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Summary

The problems which occur in defaning the thrust of a jet
engine and the i1nternal drag of a ducted body are considered, and formal
defanitiens and names ara given for the concepts considered to be ~f
importance.,
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1. Introduction

1.1, Recent measurements, in flight, of the thrusts of turbojet
engines 32 have emphasized the need for a precise definition of Jjet-engine
thrust, and also of the corresponding drag of the body housing the engine.
Such definitions would be of interest to the thermodynamicist (vho is
concerned with the internal performence of the engine) and to the
aerodynamicist (who deals with the airflow external vo the engine, in
connection with either eircraft performance estimation or thrust measurement
in flight). Fach of these considers certain forces to be important, and
it is clearly necessary that the various terms employed by either should
have a precise, unambiguous and mutually-agreed meaning.

The problem of defining the thrust of a jet engine and the drag
of the body housing it is, of course, only a special case of the general
problem of the {low thrcugh and round ducted bodies; it is fundamentally
the same therefore as the problem of defining the internal and external
drag, say, of a piston-engine cooling system, or a ducted heat exchanger.
In all such problems it is usually convenient to consider separately the
internal and external {lows, and the thrusts and drags associated with
them. The definitions of these forces must be consistent, however;
that is, the definitions must be such that the overall longitudinal force
on the body is given by the difference between the total thoust and the
total drag. As the monmer in which the longitudinal force can be divided
into thrust and drag is to some extent arbitrary, it is not surprising
that different definitions have been used in different contexts.

1.2 Abtempts to resolve this probtlem were made independently by
Jakobsson? and in an unpublished paper by Varren, vho considered what
concepts were important and suggesied a number of names and precise
definitions for the various terms involved. Warren's paper was discussed
at a meeting of the Performance Sub-Committee of the Aeronautical Research
Councal in Jnnu~ry 1953, when it was agreed that the subject required
further consideration. At the Sub-Comittes's request, the Council
allowved a temporary Ponel to be set up to consider the problem of defining
thrust and drag, and also the related problem of the definitions to be
used >n the description and analysis of the drag of an aireraft. The
Panel, which met first on 1st May, 1953, was composed of the following
meiibers, who were nominated either by the Performance or by the Engine
Aerodynamics Sub-Cormittees.

Nominated by the Performance Sub-Cormittee

Prof, W. A, Mair Ecaﬁbrudge University), Chairman
Mr, D. W. Bottle (4.8 A.E.E.)

Dr. R. C. Pankhurst (N.P.L.)

Mr, T. V. Somerville (R.A.E.)

Mr. G. 0. Vernon (8.8.4.C.)

Mr. C. H. E, Varren gR.A.E.;

Mr. B, W. E. Rogers (N.P.L.), Secretary.

Nominated by the Eneine Aerodynamics Sub-Comuittee

Mr., 9. Gray (Eng., R(a) M.0.8.)
Mr, H. Pearson (S.B.A.C.)
Dr. J. Seddon (R.A.E.)

Mr. A. R. Howell (N,G.T.E.) attended some of the meetings.

The present Report deals with the Panel's investigation of the
problem of defining Jjet engine thrusis and concepts related to this; =
Report dealing with the analysis of drag will be issued separately.

The present investigation is limited to the case where the thrust acts
in the direction of the undisturbed stream (i.c., along the line of
flight), the jet exit plane being normal to this divection., The more

complicated/
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complicated cases of an inclined thrust axis, an oblique Jjet exit planc®,
or a jet exit planeupstream of the engine cowling oxit with intcrnal
wixing between cooling and jet flows have been borne in mind throughout
the Panel's discussions, but it was felt that it would be better to defer
consideration of these more complicated problems until agreement had been
reached for the simpler case.

1.3 In the course of the Panel's investigation it become clear that
it might be convenient to introduce nemes for certain quantitics having
the dimensions of pressure., The Panel found, when reviewing these
quantities, that some of the definitions relating to pressure, as laid
down in the British Standerd Glossary of Acronautical Terms4, were wholly
unacceptable for compressible flow. The Ponel would have liked to have
suggested more suitable definitions, but wns umable to agree on the names
for certain quantities, or even on the need for names in certain cases™¥,

2. 'The Problem

2.1 The resultant force on o stationary ducted body in & steady stream
of infinitec extent can be obtained by considering the change ¢f momentum of
the fluid contained within on arbitrary surface completely surrounding the
bedy. It is desirable, however, to divide the resultant force into internal
"thrust" and external "drag" forces, the general case being considered as
one in which the internal low contributes a thrust rether than = drag, in
view of the importance of Jet engines. The results c¢btained vill, of
course, be immediately oppliccdle to the related problem of internal drag,
sirply by interpreting thrusl as negative drag. One could define the
internal thrust and cxternal drag as the sums of the compenents in the
appropriate directions of the nerodynomic forces on the internsl and
extornal surfaces of the body, assuming that these surfaces could be
precisely defined. Such an nnalysis, though quite valid, would be of
interest mainly to the structural worker, who is concerned vAth the
forces on the various parts of the body itself, It would be of less
value, as will be scen later, to the acrodynemicist and thermodynamicist,
who are concerned mainly with the fluid and the changes in its state, and
who require definitions of the forces in terms of the rate of change of
momentur of the fluid that flows through the body (internal flow) and of
the fluid that flows round it (external £low).

