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The problem of deflining and messuring internal drag or thrust of a ducted
body is discussed, and convenient methods of measurement are proposed. The
accuracy of the internal drag measurement is considered, and the possibilaty of

improvang this accuracy by means of duct design is illustrated.

An account is given of the experimental techniques for measuring the
internal and external drags of ducted models which are used in the 8 £+ x & £t
wind tumnel &t R..4.E, Bedford,
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1 INTRODUCTTION

One of the problems arising in wind tunnel tests on models of specific
airoraft or missiles is the trecatment of the flow through and around the propul-
gion units. In general, it is necessary to represent correctly both the internal
flow* ahead of the inlet (pre-entry flow) and the 1ﬁternal flow dowmsiream of the
exit (post-exit flow) in order to determine both the external flow ef%ectq and
also the momentum change of the air accepted by the duct. The flow shead of the
inteke can usually be represented on the model in the wind tunnel, although any
difference between full scale and model scale Roynolds number cen introduce a
choice between an accurate scale médel of the inteke, and a modified form with
the boundary layer removal devices {e.g. diverters) resized such that the correct
relationship with the local boundary layer thickﬁess is reproduced. Representa-
tion of the post~exit flow cen be.a,particularly difficult problem, since a hot,
high pressure jet must be simulated; but fortunately in many cases the lo&ation
of the exit is such that this flow can have little influence on the fornes
acting on the external surfaces of the model and generally no attempt is made at

accurate simulation,

This Report considers the probicm of measuring the forces on a ducted model
(and in particular the internal drag) when the pre-entry flow is asdequately
represented, and when it can be assumed that the post exit fldw éoes not affect
the external forces on the configuration, The internal drag is defined in the
manner of Ref.1 as the sum of the pre-entry and intrinsic drags, and must be
obtained from a measurement of the change in the properties of the internal” flow
between free-stream and the exit of the duet. The poasibility of improving the
accuracy of the measured internal draog by designing the duct for a particular

exit Mech number is exomined and illustrated by a simple example.

Results are given for & 1/30th scole model of an early version of the
B.us C./Sud "Concord"™ tested in the R....E, Bedford 8 £t x 8 £t tunnel at M = 2,2,
On a configuration such as "Ccncord", the nacclles can be easily separated from
the rest of the configuration, and the change in the overall forces due to the
addition of the nacelles to the basic configuration can be measured.' The drag
penalty, in particular, can be quoted as an "installation drag", a definition
of this quantity is suggested ond measured values quoted®®, .

$Tnternal flow is the £low of fluid which passes through the duct, from free-
stream far ahead to a station far behind the model. ..

¥#Tn the case of "Concord", for which the experimental technique described in

this Report was developed, the geometry is such that flowleaving the nacelle
could have some effect on the rear part of the fin and tail cone even at a Mach
number of 2,2; however no allowances have been made for this effect i.a this

Report.



2 FORCES ACTING ON THE COMFLETE CONFIGURATION

A-discussion on the definition of the ainternel apd external drags of 2
ducted body is given in Refii,

For the present investigation, internal drag is the sum of the longitudinal
forces acting on the free bouridaries of the pre-entry ‘'stream tube (i.e. pre-entry
drag) and the surfades of the body, up t0 the-exit survey-plane, which are wetted
bty the internal flow (i.e. intrinsic drag). This definition of internal dreg is
very similar to the standard internel drag &s defined in Ref,1, (The differences
erise because the exit survey plane is just upstream of the duct exit, thus
avoiding the dafficulties associated with distinguishing between the internal,
base and external flows in the exit plene itéelf; the intérnal drag due to that
pert of the duct between the exit flow survey plane and the duot exit is
hegleoted;) Any drag due to the internal flow downstream of the duct exit plene
is neglected.

The external drag is the sum of the longitudinal forces acting on the free
‘boundaries of the pre-entry stream tube and those parts of the body which are
wetted by the external flow but excluding eny base area on the nagcelles, Thus
measured résults have to be correotéd for any base dreg of the nacelles on the
tunnel configuration.

