio pressure than that 
on the test hed,whch is assumed to still apply in the applrcetion of the 
single pitot calibration. 

(3) If (as has been found for the Derwent 5) the total and static 
pressures are non-uniform in the fine1 nozzle, the nozzle flow does not becoire 
unrforlnly sonic at 9 

H4 /I: ‘: x3 
c= 2 ! 

= 1.85 ; 

sn this pnrticular case the cntxal pre ssure ratio was not reached at the 
centre of the nozzle until H PO-'-. 2.4. 

t! 
The flow distribution thus does not 

reman unifom abcve the cri ical value of HJPo and the effective area for 
the sin$e pitot cannot be assumed to remain constant in this region. 

x It 1%~ saletimes in the pastbocn the practice to rerg.rd Aft as a function of 
w 401 ; HJPO is however nar re<nrded es the more relevant pLazameter and 
this is supported by pies. 16 and 17. 



Appenalx 2 

K&hod of denvmg thrust from pltot static r&e measurments 

1. Cslculation of mice thrust, XG 

It IS shown m Appentlzx 1 that 

x, = XG $ 
5 

The factor & - is obtamed frcm the stattlc pressure in the fine1 noezle 
"5 

RS rn pamGraph 5 of this hppenbx. 

From Appontix 1 

XG 
-1 

2 

"? = XG = - :, - 1 
p5 i :$5\ 3, _ , \ * (1,5 

! i*5,! 
- PO) . . . . . . . ...(2) 

where P5 = PO or H5 ' ' 
, 4-q uhlchever 1s the ,gcntcr. 

;"+1: t 
2 / 

Then talaw: 6 = 4/3 

below the criticnl value of ji;- H5 = 7.85 
0 

above this value. 

. . . . . . . ...(3) 

. . . . . . . ...(4) 

From equations (3) rind (4) above a plot can be mdc of x 
E 

n ;Ir.mst H5 
P, 

Hence for e,-.ch pitot wlue of H5/Po the thrust >er umt area dPo cm be 
obtamed from the plot. 

Then, considerin a pitot ,Tt radius r tha w.luc of y for the 

annulus width * r at thnt m&us, ~ssu2u.n:: unifom circunferentisl 
distrlbutlon, :a11 he 

.2n r.& . $!z 
0 

and over the whole a?ea of the final 

XG 2- 
r;-=y 

0 0 [. 
XG r. ar 

The intezral P 
JO 

xc r. dr c~~ 

nozzle 

be convelliently obtained by a graphwal 

method, each product being plotted at the correspon&inC radius. The boundary 
layer IS at this stale nc$ected, ad a corcact~on 12&c late?. The area 
under the resulting curve is the rcqulred mtegral. 

2. Correction to thrust for bounaar,v layer in finr.1 nozzle 

The total head at three posltlons close to the find nozzle wall (l/16, 3/16, 
z ' inch) ~3s obtained over 8. range of r.p.n. du12ng e ground run. 

/The.. 
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The corresponding values of x.r h*ve been plotted in several of the 
&raphical integrations and the mean value for the loss in thrust due to the 
boundary leyer fcxx& 
of I.@. 

This LS equivalent to a decrease in final nozzle area 
This correction has been made to all rake results. 

3. Correction for expansion of final nozzle 

It has been assumed that the increase in area of the fine.1 nozzle due to 
expnnslon was 1.3$. Thus flare 1s based on a final nozzle temperature of 50&L!, 
coeffioient of expansion 13 x IO-6 ft/ft/OC. 
temperature at majamum r.p.m. 

Ths ~1.11 be the approximate 
The error at other speeds will be very small. 

(This 1s the value used by Hessrs. Rolls Royce in similar work - Ref.9; 

4. Correction of thrustto nominal Vi//Z 

The variation of aircroft speed fro3n the nonunal value was not ne@Q.ble 
in some of the tests, especially at the hl;:her altitudes, and a correction has 
been derived usin mfomtion from the Rolls Royce Dcrwnt 5 brochure (Rcf.10). 

The thrust over a rang of ?J/,/q was cstnblashed from the non dimensional 
thrust curve for the various nominal test conditions and at ‘airspeeds above and 
below the nominal test conditions. 