2¢2 In considering changes of momentum in the fluwid flowing past =
ducted hody it has sometbines not been elesr vhether the relevant static
pressures should be meosured absolutely or relative to some datum
pressure. For a closed (unductsd)} body this difficulty does not arise,
since the subtraction of o datum pressure is cquivalent to inbegrating
a constant pressure over o closed surface and docs not contribute to the
overall forcc. Bul in considering parts of the surface and of the flow,
as is done with ducted bodics, the derived forces depend on the datum
pressure used. For a body at rest reclative to the surrounding fluid the
undisturbed fluid pressure acts on 211 surfaces, and the resultant force
is mero. Vhen therc is relative motion between the fluid and the bedy
this equilibrium is disturbed and the surface faorceg which are of
significance are thosc due to the changes in surloce pressurce arising
from the motion. Thusg in the derivoiion of these forces all pressures
must be referred to the undisturbed static pressure as a datum. This
practice is adopted in the present Repoxt.
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* If $he nozzle is not squarc-cut and there is still some convergence
in the final part of the nozzle it is clear thot some deflection of the
issuing jet from the free-strcam direetion will occur, entoiling certain
fundamental difficulties., FEven if there is no convergence, some
deflection will probebly occur when the jet is choked.

*# In ony casc, o revision of the names for various concepts relating
to pressure is outside the terms of reference of the Panel, and is
doubtless a matter for o more widely representative body than one set
up primarily to consider the definitions of thrust and drog.
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2.3 The question of the division of the resultant force into
internal "thrust" and external "drag" components, resolves into a choice
of the upstream and downstream stations between which tlhe momentum
relations are applied.

If the reference stations are taken at the entry and exit,
the calculated values of these components will in general vary with any
change in entry or exit area, though there would not necessarily be any
change in the overall flow pattern. Thus if the thrust were defined in
this way, the engine manufacturer would not be able to express the
performance of his engine by a compact series of curves, zpplicable to
all installations. Moreover, he would not be able to measure the
thrust without traversing the flow at both the entry and exit stations.
There would alsn be difficulty in defining the location of the entry
station precisely. The use of the entry and exit sbations is therefore
particularly unsuitable for the definition of thrust, and some more
generally applicable defination is required.

If 2 new reference station is considered, upstream of the
entry station, then the calculated force associated with the internal
flow will differ from that actually excrted on the internal surfaces of
the body. It is shown in Appendix II that this difference is equal to
the longitudinal component of the pressure forces acting or. the
boundaries of the "pre-entry streamtube" (Fig.1). A corresponding
treatment of the extermal flow would yield a force divfering from that
actunlly exerted on the external surfaces by an equal and opposite
amount. Fhysically it can be said that the flow in the pre-entry
streamtube, induced by the engine, influences the external flow and
thereby the pressure distribution on the extermal surfaces. Thus a
force, equal in magnitude to the longitudinal component of the pressure
forces on the boundaries of the pre-entry streamtube, is rightly
attributed to the engine thrust, though usually acting on the external
surfaces. This is in fact the basis on which engine thrusts have
usually been derived in.thc past. Treating the external forces as
positive in the drag sense, then a corresponding external drag is
obtained which is equal to the force actually exerted on the external
surfaces (2s would be derived from the actual pressure distribution)
incraosed by a quantity which has sometimes been referred to as the
“pre~ontry drag'.

A simalar argument can be applied to the flow dovnstresm of
the exit station by introducing the concept of a "post-exit streamtube®
separating the internal and external flows. It is concluded that the
fundamental definition of the tlxust of 2 Jet engine should be fromed in
terma of the stations at infinity upstream and infinity downstream.

2.}, Consideration of the pre-entry flow presents no difficulties,
but there is in fact no physicel post~exit streamtube, the flow
downstrean of the exit being complicated by the transfer of momenbum
and energy between the internal and external flows in the wake of the
body. It has been customary in the past to assume that the local
static pressure in the external flow in the reglion of the Jjet exit is
equal to the' undisturbed static pressure. In general, these pressures
are not equal and it is necessary to take account of this in froming
definitions of thrust. Moreover, the pressure of the internal fluid
at the exit station may differ from that in the adjacent external fluid,
and shock waves mry be present in either the internal or external flows,
or both. A major problem is, thercfore, to devise practical
definitions of thrust which take account of the complex flow conditions
dovnstream of the exit, and which enable the thrust to be determined
from practicable measurements. This is considered in the following
Sections.

Some cauvtionary remarks sbout central bodies and side intakes
are given in Appendix IV, /
3.
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3. The Thrust and Reloted Quantilies

3.1 The thrust obtained as a result of choosing reference stations
at infinity both upstream and downstrean of the body, and by assuming the
existence of an cffective post-exit streamtube, is given by the equation
(derived in Appendix II)

© = waV\?JdAw' poo“& Aoy s oo (341)

vwhere A is the area of the station (normel to the free-stream direction),
p is the density of the fluid, and V is the local velocity, parallel to
the free stream at both sta tn.ons. Suffix w refers to the station at
infinity downstoeam (where the static pressure 1s wniform and cequal to chat
of the undisturbed stream), suffix o0 relers to conditions at infinity

upstream, and tac integration is made over the moss of fluxd flowing through
the body.

The thrust given by equation (5.1) moy be divided into three
corponents

r
post ¢ ...13,2)

where © and ©_ .4 are the pre-entry and post-exit thrusts,
assocz.a.tgd with the pressure exerted by the internal flow upon the
extemal flow ohead of and behind the body, and Oipxt is the intrinsic
thrust *, associaled with the force on the internal surfaces of the body.

The components of © may be written as

epre = f{pi\r;cogagbi + Py - Po@)dA poo co Aoos “.(3.3)
AN

O4nt =f(pevfacosz¢e + Py - Ro)dh, -—/(Pivzcosqui + Py - B dhs,  eee(3eh)

BPOS‘t =I/pr'\f.;d_Aw 'f(PeV;CQSg P + Po - Poo)d.Ae, .. (3.5)

where suffices i and e denoie ihe inbake and exit stations
respectively, and ¢ 1is the local inclination of & streomline to the
frec~stream direction.