Thus the full scale aircraf't drag cocfficient is:-

/ ,
c = (6. -G =g - C + e
D D- D, . D, '

a/b k 2 Dbase internsl ‘fextj model

(1)

ext | a/e

vhere Cy is the dreg coefficient measured at a given 1ift coefficient
2
and G ig the skin friction drag of that area of the complete configura-

2 ot tion vhich is wetted by the external flow,

This- airoraft external draeg is associated with a thrust of the installed
engine which is defined as the chenge of mowentum and pressure forces from free-

stream to nozzle exit of the engine flow. Corrections have to be made for the

drag, and the skin fraction of the wing-wetted by the pre-entry flow, and for any
base drag or losses due to incorrcot expansion of the jetl,

Tt is of'ten advanitagecus to be able to assess-the penalties due to adding
‘the nacelles to-the basie-wing/body combination. In this casé we define an

installation drag as the difference between the external prossurc drag of the
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complete configuration (excluding base drag) and the pressure drag of the con-

figuration without nacelles at the same lift. If CD is the wind tunnel
1
measurenent of the drag coefficient of the model without nacelles and CD is the
2

drag cocfficient at the same 1lift of the mcdel with nacelles and if the suffices
"£" and “"p" are used to identify the friction and pressure contributions respec-

tively, then the installation drag cocfficient CD can be wratten as
inst
V \ ( )
C = [ G - 0 Ve 2
Dinst \ DE DZ D1p
ext ext
i
where
C = <G -G ) - ¢ (2a)
b D .
zext 2 Dbase internal
and
o = C. -0 (2b)
Dy Dy Dy
‘then 1 y
(/c c ) c C o ¢ (3)
C = - - - - - .
Dinst \ D2 D1 Dlnternal Dbasc D, D1f
. extf

Equation (1) can then be written in the alternative form

/
r - f \ (4)

c = i C + C + (€ . b

D D D, D ' '

ofe L Pap inst.imodel \ Text full sca.le/

3 INTERNAL DRAG

In termss of the momentum and pressure of the internal flow at the relevant
flow stations, the internal drag (- @én) can be written as

-0 = m V -] <pe-poo+pe Vzcoszgse)d.A (6)

sn e o
A
e



where
-

m, = j Po Vé dah )]
L

€

for small values of s equation (6) reduces to
/
'@sn = meVm-j er-poo+pe'\f§>d.& . (8)
J‘Le

If it is assumed that the stagnation temperature Tt is constant, equation (8)

can be recast into the form (see iAppendix i)

-o_ = j P, f1 (ue) dl + p 4y (9)
.:"Le
where
-V /o
IR 2
f1(ide) = ’LT L L?e T (1 + v me)} . (10)

The problem of accurate evaluation of internal drag "by means cof the original
equations (6) and (7) is eggraveted by the requirement of two independent inte-
grations of the relevant exit flow properties, and also by the fact that the
difference between these integrations is usuvally an order of magnitude less than
‘the inlegrations themselves. Thils precblem 18 considerably reduced by using
equaticns (9) and (10), since the nced for two separate integrations is romoved,
Physically, equation (9) is the integration of the internal drag of each
individual stream tubc of the internal flow.

The variation of the function,f1(Me) with exit Mach number, which is shown
in Fig.2, offers o further reduction of the problem of ainternel dreg measurement,
This effect is illustrated in Fig.3, where the error in measured internal drag

caused by an error in either measured exat static or exit pitot pressure is shown

for a range of free-stream and exit Mach numbers. For this example, a considerably

simplified exit flew was considered where the properties of the anterncl flow and
errors in measurement of these properties do not vary in the exit flow survey

plene. Strictly the information in Fig.3 applies to the case where the internal

2
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flow pressure recovery at exit is unity; however, changes in the pressure
recovery produce only small variations from the data presented., It is clear
from Fig.3(a) that the duct should be designed to have an exit Mach number of
unity to minimise thc effect of error in static pressure measurcment for any
free-stream Mach nuwber. [Fig.3(b), on the other hand, shows that the desired
exit Mach number vearies with free-streamn Mach number if the effect of errors in
Pitot pressure measurement are to be minimised, Thus excepting the case of
?Lo= 2.2 when the desired exit Mach number from both considerations is unity,

some compromise is involved in choosing the "best” exit Mach number.

Another interesting property of the function f1(Me) is that for a free-
stream Mach number of 2.2, and a duct exit Mach number of 1.0, f{(Me) is very
small; so that for a perfect sonic duct exit the internal drag (equatien (9))
depends only on the physical size of the exit and the condations in free-stream,
both of which are readily available.

