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SUMMARY

An approximate analysis is glven of a turbulent wall-jet beneath a stream
moving at constant velooity. The results of this analysis are used to predioct
the drag of a cylindrical afterbody immersed in the Jjet from a front fan with
short cowl at subsonic flight speeda. Graphs are presented which allow rapid
evaluation of afterbody dreg for a range of jet pressure ratios and nacelle

geanetries.

*Replaces R.A.E. Technical Report 67144 - A.R.C. 29545,
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1 INTRODUCTION

The advent of turbofan engines with short front cowls has seen an
increase in the difficulty of predicting nacelle drag. The nacelie afterbody,
which produces a considerable proportion of the tetal nacelle drag, is now
isolated from the free stream by the amnular jet from the fan., The result is
a high skin-friction drag on the afterbody due to the high velocity of the fan
Jet, and a flow field which in the general case is difficult to anzlyse with

confladence.

This Paper concentrates on a single aspect of the problem: the
possibility that the decay of jet velocity due to mixing between jet and free
stream might lead, over the rear of the afterbody, to some alleviation of this
high friction drage For a given nacelle configuration afterbody drag is
determined and presented as a fraction of what it would be if there were no
mixing between jet and free stream. The governing psrameters are the ratio of
af'terbody length to initial depth of jet and the velocity ratio between jet

and free stream.

The treatment is confined to fully expanded jets flowing at constant
pressure over cylindrical afterbodies, and 1s derived from an analysis of the
flow of a turbulent wall-jet into still air. Because drag reductions in most
practical cases turn out to be small or non-existent, the approximate nature

of some parts of the analysis is thought not to be an important limitation.

2 QUTLINE OF TREATMENT

When fully expanded, the outlet stream from a front fan is 1deally a
uniform get with the same static pressure and temperature* as the external
stream, but with a higher velocity. The flow field produced by the interaction

between this jet, the wall and the external stream is illustrated in Fig.1.

For a distance X, downstream of its exit plane the jet retains an
irrotational core of velocity uj. The boundary layer on the wall and the
shear layer between Jet and free stream eat into this core until at x, the
edges of the two layers meet. Thereafter the maximum velocity of the jet
diminishes with distance and the flow passes through a short transitional
region to emerge with the properties of a fully developed wall-jet. This

latter type of flow then persists for some appreciable distance downstream.

*In section 4.2 we note that in practice, because of losses in the fan, there
1s not exact equality of temperatures.



Eventually, at large distances, the growing boundary layer on the wall
submerges the Jet and finally, at very large distances, all influence of the
jet on the character of the flow vanishes. In the present context there is
no practical interest in these later stages of the flow, and o the treatment
is not taken beyond the fully developed wall-jet region.

We begin by developing a treatment of the drag which a two-dimensianal
incanpressible jet flowing into still air exerts on its adjacent wall. This
treatment is then extended to apply to jets benesth stresms moving with con-
stant velocity. Finally, the modif'ications needed to make it applicable to
conpressible flows around cylindrical afterbodies are discussed, and the

results are presented in s form convenient for making drag estimates.

It has to be assumed at the outset that vorticity shed fram the fan
will heve no significant effect on the mixing between jet and free stream, or
on the wall shear stress. We can then treat the Jet flow as initially
irrotational, and so make use of empirical relations obtained in other studies
of this type of flow. For simplicity it is assumed that the initial boumdary
layers at the jet exit plane are negligible, and the region of transition
between the partly irrotational jet and the fully developed wall-jet is also

neglectede Other assumptions needed are discussed es they arise in the text.

3 WALL-JET DRAG IN TWO-DIMENSIONAL INCOMPRESSIBLE FLOW

3«4  Wall-get in still air

Fig.?2 shows typicel profiles of mean velocity and shear stress measured
by Bradshew and Gee1 in a fully developed turbulent wall-jet flowing into still
air. Our present concern is the wall shear stress T and its dependence on
the other properties of the profile. We shall denote conditions at the
velooity maximum by the subscript m, and call the region between the velooity
maximum and the wall the "inner layer".