The tecrm
3

in equation (3.3) is the "rem drag"**¥; by continuity this is equal to
m3Veo , where my 1is the internel rete of mess-flow at the duct entry.
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* The term “:1.ntr1nslc “Fhragdh! =55 ggref‘crx‘ed to. ":Ln‘cernal thrust"
because 'bhroughou't thig Report=“"1ntema€l§"-means Jrela‘t:l.ng to the £luid
that flows, ‘bhroughqthe,gbodyk .3 which enbraces the, £14id ahead of and
behind the body asawe,ll ag that, kactuallyﬂ\"l’ch:.n the body.. The word
"intrinsic" is thought to be etymologically suitable in this context,

*%  The term "ram drag" is due to Jakobssend and is to be preferred to
the term “intake drag", which is alsc used to denote the aerodynamic
drag of the actual intake. Rom drag is the some as the "sink drag!
which occurs with suction aerofoils.
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The pre-entry thrust depends on the conditions at the entry and
in the undisturbed stream, which are assumed to be known. The intrinsic
thrust depends in addition on the conditions at exit, which in principle
are assumed to be measurable or calculable. It follows from equation
(3.2) that the use off © depends on the successful determinstion of the
post-exit thrust, and thus in any practical definitions of thrust, an
aettempt must be made to relate the conditions at infinity dovmstream to
those at the jet exit; +this approach is considered in Section L beolow.

3.2 The presence of a post-cxit thrust depends on the existence, in
the region surrounding the jet exit, of pressures differing from that of
the undisturbed stream, and the value of the post-exit thrust depends on
the magnitudes of these pressures and the subsegquent behaviour of the
combined internal and external flows. Hence any assessmont of the
post-exit thrust must rely on a measured or assumed distribution of
pressure in the rcgion surrounding the jet at exit. (The presence of a
post-exit thrust implics that the intermal flow from the exit affects
the pressure distribution on the external surfaccs,)

3¢5 Some consideration must 2lso be given to the conditions of the
issuing jet at oxit. When messurcricnts arc made at this position in
flight or on 2 test-bed, the magnitude and direetion of the resultant
velocity must be found, at all points of the cross-sectiion, in order to
obtain the velocity component Vacosed,. The engine manufacturer, in
preparing brochures from which estima%es can subsequently be made of the
engine thrust in given conditions, enviseges a somewhat idealized picture
of the jet flow at the exit and assumes that the gas velocity is entirely
in the direction of the undisturbed stream. An 'effective' exit area
Ap (ot some station f) is then quoted by the manufacturer, which differs
from the real exit arca Ag, to corpensate for this simplification.
These two viewpoints will be borne in mind vhon deriving expressions for
thrust to be used in practice. A lurther discussion of the relation
between quantities ot stations e and f is given in Appendix IIT.

L. Practical Defanitions of Thrust*

L.1 The Stand~rd Thrust.- If the post-oxit thrust cen be neglected,
the thrust is given by the sum of the pre-centry and intrinsic thrusts.
This 1s called the net standard thrust and is the thrust normally
specifaed in enginc brochures. In terms of the conditions at the duct
exit station the net standard thrust is defined by

Oan = [(pevgocsz;be + Pg ~ Peo ) g = M3V, . ...(14..1)

When an effective area is given (at station f£), the net stendard thrust
is

O, = _/‘(va%‘*'Pf“Poo) dhp - myV . een{le2)

In the latter equation, cosﬂﬁ does not appear because at station f
the flow is assumed to be in the direction of the undisturbed stream.
The omission of the sccond term (the rom drag) in either of the above
equations gives the gross standard thrust (@sg)'

4.2 The Jones Thrust.- If the jet is subsonic at exit, and
exhausts into a region where the pressure differs from Py, the
simplest assumption that can be made for calculating the post-exit
thrust 1s that there is no %ransfer of momentum or energy, during/

the
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¥*Sec Appendix II for a more detailed development of the equations
given in this Section.
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the subscruent flow to inlinity where the pressure is Py It in
recoended that the thrust defined by thaus redel of the flow, in vhich
tho f1uid dovmotreon of the cxit ds ssswied 4o be cxporded or compressed
adicbatieally =nd isentropreally to the undisturbed pressure B,
chould be called the net Joaes thrush, since it represents on cxlension
of B. . Jones' origin.l mclhodd of obtamdng the drag of a body in
sncorpressible flow, to the preblea of dotermining thrust.

Using the condition of continuily of moss-Tlow an the wrle and
the omergy cquation for the commressibie flow of a porfect gno, .;.t mg bo

shown {ippendix II) thot the net Jones thrust ig givon, in toomez of
conditions at the cxit plane, by -
: r Yo-117=
| | )
f a ; 2 : i-llj“}q_] © II !!
€y = jpeve Mo+ mem———— T1 l?[ cos ¢, dh, - msVe,. eos(2a3)
| (yo”1 )Mo | Ps ! I
L o 2 J!

The ratic of the specilic heits of the fluid ot exit (y,) dis ass
rermin constant in the subsequent flow 4o Infinity, but .,bw diZfcr frow
the valuc of ¥ appropriate to condilzons =hend of the bLody.

Substituting suffix £ for suffiz ¢ and pubting cos $ cqual
to ity in cquatioa (4.3) would give the not Jones thiust in terms of
conditions ot the :Ld.eu._\.....a(.;f.l. lov plane £, vhere the flov iz ascumed to be
gveryvhere revallel to the undisturbed streanm,

Ls before, the omiscion of the tern myV, loads “o the
fress Jones thrust  (67.).