L EXPERIMENT AL TECHNTIQUES

bt -The flow inside the duct

Two different types of ducts have been used in tests on & 1/30th scale
model of a complete configuration of the B,..C./Sud "Concord™ in the 8 ft x 8 ft
wind tunnel at R.&.E. Bedford. The farst type had simple internal geometry -
the cross-sectional area of the duct was constent, and changes of duct section
shape were minimised. For the second type, & more sophisticated internal geometry
was designed, to produce the desired duct exit Mach number - as defined in
section 3., The inlets of both ducts were simplified and inlet compression ramps
and boundery layer diverters, bleeds etc. were omitfed. Thus the duct inlet
flow, which included the boundary layer of that part of the model wetted by the
pre-entry flow, did not pass through the intake shock geometry.

L.1.1 The constant cross-sectional area duct

The cheracteristics of this type of duct are very similar to those of the
straight parallel ducts with pitot inlets which are considered in Ref,2. The
boundary layer growth inside the duct effectively makes the duct convergent; so
that for inlet Machnumbers above a critical veluc, ot which the duet is just
choked by the boundary layer growth, the flow inside the duct is supersonic. For
inlet Mech numbers below this critical value, a complicated inlet shock wave

pettern, associated with flow spillage at the inlet is established,



Leo1.2 The duct with choked exit

It was noted in sesction 3, from a consideration of the functien f1(Me)’
that for a free-stream Mach number, M =.2.2, the reguired exit Mach,number was
approxinmately unity. Thus & duct design is required such that sonic conditions
are obtained in the exit flow, and also such that the pre-entry flow is unaffected
Py the flow inside the duct. A convergent-divergent-convergent duct will give.
these conditions; the flow inside such & duct is intended to go through the

following stoges (Fig.h4)
(1) Supersonic isentropic compression to the first throat.
(i) Supcrsonic expansion to the normal shock, |
(131) Subsonic diffusion to the beginning of the choking wedges.
(iv) Subsonic acceleration to the sonic throat.

Since in practice thore is a boundary layer on the walls of the duct,
(this boundary layer is particularly thick on the wing surface, which.forms one
of the duct walls) the classical single normal shoock is replaced by o series of
bifurcated normel shocks to form a "compression region“; (This type of flow is -
considered in some detail in Refs.3 and 4.) The length of this compression region
depends on the nature and-thickness of the boundary layer with which it interacts,
and also on the incident Mac? numb er,

-

The minimun Mach nunber obtaineble at the first throet is associated with
the maximum contraction from inlet to first throat which will also allow the duot
@6 start. Simple considerations of continuity and normal shock pressure recovery
%or the starting operation for e free-strcam Mach number of M= 2.8 (maximum
obtainable in 8 £t x 8§ ft wind tunncl) indicate a maximum contraction ratio of
4,36, thus for an inlet Mach number Mi % 2,1 the Mech number at the first throat
is H # 1.7, However, since the flow configuration during the storting operation
is not preciscly known, a throat Niach number of M % 1.8 was selected as a

practical minimum value.

The duct exit area is chosen such that the compréssion region in the
-diffuser is just downstream of the first'throat. For this éarticular model, the
duct-exit size was obtained from a pilot experiment; however, simple one dimen-
sional analysis of the flow between the first throat and the exit can indicate
an approximate velue of this area. (Normal shock preséure recovery for the

"oompression regicn” can be assumed - see Refs. 3 and 4. )

The smooth shape of the duct floorbetween the inlet and the beginning of
the choking wedges was dcsigned so thet severe adverse pressure gradients which
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might have caused boundary layer separation in the contraction were avoided, and
so that the total divergence angle of the diffuser was epproximately 5° (Refs.3
end k4 indicate that this angle could be.incréased to 6° without penalty.). The
profile of the choking wedges was divided into three sections; the initial
straight linc profile gave a total convergence angle of about ZOQ, this was
followed by a circular aro profile (radius ¢ 8 x local duct height) and finally
a further straight line'profile which gave a paralliel duct about % ineh long in

the free-strean direction with the model at the cruising attitude.