The variation of thrustvnth speed was then assumed to be linear over the 
small intervals considered, and the differential V ?\ X calculated. -- 

X itV 

Each flight thrust mcasuremcnt has been corrected to the nominal test 
airspeed usin? this information. The largest correction involved was 2.'$ 
of thrust, but the mean correction was 0.s. 

Sin-:le pitot thrust values have also been corrected in this way, and the 
corrected total head oorresponting to this corrected thrust is tabulated and 
used in this repcrt. 

5. Static pressure correction 

This is applied as the factor 
of thzs Aupe,n 

5 in equation (lj. 

I‘5 - ?o md H5 L5 
-l'"Is derived as q 

a function of po F in Appendix 1 snd plotted 111 fih.14. 
0 

In derrvlng this parameter the static pressure in the final nozzle is 
taken to be uniform and an applylns it for the >:easurcd static pressures ~1 
equivalent uniform static pressure was first obt,sined as the .xecn of the observed 
distribution wei:>hhted for area. 

In the fli:{ht tests static pressures were only ,x%usured at the centre and 
wall of the fine1 nozzle (Fq.13). Intermediate positions were obtaaned on 
ground runs however (Fiz.12) and the requwed mean for these readily obtaxmblo. 
For the flight results the static pressure variation aoposs the nozzle mas 
assumed to he similar and. the mean value takon to bear the se1.m relation to 
the centre and wall values as on the z-round runs. 

The corrections derived in this way, which have 5x1~ applied to the rake 
thrust XG to give the fully corrected rake thrust XR, arc shown in I%.~.15 for 
the p,round and fl.i:>ht conditions et which the tests %rere made. 

A check has been mldc on the accuracy of taking a mean static pressure 
vreizhted for orea. This i,as done by usin; Fl:+11b to correct the value of 
thrust per unit area derived from each of tne sir&e pitots for the I,leasured 
static pressure at that radius, and integrctin2 the resultant values across 
the final nozzle area. The thrust correction thus deraved was in dood 
agreement vilth that sven by the simpler method used. 



Possible sources of observed scatter an thrust 
derived from total pressure measurements 

1. Differential pressure gauge 

The mstrment selected for the pressure measurements in these testsm*as 
a ko pointer sensitive diff'erentxal pressure gauge of rango -3 to +20 lb/sq.in. 

The gauge is temperature compensated and the auto-observer was heated, 
the temperature bemg usually betifeen 5 and 15°C. The instruments used were 
frequently calibrated and no sudden changes in mstrment error encountered. 

The mean lag* was about 0.03 and the maxisum 0.10 lb/sq.in. The gauge 
could be read to a mmnnal 0.02 lb/sq.m. The accuracy of the gauge would 

be expected to be about 0.1 lb/sq.in. 

The pressure ranges required were as follows: 

Ground rut-~ 2.3 - lo lb/sq.in. 
5,000 ft. 2.4 - 12 lb/sq.m. 
40,000 ft. 1.5 - 4.3 lb/sq.m. 

The error in thrust for a 1; error in c@mnic pressure is given in 
Table 9 and is approximately O.s! over the working rmge of total head values. 

Thus for the ground runs and 5,000 ft. flights the instrument errors 
should not cause random scatter of my sigxEicance. At high altitude however 
the maximum error of a single observation could be 6s at the lowest total 
pressure deoreasixg to 2$ at the higher values. 

In w future single pitot and rake measurements the use of an accurate 
pressme gauge of a smaller ramge is recomnended for high altitude measurments 
x.n ConJunction with a gauge of the type used for use at lov altitude. Sane 
automatx smtohing device might be necessary to protect the low range 
instrument from high pressures at low altitudes. It is possible that an 
A.S.I. with a suitable pressure range could be used at high altitudes. 

2. Engine speed indicators 

The accuracy of theso instruments IS quoted as I$ of full range 
corresponding to a possible 1%: error at high r.p.m. Since the chsnge of thrust 
for one per cent change in r.p.m. rises to about 3%; at high r.p.m., this 0oul.d 

introduce a soatter in the results ccmpamblc with that possible fYom the 
pressure gauge at high altitude. 

The actual scatter of the thrust values obtalncd IS of the or&or of @ 
throughout the total head range at &O,OOO ft. and about 22' at 5,000 ft. 
Ths latter figure can be considered satisfactory when these two possible 
sources of error are considered but the increase in scatter at 40,000 ft. 
then seems ewesave. 