4.3 The Poarson Thruat.- Wren there is a diffcrence of prossure
acreoss the solid boundary botween tho internol and external flows at an
dnfinitesimer distonce upstream of lhe oxit station, as there may be vwhen
the ot 1s supursoniec, & more reslistis assumption is that the issuing
fivid eriher mands or 1s comprcased unlil it attains the local static
pr_vure of the surrounding flwid Py (assumed uniform), by an adiabati
process in which the quantity

{p ¥% cos® ¢+ P~ B) ar ovolliol)

"'3

voring constant along cach shreardube. It is cssumed that whan the
neagoares 3n the internel and axtormel Plows hate beeome equal, the flow
is parnlicl to the dircetion k,i‘ she wundagsturbad stoecom (.;,‘wt:l.on ¢) and
thore is then no trancler of romenbune or encryy during the cubooquent

Plovr to anfinity where the presgure is P.o.

o

’)

A’oplv"ng ilie cnerey couwolion to both prats of the {low
(bcwcnn u‘ﬂc jot exdt and station g, and hericen sbotion g ond infinity
Anvnotrenm) »id vring the condition thet the quanlity given by (toli)
prorpding conchant botreon the oxat nad station g, the thrust obisined is

e

c
3 araTob A
sCs L PO A L

I Yer!
i 2 - g P y
i x PO N s B - . C
- { 2 E[.PGICCOD BT e )
f=5) Peey|™ 777773
] i Pea My
- -

d_A.(J 1.1\. 0o ees (4.58-)

(5 b “
+dd= | - ?{——-—-—-—-—-—-— + 1> cos™Pg
- 0,

T
H
1
~Z1
S
1 -
e
3l

Alternatively, /
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Alternatively, in terms of conditions at the idealized flow
station £, this can be written

l ezl
! 2 2 ¥t
o = [p.vE] Pele*Pe ™ | (%o
Pn = [Pelpl|-=-=- o5 -
PeVy By
T zf:ff] :
! -
+ ﬁ't—(-—-\} } e dhp ~ myY . e oo (a5b)
VR O

It is recommended that the thrust © be called the
net Pearsen thrust, after the member of the Panel who derived the
equations; +the gross Pearson thrust @pg results from the exclusion
of the ram-drag component m3Ve. B

5. Comparison of the Three Practical Definitions of Thrust

If the jot discharges into a region where the stabic pressure
Pp 1s equal to the undisturbed pressure Py, the post-cxit thrust is
zero anl the stendard thrust i1s appropriete for oll exit velccitics and
pressures; the Pearson and standard thrusts are then identical. The
former may thoreforc be regardesd as a pencralization of the standard
thrust, to be used when the Jjot exhausts into a region whose local static
pressure differs from thot of the free stream.

Vhen Py, is not equal to Pos, thore moy be o post-cxit thrust.
For a subsonic jet, there con bo no differcnce of pressure across the
boundary between the intcrnal and external flows at the cixit, and if the
flow inclination et the oxit is smnll, so thot cospymeitl, the Pearson and
Jones thrusts are then equal. Hence the Pearson thrust can be regarded
as a generalizaetion of tho Jones thrust to the case vhere a dilfference
of stolic pressure cxists between the internal and exbormal flow ot exit,
s in the case of a choked or supersonic jet.

Finally, 2 comparison moy be moade of the Jones and standard
thrusts. TFor this purpose the flow inclinntion at oxit ¢ will again
he assumed to be smrll, so that cos = 1. Expanding the rodical in
equation {1.3) in powers of (Fg - ,j/pevé then gives™

P, -B, M -1 ,P -DB,2
Jg = /Pevg 1 + ...E....E—_ + .—9-—-—-.- (—E-—E—?-O) F oeaes dAe
Peve 2 Peve
vhereas, wilh the same assumption that cosp, = 1,
T -
_ - o [vie)
PoVo

Thus (1f ¢ is small) the stondard thrust is equal to the
first tvo terms only of the exponded formula for the Jones thrust.
The difference between the two thrusts is of course equal to the
post-exit thrust, end is shovm in Fig. 2.

* The subscquent equaticons could equally well be written in tecrms of
conditions at station f.
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The condition of zerc momentum or energy transfer in the
post-exit filow, assuned in deriviag the Jonss thrust, will not be
obtained in practice, though with a subsonic Jet the errors involved
are unlikely to be large. In certain cases, however, the use of the
Jones thrust is clearly wrong. For example, when the total pressure
of the Jet at exit is less than the static pressure of the undisturbed
stream, the fluid flowing throvgh the body camolb attain the pressure
of the undisturbed stream sgain unless there is some transfer of
momentum or energy*.  Altermatively, if the velocity at exit is sonic
or supersonic, there can be a difference of stalic preszure ot exas
between the internal and external flows. With an ideal fluid and no
rmixing, the wake could exhibit a periedic flow pattern exterding to
infinity and there would be no stetion at which the internel static
pressure was at once uniform and equal to that of the undizturbed stream.

The latter case, which is the more imporvant ia {thrust problems,
can be dealt with by usingthePearson thrust. The assumptions made in
deriving equations (A,S(aﬁ and (b)) provably represent the best simple
model of the flow that it is possible to obtain, though this model moy
net always correspond with reality. If, after the initial non-iseutropic
process, there is substential muxing of the inbernal and cxbernal Clows
before the jet has reached the pressure R, the actual thrust obtained
will be affected and the assumption made by Pearsen violated. Tn
addition the external flow itself nay not be iseniropic; Lor cxamplc
shock waves may be pregsent. Moreover the Pearson thrust depends cn the
value of Pp; din practice this is unlikely to be uniform and scmz mcan
pressure must be used in the caleulations. It is felt, however, that
points such as these do not seriously affect the usefulness of the flow
model and resulting thrust given Ly FPcorson.

6. Internal Drag and Propulsive Thrust

In prroblems of internal drag similar concepts to the three
types of thrust given in Section ) are roquired. It is therefore
recomnended that thz quontitics definecd by the nogative of the three
types of net thrust should be called the atandard iateimal drzpg, the
Jones internal drag end the Pcayson internal drog, if such guantities
are required. The adjective net is unnecessary because the concepl
ol gross internal drag has no significance. Some formulaec for internal
dreg e given in Appendix V.,

The overall longitudinal force on a naocelle housing an engine,
teeated as a whole, is felt to be worthy of & narme and it 1s suggested
that this be called Lthe wropulsive thrust, as it is the thrust available
for propelling the rest of the aircraft.

