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An mvestigation has been mad6 jnto the design and flow chamcter- 
lst&cs of a duct suitable for the rcprcsentatmn cf R jet engine m 
free flqht ground-launched .wciel tests. The earlier theoretical 
work of Young and 'Vinterbottom hx been extendid to a fact of varyz~ng 
cross-section, snd thx work haG bzin supplacnted by some vlnd tunnel 
tests, 

The theoretical results arc xod to prcdlct the f'lov .?n;r,ere there 
arc no mternnl shocks or separataon in the duct. The w,nd tunnel 
results a-i: rzqux-ed to determine; thi. flori vr1c1: sepxratlon occurs. 
In such CIS~S it IS found that the swaps in static prcssurs in the 
regmn cf the breakaway arc in far qreanLnt vit'n the xanps fowd by 
IQglnk =I-, expcrlmcnts of' 5 related nature. It dots net z.ppea.c possible 
to predict thL positlon of the rtgions of brei*ka!.?ay from the few tests 
mde. 
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1 Introduction 

In the free flight ground-launched research progrnwne tests are to 
be made to measure the drag of models of complete aeroplanes which have 
Jet engines in the body. One of the problems in the design of the 
models is the correct representation of the internal flow which implies 
that the Mach number at the entry must be the ssmc as occurs full scale. 
Moreover the drag associated with the internal flow must be estimated 
in order that it may be subtracted from the measured drag of the 
complete model to give the required drag of the external surfaces. 

This note records the work that has been done on the design of 
ducts for the correct representation of the internal flow. The one- 
dimensional theory that has been used should give a sufficiently 
accurate knowledge of the flow at high forward speeds, when there is an 
appreciable pressure difference across the duct. At low forward speeds, 
when the pressure difference is less, the flow in the rwzp portions of 
the duct will break away, and internal shocks ~1.11 form. Wind tunnel 
tests were made to investigate the nature of thz flow in a particular 
case of this sort. The theory, supplemented by the wind tunnel tests, 
enables the flow to be ascertained over the tronsonic range of forward 
speeds for the particulsr duct considered, and its associated internal 
drag has been estimated. 

2 Analysis of the Flow in a Duct 1 

2.1 Theory 

The theory that was used for the calculation of the internal flow 
is an extension of that of Young and Winterbottom', which was for a 
duct of constant cross-section, to the case of varying cross-section. 
In addition the assumptions made by Young and Winterbattom regarding 
the characteristics of the boundary layer have been modified, as 
discussed in detail in para. 2.2 below. 

The problem of the internal flow in a duct CM not be solved in a 
closed form, and the theory aims, therefore, at deriving an expression 
for the rate of growth of the boundnry layer along the duct; from a 
knowledge of which, the various other parameters of the flow can be 
determined. 

The momentum equation for the flow at an axial distsnce x from 
the entry is 

g + L& [/ (p+ pu2) Zx(r-y)dy] =O c2*1) 

where D is the "s.ctusl'~ drag* of the duct from the entry to station x 

r is the radius at station x 

y is the radial d&x.noe from the wall of the duct 

p is the static pressure at point (x,y) 

41 The word "actual" is intcndod to indicate that the drag as here 
$zust the force actually cxperienced.by the internal surfaces of 

. Care mst thoroforc bc exorcised when the duct is 
considered as part of a free flight model, since it is conventional 
to define the internal drag of such a model somewhat differently, 
(see p~~.4.2) 
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P is the density at point (x,y) 

u is the velocity at point (x,y) 

The continuity equation is 

IX= 

s 

Pu 2 n(r-y) dy = constant 

0 

(2.2) 

where m is the rate of mass flow through the duct. 

It will be assumed that the distributions of density end velocity 
across the duct are uniform except in a boundary layer of thickness 0. 
In addition the usual boundary layer assumption will be made, namely 
that the static pressure is constant across the boundary layer and 
therefore across the duct. 

Bernouilli~s equation for the flow outside the boundary layer may 
be nritten as 

&u2 + + a2 = $q2+L y2 
Y-l 

where U is the velocity outside the boundary layer at station X 

a is sonic velocity outside the boundary layer at station x 

U, is the velocity at the entry 

a, is sonic velocity at the entry 

Equation (2.3) may be written in the form 

(2.4) 

where M, = UT/~, is the Mach number at the entry. 

The condition of isentropic flow outside the boundary layer 
enables the static pressure and density to be expressed in terms of the 
sonic velocity as follows 

(2.5) 

(2.6) 



where p, is the static pressure at the entry 

P is the densit? outside the boundary layer at station x 

PI is the densaty at the entry 

Prom equations (2.4), (2.5), (2.6) Ive oan show that 

9 
dx 

E-PUg 

The momentum equation (2.1) may be written as 

GE=-32 xr2-p2nr-- dr d 
dx dx dxE 

I 

i 

6 

ou2 27. (r-y)dJ 

Jo 

-~PU7c(r-6)2- u& 

i 

PU?+.6)2 i 

1 

The continuity equation (2.2) may be written as 

$ [[pu2x(r-y)dyj +$ [PU*(r-*)j=O 

(2.7) 

(2.8) 

(2.9) 

Substituting for $6j frcrm equataon (2.7) and for 

?& PUn(r-6)2 
i 

from equation (2.9) into equation (2.8) 

we obtain 

aP - = g PUn(2r6-62)-27Cpr $5 
dx 

-& [[ou22X(r-y)di+ U&K ou2'IC(r~y)d] 

(2.fO) 

w The notataon is that a capital letter (U,P) represents the value of 
a quantity such as u,p outside the boundary layer. Since the static 
pressure, p, is constant across the duct there is no need to 
mtroduce the Roman symbol P,and thus the identacsl Greek symbol P 
as free to be used to denote the value of p outside the boundary 
layer. 
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Introducing the boundary layer displacement thickness 6* and 
momentum thickness t? , 
expressed in the form 

it oan be shown that equation (2.10) oan be 

cm -=- ax .& (zxc PU2"?) + 2rcr PU6"$ -273-p $$ 

where 6*, 8 me defined by 

(2.11) 

(2.13) 

The first two terms on the right hand side of equation (2.11) 
represent the drag &.ze tc surface friction, and the third term the 
drag due to the resolved component of the normal pressures. Expressing 
the local surface fraction drag as a ooefficicnt, cf, based on the 
local. conditions outside the boundary layer, an alternative expression 
for ciD/dx is given by 

CID -= 
fix 

$prJ22xrq -2XrPdr 
-FE 

(2.14) 

and comparing equations (2.11), (2.14) we see that cf is given by 

From equations (2.4), (2.6) we can show that 

1 a.P M2 au - - =-- - 
P dx u 8.x 

and also, fram equation (2.3), that 

(2.16) 

(2.17) 

where M =LT/ais the Mach numberox~tside the boundary layer at 
station x. 