Bradshaw and Gee found that the friction coefficient = V/‘% pul'?'1 and an

u
inner layer Reynolds number L_1 satisfied a relation of the form
T AL Y
w mm
s = A ( - : (1)
Z Py,



They noted that the camstants A and a« which gave the best fit to
their measurements differed fram those appropriate to the boundary layer on a
flat plate. Their observed Reynolds number dependency broadly agrees with the
results of S:lgra.l].a.2 (though he found values of A and a from conventional
boundary-layer relations to be adequate) end those of R.P. Patel’.

We may note in passing that the predioction by Schwarz and Coeartl*,

T ‘/% pu:l is oonstent in a given wall-jet flow, ls not borne out by these

that

experimental results. However, Schwargz and Cosart made their prediction on
the assumption that the flow was self-preserving. By revealing a streamwise
variation in 'rw/Jz‘ pui, the experiments of Refs.1~3 imply that true self-

preservation does not extend to the imner part of a wall-jet.

Accepting that equation (1) desoribes the dependency of T O the
Reynolde number of the inner layer, we now need to predict the streamwise
development of this Reynolda number. To this end we shall treat the inner
layer as a boundary layer, with displacement and momentum thicknesses
defined as:

ym
i (a-A

. - (2)
o = Z-E-O--—)dyd

The momentum integral equation for the region 0 ¢ y < ¥y derived in
Appendix A, is:

a0 Tw 'rm 1 dum &

oL _ o w __m 1 _m - 5% - .

dx 2 2 * u_ dx ym 5 26:| (3)
Py P m

The second and third terms on the r.he.s. of this equation, though
anitted in Lawrence‘a5 treatment of nacelle drag, are both of the same order
as the wall shear stress term. Furthermore, since 9u/oy is zero at Vo the
determination of T, eppears difficult. {For one thing, eddy viscosity

arguments are of no use.)



However, fram the experimental shear stress distribution of Bradshaw
and Gee (Pig.2), we see that shear stress variation over the immer region is
olosely linear. Thus it is a fairly good approximation to write

w m m \dy

¢-¢=-(-9L‘- . (1)

Also, the streamwise equation of motion

du  _2u 1dp 1=
uax+vay pd.x+ o 3y
reduces at Iy to
du
_m A /e

Combining equations (3), (4) and (5) we cbtain

du
4 _ _ A _m
ax - ” dx(6‘+26)

m
or,
du

148 1 m
B ax = umdx (H+2) . (6)

Since the streamwlise variation of H (= 6*/8) in the imner layer of
wall-Jjet flow is small, H + 2 is effectively constant and equation (6) may be

integrated to give
0, U2 .
2 _ (- 7
5, (U'm)

where subsoripts 1 and 2 refer to two streamwlise statioms.

A further consequence of the almost constant shape of the inner velo-
city profile is that y, n/e remains epproximetely constent and equation (1) may
be written

s (B (@



Cambining equations {7) and (8) we obtain

Tw Y B
2 2
= (5 ©)
1 1
where B = 2+ (H+ Da , (10)

and the drag of the wall may be obtained if the streamwise distribution of u,
is kmown.

In a later section a value of 2.36 is chosen for fA. We may thus note

that a fell in T is due mostly to streamwlse decay of pui and is only weakly
u o
affected by variation of ~%L-. Hence the uncertainty involved in evaluating

T fram equation (4) is not crucially importent to the prediction of surface
drag.

3s2 Extension to flow beneath an external stream

It is assumed at the outset that the analysis of the preceding section
may be applied without change to wall-jets beneath moving streams.

In effect, this is largely the assumption that equation (4) =till holds
in this case. Clearly it fails in the limit where the velocities of Jjet and
external stream are equal and dum/dx is zero. Neverthelsss, far the inter-
mediate case where the free stream wvelocity and the excess velocity of the jet
are of the same order, it is suggested that it provides an acceptable, simple
approach to the unknown Tn/puﬁ in equation (3).

Given this assumption, and a value far the exponent f 1in equation (9),
the problem iz reduced to determining the streamwise diatribution of u . For
wall-jets at high Reynolds number beneath moving streams there is a scarcity
of experimental data, and prediction of these flows necessitates an element
of speculation.