7. Concluding Rernsks and Pecormendolions

The foregoing investigation has showm that the thrust con be
divided into pre-enbtry thrust, intrinsic thrust and post-oxit thrust.
In the absence of the lagt component, the gtandard thrust is obtained.
Tvro idealized models of the flow downstream from the exit vrere put
forward and enahled an estimate to be mnde of +the poat-cxit thrust in
certain cosese This led to the concepts of Jones thrust and Pearson
thrusv, which can be used lo assess the amount of overarl longitudinal
force that it is fair to attribute to the inlernal flow. The flow
models are not cleined to be exact representations of the actual flow
but it is Lelt that they are sufficiently renlistic to be wordth serlious
consideration. At this stoge it is not possible fto estirate with any
accuracy their pocgsible usefulness. There are related internal drag
Porces correspoading to each of the threc types of thrust.

et At e Gy o o b ok L e e AL B e e S S o A e Bt B S W A A o rd o e e S AL Y T ek o o P L TV e e ek e o R P e L e s e R e

< ¥ This type of Llow may occur for evample in the flow through o
piston-engise cooling duct as the exit Tlop is opened (ses also
Appendix V).



It 1s suggested that, of the tbhrusts considered herc, the
Pearson thrust represents the best measure of the thrust that it is fair
to agcribe to a jet engine an the general case., When the internal static
pressure at the exit station is equal to the local static pressure
surrounding the jet exit (subsonic, or unchoked, jet), the Pearson thrust
reduces to the Jones thrust, When the local static pressure surrounding
the jet exit is equal to the undisturbed stetic pressure, the Pearson
thrust reduces to the standard thrust; in this cage the post-exdt thrust
ig zero and the standard thrust s the correct measure of the thrust.

For ease of reference the various thrusts are cellated and
briefly defined in Appendax I,

APPENDIX I/



AFPENDIX I

Pefinations of Some Quantities used in this Report

1 Internal Flow.- The flow of fluid which passes through the
duct,

2. External Flow.~ The flow of fluid which passes around the

outaade of the duct.

3« Pre—entry Streamtubo.- The streamtube, extending from infinity
upstrean of the body to the duct entry, whoss boundaries separaso the
internal and external flows.

L, Equivalert Post-exit Streamtube.- The streamtube, extending
from the duct exit lo infinity downstream, whose boundarics are assuned
to separate the intermal and external flows in the absence of mixing.

5. Ram Drag.- The force, acting in the downstream direction,
which would arise if the momentun of tne internal flow at infinity shead
of the body wore destroyed. (It is equal to the product of the rale of
mass flow at the duct entry and bthe velocaty of the undisturbed relative
airstream, and 1ls the effective sink drag of the air intake.)

6+ Thrust (associated with the internal flow).- The force
corresponding to the rate of increase of momentum, in & direction
parallel to the undisturbed relative airstream, of the internal flow
through the duct, this increase being calculated between stations at
infinite distances vpstream and downstream of the body. The thrust can
be divided conveniontly into three)parts, the pre-cntry thrust, the
intransic thrusi, and the post-exit thrust,.

7o Pre-entxy Thrust.- The force, in a direction parallel to the
undisturbed relativo airstream, arising fron the pressure forces acting
on the internal surface of the pre-entry streamtube.

8. Intrinsic Thrust.—~ The ferece, in a directicon paraliel to the
undistuwrbed relative airstrean, arising from the pressure and friction
forces acbing on the intornal surface of the duct.

9. Posteexit Thrust.- The force, in a divection parallel to ths
undasturbed relative ocarstream, arising from the pressure forces acting
on the internal surface of the equivalent poste-sexit streamtube.

10, Siendard Thrust.~ The net standerd thrust is the sun of the

rroe—~sutry thrust and the intrinsic thrust. The gross standard thrust
is the arithmetic sum of the net standard thrust and the ram drag.

1. Jdones Thrust.- The net Jones thrust is the sum of the pro-
entry thruss, the mntrinsic thrust and the post-exit thrust, the last
being calculated by assuming that the fluid that has passed through the
duct 1s cumpreseed or expanded adiabatically and isentropically down-
stream of the duct exit until the undisturbed static prassure of the
relalive airstream is attained. The gross Jones thrust is the
arithmetic sun of the net Jones thrust and the ram drag.

12, DPsarsor Thrust.- The net Pearson thrust is the sum of the
pre~entry thrust, the intrinsic thrust aad the post-exit thrust, the
last being celculated by asswiing that the flow dewnstream of the

duct/



duct exit has two stages. In the first, the fluid is compressed or
expoanded adiabatacally and irreversibly until the local static pressuro
of the surrounding fluid (assumed uniform) is attained, the quantity
(pVPcos® ¢ + P - Pp}dA remaining constant along each streamline; the flow
is then assumed to be parallel to the direction of the undisturbed
relative axrstream. In the second stage the fluid is compressed or
expanded adiabatically and isemtropically until the undisturbed static
pressure of the relatkive airstream is atained. The gross Pearson
thrust is the arithmetic sum of the nes Pearson thrust and the ram drag.

13, Propulsive Thrust.- The overall force exerted on a nacelle
housing an engine, in a direction parallel to the unéisturbed relative
airstream; it is considered positive when acting in the upstream
direction,

14, Standard Internal Drag.- The negative of the net standard
thrust.

15. Jones Internal Drag.~ The negative of the net Jones thrust.

16. Pearson Internal Drag.- The negative of the net Pearson
thrust.

APPENDIX I1I/
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APPENDIX T1

Derivation of the Thrust and Related Quantities

Fig. 1 represents the "internal" flow ahead of, through and to
the rear of a stationary ducted body. Consider the conbrol volume
bounded by the intake and exit stations i1 and e (taken for convenience
as normal to the free-stream direction) and the internal surfaces of the
body. Momentum considerations show that the sum of the pressure and
friction forces acting on the fluid at the boundaries is equal to the
rate of change of momentum of the fluid flowing through the control
volume. Resolving in the direction of the free stream gives

f.PidAi'[Pea‘A@+[. (Psinq’;-Fcos(p)dS
i e int

= /pevgcosztba dAg -[_pivfcos%i da; ,
e i

where F is the local friction force per unit area, d3 i3 an element
of area of the internal surface, and is considered to be positive
when the duct is diverging. (The third integral on the left~hand side
represents the force in the free~strcam direction exerted on the fluid by
the internal surfaces of the duct.)