Writing H = 6*/8 we see that 

(2.18) 

Substituting for $, G,$ from equations (2.16), (2.18) into 

equation (2.15), ana using equation (2.17) we obtain an equation for cf 

au ar ac? in terms of the derivatives _ ax’;L;‘ZC only, as follows 

+ (2 -M2)8 t 
J 

+26 dr 
r dx 

Using the definition of 
(2.12), the continuity equation 

thickness given by equation 
may be mitten in the form 

m= PU7cr2 I- 2 
( ! 

6X 2 
i: = P,7J,7cr1 = oonstant (2.20) 

where r, is the radius at the entry. 

On being differentiated logarithmically, 
(2.16), equation (2.20) gives 

and using equation 

1 -M* au -- - = u ax 

We can eliminate 2 between equations (2.19), (2.21) and obtain 

an equation for $!$? as follafs 

(2.22) 

(2.23) 

Equation (2.22) is the required expression for the rate of growth 
of the boundary layer along the duct. 



From the continuity equation (2.20), we can, using equation (2.4), 
(2.6), obtain an implicit equation for U in terms of r, 6* as 
follows 

2.2 Assumptions 

In order to apply the theory of psra. 2.1 certain assumptions smst 
be made about the relations between the surface friction coefficient and 
the boundary layer thickness. 
follows:- 

The assumptions that will be made are as 

(1) That the flow in the boundary layer is turbulent from 
the entry. 

(2) That the effects of an axial pressure gradient on the 
boundary layer profile characteristics can be neglected: 
OrJ in other words, that the surface friction coefficient 
(of) end the rataos of the boundary layer displacement 
thickness and momentum thictiess to the total thickness 
(6*/6 and 4/6 ) are the same as for the flow past a flat 
plate with the same local conditions outside the boundary 
layer, and the same boundary layer thicliness. 

(3) That the quantities b*/6 and O/6 are functions only 
of the local Mach number outside the boundary layer, and are 
independent of Reynolds number. 

(4) That fcr the flow past a flat plate the ratio of the 
boundary layer total thickness to the distance from the 
leading edge (6/x) is a function only cf Reynolds number, 
and is independent of Mach number. 

The expressions for 6*/C end B/C as functions of Iviaoh number 
that will be adopted in accordance with assumption (3) above, will be 
those iven for a one-seventh power law velocity profile by Cope and 

% Watson and shown in figure I. In Cope and Watson's theory the ratio 
of displacement thicloless to momentum thickness, H = P/4 , 
increases from H = 1.29 at M = 0 to H = I.72 at M = 1 and to 
H = 3.07 at M z 2. This varintaon of H with M is a departure 
from the assumption of Young and Winterbnttoml, who took H =i 1.4 for 
all M, but is substantiated by recent experiments3. 

The expression for 6 as a function of Reynolds number that will 
be adopted in accordance with assumption (4) above, will be the well- 
known law for the incompressible turbulent flow past a flat plat& 

(2.25) 



where R, is the Reynolds number based on x. 

If we let Cope and Watson's function for the variatmn of 6/6 
with Uach number be f(M), thm 

$ = f(M) 

2nd therefore, from equatmns (2.25), (2.26) we have 

2 = x v RX 

(2.26) 

(2.27) 

for the compressible flow past a flat plate. Since for the floor past 

d flat plate 

and eliaumting x between equations (2.25), (2.28) we obtain 

Cf _ 0.462 ,f(r!Q 
R6' 

(2.28) 

where R6 is the Reynolds ntier based on S. 

In accordance with assumption (2) above, it ml1 be assumed that 
the fimnula for cf given by equstmn (2.29) will apply in 0~ case 
of compressible flow in a duct with an axial pressure gradient. 

2.3 Results of Calculcrtmns 

By means of the theory given m par-a. 2.1 <and the assumptions made 
ln para. 2.2 we we in a position to determine the flow through a duct 
of gxven geometry provided. that the flrvv does not break away rind that 
there are no internal shocks. 

The ducts considered were Or similar design. They mere 30 in. 
long with a 2 m. dmmeter entry. Them -arm an mitial parallel 
portIon followed by a conical contmctlon, a throat, a conical 
expansion, ad fuKLl.y a short parallel portion. The free flight 
mdel ~~11 be attached to the boost by a spigot on the latter which 
will fit Into the rear end of the duct on the model. The shape of the 
rear end of the duct is therefore dictated somewhat by the requwmnents 
of the spigot, in particular the neCi for the fmjl parallel pcrtion 
and the angle of the coniczJ expansmn. For convenience the mgle of 
the conicA contraction WCS mdc the ame 1s the angle of the conical 
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expLansion, and the throat, which covered a length of one inch in all 
cases, consisted of an WC of a sine curve joined to the conical 
portions at the points of mflexlon. The cwvnture xs thereby kept 
continuous. 

The first duct considered, duct A, had a 24 in. diameter etit and 
the total angle of the conical portions wzs 4.52 deg. The drop in 
static prcsswe through this duct, assuming no internal shocks or 
sepcrattlon, was over 10 : 1, which mas too groat for the assumption of 
no internal shocks to be true in practice. Accordingly in duct B the 
exit diameter was reduced to 2& in., and at the same time the total 
angle of the conical portions was reduced to 2.86 deg. The static 
pressure drag through this duct was about 7:1, which was still 
considered too great. Therefore in duct C the exit dim&or was 
further reduced to 1; in., but the total angle of the conical portions 
WS.S left unchanged nt 2.86 dog. 
duct was under 4% : 1) 

The static pressu-c drop through this 
which was probably lcw enough for one to expect 

that the mnternsl flow would be free of mternal shocks over most of 
the speed range m the free flight tests (See para. 4.2). 

The ducts were designed for an entry Mach number of 0.4, assuming 
an entry Reynolds number, based on entry diameter, 0;' 0.70 million*. 
For the ducts considered this Reynolds number corresponds to free 
flqht at sea level at a ?&oh number of 1.1 with a normal shock ahead 
of the entry. 

The method of design consisted of assuming the posltlon, and hence 
the diameter, of the throat, and then det-ning tho flow by the theory 
and assumptions made in papas. 2.1, 2.2 respectively. 
vslucs of r, 6", u, IVI, etc. 

Knowmng the 
at zny station x, one can evaluate dp/d.x 

from equation (2.22) and hence obtain the vdluc of 6" at a station a 
short distance further doY;r&zecm. Knowing 6" one CNI then determine 
U from equation (2.24), rind hence a, p etc. from equntxons (2.4), 
(2.5) etc. respectively. In tis mannir one can deterrmne the flow 
through the duct by a step-by-step procoss. If, when one reaches the 
throat, the Nach number is not unity, the position, and hence the 
diameter cf the throat must be adjusted, and the calculatxons repented 
from the beginning of the conxal portlon until the throat diameter is 
correct for sonic flow withn the accuracy adopted (0.0005 in.) 