Here the problem is approached by postulating that in the limit of very
high Reynolds number the flow tends towards that on one slde of the plane of
symmetry of a free jet. In effect, we regard the wall-jet as a perturbation
of this free jet flow. The boundary conditions © = 0, u = Woax o0 the axis of
the free jet are changed to < = Ty 4= 0 by the mresence of the wall. The
pesk velocity now ocours some distance away fram the axis and is less than the



peak velocity of the original jet. It is argued, however, that at high
Reynolds number this distance becames small end the difference between Woox
and v vanishes.

For free jets, Reynolds number is generally discounted as a significant
parameter. Dimensional snalysis then suggeets that a releation exlsts of the

form
2 10

where u, 1s the velocity of the external stream, x' is distance from an
effective origin, and

24 = excesg momentum flux of Jet x —1-2-
pu
@
u, ,u
- h A
= 2h 5, (5 1 (12)

here 2h is the width of the jet and u, is i1ts initiel velocity.

J
The recent experimental results of Bradbury and R:lley6 have been used

to define equation (41) far the range of uu/ue which is of interest here.
Fig.3 shows these results. For the present purpose they have been fitted
with the empirical relation*

u ] "'0'555
m X
-ﬁ—a- = 14+ 3-8 <‘-.'A-‘> . (1 5)

It will be assumed that at high Reynolds numbers this expression provides
a reasonably accurate description of the decay of peak velocity in the case of
a wall-jet also**. Fram equations (7), (9) end (13) the important inner-layer
paremeters may now be evaluated through the region of fully-developed wall-jet
flow. To complete the analysis, a treatment is needed of the region

* The exponent of distance in equation (13) is the same as that suggested by
Schwarz and Cosart for the still-air wall-jet. This is fortultous and
probebly not partioularly significant.

#**Because of wall friction, the excess momentum of the jet slowly decays with
diastence fram the orifice. N is evaluated from its initlsl wvalue.



immediately downstream of the orifice where the jet retains an irrotational

COoIr'G.

3«3 [The irrotational core

The flow field produced by e Jet beneath a stream is illustrated in
Pig.4. Por a distence X, dowvnstream of its exit plane the Jjet reteins a core
of irrotational flow of wvelocity ud. At X, the outer edge of the wall bound-
ary-layer meets the inner edge of the free shear-layer between jet and stream,
and thereafter a wall-jet flow develops with its virtual origin a distance
x' - x upstream of the Jet exit.

The transitional region immediately downstream of Xy where w < v.':i but
the wall-jet flow is not fully developed, will be negleoted for the sake dof
simplicity. 8o too will the boundary layers on the nacelle and inside the
nozgzle upstream of the jet exlt plene. Thus the wall boundary-layer and the
free shear-layer are assumed to originate at the jet exit plane, and at their
point of confluence X, the flow is assumed to be that of & fully developed
wall-jet.

The rate of encroachment of the shear-layer on the irrotational care of
the jet, i.e. the rate at which it entrains high velocity fluid, is taken from
a result derived in Ref.7 and elsewhers. Writing this as F (the shear layer
spreads into the jet core at an angle tanf1F) we have, in the present

notation

x u'j - ue }u‘_j + ue
F o= L ( ) ( ) . (14)
96 uj o+ Uy u
The growth of the wall boundary-layer is non-linear and weakly dependent
on Reynolds number. However, since the range of Reynolds numbers of praotical
intereat is not large, the rate of growth of this layer is taken as a constant.
For the turbulent boundary layer on a flat plate at a length Reynolds number

of 107,

X

<§>c a 0,015 . (15)

(Por a flat plate boundary layer 8/80 = 10 - a one-seventh power law gives
7/72 - end 8/x = 0,0015 at R_ = 107.)
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Then, since from Fig.1

h = 60 + Fxc N (16)

we obtain from equations (14) and (15)

h = u'j-ue Bu.j+ue
?c; = 96 (uj+ue)( u, >+O'015 : (17)

Now, if the wall-jet is fully developed at x_ , we mey write equation (13)

u x' -00555
- 8
a 1+ 3.8 x) (18)

where A is given by equation (12).