3. Other sources of error 

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

/3.1 

*Defined as difference in reading of a vibrated instrument at the same applied 
differentzal pressure oalxbratmg first with differential pressure increasing 
and then decreasmg. 
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3.1 lhxing a set of readings some variation in A.S.I., height and r.p.m. 
did in fact occur, part~ularly at high altitude. However durq the 30 second 
reading period each pressure was read 3 times at IO second intervals and the 
mean value was ascribed to the mean flight conditions so that the final error 
lnvolvedwould be consderably less than that due to the overXil. change. 
The biggest change was in r.p.m . where the mean variation during a set of 
reabngs mas J+Sl and the maximum 100. The resultant error should generaLLy 
be negligible. 

3.2 A tither source of error in the pitot rake results is the selector 
box. It till be seen from Fig.18 that the scatter of the thrust values at 
35,000 feet, estimated from the rake, is rather h&her than those from the 
single pitot. This may be, z.n part at least, due to mslf'unctioning of the 
selector. This was ground checked at intervals for satisfactory operation 
of the valves but their continued satlsfaotory operation at high dltltude 
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 gaye and satisfactory agreement mth the 
selector gauge found. On several occasions n tube was found to be giv%ng 
grossly inconsistent reams, the trouble being located in a faulty valve 

which was rectified. On such occasions the relevant pressure was obtained 
by interpolation from the adjacent tubes, if the faulty tube was one of 
those near the centre where pressure errors would contribute little to 
errors in the integrated thrust value. OthercTiso a repeat test was made. 

While sane such device is necossasy for these measurements z.n an 
aircraft whore auto-obsarvor space J.S restricted it would be very desirable 
where possible in such tests to have a separate gau&e for eaoh tube or, 
if only mean total prcssurc 3.s reqrured for thrust estunation and not 
necessarily the act& distribution, to use an integrat- rake recording 
continuously on a single @ugc (Ref.11). 



X 
Derivation of the function Af PO +I 

KOI 

The usual. non dilvmsiom.1 theory states that the non cliimnsional thrust 
is a function only of L d the rm rntio PI , In or&r to co.lpnre the 

p-ass thrust of an e&L 
3T 

masurcd in fly!lt over c rcxc of Iy, at swcrd 

rm ratios p1 
VG 

g 
, to check the vdi8.j.ty of t:he above aswT$ion, It is desired 

to firal scm function of the gross thrust which is indepeidmt of the r,~1 
ratlo dl vcries only with L, 

6 
This can bc done &me the find nozzle choke ns follom: 

Consldcr m engiix, on n stud, runnirg nt or above the choke, them boin:: 
za evenly dlstrlbute3 pressure PI corrcn;sondlv, to the r&l pr~sswo xound the 
intake an6 cnyim, the ev:,ine oxhaustm~ to n pressure PO. 

Then if t!lo choke oocurs at the final nozzle the fat-co F rlensurcd on the 
stana will be 

At pressure rxtios &ove that at which the find nozzle chokes 7'5 ‘and 
M5v5me directly proportiomil to PI, so that at r~ particular N the cxprcssion 

Now the TOSS thrust X = im 
E 

+ y-f (25 - PO) 

F q x x 
. . 7 

1-f PI q-g =$-Yq +’ - 1, dlcrc Rol = PI 

1101 z 

which fror.1 (1) is m&pendcnt of Rol above the choke 

above the choke, cncl when plotted s.+nst N the vducs of this function - 
fi 

shouldlie on a unique curve if the assmptions of the non-dimnsional theory 
22~ correot. Be1011 the choke masurc.z~ts at vor~ous ran ratios should be on 
a series of unique ourvcs. 

In practice the function is plotted ns X + 1 
J:f ' PO , This bei% n 

convicnt for!1 when the single pitotef.&cS3B.?rea 12 is asswed constant above 
the choke. 