The results of the calculations are given in tables 1, 2, 3, and 
me shown in figures 3, 4, 5. The ,xuin feature of the results 
requiring comment 1s ths behavlow of' 6* and d ""/dx. Over the 
initial parallel portion of the ducts the surface friction causes the 
boundary layer to thlcken (d S*/dx positive), although at a diminishing 
mte (d G*/dx decreeing). Upon entering the conical contraction the 
effects of the large favourable pressure gradient offset the thickening 
effects due to the surface friction and the boundary layer thxkness 
is reduced (d6*/dx negative). As the boundary layer becomes thinner, 
ho-vever, the surface frIctional Intensity mcreases, and eventually 
predorr;inates just beyond the throat, so that in the conical expansion 
the bounciary layer agxn begins to thicken (d 6*/dx positive), and 
at sn increasing rate (d 6*/dxincreasing). This latter effect is 
because the favourable effect of a posixLve pressure gradient 
diminishes rapidly at supersonic speeds until at a certain Mach 
number (M = I.725 on our assunrptions regardmg the variation of H with 
M, as given by F = 0) a posltlve pressure gradient causes the 

!I When referrmg to the work of Young and Winterbottoml, it should 
be noted that they based the entry Reynolds number on the entry 
ratius. 
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boundary layer to thicken, 

It will be noticed that the boundary layer thickness is small in 
the neighbourhood of the throat, which substantiates to somo extent 
the assumption frequently made in wind tunnel nozzle design that the 
boundary layer starts at the throat. Just before the throat, i.e. 
just as the Mach number approaches unity, it vtill be noticed that 
dG*/d.x ceases to increase for a short distance, and tends somewhat 
rapidly tovraras - ~0. This corresponds to dU/dx tending to +m, as 
was found by Young and Winterbottoml when the Maoh.number approached 
unity. In their problem of a parallel duct choking occurred, but in 
our case it will be observed that the presence of a throat allows the 
boundary layer to thicken at the same time as the streamlines expand 
upon entering the supersonic region - a state of affairs that could 
not occur in a parallel duct. 

3 Wind Tunnel Tests 

3.1 Details 

The object of the wind tunnel tests was to investigate the flow in 
the conical expansion for various base pressures, A partial model of 
duct C, consisting of the correct internal shape except for a shortened 
initial parallel portion, was rigged in the No.2 $ inch square 
supersonic wind tunnel, the space between the mole1 and the tunnel wells 
being blocked so that the tunnel acted merely as a means of sucking dry 
air thmugh the model. (See figure 6). The model had twenty-four 
static pressure holes of 0.0135 in. diameter at &al. intervals of a 
quarter of sn inch along the conical expansion from the throat to the 
exit, and arranged on two hclices having sn advance of one foot per 
revolution, giving an engle of stagger of about 25O. The method of 
test consisted of decreasing the back pressure until the pressure as 
measured by a tube near the base of the model was less than one-fifth 
of an atmosphere, when the pressures at the holes in the model were 
measured. The back pressure was then increased in stages and the 
measurements repeated at each stage. In addition the total pressure of 
the air entering the model was measured by a pitot tube upstream of the 
model. 

The tests were made during October, 1949. The Reynolds number 
corresuonded to Re = 0.42 tillion. 

3.2 Results of Tests 

The results of the tests arc given in table 4. For run No.1, in 
which the back pressure was sufficiently low to ensure that there were 
no internal shocks or separation in the duct, the results agreL& with 
the calculations of pnra. 2.3 (see figure 7). These calculations, 
admittedly, Twre made for the Reynolds number corresponding to the free 
flight mcdel, but the effect of the lower Reynolds number of the wind 
tunnel tests should not be discernable, and should, in any case, be 
compensated to some extent by the shortened initial parallel portion. 
As the back pressure was increased a point occurred. at which the 
pressure at the last static pressure hole suddenly increased, end with 
further increases in back pressure the pressure at this hole continued 
to increase further, but more gradually, Similar behaviour occurred 
at the other static pressure holes in turn, according to their distance 
from the exit. The resulting pressure distribution for various back 
pressures is shown in figure 7 for a representative selection of runs. 
For a certain distance the pressures were, of course, essentially the 
same as occurred in run No.1, when minimum back ~cssure was applied. 
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At a ~3re or less definite point a sudden jump in pressure occurred, the 
pressure then continuing to increase to the exit". From this type of 
pressure distribution one infers that some type of breakaway and its 
associated shock moves progressively upstream from the exit as the 
applied back pressure is increased. 

The first analysis of the experimental results that was made 
consisted of estimating the position of the breakaway from the pressure 
distributions, which could be done to within about 0.1 in. and plotting 
the position of this breakaway against the static pressure on the base, 
as shown in figure 8. It will be seen that the points lie on a smooth 
curve, and the positions of the breakaway as given by this curve have 
been used in subsequent cslculations. 

As regards the mechanism for deciding the rate at which the break- 
away moves up the duct, when the static pressure on the base, 

3 *a equal to the static pressure at the exit for shock-free intern flow, 
the flow out of the exit should be straight, with no tendency for the 
jet to contra+ or expand. For duct C this corresponds to m/p, = 0.229 
(see table 3). As the base pressure is increased above this value 
shocks will occur at the exit, contracting the jet, but not affecting 
the flow within the duct. Theoretically it is possible to satisfy the 
boundary conditions at the eldt, without affecting the internal flow, by 
postulating progressively stronger shock f'ormatlons, until the ratio of 
the static pressure on the base to the static pressure at the exit is 
equal to the ratio across a normal shock at a Mach number corresponding 
to that at the exit for shook-free internal flow. For dud C this 
oorresp0nds to pB/ p, I 0.727. For hqher vahes of &pq no 
theoretical solution is possible that does not involve a change of the 
flew within the duct. However, the strong shock formations required 
for high values of ph/p, are not realised in practice, owing to the 
boundary layer on the wells of the duct being unable to stand the 
pressure jumps involved. If the static pressure at the exit is p2, then 
at a certain value of the ratio p&2 the boundary layer mill break 
away just inside the exit. is the base pressure is increased further 
the position of the breakaway ulll move up the duct. Now Eggink5 has 
shown that at Mach numbers somevhat higher than occur in our problems, 
the msximum pressures jump due to a shock that a boundary layer CM 
stand without breaking away is given roughly by 