Thus, given the ratio of Jjet and free stream velocities and the orifice
height h, we can determine x fram equation (17 and x} (and hence the
virtual origin of the wall-jet flow) from equations (18) and {12). Finally,
the streamwise distribution of w is obtained from equation (13).

3+4 Surface drag

For the drag of that part of the surface beneath the irrotational core,
we take a conventional "power law" skin friction relatiom.
Equations (6.17, 12) and (6.17, 13) of Duncan, Thom and chmgB give:

wpn 176
Cf Rx
(19)
and ?_1‘:'. - ..6_
Cf 5

where Cf and CF are the respective local and average values of the skin-

friction coefficlient.

From equations (19) it follows that:

Drag per unit span of region beneath irrotational core = -g-'ccxc . (20)



If the length of the entire surface is L, our reference drag is that
of this surface entirely submerged in a uniform flow with the properties which
the jet had initially, i.e.

1/6

X
Reference drag = -g-'rLL = g'roL (—E) . (21)

Now, fram equation (9), we have

L p
u
Drag per unit span beneath fully-developed wall-jet = L / (f) dx .
. J
o]

e (22)

The distribution of un/u;i 1s obtained fram equation {13), with the
virtuael origin of the wall-jet flow given by equations (17) and (18). The
exponent B, given by equation (10), has been determined from the work of
R.P. Patel’. He found a to be approximately 1/6 and fitted a one-eleventh
power law to his inner-layer veloocity profiles. The resulting values of H
and B are 1.18 and 2.36 respectively.

Equation (22) has been integrated on a computer far a range of L/h and
uj/ue- The drag of the irrotational care region (equation (20)) has been
added, and the total divided by the reference drag (equation (21)). In Fig.L
this quotient is plotted against L/h for a series of values of u {ue-

4 APPLICATION TO THE FNGINE FROBLEM

Lel Axial symmetry

The preceding analysis has been confined to planar flows. Since it is
also confined to flows at constant pressure, its extension to treat axi-
symmetric flows is effectively restricted to the case of cylindrical after-
bodies. Thus radial convergence or divergence terms do not enter the analysis,
and it may be used as it stands provided the af'terbody diameter 1s large can-
pared with the thickness I of the immer layer. In all cases of practical
interest this will be so.

4e2 Compressibility

The application of the analysis to campressible flows regquires further

speculation. There is some ev1dence9’1o’“’12 that the spatial distribution
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of veloeity within turbulent boundary layers and shear layers is much less
affected by campressibility than the use of a compressibility transfarmation
(eege Refe13) would suggest. Accordingly, by expressing quantities such as
mixing rates as functions of the spatial velocity distribution, the effects
of compressibility are substantially reduced if not eliminated.

On this basis we might suggest that the coampressible problem, provided
it is stated in terme of its geametry L/h and the Jet/free stream velocity
ratio ul:./ue, reduces to an incampressible problem to which the results of

section 2 may be applied unchanged.

One worthwhile simplification is however possible. Because of the work
anput by the fan, the total temperatures of jet and free stream are different.
But, since the static pressures of jet and free stream are equal, and since
the fan process is nearly isentropic, the static temperatures of jet and free

stream are very nearly equal. Thus

u M
Sai (29
e e

It is suggested therefore that Mach number ratio, which is readily
evaluated fram the fan pressure-ratio, be taken as the equivalent to the

incompressible velecity ratio uj/ue in Figele.

Le3 Under-expanded jets

Strictly speaking, under-expanded jets, involving as they do pressure
gradients downstream of the Jet exit, are beyond the scope of the analysis.
However, for large values of L/h these pressure gradients may not have an
important effect on the total afterbody drag. If the analysis were to be
applied to such jets, one amportant point should be noted: The orifice height
h is not the actual height at the jet exit, but the height that would be
necessary to pass the fan mass-flow if it were carrectly expanded to free
stream static pressure*. Similariy M 3 is the Mach number the jet flow would
attain when fully expanded.