/Then.... 
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Then Sy the nmentm theory X m = 1.259 2 - 1 (Appendix 2) 

a-d we have 
X 

m + ' q 1.259 !?t , 
21 

ROI 

In this case e value of of' q 188 sg.ins. has '3ecn used when plotting 
this function, this corresponding closely to the value of the cffectiw area 
of 187 sq.ins. obtained for the teot engine et the choke (FiC. 3) nn3. Se% 
the value used in the Rolls Royce 3rochurc in the plot of this function as 
being aty$od value of the effective mea. 



Test 

II 

0  

8, 

11 

11 

II 

11 

II 

,I 

.a,.1 .I 

: 
4 

.aA.2.1 

: 
4 

.FJ&3.1 
2 
3 
4 

.M.l .I 

: 
.bA.2.1 

3.: 
3.4 

o.bL1.1 

: 
4 

O.bL2.3 
4 

.0,d~.1 .I 
2.2 

D.cL2.3 
2.4 

-- 

p.i?eat 

jOGO 
4870 
5000 
5223 
515d 
5060 
~100 
4990 
5040 
5055 
5020 
49b.J 
4823 
5430 
5260 
538C 
5553 
531: 
5420 

39570 
39560 
34w 
351670 
35520 
39900 
39400 
40260 
!Q.l20 
L;cii~9 

IKE PCSIl N ‘A’ T 

G/PO) 
XGP 
PO 

1GP 
PO %/PO 

13,000 
10,500 
11,300 
11,500 
12,000 
12,500 
13,000 
13,500 
I‘+> 300 
14,250 

9,300 
13,280 
11,290 
12,290 
9,250 

10,290 
11,210 
12,220 

9,233 
10,250 
ii ,250 
12,250 
11,230 
12,290 
13,290 
11,275 
12,210 
13,120 
llL~120 
11,220 
12,230 
13220 
14,290 
13,390 
14,210 
13,160 
14,230 
15,260 
15,895 

- 

262.3 
264.0 
264.0 
264.9 
262.0 
262.0 
259.0 
262.0 
26~9 

2: 
264:o 
416.0 
421.3 

E-2 
;22:0 
W8.6 
420.4 
411.7 
411.7 
411.7 
419.5 
417.8 
413.4 
4aj.o 
489.0 
482.0 
4a4.0 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
2 
1 
1 
1 
2 
1 
2 
1 
2 
2 
2 

.I81 
-240 
.331 
.468 
.I81 
.231 
-330 
A41 
.I82 
.252 
.337 
.452 
.465 
.662 
.867 
.480 
.a4 
.mt 
.I05 

:gi 
,802 
.075 
,915 
.07? 
.950 
.236 
.540 
.738 

18 
1 
1. 
I 

I i 

i 1 
I. > 

I 
'~ I' 

48.E 
63.7 
85.1 

115-E 

g'2E 
85:C 

109.7 
49.1 
66.: 
86.4 

$12.: 
115.1 
155.E 
194.C 
118.: 
152.4 
1a6.2 
237.2 
117.4 
150.6 
182.4 
231.: 
202.E 
232.; 
2OV.C 
261.~ 
316.~ 
3j1.E 

45.0 

E 
70:s 
ai .o 
92.6 
07.3 
24.0 
41.2 
50.5 
ka.7 
63.5 
84.8 
15.3 
LB.7 
61.1 
85.1 
09.5 
a.9 
66.0 
~6.1 
11.9 
14.4 
53.5 
91.7 
'17.3 
50.0 
84.2 
33.9 
17.6 
50.8 
82.7 
29.1 
01.0 
31.9 
,06.2 
56.0 
13.6 
47.7 

i 1 
1 

i 1 
I 1 
i 1 

1 
! 1, 
! 2 
: 1 
i 1 

I' 
12 
12 
! 2 
) 2 
1 2 
) 3 
: j, 
- 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
I 
I 
I, 
I 
1 
1 
1 
1 
I 
I, 
I, 
1 
1 
1 
1 
1 
1 
2 
1 

:. 
2 
1 
2 
1 
2 
2 

a 
2 

1.166 
.l99 
.233 
.270 
.3l3 
-363 
.429 
-507 

2;; 
.I83 
..%O 
.330 
.466 
.iai 
.230 
.331 
A40 
.I?315 
.250 
.335 

:Z 
.651 
.&4 
.474 
.633 
.a13 
.086 
.476 
.637 
#GO5 
.060 
.905 
.076 
.933 
-208 
.527 
.7l5 

x2 
Using test 

ml id' 'XG?/Po 

64.8 

112.3 
125.6 
141.2 
161.2 
182.4 
194.1 

69.7 
89.8 

115.2 
150.6 

69.7 
85.7 

117.3 
143.9 

69.9 
92.1 

1'8.6 
146.7 
149.7 
198.1 
249.4 
1jj.i 
193.9 
239.6 
304.0 
i53.5 
194.8 
235.9 