(3.1) 

where p' is the static pressure behind the shock. In OUT problem 
the Maah number outside the bouradary layer at the exit when there ere 
no internal shocks or separation 1s M2 = 1.692 (see table 3). 
Equation (3.1) would indicate, therefore, that a breakaway would be 
expected to move inside the duct when the ratio ph/p2 = 1.743, 
corresponding to pB/p, = 0.399. In point of fact figure 8 shows that 
it actually started to move inside the duct when pg/p, = 0.420, so 
that there is feir agreement vrith Eggink's results. Moreover, the 
position of the breakaway for various base pressures has been 
established in figure 8, and, since the measured pressure distribution 
when there are no internal shocks or sepsration agrees well with the 

w The static pressures measured on the base have been plotted as 
though they occurred at the exit station (x I 30 in.) It will be 
seen that they fit in fairlywell with the static pressure measured 
at the internal static pressure holes. 
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theoretical calculations of' para. 2.3, we can accept the theoretical 
Mach number distribution given in table 3 and figure 5. We can, 
therefore, calculate the hump in static pressure to be expected at 
each position of the breakaway according to equation (3.1). These 
calculated jumps are shown in figure 7, end it mill be seen that the 
results fair inreasonably vith the measured results, No sudden jump 
occurs in practice, of course, the static pressure actually rising 
steeply for an axial distance of about half an inch. 

We conclude, therefore, that the experimental results can be 
explained fairly satisfactorily in terms of theory and earlier 
experimental results. ho satisfactory method of predicting the pressure 
distribution due to the complex flow behind the position of the bresk- 
aTTay has been found, so that the application of the wind tunnel results 
is limited to ducts of similar geometry aft of the throat to that 
investigated here. 

4 Application of Theoretical and Experimental Results to 
Free Flight Experiments 

The theory of the flow in a duct has been investigated in para.2, 
and the wind tunnel tests described in para. show that, provided the 
external conditions are such that no internal shocks or separation 
occur, the results of the theory are borne out fairly well experimentally. 
The wind tunnel tests indicate, in addition, the pressure distribution 
at the rear of the duct in cases when the external pressure at the exit 
is sufficiently high to cause the flow to breakaway before the exit. 
It is nov necessary to match up the internal flow results with the 
external conditions that will occur in free flight, and to calculate 
the internal drag of the duct for various free flight speeds. 

4.1 Matching up cf the Internal Flow with the External Conditions 

The conditions at the entry are related to the stream conditions 
occurring in free flight by the equation 

i 
’ Y 

PI %I 

! 

q+Y-1M2 Y-l 
2 0 -=- , PO pto 1 + y-' 

T"j2 
(4.1) 

where MO is the Maoh number in the free stream 

PO is the static pressure in the free stream 

pto is the total pressure in the free stream 

%I is the total pressure at the entry 

At subsonic flight speeds, of course, the ratio pt$/pto is unity, but 
at supersonic flight speeds the ratio was assumed to be given by the 
ratio of total pressure across a nozmsl. shock at Mach number Mo. The 
variation of p,,/po with iG4 and 84, is shown in figure 9. The entry 
Reynolds number, based on the entrydiameter of 2 in., can, in a similar 
manner, be expressed in terms of NI, and M, and is shown in figure 10. 
The Reynolds number of the cslmlations m-d of the wind tunnel tests are 
sufficiently near to those that will occur in flight to make the 
theoretical and expermentdl results directly applicable. 



Consider nw conditions at the exit. At sufficiently high forward 
speeds the flow in the duct will be free from internal shocks and 
separation, as was found in para. 3.2 for sufficiently high suctions. 
AS the forrzsrd speed is roduced, however, the static pressure at the 
exit, p2, which is given by 

p2 p2 PI -- 
g = PI PO (4.2) 

will decrease, wing to the decrease in pz/po as MO decreases 
(see figure 9). At some forward speed, therefore, the type of flow in 
the duct will change, and the wind tunnel tests indicate that a break- 
away will occur just inside the exit, and, as the forward speed is 
further reduced, this breakaway will move up the duct. In the wind 
tunnel tests the position of this breakaway depended upon the static 
pressure on the base of the model, pg, and we shall, accordingly, 
assume that in flight also the position of the breakaway is related to 
the base pressure. The estimation of the base pressure to be expected 
in free flight is, however, difficult, and represents the weakest link 
in the chain of information necessary to estimate the internal flow 
and drag of a ducted body in flight, A certain am u 

87 
t of information 

exists on the base pressure on shell-type bases, 2 but the ducted body 
considered here will have an annular base and a boat-tailed afterbody, 
and the width of the annulus is likely to be of the order of a quarter 
of an anch. Cviing to the paucity of information on the static pressure 
likely to occur on the annular base of a boat-tailed body we can at 
the present time do no better than make the best use of the information 
given m references 6,7. Any effects of boat-tailing till be ignored 
and the variation of p,/p, with MO that will be assumed to occur in 
free flight is therefore given in figure 11, and in tier of the 
probable unreliability of the assumption, the effect of errors in 
PI/p0 of 2 0.1 will be investigated. 

4.2 Calculation of the Internal Drag 

The internal drag of the duct will be defined as the negative of 
the usual definition of the nett thrust of a jet engine, as follows 

r2 
Di = m U, - 

s 
(pu2 f P-PO) 2x(r2-y) dy (4.3) 

0 

where u, is the velocity in the free stream, and the integration is 
made across the exit, where the radius is r2. Using equation (2.1) we 
can mite equation (4.3) in the form 

e 

Di = mu, + ponr22 + 
s 

adx 
TG - (p,u,2 + p,) 7cq2 (4.4) 

0 

where 4 is the length of the duct. 
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Let us now assume that a breakaway occurs in the duct at a distance 
.$, from the entry. The integral in equation (4.4) iray be written as 

(4.5) 

In the first integral on the right hand side of equation (4.5) we &se 
the expression for aD/dx given by equation (2.11), which applies when 
the flow is of a one-dimensional character as assumed in the theory of 
para. 2.1, and we obtain 

& (2xrFJ27Y)+ 27~rPU6~ $$- 2rp $ 

i 

dx (4.6) 

Substituting for ox from equation (2.20) and using equation (2.7) the 
integrand in equation (4.6) becomes a perfect differential, and we obtain 

'3x = 27Wbpbl$26b - ~~r~+.ub)+(p,m,2+ 0,) (4.7) 

where rb is the radius at the position of the breakaway 

'b is the static pressure at the position of the breakaway 

'b 
is the density outside the boundary layer at the position 

of the breekaway 

ub is the velocity outside the boundary layer at the position 
of the breakaway 

eb is the momentum thickness of the boundary layer at the 
pos~tlon of the breslcaway 