The required duct exit flow conditions can also be obtained using a special
case of the "con-di-con” duct - this is the divergent-convergent duct. The flow
inside thas type of duct is intended to go through the last three stages only of
the sequence suggested for the "con-da-con" duct, and sincé there is no imatial
internal contraction the "di-con" duct dees not have the starting problems
essociated wath the “con-di-eon" duet. The diffuser of the "di-con® duct
effectively begins at the duct inlet, but it 1s cessential that & duct exit area
is chesen such that the compressicn region is kept well downstream of the‘intake
(ot least Z2h, vhere h is the distance from the- inlet covl lip to the'local wing

surface) so as to avoid any possible interference with the pre-entry f£low.

For this particular modcl, thc length of the duct 1s rather short (about
10h), end it was decided that tho best solution to the problem of containing
the compression region'in the available diffuser leongth wos offered by the "con-
di-con" duct, which has the much shorter compression region associated with the
lover incident Mach number and lower local duct "drameter” of this type of duct.
For configurations with longer ducts than the present, the "di-con" duct may be

the better type to choose.

4.1.3 GComparison of the constant ares duct and the "con-di-con" duct

The mein adventages of the constant arca duct are the obvaous simplicity
of design and mapuf'acture and the fact that satisfactory supercritical flow can
be obteined for a wide range of inlet Mach numbers. This contrasts with the
"con-di-con® duct which requires careful design for each inlet condition in order
to obtain just supereritical flow in the duet, although small variations .in'inlet
Nach number (&M # 0,1) can'usuelly be accommodeted without producing either sub-
critical flow or 6ver-éupcrcritical flew « which eggravates further the problem

of containing the compression region in the diffuser,:
The main advantages of the "con-di-con" duct are (i) an exit Mach number

can be obtained such that the susceptibality of the measured internal drag to

errors in exit flow measurement (Fig.3) 1s minimised and (ii) the pressure
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distributions in the exit flow are smooth. In contrast, the simpler duct
usually produces an exit Mach number far from this "optimum" value, and this
disadvantoge is magnified by the fact that exit flow peasurement is mpde more
“gifficult by disturbances which might originate in the forword part of the duct
due to non-uniform or misaligned inlet flow and ar? perpetuated to the flow
measuring station at the exit. These effects are illustrated in Fig.5 where
typical pressure and Mach number distributions across the centre line of the
exit of each type'of duct are shown,

Thus, when an accurate measurement of internal drag is of prime importance,
the con-di~con duct is seen to be superior to the constant erea duct; it has,
however, the disadventage of a much smaller renge of inlet conditions for a

fixed duet geometry,

4.2 Details of tests

Two comprehensive surveys of the nacelle exit flow were made using (i) a
single static pressure probe and (ii) a four tube pitot pressure rake. The
rakes were mounted on a remotely controlled traversing arm which is shown in
Fig.1. The movement of traversing arm (i.e., primary, secondary and tertiacy
rotations, and ferc and aft translation) was monitored so that the position of
the arm in the exit flow was known; contact between the probe and the walls of
the duct was indicated electrically, For a nacelle exit area of some three square
inches, about 50 statie pressure and about 120 pitot pressure measuremen£5 were
-made in the "con-di-con" duct; about 100 static pressures and aboﬁ% 200 pitot
pressures were necessery in the more complicated exit flow of éhe constant area
duct., The pressure traverses were nmade in a plene parallel to the dﬁét cxit
plene and 0.25 inch upstream of the exit.

The pressures acting on the blunt base of the nacelle were neasured using
static pressurc oraifices in the base itself, Tne Bkln friction drag of the base
was negligible._

The overall forces acting on the basic and complete.configurations @ere
measured wilh boundary layer trensition artificially fixed near the leading edges
of the wings, near the nose of the body, end nesr the leading edges of the
nacelle cowl (for both internel and external flows) by means of a narrow band of
distributed roughness*.: The models.were supported in the wind tunnel on &

2% inches diaseter six component strain gauge balance and a 2.1 inches diameter
rear sting.

“A full discussion of this technique is given in Ref,b5.
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The experimental work necessary for the determination of the installation
drag falls into five parts:- )

(1) Overall force test on the basic configuration.

(ii} Test on the complete configuration in which the pressures on the
base of the nacelle and on the walls of the duct were measured.