297.9 
261.3 
301.j 
268.0 
333.0 
407.0 
451.0 

- 

76.4 
96.7 

119.7 
149.7 
74.0 
94.2 

121.2 
141.6 

75.2 
91.3 

116.2 
148.0 
150.4 
q97.5 
249.7 
157.2 
196.9 
240.1 
301.9 
151.4 
IS.4 
232.5 
293.8 
248.7 
230.6 
266.9 
328.7 
393.0 
444.7 

- 

- 

XG/PO 

67.1 
77.1 
85.7 
97.7 

109.7 
12j.l 
438.3 
155.4 
176.5 
185.5 

z 
119:3 
149.0 

73.9 
94.0 

121.4 
144.4 

74.9 
90.9 

11 j.8 
147.5 
149.4 
194.5 
246.7 
155.6 
193.7 
237.5 
297.7 
151.6 
188.7 
2jj.0 
290.3 
246.5 
280.2 
263.3 
322.3 
390.0 
439.5 

‘G/PO 
L 

47.5 

~~~ 
6912 
77.6 
88.6 
97-9 

110.0 
125.0 
131.3 

54.0 
:6&j 
a4.4 

105.5 
52.3 
66.5 
86.0 

102.1 
53.0 
64.3 
82.1 

104.4 
105.5 
137.7 
174.5 
110.1 
137.1 
168.1 
210.6 
107.3 
133.5 
165.0 
205.5 
174.5 
193.4 
186.4 
225.0 
276.0 
311.0 

E, 

1 

f 

1 
1 
1 
I, 
I 
1. 
1. 
1 
I 
1 
I 

'I. 
1, 
1 
I, 
1 
I 
1 
1, 
1, 
1 
1 
1, 
1 
1 
1 
1 
1 
I, 
1 
I 
1 
1 
1 
1 
2 
2 
2 

& 
.l7j8 
.m4 
.228 
.263 
.298 
.346 
.387 

:$ 
.542 
.202 
.260 
.328 
.420 
.l95 
.252 
.335 
.405 
.jY7 
.243 
.318 
.417 
.421 
.573 
.760 
A.43 
.570 
.726 
.95a 
.430 
.553 
.7lO 
.930 
.762 
. a91 
.a25 
.054 
.320 
.512 - 

la/ii5 
0.992 
0.996 
I.004 
1.005 
1.012 
1.013 
I.030 
1.045 
1.052 
1.060 
0.932 
0.984 
1.002 
1.032 
0.989 
0.982 
0.997 
1.024 
0.987 
1.006 
I.013 
1.023 
1.029 
1.049 
1.054 
1.021 
1.041 
1 .OjO 
1.065 
1.032 
1.0% 
1.055 
1.068 
I .oa2 
I.097 
1.059 
1.075 
1 .ovo 
1.081 

Rake 
i& 

1.463 
1.416 
I.355 
1.353 
1.332 
I.328 
1.268 
1.235 
1.231 
1.2lj 
I -482 
1.460 
1.369 
1.264 
1.435 
I .47a 
I.389 
1.290 
I.446 
1.320 
I.305 
1.290 
1.240 
1.227 
1.266 
I.264 
1.250 
1.265 
1.267 
1.209 
I.199 
1.249 
1.260 
1.206 
1.198 
1.257 
1.255 
1.241 
1.260 

XR/PO 

65.8 
75.6 

i%:Y 
107.9 
123.0 
136.0 
153.1 
q74.0 
182.9 

72.1 
92.6 

116.0 
145.J 

69.8 
90.2 

118.1 
141.3 

70.7 
87.0 

112.4 
144.1 
142.0 
188.3 
242.4 
148.2 
187.5 
233~0 
296.0 
142.1 
180.8 
228.0 
288.3 
242.3 
277.8 
259.3 
321.0 
329.0 
438.0 



5 

5, 

4( 

!$ 

Test hp.feet TQST Vi&ST (IJlc/Po)' 

-- 

5000 
5100 
5220 
5470 
5320 
5270 

39873 
3;;130 
40?w 

15,mo 
10,5oO 
11 9ooo 
11 ,j& 
12,000 
12,500 
Ij,ON 
13,500 
14,250 
11,230 
12,250 
11,250 
12;250 