In the second integral on the right hand side of equataon (4.5) we use 
the general expression for dD/dx given by equation (2.14) and obtain 

J* 

c 
Substituting for .G!$ from equations (4.7), (4.8) and for m 

0 

from equation (2.20) into equation (4.4) m obtain 
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Di = 2TwbPbUb 229 b - P,U, (Ub - uo) 7;~,* + (Po - P*) 7ir22 

&b s 

p2 
‘JW2 dQ (4.9) 

43 

When there is no breakaway within the duct equation (4.9) reduces to 

2 Di = 2xr2P2U2 fi2 - P, U, (U2 - Uo) m,* + (pa - ~2) ?w22 (4.10) 

where P2 is the density outside the boundary layer at the exit 

U2 is the velocity outside the boundary layer at the exit 

ff2 is the momentum thickness of the boundary layer at the exit 

The internal drag of duct C was now calculated in the f'ollowing 
manner. The wind tunnel tests indicate that there will be no bresk- 
away within the duct as long as pD/p, < 0.420 (see figure 8). From 
the values for %, p, given in figures 9, 11 we see that this 
corresponds to a free stream Mach number MO a 1.08. For MO > 1.08, 
therefore, the internal drag was calculated for given free stream end 
entry conditions from equation (4.10), the theoretical results given 
in table 3 and figure 5 being used to determine the conditions at the 
txit. For M,, < 1.08 equation (4.9) was used. The theoretical 
results were now used to determine the conditions at the position of 
the brealwvay, and the wind tunnel measurements of static pressure 
given in table 4 and figure 7 mere used to evaluate the second 
integral in equation (4.9). In the absence of any knowledge of the 
skin friction behind the position of the breakaway the contribution due 
to the first integral in equation (4.9) was igncred. Its contribution 
is likely to be small, and would in fact be zero should there be a 
dead. water region behind the breakaway, so the error in neglecting 
this term is not likely to be serious. 

The results of the calculations ore shown in figure 12, and the 
effects of making different assumptions regarding the static pressure 
on the base are also shown. The Bow was sonic at the throat of the 
duct for all the cases investigated. It will be noticed that an error 
in the estimation of the static pressure on the base u~Ll1 not affect 
the internal drag of the duct at supersonic free stream Mach numbers, 
but that at subsonic Mach numbers an appreciable uncertainty may be 
introduced. 

5 Conclusions 

The flaw in a duct has been investigated theoretically for the 
case when there are no internal shocks or separation, and the results 
have been confirmed by wind tunnel tests. The wind tunnel tests also 
show the nature of the flow when a breakaway oocurs before the exzt, 
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and the jumps in static Pressure in the regions where the breakaway 
occur are in fair agreement with the jumps found by Eggink in experi- 
mats of a related nature. It does not, however, appear possible to 
predict the position of the regions of breakaway in the general case. 

From the results, both theoreticsl and experimental, the internal 
drag of a particular duct has been calculated. It is considered that 
at supersonic free stream Jvlach numbers the calculated internal drag 
can be accepted 6th confidence, but that at subsonic Maoh numbers an 
error in the assumption as to the static pressure on the base of the 
ducted body may introduce an appreciable uncertainty in the calculated 
internal drag. Nevertheless the methods developed appear to be 
suitable for the problem of' estimating the internal drag of free flight 
models. 

a 

“1 

Of 

D 

Di 

F 

f 

Ii 

L 

-93 

M 

-% 

Ml 

hi2 

111 

P 

PO 

PI 

p2 

LIST OP SXJ5OLS 

sonic velocity outside the boundary layer at station x 

sonic velocity at the entry 

local surface friction coefficient 

"aotusl" drag of the duct from the entry to station x 
(See equation(2.1)) 

internal drag of the duct (See equation (4.3)) 

function of M defined by equation (2.23) 

function of M defined by equation (2.26) 

P/ii 

length of the duct 

distance of the breakaway from the entry 

Mach number outside the boundary layer at station x 

iMach number in the free streem 

@oh number at the entry 

Mach number outside the bcundary layer at the exit 

rate of mass flow through the duct 

static pressure at point (x,y) 

static pressure in the fret stream 

static pressure at the entry 

static pressure at the exit 
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LIST m SYMHXS (contd.1 

Rx 

R6 

r 

‘1 

r2 

rb 
u 

uo 

"1 

u2 

"b 

u 

x 

Y 

Y 

6 

6w 

static pressure at the position of the breakaway 

static pressure on the base 

static pressure behlnd a shock 

totti pressure in the free stream 

total pressure at the entry 

kinetic pressure in the free stream (= & PoUo2) 

entry Reynolds number = - 

Reynolds number based on x 

Reynolds number based on 6 

radius at station x 

radius at the entry 

radius at the exit 

radius at the position of the breakaway 

velocity outside the boundary layer at station x 

velocity in the free stream 

velocity at the entry 

velocity outside the boundary layer at the exit 

velocity outside the boundary layer at the posztion of 
the breakaway 

velocity at point (x,y) 

tial distance from the entry 

radial. distance from the wall of the duct 

ratlo of the specific heats, taken as 1.40 

thickness of the boundary layer at station x 

displacement thickness of the boundary layer at station x 
(See equation (2.12)) 
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LIST CF SXEQLS (c&d.) 

'b 

” 

y1 

P 

PO 

'b 

P 

momentum thickness of the boundary layer at station x 
(See equation (2.13)) 

momentum thickness of the boundary layer at the exit 

momentum thickness of the bov.ndary layer at the position 
of the breakaway 

kinematic viscosity outsIde the boundary layer at 
station x 

kmemtic viscosity at the entry 

density outside the boundary layer at station x 

density in the free stream 

density at the entry 

density outside the boundary layor at the exit 

density outside the boundary layer at the position of 
the breakaway 

density at pout (x,y) 

No. ALlthOr 

1 LD. Y@ung 
N.E, Winterbottom 

2 W.P. cope 
G.G. Katson 

3 R.J. Mona&an 
J.E. Johnson 

Title, etc. 

High speed flow in smooth cylindrical 
pipes of circular section 
FL& K2068, November, 1942. 

Preliminary MeasurewAs of the 
Boundary Layer in the II" Supersonic 
Wind T~unnel. 
R.& Mv1.2304, :,ugust, 1946. 

The measurement of heat transfer and 
skin friction at supersonic speeds 
Part11 - Boundary layer measurements 
on a flat plate at LI = 2.5 and zero 
heat transfer, 
ARC. 13,064, Dcccmber, 1949. 
(to be published) 
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I?B?EmTCE (oontd.) 

r""* Author Title, etc. 

4 ed. by S. Goldstein Nodern Developments in Pluld Dynamics 
vo1.11 Chap.VIII soct1on III paca.163. 
oxeora, 193s. 