Hence / (Psinp-Fcos¢)ds = f (PeVacos® ¢ o+Poldd, - f (pl 4 co8 ¢>1+P JaA, .

The integration of a constant pressure P, (the undisturbed static
pressure) round the closed boundary must give zero force,

i.e., PogdAs - | PogdA, + B, sing dS = 0.
i e © int

Hence by subtraction

f L(P—E,O)mnqb-Fcosqb / (p oVac08” ¢t Pa-Ro)db f (pl fcos®$s+Pi~Ro)dhy .

The forces that are of significance are those associated with pressures
measured relative to the undisturbed static pressure. Thus the left-hand
s1de of the above equation gives the force in the free-stream direction
exerted on the fluid by the internal surfaces of the duct, measured
positively in the dowvmstream direction., This is clearly equal to the
effective force in the direction of the free-stream exerted by the fluid
on the internal surfaces, measured positively in the upgtream (thrust)
direction, and this quantity will be defined as the "Intrinsic Thrust",

Bint .

2 2 3 nna’
Thus 04,4 = f . (poVocos s +P -B )aA, - f i (pyVscos'd; + Py-R )ah,
eso(I1.1)

Now/
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Now consider the flow between stations at infinity upstreanm
€) and the exit (e); in similer mammer a "thrust" can be derived
which is given by

fe(pev‘;cosznﬁe + P, - Pm)dAe - fm(poovoi + P - B )aA , oo {I1.2)

and is equal to the sum of the longitudinal forces on the boundaries of
the pre-entry stresmiube and the internal surfaces.

By subtraction, then:-

("Thrust" given by II.2) =~ Oint = axial force on pre-entry streamtube

= ’/i(PiV;COSB¢i 4 Pi - Poo) dAi - -/;‘)P%vgo d‘AOO'

This will be defined as the "Pre-entry Thrust", Oppg.

Thus O, = /i(pi"\f:?_cos”(ﬁi + P - B dAs - my Y, ees(IL.3)

since V,is constant over the whole area Ay, and my = p V. A, .

Similarly, if the flow 1ls considered between stations at the
exit and at infinity dovnstream (w), a thrust is introduced vhich is
defined as the "Pogt-exit Thrust" and given by

2
Opost = [ - P Y aa - f (poVgoos™  + Py = B dA,,
oo (IT.3)
since Py =B, and ¢, =0, though V, is not uniform.

Since both the pre-entry and post-exit thrusts are communicated to the
body, the total thrust is given by

e %) 8

post

pre * Oint *

fpwv,,‘;aﬁw—mi Vo, ... (I1.5)

The net standard thrust is defined as the sum of the pre-entry
and intrinsic thrusts and is given by

Oyy = f (Polecos®dy + Py = By ) @A, - my Vooy  wuu(I1.6)

or a similar eguation in terms of station I,

In the Jones model of the flow dovmstream from station e or f,
the expansion or compression from the local pressure F, to the
pressure of the undisturbed stream P, ot station w 1is adiabatic and
isentropic, no mixing occurring between the externzl and internal flows.,

The/
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The energy equation for the compressible flow of a perfect gas

can be written

'Z;'E Ve hd I'.(III?)

Using the condition of isentropic flow, this equetion becomes

At

i lﬁ Yo Tik
i

Substituting this value of 7V, into equation (II.5) and using the
condition of continuity,

Priwdhy = PeVecospedhe
gives the net Jones thrust . e
{ Yol I %
o) [ 2 2 J PCJ ye L
Jn = [PeVe i1 + =mmmmmmn 1 —<~-—> cos¢edAe - m Vo o
(Yo 1 ! P, !
L N
eos {II.82)
If the station f is used, ¢p is zoro and
I fitii 5
Y
o = [pw? 1 : |1 P L
gn = [ Pele (T Pl Ry : dhp - my Voo -
LA £ J
i L __

vee (I1.8D)

The Pearson model of the flow has for its initial stage a process
in which the fluid flowving internally expands or contracts adiabatically
and arreversibly from the internal static pressure at the exit te the local

external pressure F,, the process being complete %t station g where the
flow is assumed to be parallel *o the undisturbed stream, During this
process, the pressure at the dividing surfacc between the internal and
external flows is assumed to have the uniform value , and for ecach
streambube the quantity (P"\’acosgqb + P - Pb) dA is assumed to remain
constant betveen the exit and station g.

The gross Fearson thrus‘cl @Pg iz given by the general cquation

-

Y
8 = [ Py Vy dhy
ﬁ w

with conditions at stetion w wrelated to those at the exit by means of
the flow model suggested by Pearson. By continuity,

PoVidhy = PV, cosg dA, « _—
RNt
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Thus
Opg = [PgVgVycomb dhy . voo (I1.9)
For the isentropic and adiabatic flow between stations g and w, the

energy equation for a compressible fluid can be used, as in considering
the Jones thrust, to give

r Ye~1 %
2 P~ Ye
Vg = Vg | =mmmmmem 1 -(.?.‘3) + 1 . ..+ (I1.10)
g 1]
(Ye"'1 )Mg Pb J !
I
L hnd -

(I‘b is agsumed that Yy does not change dovmstream of the exit.) Between
stations e and g,

2 ] 2
pgvg da, - (¥ cos ¢ * Pe - Pb) dh, = 0.