(iii) Measurement of the static pressure distribution in the exat flow.
(iv) Measurement of the pitot pressure distribution in the exit flow.
(v) Overall foroe weasurement of the complete configuration,

In the 8 £t x 8 f%* wind tunncl at R..L.E. Bedford, this sequence can be
completed in three "turmel runs”, with the last three parts being covered in a
single "run". During the overall force measurement in the final run the
traversing arm was retracted so that there was no possible interferemnce frum

the probeé on the flow over the model.

4.3 Bkin friction

The skin friction drags of those parts of thc model which are required in
the evaluaticn of the installation drag were estimated using the curves of

Ref',6 for the skin friction cn a flat plate in zero pressure gradient.

5 THE NiCELLE INST.LLLLTION DR.G OF "CONCORD™

The experimental and analytical techniques nutlined in the preceding
sections have been used in the analysis of the nacelle installation drag of the
B...C./Sud "Concord™ airecraft.

In this particular case it was assuwed that the external skin fricticn
drag of the completc configuration excluding nacelles (i,c, the area . in Fig.6)

can be removed from each skin frictirn drag term in equation (4). These become:

(1) the skin friction drag of the nacelle surface wetted by the external
flow,

(i1) +the skin fraction dreg of those poarts of the basic configuration,
which are not wetted by the coxternal flcw on the complete configuration (i.e. the

arca B in Fig.6).

Thus the expression for the instellation drag becomes

D st ° (D2 - D1) - internal drag - base drag

- gkin friction drag of nacelle surface wetted by external flow

+ skin friction drag of area B on basic configuration

ees  (11)
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(For the rectangular box nacelle shepe of the "Concord", a further simplifiocstion
can be obtained sinsce the skin fric%ion dreg of the nacelle lower surface is
approximately equal to the skin friecticn dreg «f those parts of the basioc con-
figurrtion which are not wetted by pre-entry flow or external flow on the complete
configuration (i.e. the area C in Fig.6).)

L specimen evaluation of the nacgelle installaticen drag f'or one version of
the "Concord" is presented in Table 1 - the drag components have been expressed
in the usuel ccefficient form besed on & reference wing area. The installation
drags queted are for the same external onnfiguration, and whilst the difference
between the values is small, slightly more confidence can be placed in that
¢btained from the configuration with the "ern-di-con" duct because of the reduc-
tion in the errors which might arise from the intcrnal drag in this case. The
tebulated values alsc illustrate the relative sizes of the terms involved in the

evaluation of the installation drag.

The internal drag of the constant area duct can be compered to the estimated
internal skin frietion drag - € = 0,0016, It was assumed here that the

De
. Tint
Mach number at the edge of the internal bounda:y layer was M = 2.0 throughout,

end that there was nc loss of total pressure in the supersenic ccere of the
internal flow. The good egreement here is remarkable in view of the crude assump-

tions invelved in obitaining the skin friction drag.

The internal drag of the “con-di-ccn" duct can be compared to that of a

duct with & sonic exit. In these citcumstances equation (9) reduces to:

- - [ ,
eén = f (M 0) 2. 2 Do b+ D 4 - (12)

£
=]

This expression is equivalent to that cbtained in Ref.7 (equation (6)) which was
written as:

C = P—"-°<1-P—EB>:5‘- (13)
Din't Qoo Hwoo 5
where
H 2q
B = 1268—--—- ) (14)
o0
[=.7]

P
and ﬁg is the mesn (erea weighted) pressure recovery at the exit.

Y
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For this duct (with sonic exit) Cy = 0,0036 which is considerably greater
int
than the measured value, due to the deviation from M = 1.0 in the exit flow.
The duct exit shape was intended tc produce a choked exit with near sonic
Mach numbers and a conventicnal sonic line shape and position. However, the
upstrean compression region produces very thick boundary leyers in the diffuser
and non-lineer conditions in the "settling chamber" ahead of the contraction,
which gives a flow which differs from that normally encountered at the geometric
threoat of a choked exit.

6 CONCLUDING REM./RKS

The internal drag of a ducted configuration has been ceonsidered in some
detail, and wethods for designing the duct shape have been proposed so that the

accuracy of an indirect meesurement of this internal drag can be improved.