5 H. Eggmk The Improvement in Pressure Recovery 
in Supersonic Wind Tunnels.- 
R.& X.2703, May, 1949. 

6 P.K. Hill Base Pressures at Supersonic Velocities 
R ,A. ZLpher J.A:e.Sc. Vol.16 ro.3 pp.153-160, 

March, 1949. 

7 P.R. Owen A collection of experimental results on 
base presswc from fuing and wind 
tunnel tests. 
Unpublished. 

-2l- 

Yt.2078.CP50.x3. Pdnted i,, Great Bntatn. 



TABLE1 

Duct A 
Results of theoretical calculations 

Exit diameter = 2s in. 
1.604 in. diameter throat at x = 19.31 in. 

Semi-angle of conical portions P 2.26O = arctan 3/76 

Ml = 0.4 R, = 0.70 million 

No internal shocks or separation 
(See figure 3) 

i+ 1 0.08j O:O?i510.008 

7:5 1 I 0.137 0.1005 0.0185 0.0135 0.009: 0.013 
10 I 0.1665 0.022510.016 

12.5 1 0.197 /0.026~~0.019 

14.12 I 0.2165 0.029 '0.021 

15 0.965jO.1875 0.025 0.018 
16 0.925 0.1555 0.0205~0.015 

I& 0.886 0.827 0.126 0.082 0.012 0.0175/0.012 

18.81 0.815 0.073 0.011 jO.0075 ~0.007 
18.98 0.809 0.0685 0.0105 0.0065 
19.14 0.804 0.061 0.0095 0.0055 
19.48 0.804 0.053 0.0085 0.0045 
19.64 0.809 0.049 0.008 0.0045 

20 0.822 0.047 0.008 0.004 
20.5 0.842 0.049 0.009 0.004 

21 0.861 0.0525 0.010 0.0045 
22 0.901 0.0595 0.012 0.005 
24 0.980 0.0805 0.018 0.0065 
26 : 1.059 0.102 0.024 0.008 
28 1.138 0.1225 0.031 0.009 

29.25 l;la75 0.136 0.0355 o.olo 

30 1.1875 0.147 0.0385~0.011 

o.oozgy 0.00442 1.008 0$3 0.997 
0.00257 0.00388 1.017 0.407 0.996 
0.00233 0.00357 1.023 0.410 0.995 
0.00219 0.00335 1.030 0.412 0.993 
0.00207 0.00321 1.035 0.415 0,992 
0.00181 0.00296 1.048 0.420 0.990 

0.00155 0.00269 l.Oib 

';:$$; 0.00263 1.077)0.432 0.982 

-O.OOL++P 0.00267 1.164 0.469 0.960 
-0.00409 0.00273 1.292 0.524 0.926 
-0.00369 0.0028Oil.450 0.590 0.882 
-0.00368 0.00294 3.826 0.759 0.762 
-0.00459 0.00297 1.971 0.828 0.712 
-0.00480 0.002Y9 2.065 0.873 0.679 
-0.00382 0.003Ql 2.186 0.933 0.636 
-0.00257 0.00305 2.481 1.086 0.531 
-0.00110 0.00308 2.616 1.160 0.485 
tO.00072 0.00306 2.798 1.265 0.422 

0.00169 0.00298 2.979 1.377 0.362 
0.00208 0.00290 3.109 1.463 0.321 
0.00256 0.00276 3.314 1.606 0.260 
0.00301 0.00251 3.598 1.831 0.<86 
0.00330 0.00233 3.799 2.012 0.140 
0.00359 0.00220 3,953 

0:00357 ;*;;$i; 0.00212~4.034 0.00208'4.029 

2.168 0.110 

2.258 0.095 

2.254 0.096 
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!CABLE 2 

Duct B 

Results of theoretical calculations 
Exit diameter = 24 in. 

1.605 2x1. diamter throat at x = 18.67 m. 
Semi-angle of conical portions = 1.43o = arctan l/40 

Ml = 0.4 R, = 0.70 million 

No internal shocks ar separation 
(See figure 4) 

x(k) r (in,) 6 (in) 6* (in.)' B(h)' @" cf ;j3; u/u, M P/P, 

0' 1 0 0 0 0.4 I 
1 1 0.029 0,004 0.003 O.&B o.zout2 I.:08 0.403 0.997 

$ 1 1 0.0485 0.067 0.0065 0.009 0.0045 0.0065 0.00257 0.00233 0.00388 0.00357 1.017 4.023 0.407 0.410 0.996 0.995 
4 1 0.085 0.0115~0.008 0.00219 0.00335 1.030 0.412 0.993 

755 1 I 0.1005 0.137 0.0135 0.0185 0.0095 0.013 0.00207 0.00181 0.00321 0.00296 1.035 1.048 0.415 0.420 0.992 0.990 
10 1 0.1665 0.0225 0.016 0.00167 0.00281 1.059 0.424 0.987 

10.59 1 0.176 0.0235 0.017 t0.00164 -O~00,740.0027; 1.061 0.425 0.986 

11 0.990 0.168 0.023 0.016 -0.00170 0.00279 1.090 0.438 0.978 
12 0.965 0.154 0.0215 0.015 -0.00153 0.00281 1.155 0.465 0.963 
13 0.9&o 0.1435 0.020 0.0135 -0.00151 0.00282 1.232 0.497 0.942 
14 0.915 0.131 0.0185 0.0125 -0.00146 0.00283 1.321 0.535 0.919 

:: 0.840 0.890 0.119 0,095 0.017 0.0135 0.0115 0.009 -0.00142 -0.00167 0.00285 0.00288 I.423 1.723 0.578 0.712 0.891 0.797 
18.17 0.8105 0.073 0.011 0.007 -0.00313 0.00291 2.050 0.866 0.685 
18.34 0.8065 0.069 0.0105 0.0065 -0.00368 0.00296 2.139 0.909 0.653 
18.50 0.8035 0,064 0.010 0.006 -0.00378 0.00298 2.245 0.962 0.616 
18.84 0.8035 0.055 0.009 0.0055 -0.00179 0.00303 2.451 1.070 0.542 
19.00 0.8065 0.054 0.009 0.005 -0.00122 0.00302 2.541 1.119 0.510 
19.17 0.8105 0.0525 0.009 0.0045 +O.OOOOl 0.00302 2.633 I.170 0.479 

20 0.831 0.053 0.0095 0.0045 0.00183 0.00294 2.878 1.314 0.395 
21 0.856 0.063 0.0115 0.0055 0.00219/0.00278 3.075 I.440 0.331 
22 0.881 0.0705 0,014 0.006 0.00237 0.00268 3.217 1.537 0.288 
25 0.956 0.100 0.0215 0.008 0.00266 0.00240 3.502 1.751 0.210 
28 1.031 0.128 0.030 0.010 0.00292 0.00222 3.713 1.931 0.158 

~9.25 1.0625 0.1415'0.0335 .OII 

0.036 P 0.0115 

;:;;;c" 0.00215 3.782 1.996 0.143 

30 1.0625 0.1505 0.00317 0.0021l 3.777 1.992 0.144 
. / 
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WJXE 3 

Duct c 

Results of theoretical calculations 
Exit diameter = 16 in. 