But by continuity

pglegdbg = peVecosbdAg,

end hence

] 2
pelecon g + Fg - Fy '
v o= e i€ D . oo (I1,11)

It remains now to eliminate M, from equation (II.10). This
can be donc by applying the energy equation to the adiabatic flow between
e and g, giving the following equation

2 VNt 2
________ = (_-) m———t 1S w1, e o (I1.12)

Substituting (II.11) and (II1.12) in (IT1.10) and simplifying the result,
leads to the following expression for the net Pearson thrusgt when the
ram drag term is included.

Yo
PeVacos e + Pg = By | /BN
9}? = [ P Vo || === e en ("')
n e'e 2
PeVe By,
.- N
Ye"”1 jé'
&) lomma ] =
PR TR (et N [ I — + 1] cos™go| AAe-m;V . o.e(II.138)
L B, (ya"I )M; J =

In/
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In terms of conditions at station £, where the flow is
agsumed to be parallel to the direction of the frec stream

(i.e¢e, ¢p = 0) thé net Pearson thrust is
Y1
2 Yy
o a Pfo + Pf - Pb PDG
Pn = [Pglg||-m-=mmmmgmme -~
PeVp B,
Lee
Vf-'l
B\ T 2
+ 11 - (-——-) -------- + 1
By, 1| e g

=

d.ﬂ.f-mi.voo . o-s(II-13b)
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APPENDIX ITT

Some Remarks on Real Jet Ingines and the
Use of Stations ¢ and f

In general, the discharge coefficients of engine exhaust
nozzles are less than unity. The engine manufacturers assume that the
engine behaves as if the flow leaving the final nozzle converges and
passes through some area (known as the effective area and denoted by
Ap in the present Report) in which the streamlines ere all perallel to
the undisturbed stream. This area is calculated from a knowledge of
the thrust, mass-flow and exhaust tcmperaturs, measured on a test-bed,
or better gtill in an altitude test-cell., TFor estimating flight
performance, either the effective arca is assumed to be independent of
altitude, or an assumed variation is used, or the results obtained from
an altitude test-cell are omployed. In the present context this
variation and the method of obtaining it are immaterial; it dis only
necessary to allow for the existence of an effective area when
constructing the expressions for the various thrusts, whether this
area remains constant or not.

In the ceee of o real nozzle from which the flow contracts
and passes through an "effective area", the contracting jet (which is
essumed not to mix with the surrounding flow) can support a pressure
from the external flow and thus contribute to the total thrust. The
provlem is unaltered if the boundary of the Jjet is replaced by a solid
surfoce, so that for the purpose of defining the thrust an idealized
picture of the jet may be used, in vhich the new exit area, at which
the flow is parallel to the free-stream, is the effective exit area Agp,
As was said earlier, the exit area givon by the engine maker ig this
effective area Ap; expressions for the various thrusts in terms of
conditions at station f are therefore reguired.

The important case of flight measurcmentsof thrust must now
be considered. These measurements are made in the Jet, near the
engine outlet, and a method is required for calculating the thrust from
them, Yow it may be readily shovm that it is imposgible to separate
the internal thrust from the externsl drag unless the wake surveys are
carried out in the plane of the final nozzle (station e ), ond a
complete picture obtained of the flow at this position. It is
therefore of great importance to have alternative expressions for the
thrust in terms of quantities which can be determined in the actual
exit plane.

One method that can be adopted is to use the results of the
meagsurements at station e <o calculate the conditions as station f,
and this method will be used where a knowledge of the effective area
is required. Bul in the case that is probably of the greatest
importance, a choked jet exhousting into a2 region whose pressure is
cqual to the undisturbed pressure, a simpler spproach cen be used.*
In the absence of any mixing with the external flow the pressure and
velocity must be constant along the bounding streamtube of the jet,
the pressure being equal to B,  Between siations e and £, the

following/

* The externsl pressure surrounding & jet exit under static conditions
is not quite equal to the pressure of tho undisturbed stream. This is
becouse the jet induces an external flow around the nncelle vhich
chenges the external local pressure, particularly at the jet oxit. The
thrust obtoined from engine brochurcs is ultimately based on test-bed
measurements obtained under such conditions, and thus includes any
post-exit thrust due to H, not being equal to E,» The importance
of this effect is not known.
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following reletion holds

/(pe VE cos®g, + Py - B A, —-[(pf Vi + Pp - Bodhs = O

The difference between the two integrals given above 18 equal %o The
resolved component of the force due to the pressure diffeorence (P - B)
acting on the boundary of the jet between the two stations. This
difference mugt be zero, asince on the boundary streamtube P is equal
to E,  Thus the thrust, given in this case by the standard thrust,

ig cobtainable from the first integral in the egquation entirely in terms
of quantiiies in the exit plane, vhere measurements of static and total
pressure, temperature and angle of {low cre required.

I the external pressure is not equal to the free~stream value,
the relation given sbove must be modified.  Assuming that the external
pressure has the constant value Iy, Dbetween stations ¢ and £,

/(Pe Vo cos'dg + By - Bk, = /(Pf Vg + Pp - By)dAp,

so that the velocity V., in the interrediate plane g can be related
to conditicons at stationl e.

Thus, for the purposes of the definition and calculation of
thrust, when conditions at station e are known, it is of'ten not
necessary to calculate the conditions at station f. The cholce
between stations e and f is mainly one of convenience. In general,
in the absence of measurcments, it is almost impossible to estimate
conditions at the exit plane, but at is relatively easy for the engine
manufacturer to estimate the conditions at stataion £,

In many cases, too, the velocity and pressure can be assumed
to be uniform across station £ when estimating thrust from data
supplied by the manufacturer, and there is then no need to integrato
over thoe et area. To define ithe thrusts in terms of uniform flow at
station f would be unnecessarily restrictive, however, since the exact
correspondence hetwoen points in stations e and  connected by a
common streambube would be lost.