15,255 
111,035 
13,390 
14,210 
14,230 

259.7 
251.4 
416.0 
418.6 
418.6 
417.0 
404.8 
422.0 
473.2 

43.8 1.162 63.1 
52.4 I.195 74.6 
61.5 1.232 86.2 
69.3 1.263 96.5 
79.1 1.305 139.8 
91.8 1.360 124.7 

- 105.5 I.421 139.4 
- 122.7 l.jO2 159.5 
- 1w3.7 1.627 192.0 

1.328 84.5~ Gk.6 1.328 146.7 
1.456 113.0 112.9 1.455 147.9 
1.465 115.2 114.5 1.463 149.8 
I.147 152.8 151.2 1.639 195.1 
4.877 196.0 194.0 1.067 252.2 
2.083 233.3 231.6 2.074 301.1 
1.838 138.8 191.3 1.852 249.0 
2.055 228.2 224.4 2.033 294.7 
2.170 249.0 250.9 2.181 326.0 

&PO 

116.3 
149.1 
155.R 
197.2 
253.2 
302.9 
237.6 
268.7 
302.2 

xi/PO I X G/PO 

~ 67.5 
74.7 
82.8 
95.8 

109.3 
122.8 
138.9 
158.0 
185.0 
316.4 
149.0 
IS.9 
195.1 
250.6 
300.8 
240.8 
283.9 
304.5 

77.4 
87.0 
98.3 

111.8 
IN-9 

82.4 
105.5 
109.6 
138.2 
177.4 
212.8 
170.4 
200.8 
215.5 

&/PO 

1.177 
I.197 
1.220 
1.257 
I.298 
I.339 
1.359 
I.450 
I.540 
1.32O 
1.422 
1.440 
1.575 
1.775 
I.970 
1.739 
I .904 
1.985 

0.987 
0;+ 
1.009 
1.005 
1.005 
I.016 
1.023 
1.036 
1.056 
1.006 
1.023 
1 .Olb 
I.040 
I.052 
1.053 
1.065 
1.068 
I.039 

Rake 
Af' 

1.512 
1.39a 
1.320 
1.355 
1.359 
1.314 
1.2?4 
1.269 
1.226 
1.335 
1.291 
1.289 
1.250 
I.270 
1.294 
1.234 
4.252 
1.209 

66.2 
73.2 
81.1 
93.9 

107.4 
120.6 
136.5 
155.7 
182.1 
113.0 
145.8 
147.5 
189.0 
246.2 
;j,9.; . 
281.0 
303.0 





Test 

.roJnd 
II 

II 

II 

II 

II 

I, 

II 

II 

1, 

,.aIs'.l.j 
4 

i.35’.l.l. 

2 

z 
i5.bB’.l.i 

2 
3 
4 

i5.cB'.l.l 
2 
3 

1 

r 

1p.feet 

5121 
31 jd 
,310 
5270 
5NO 
5420 

34780 
j 5260 

:z: '0 
3320 
35>30 
35363 

-- 
1 /pY 

--- 
lJO70 
10623 
11130 
11620 
$2170 
I;:30 
13190 
13673 
ll+219 
14i70 
I-1250 
122jQ 
1121,d 
12ldO 
lj160 
1422c) 
112xI 
12210 
1 j2"O L 
14310 
13350 
14177 
15110 

262.3 
261 .L 
41E.6 
419.5 
419.5 
413.5 
417.0 
422.0 
421.3 
417.8 

Ei:: 
484.5 

:cl&o)' 

I.325 
1 J&53 
1.464 
1 . L&l 
1.856 
2.130 

: % ,. 

1:&2 
2.052 
1.g1j 
2.197 
2.537 

- - 

33.7 
111.9 
l?j.O 
151.7 
132.1 
241.7 
121.4 
153.8 
187.7 
227.7 
202.6 
253.8 
315.4 

43.8 
53.6 
63.8 
71.0 
81.9 
95.0 

114.0 
130.4 
150.8 
164.0 
83.6 

Ill .8 
113.0 
149.9 
189.8 
238.8 
120.5 
151.3 
l&P 
325.7 
200.2 
253.4 