“We might expect some alteration to equation (16) to be necessary. However,
the rates of growth of the boundary layer and free shear layer are probably
only weakly influenced by the expansion process and there seems no simple way
of allowing for this influence. Since this particular application of the
analysis becanes increasingly approximate as L/h diminishes, the further
mpproximation of using equation (16) as 1t stends 1s thought to be unimportant.
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Ley4 Reference drag

Finally, for the particular case of a constant-pressure cylindrical
afterbody, we may derive a simple approximate expression for its reference
drag in terms of the properties of the free stream and the Mach mmber of the
fan jet.

First we note that, since the static pressure in jet and free stream

are equal,

| N

Also, as cbserved in section 4.2, the static temperatures of the two
streams are very nearly equal; therefore their kinematic viscosities are

also nearly equal and

jet unit Reynolds mmber %3 Yy (25)
free-atream unit Reynolds number — u, - Me ‘

To predict skin-friction coefficient we follow Appendix C of the paper

by Sommer and Shortm. The analysis is simplified by assuming that:

() viscosity is proportional to temperature;

(1i) skin-friction coefficient varies inversely as the one-sixth power
of Reynolds number (equations {19));

(11i) recovery factor at the wall is 0.9.

If the skin-friotion law for incampressible flow is written

Cp = A (26)
it is readily shown fram Sommer and Short that, for zero heat tranafer,
reference1drag per unit span - ch - CRj—‘I/G (1 + 0.116 Mg)-2/3 . (27)

”J“?JL

Similarly, for a oylinder of the same length as the afterbody immersed

in the free stream,



14

drag per unit spanz:l.n free stream _ . _ CRM-1/6 (1 + 0,116 Mi)-z/j
2 Poo Yol
ee (28)

Noting equations (24) and (25}, and essuming that ¥_ = M_ , we now have

2
reference drag per unit span _ c C_Ajj% (1 + 0.116 Mm)z/f’
Foo \M
oQ

1 2
Z Poo Yo 1 + 0.116 My

Cm - (29)

il

In Fige5 cFR/cFoo is plotted against M J/'Mw for three values of M_.

To predict afterbody drag, the average skin-friction coefficient GFDO
is determined fram the Reynolds number of the afterbody at free stream
conditions (in & manner consistent with the drag estimates for the rest of the
aircraft), Cpp 18 then evaluated fram equation (29) or Fig.5, and total
friction coefficient, including wall-jet effects, finally estimated from
Figelse

5 DISCUSSION

From Fige5 it is apparent that the high-velocity stream from a front fan
increases afterbody friction drag per unit wetted area apprecisbly. The main
result of the present analysis, Fig.L, is that the alleviation of afterbody
drag due to wall-jet effects will be small in most practical situations.

The analysis is essentially epproximate. The major assumptions are:

(i) that equation (4) holds good for a wall-jet of moderate velocity
ratio u m/ u;

(1ii)  that equation (13) adequately describes the decay of peak
velocity of such a Jjet;

(1ii) +that the method of determining the virtual origin of the wall-
jet (section 3.3) is realistic;

(iv)  that the allowance for campressibility effects (section 4.2) is

realistic.

A further important assumption, mentioned in section 2, is that the
vorticity shed from the fan will have no significant effect on either the



15
mixing between jet and free stream or on the relationship between (Jf and RB'
This may well be in error, and an sarly experimental assessment of 1t would
seem advisable.

To check the remaining assumptions would require a oonsidersble experi-
mental programme. In iits absence, we may cbserve that in most practical cases
wall=jet effects are likely to be small and the aprroximate nature of the wall+
Jjet analysis therefore relatively unimportant.

Finally, attention is drawn to Appendix B in which the experimental wark
5

of Lawrence” is discussed. No firm explanation of the differemnce between
these experiments and the present theary is offered, but reservations concern-
ing the accuracy of the experiments are made. Accordingly, we suggest that
until these differences are resolved the present theory offers the more

reliable basis for performance estimates.

6 CONCLUSIONS
The drag of a two-dimensional turbulent wall-Jjet beneath a moving

stream in incampreasible flow at conatent pressure has been analysed.

The results of this analysis sre applied to the drag of a oylindrical
afterbody immersed in the jet fram a front fan with short cowl.

Graphs are presented which allow rapld evaluatlon of afterbody drag for

a range of Jjet pressure ratios and nacelle geometries.