APPENDIX IV
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APFENDIX IV

Some Cautionzry Demarks Regarding
Central Bodies and Side Intakes

A1l the thrusts (or internal drags) defined in Section l. are
based on the rate of change of momentum of the fluid that flows through
the body between a station at infinity upstream and some dovmstream
station. If, therefore, the ducted body has a central body protruding
ahead of or behind the main body (see Fig.3), the dreg of the portion
of the central body protruding shecoad of the cntry is automatically
included in the internal thrust or drag, just as are portions entirely
within the main body. The drag of any portion of the central body
protruding behind the exit is not necessarily included, however; the
method to be used in allowing for this drag depends on the definition
of thrust that is adopted.

When the central body protrudes o long way ahead of the entry,
it is often more convenient to treat the central body as the main body,
and to treat the ducted part as e 'side intake'. Thig is particularly
necessary when the intake does not entirely surround the central body.
In such cases the internal drag of the duct, under both definitions,
will include the drag of the portions of the main body ahead of the
entry that are wetted by the fluid that flows through the duct.
However, it is usual to include the drag of the portions of the main
body wetted by the intermsl flow in the external drag, and to correct
for this by reducing the pre-entry drag of the intake by the same
amount, to yield, say, & 'modified pre-entry drag!. That such a
procedure is rational is apparent when the ducted parts of the body
become so detached from the main body that they can be treated aos
acparate nacelles.

APPENDIY V.
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APPENDIX ¥

Formulae for Internal Drag

One of the earliest atgompts to define the internal drag of a
ducted body was made by Meredith®, but he considered only the case when
the exit static pressure was equal to the undisturbed pressure, In
this case 2ll the definitions corpared in Section 5 are cquivalent to
one another and to leredith's defdinition.

Other definitions (unpubliched, 1936) covered the case in which
the exilt static pressurc was differert from the undisturbed pressure,
and were equivalent to eguation (3.'1) of this report, but in order to
apply the definiiion the velocity V, wos related to the exit velocity
Ve and the exit static pressure T, by the assumption of no *transfer
of momentum or cnergy in the wike., This method is now commonly called
Jones 's method, because Jones made the same assumptions in obtaining the
profile drag of an unducted body f'rom mensurcrents in the wrokee?.

Taylor/ has pointed ocub, however, that the elfect of turbulent mixing is
not always negligible, particularly when the oxit stat®c pressurc is
appreciably different from the undisturbed pressurc. Jones's forrmula,
for constant mass flow through the duct, ncglecting corpreaszbility, is

eee (V1)

After it had been cobserved that the definition of intermal
drag given by equation (3.1) could be expressed in terms of measurable
quentities by the use of vhot was, in effect, Jones's formula, it was
natural that Betz's formula8 should also have been considered, for it
had been shown that the two forrulae were equivalent to the first order
vhen used to estimate the profile drag of unducted bodies?. Betz's
formula, which applies to incompressible flow, is

P.-P_ vV P < P\
G o0 o] =] [os)
DB = Pve VDO - VG 1 + 2 ..__._;_... - _; 1 -\/‘] - _1_ _____ as
Pve Ve EP‘@O

vee(Va2)

and on expanding the radical in powers of (Pg = Fpo)/2pV° this becomes *

P, - P P, ~-P
- < c [#24} = [oe)
DB:pre Too = Vg {1+ =mmmg-= N I +oeeaS | dAg .. (V.3)
PVe PVaVoo

N
By cxpanding the radical in cquotion (V.1) in powers of (B - B _}/% VZ,
the equivalent form of Jones's formula is found to be

2
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Thus equations (Ve3) and (V.}) differ only in the terms of order
P~ B,
o end higher.

Betz's formula has the apparent advantage over Jones's that
it gives a real answer when the total pressure at exit is less than the
undisturbed static pressure, for which case Jones's formula gives a
complex answer, Betz's formula has, in fact, been introduced into
internal drag problems (e.g., in Ref.10) in order to cope with this
‘weakness! of Jones's formula, although Squire in 1936 pointed out that
Betz's formula should not be used when Jones's would give a complex
answer, Betz's formula was in fact developed for determining the
profile drag of closed (unducted) bodies, ani has never been extended
to give 2 formla for the internal drag of a ducted body.

It is recommended therefore that Jones's formula should be

uged if an assessment of the internal drag of a2 ducted body is required,
and that Betz's formula should not be used for this purpose.

Iast/
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Iast of Symbols used in this Report

The symbols in this list have been used in wrating tnis report,

but 1t is not recommended that they should all necessarily be adopted for
general use.

A station area (normal to the direction of the undisturbed

stream)
Ap effcctive nozzle arca quoted by engine monufacturers
Dy internal drag according to Betz's formula (sce equation (V.2))
Dy internal drag according to Jones' formula (see equation (V.1))
M Mach nunber, given by VAAD/p
n rato of mass-flow t
P static pressure
By local static pressure of the exbternal fluid surrounding the

jet at exit
Foo pressure of the undisturbed streom
v resultant velocity
Y ratio of specific heats of fluid
@ thrust, given by equation (3.1)
O4nt intrinsic thrust (see cquation (3.4))
Qg gross Jones thrust
(sce equation (L.3))
Oyn net Jones thrust
@Pg ' gross Pearson thrust
(see squations (1..52) and (b))
Opn net Poarson thrust
Bhost post-exit thrust (see oquation (3.5))
©re pre—entry thrust (see equation (3.3))
Og 1 gross standard thrust
& (sec equations (4e1) and (4.2))

O3n net standard thrust

£luid density
b angle between local directioan of {low and direction of

undisturbed stream (positive when streamtube is

divcrgi_ng).

Suffices/
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denotes the exit station (sce Fig. 1)

denotes the station, corresponding to the "effective crea" of
the jet, where the flow is parallel to the undisturbed stream
(see Appendix III).

denotes the station at which the static pressure of the
internal fluid attoins the local static pressure of the
external fluid

denotes the intake station (see Fig. 1)

denotes o station at infinity dowmstrean, at which the intermal
static preasure is uniform and equal to the static pressure of
the undisturbed strcom (see Fig. 1)

denotes o station at infinity upstream (soe Fig. 1).
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