The experimental techniques used for mcasuring the internal and external
drags of ducted models of & configuration of the B....C./Sud Concord aircraft in
the 8 £t x 8 £t wind tunnel at R..i.E. Bedford have been described. Results

from twn methods of internal drag measurement have becn compared.
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dppendix A
FORMULLE FOR INTERNAL DRAG

In Ref.1 the internal drag of a ducted installation is given as:

. ' 2 2 ) Y
'Gsn = g Vw—j Py =B * P, Ve cos. ¢e di {4.1)

L
e

when gSe is small, this expression can be approxipated to:

- - esn = m v, -/ P, " Pt P, Vi di . (4.2)
L
Now ‘
mi = me = moo = / Poo Vw e j pe Ve dis (:;.3)
‘A o
o0 <
therefore
~@sn=fpevevood‘“j Pe-poo-*Pevzd“ ()
.n.e -;ne
‘ 2 & : 2
= =22 - - ? N
= j Y P, M v as j P, ~ B, * Y P, M di (4a5)
Fa 4
e e
‘ v
w2 oo 2\ .,
= j 1 (Y L T 14y Me> dh+p b . (L£.6)
&
e
If we assume that the total terperature TJG is constant, then a, is constant.
-(Va,)
- ( 2 ( *loo 2 r ,
-8 = j P, LY M L—-m:l - {4 +¥y n%e)} dh +p A (1.7)
A
e
Y+ - ®Sn = j Pe f1(rlie) d—ﬂ- + Poo J.a.e (JL-S)
da
where > I—(V/a-:-)m

f‘l (Me) = E"{ Me Lm - (1 + Mi)} . (.:';.9)
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Table 1

SPECIMEN N.ACELLE INSTALL.ITION DRIG EVALULTION

(Common extcrnal configuration)

C =0 M =22 n=2x 10%/ct | R=3 x 108/e%
Conatant area | “Con-di-con"
Duct shape duct duct
CD - C 0.0015 0.00560
conplete config. Dbasic config.
Internal drag 0,00165 0.00316
0.00250 0.00244,
Base drag 0,0013%9 0.00130
0.,00111 0.00114
Skin friction drag of nacelle
surface wetted by external flow 0.00097 0. 00091
0,00014 0.00023
Skin fraction drag of area B on :
basic configuraticn 0.00062 0.00058
Instellation drag ' 0.00076 0.00081
1
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SYMBOLS
D drag
D1 drag of basic configuration
D2 dreg of complete configuration
Dinst installati?n drag
) static pressure
P pitot pressure
H total prcssu}e
A area )
-9 internal drag
n * mess flow
v veloeity ~
P density
@ angle between local flow directicn and free-strean
M Mach number
R Reynolds number
a, critical speed cof sound
Tt tetal temperature
CD dragxcoef€%01ent = ang
o
oy 1ift coefficient = 21_:_,_8-
Q dynamié pressure
5 wing roference area
h distance from duct inlet cowl lip to local wing surface
Subseripts
ca conditions in free-stream
i conditions at duct inlet
e conditions at internal flow measuring station 0.25 inch upstream
of duct exit
1 refers to basic configuration
2 refers to complete configuration
P as in D indicates pressure dreag
£ &8 in Df indicates skin friotion drag
a/e as in Da/b indicates aircraft dreg

ext refers to external flow

int refers to internal flow
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(b) EFFECT OF ERROR IN MEASURED EXIT PITOT PRESSURE.

FIG.3 ERROR IN INTERNAL DRAG COEFFICIENT DUE TO
ERROR IN PRESSURE MEASUREMENT AT DUCT EXIT

DRAG COEFFICIENTS BASED ON REF AREA OF 500 SQ. INS.
DUCT cXIT AREA = 6 SQ INS
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FIG6a POSITION OF THE NACELLE ON THE WING
LOWER SURFACE OF COMPLETE CONFIGURATION
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FIG6 b REGIONS OF THE WING LOWER SURFACE OF
THE BASIC CONFIGURATION AS DEFINED IN SECTION 5

Prunted in England for Her Majesty's Stationery Office by
the Royal Aircraft Establishment, Farnborough. Dd.125875.%.5.
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The problem of defining and measuring lnternal drag or thrust of & ducted
body 15 discussed, and convenient metnods of measurement are proposed. The
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of Improving this accuracy by means of duct design is 1llustrated.
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The problem of defining and measuring internal drag or thrust of a ducted
body is discusged, and convenient methods of pDeasurement are proposed, The
accuracy of the internal drag measurement i{s considered, and the possibility
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