1.609 in. diameter throat at x - 23.75 in. 
Semi-angle of conical portions = 1.43O = arctan l/40 

MI = 0.4 R, = 0.70 million 

No internal shocks or separation 
(See figure 5) 

I 

: 
L 
i 

7.5 

25 
15 

j5.75 

17 
20 
22 

23.25 
23.42 
23.58 
23.92 
24.08 
24.25 
24.5 
25 
26 
28 

29.25 

50 

0.029 0.004 0.003 
0.0485 0.0065 0.004: 

I 0,067 0.009 0.0061 
I 0.085 0.0115 0.008 
I 0.1005 0.0135 0.009: 1 0.137 0.0185 0,013 

1 
0.1665 0.0225 0.016 
0.197 0.0265 0.019 

1 0.225 0.0305 0.0215 

1 0.2325 0.0315 0.022: 

0.969 0.205 0.028 0.0195 
0.894 0.1475 0,021 0.014 
0.844 0.1155 0.0165 0.011 
0.8125 0.0835 0.0125 0.008 
0.8085 0.0795 0.012 0.007: 
0.8055 0.0745 0.0115 0.007 
0.8055 0.0645 0.0105 0.006 
0.8085 0.0615 0.010 0.0055 
0.8125 0.0585 0.010 0.005 
0.819 0.057 0.010 0.005 
0.831 0.0595 0.0105 0.005 
0.856 0.0645 0.0125 0.0055 
0.906 0.0835 0.017 0.007 

o.G299 0.04;&2 I.2108 0.403 0.4 0.;97 
C.00257 0.00388 1.017 0.407 0.996 
0.00233 0.00357 1.023 0.410 0.993 
0.00219 0.00335 1.030 0.412 0.993 
0.00207 0.00321 1.035 0.415 0.992 
0.00181 0.00296 1.048 0.420 0.990 
0.00167 0.00281 1.059 0.424 0.987 
0.00155 0.00269 1.070 0.429 0.984 
0.00146 0.00260 1.080 0.433 0.981 

+c.ool~ -0.00287 0.00258 1.083 0.434 0.981 

-0.00262 0.00261'1.162 0.468 0.960 
-0.00217 0.00270 1.425 0.580 0.889 
-0.00240 0.00275 1.717 0.709 0.798 
-0.00389 0.00285 2.058 0.870 0.682 
-0.00416 0.00286 2.128 0.904 0.656 
-0.00348 0.00288 2.222 0.951 0.624 
-0.00219 o.oozyl 2.466 1.078 0.536 
-0.00154 0.00292 2.558 1.128 0.505 
-0.00026 0.00293 2.646 1.177 0.474 
+0.00083 0.00293 2.743 1.233 0.441 

0.00146 0.00287 2.867 1.307 0.399 
0.00207 0.00277 3.060 1.431 0.336 
0.00240 0.00254 3.314 1.606 0.260 

0.9375 0.0945 0.020 0.007: 

0.9375 0.1045 0.0225 0.0085 0.00308j0.00238/3.429 (1.692~.229/ 
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TABLE4 

Duct C - W~.nd tunnel measurements of static pressure in the connxil expansux~. 
The positzon of the holes tire @ven as axial &stances, xg fron the entry of 

the ccmplcte duct, so that x = 30 m. refers to the exit. 
Thy static pressures arc expressed ;rs multiples of p,,, the static prcssurc 

at the entry of the coqletc duct for the case Id, = 0.4: It 1s rclnted to the 
total pressure at the entry, pt,y by the rclzttlon ptl = 1.117 p, 

(Set figure 7) 

).2?4 
J.445 
1.496 
I.515 
7 c I.2 39 
:.55e 
I.575 
:.550 
I.612 
1.631 

).644 

I.666 

1 
T 

I 

( 
( 
( 
( 
( 
( 
( 
( 
( 
C 
( 

L 
-L 

7 -- 

0.287 
0.439 
0.479 
0.501 
0.520 
0.538 
0.558 
0.574 
0.598 
0.608 

0.636 

1 

9 

0.301 
0.312 
0.486 
0.519 
0.542 
0.566 
0.584 
0.604 
o.619 
0.640 
0.655 
0.673 
0.68~ 

0.702 

IO 

- 

f 

11 

3.jOl 
J-336 
1.49f 
I.525 
I.552 
1.57b 
I.593 
1.61: 
1.62: 
).64f 
I.666 
1.93: 

0.336 
0.426 
0.514 
0.547 
0.581 
0.601+ 
0.627 
0.648 
0.668 
0.683 
3.698 
3.7j6 
3.728 
3.741 ‘I ( 

1.6961 0.748 

1.708: 0.756 

12 

0.3ao 
0.351 
0.526 
0.574 
0.590 
0.616 
0.615 
0.668 
0.686 
0.703 
0.718 
0.732 
0.742 
0.756 
0.766 
0.775 
0.782 

0.785 

~ 

( 
( 
( 
( 
( 
( 
c 
( 
( 
( 

( 
L.- 

-r 

1 
( ( ( ( ( / ( 

ii 

/ 
/ I - 

1.3% 
1.50’ / 
1.53: 
2.614 
j.627 
x65: 
I.677 
0.696 
0.713 
0.72e 
0.743 
0.754 
0.762 
0.776 
0.784 
C.796 
0.798 

1 

23.7: 0.557 

2.2: 
0.521 
0.485 

24.5 0.462 
24.7: 0.427 
25 0.397 
25.2: 0.389 
25.5 0.380 
25.75 0.343 
26 0.3% 
26.25 0.326 
26.5 0.301 
26.75 0.293 
27 0.294 
27.25: 0.287 
27.5 0.273 
27.75, 0.263 
28 0.264 
28.25 1 0.257 
28.5 
28.75 / 

0.254 
0.244 

29 ) 0.236 
29.25 0.234 
29.5 0.241 

0.397 
0.531 
0.622 
0.654 
0.682 
0.701 
0.708 
C.722 
0.744 
0.759 
0.770 
0.780 
0.792 
0.799 
0.805 
o.a17 
C.823 
0.832 