311.6 

-i- 

- 
I 
-.- 
x4/20 

.- 

1.162 
I.210 
1.241 
1.271 
1.317 
I.374 
1.460 
1.537 
1.637 
1.735 
1.326 
1 h-51 
l.L59 
1.6jj 
1.843 
2.114 
I.490 
1.639 
1.817 
2.042 
1 .VOl 
2.195 
2.516 

;1ng test 
33 af’ 
XGP/?O 

63.1 
76.1 
hy.2 
9F.85 

113-L 
128.0 
145.1 
168.9 
194.8 
211.5 
115.6 
146.6 
149 .o 
193.5 
246.7 
310.3 
156 8 
135.3 
239.7 
293.3 
260.2 
329.4 
404.9 

XG’ Fo / 

114.8 
148.3 
154.1 
194.2 
248.0 
314.0 
156.2 
189.4 
228.9 
286.0 
255.3 
323.1 
397.1 

68.2 
74.6 
86.8 
97.6 

112.7 
127.3 
145.4 
163.9 
16% 4 
20517 
114.6 
14E.2 
152.5 
191.9 
u-5.1 
310.3 
155.0 
186.3 
225.5 
283.5 
252.3 
j22.6 
392.6 

G/PO 

48.6 
52.8 
61.4 
69.1 
73.6 
90.3 
102.6 
116.2 
13l.Y 
145.5 

81.1 
104.3 
107.9 
135.8 
173.5 
213.6 
109.7 
131.9 
159.6 
200.3 
178.6 
223.3 
277.9 

- 

$20 

I .I80 
I.197 
1.232 
1.263 
I.307 
I.353 
1.408 
1 .L70 

:-zt 
I:314 
1.418 
1.432 
I.564 
1.755 
2.007 
1.441 
I.545 
1.682 
I.900 
I.783 
2.055 
2.330 

3.935 
1.003 
1 .OJd 
1 .006 
1.007 
1.~16 
1.037 
1.0&5 
1.061 
1.059 
1.010 
1 .13cz 
l.O?Y 
I.045 
1.051 
1 .oy.+ 
1.034 
1.061 
1 .os3 
1.076 
1.066 
1 .c6y 
1 .OYO 

1.526 66.8 
1.365 73.1 
1.334 Uj.0 
I.349 95.6 
1.355 110.9 
1.318 125.1 
1.255 143.0 
1.240 161.5 
1.219 383.6 
1.2ja 203.0 
1.333 111.2 
1.298 145.0 
I .2-95 145.0 
1.240 185.8 
1.271 241.0 
1.300 310.0 
1.210 145.8 
1.176 178.0 
1.190 220.0 
1.245 280.5 
1.236 247.5 
1.269 321.0 
1.259 392.0 



Table 6 

r&Tent5 
Ergme No. 4045 

PO = 29.59” Hg. 

-_ 
/ NPi 

10110 
10610 
11120 
11620 
12130 
12630 
13130 
13630 
14140 
14630 
14830 
14630 
14120 
13630 
12620 
12120 
11610 
11110 
10600 
10100 

Inohes 

5% 
6.10 
7.12 
8.35 
9.85 

12.08 
14.40 
17.30 
20.20 
23.65 
25.15 
23.65 
20.22 
17.51 
12.00 

i:; 
7.05 
6.08 
5.15 

1.1758 
1.2061 
1.2405 
1.2821 
1.3325 
I .l+oa 
1.486 
1.585 
1.683 
1.800 

: %z" 
I:6845 
1.592 
I."555 
1.3316 
1.2821 
1.2381 
1.2055 
1.1740 

10080 5.12 1.1738 
11100 7.05 1.2392 
12110 9.75 1.3302 
13110 14.28 1.4845 
14120 20.00 1.6785 
14840 25 .OO 
14630 

1.8485 
23.50 1.7% 

13620 17.30 1.5865 
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SINGLE PiTOT TEST BED CAUBRATION. 
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