C.833 

0.834 

-t- 
15 i 16 - --I- -- 

0.606 / 0.599 

0.427 
0.401 
0.584 
0.640 
0.668 
0.691 
0.711 
0.717 
0.730 
0.752 
0.766 
0.776 
0.786 
0.798 
0.805 
0.839 
0.822 
0.828 

0.651 
0.681 
0.707 
0.726 
0.742 
0.758 
0.769 
3.782 
0.793 
0.794 
0.803 
0.816 
0.828 
C.Cj6 
0.344 

( 0.853 ’ 
0.858 
0.660 

/ 0.871 
0.875 

0.837; 0.883 , 
0.837! C.883 

t 

-!- 

i 0.287 
0.2731 0.289 
0.2711 0.432 
O-!&21 0.473 

0.479 0.459, 
0.492 
0.511 

0.197 
0.532: a.5091 

0.531 
0.530 0.547 

0.549 0.582 

0.582 0.612 

I I 
I 0.264 
0.257 0.260 
0.258 0.396 

3.2w 0.390 0.434 
";dE8 0.428 CL56 

i 

J 0.444 C.473 
s:& 0.460 0.489 
J.455iO.496 G-524 0.837, 0.&80 

L 



t . 

00 6-- 

OGi 2- -- --- _ -- 

; 
i ---_ / -- ---- 

. _ 

0.5 

0.4 

q 

3.3 

9.2 

0.1 

0 0 
0 0.5 I I.5 2 il.5 3 35 4 

MACH NUMBER. M 

FIG I. VARIATION WITH MACH NUMB OF THE ~ISP~ACE~NT THI 

THE MOMENTUM THI TU 



FIG. ;. FIG. ;. 
o-5 o-5 I I 2 2 e-5 e-5 3 3 4 4 

MACH NUMBER. M MACH NUMBER. M 

VARIATION WITH MACH NUMBER OF THE OUANTlTlES H 8 F FOR VARIATION WITH MACH NUMBER OF THE OUANTlTlES H 8 F FOR A ~ A 

TURBULENT BOUNDARY LAYER. 



I 
FIG 3 DUCT A 



FIG 4 



, 

!4 

i 

- 

FIG 5 DUCT C . 



. 

-.- 

I TUNNEL WALL II: / 

.-._ 

PiTOT TUBE 
TO MEASURE 
INLET TOTAL 
PRESSURE 

\ HOLES 

\ 
-‘.NNEL WALL 

FIG. 6. RIG OF THE PARTIAL 
THE WIND 

. 

, u 
MODEL OF DUCT C IN 
TUNNEL . 



STATIC PRESSURE P 

STATIC PRESSURE ATTHE ENTRY = -pl 

PARALLEL 

X MEASURED POINTS, WHEN DIFFERENT FROM RUN NO 4 

BY THESE DISCCINTINUITIES IS THE 3UMP EXPECTED 
IF THE 6REAKAWAY OCCURS AT THESE STATIONS, 
ACCORDING TO THE RESULTS OF REF 4. 

24 25 26 27 28 29 30 
AXIAL DISTANCE FROM ENTRY , X IN. 

FIG. 7. WIND TUNNEL MEASUREMENTS OF STATIC PRESSURE IN 
THE PARTIAL MOOEL OF DUCT C. 

z 

P 
%I 



FIG. 8 

5 IN 
27 

25 

24 

2: 

\ 
\ 

\ 
28 . \ 

. AXlAL DISTANCE \ 
OF BREAKAWAY 
FROM ENTRY, \ 

\ \ ip \ \ \ b \ 
‘k 

05 

L- 
‘\ 

06 07 08 03 

STATIC PRESSURE ON THE BAJE = +% 
STATIC PRESSURE AT THE ENTRY 91 

FIG. 8. VARIATION OF THE POStTlON OF THE 
BREAKAWAY WITH STATIC PRESSURE ON THE 
BASE OF THE PARTIAL MODEL OF DUCT C. 



4 

35 

3 I 
91 STATIC PRESSURE AT THE ENTRY 

K = STATIC PRESSURE IN THE FREE STREAM 

25 

2 

15 

1 

/ 
/ 

/ 

I! 

/’ 
/’ 

/ / 

-l---l ! I I 
0 3 10 II 12 I 14 15 16 

MACH NUMBS IN THE FREE STREAM, M. 

FIG. 9. VARIATION OF STATIC PRESSURE AT THE ENTRY WITH MACH $ 
NUMBER IN THE FREE STREAM. 9 



FIG. IO. 

L 
w 

i 



STATIC PRESSURE ON THE EASE ‘, 
, ’ STATIC PRESSURE IN THE FREE STRE, 

----- -. 
-. \ 

\ 

------\ 

‘. 

i-- . - 
t 

---. 
06 

04 ! T c I 
ASSUMED ERROR 
(-’ 0.1 IN ?B/~D~) 

02 

0 T . 

0.7 08 09 10 I1 12 13 14 15 16 
MACH NUMBER IN THE FREE STREAM , MO. 

FGII. VARIATION OF STATIC PRESSURE ON THE BASE WITH MACH 
NUMBER IN THE FREE STREAM. 

----_ I- --- --- 
-- 

I 



ENTRY REYNOLDS NUMBER Re= 0 70 MILLION. 

MACH NUMBER AT THE ENTRY Id,. O-4 

DRAG ASSUMING NO INTERNAL SHOCKS OR BREAKSAWAY 

DRAG ASSUMING THE BREAKAWAY TO BE DETERMINED BY THE 
STATIC PRESSURE ON THE BASE GIVEN BY THE EXTREME 
CURVES OF FIG (1. 

Di 

‘ta” ‘ri2 
DR& ASSUMlffi THE BREAKAWAY TO BE DETERMINED BY THE 

STATIC PRESSURE ON THE BASE GIVEN BY THE MEAN CURVE 

I 
0.9 1.0 I.1 I2 13 14 15 

MACH NUMBER IN THE FREE STREAM ) tv&, 

FIG. 12. VARIATION OF THE INTERNAL DRAG OF DUCT C WITH 
MACH NUMBER IN THE FREE STREAM. 





C.P. No.60 
13716 

A.R.C.Technical Report 

York House, Km.qsway, LONDON, w c.2, 429 Oxford Street, U)NDON. WA, 
P.O. Box 569, LONDON, s E 1, 

13a c&e street, EDINBURGB, 2 1 St Andrew’s crescent, CA.RDIFF 
39 Km&? street, MANcm 2 1 Tower Lane, BIUSIOL, 1 

2 Edmund Street, BIRMINNHAM, 3 80 chlchest& Streef, BELFAST, 
or from any Books& 

1951 
Price 7s.Od. net 

PRlNTED IN GREAT ssIT*IN 

50. Code No. 23-9006-60 