In most practical situations, the drag reduction over the afterbody due
to mixing between the fan jet and free stream is likely to be small or non-
sxistent.



16

Appendix 4
THE MOMENTUM INTEGRAL EQUATION FOR THE WALL-JET INNER L[AYER

Coneider the f'low between the wall and Yy the locus of the velooity
maximum. We may write the continuity and streamwise momentum equations
respectively

Im

< [udy”m-um%‘}‘ =0 (a-1)
and
% Tuzdy+“m(vm'“m%)+%"% = 0 (A-2)
whence, eliminating v_ - um%-‘! , we have
% Tuzdy_%.%c yudy+;—"-%‘ = 0 . (A-3)

b 4
u’ie = u fudy- fuzd,y (A=)

a8 du du_ m a 7 a 2
gt WO ¢ oo [udya,um-a; udy - == !udy o (A=5)
o

w® o w_m_, g B,—B !udy . (A-6)
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But

e w "' o4 M
& = Tt = [y - 8% - 28]
m
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(4-7)

(4-8)
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Appendix B
EXPERIMENTS BY R.L. LAWRENCE

The most widely reported experimental study of this prcblem is by
L&wrence5 + He measured the friction drags of cylindrical afterbodies immersed
in jets with Maoh numbers (fully expanded) ranging fram 1.05 to 1.62. Drag
was obtained with the jJets exhausting both into still air and into a Mach 0.8

stream. All Jets were under-expanded, being sonic at their exit plane.

The divergence between Lawrence's experiments and the predactions of
this Report are such that detailed cuamparisons are hardly gustified. Firstly,
scatter of the data is such that no firm test of the predicted variation of
drag with L/h, Fig.L4, is possible. Secondly, and more important, the observed
variation of drag with jet Mach number differs significantly from that deduced
from Fige5.

This point is illustrated in Fig.6, where Lawrence's measured values of
the friction coefficient CF,j (equation (27)), for the case when the irrota-
tional core of the jet extends beyond the afterbody, are plotted against jet
pressure ratio. Also shown are values predicted by the method of Scmmer and
Short. CF;j 18 effectively the drag coefficient of a flat plate, so for fully
turbulent boundary layers we may expect these predictions, in particular their
trend with pressure ratio, to be fairly reliable. The oppeosite trend shown
by the data might therefore be taken as an indication of some anomalous

feature in the experiments.

Lawrence himself notes the high drag in tests at high pressure ratio
with some surprise. He suggests the high turbulence level in a wall Jet,
aggravated by a high initial turbulence level in his experiments due to turn-
ing the jet flow through 1800 in its approach to the nozzle, as a poassible
explanation. However, the high turbulence in a fully developed wall-jet is
irrelevant to CF,j' Further, if the turbulence level of the initaal Jjet flow
was having an influence, we should expect it to affect the trend of overall
drag C

FT
contraction ratio of the arifice) but not the trend of C

with IL/h (the experiments were perfarmed by varying h and thus the

73 with pressure ratio
(since the orifice was always choked, varying pressure ratio with h constant

changed densities but not velocities in the supply pipe). The experimental

trend of CFJ.‘ with I/h does not suggest that initial turbulence was an

important factor.

)
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Three other possible explanations are: a systematio error in drag
measurement which was & function of Jet pressure, appreciable movement of the
transition position with varying jet pressure, or sane effect of the flow
acoeleration fram the sonic throat to its fully expanded state. The latter
seems unlikely, slnce the region of flow adjustment was not particularly large,
and in any case it is not cbvious that the drag in the adjustment region should]
be greater than the drag over the same length of surface in a fully expanded
flowe On the other hand, the trend of the data is qualitatively consistent
with transition movement, even though both the absolute magnitules of and the
relative variations in CF i
Reynolds number per foot varied between 6.5 and 13.5 million far jet pressure
ratios between 2.0 and 4.4, and afterbody lengths were 0.5, 0.75 and 1.0 ft.

Lawrence however gives no information on transition position.

seem rather large to be explained in these terms.

The third of the ebove explanations, error in drag measurement, is also
qualitatively oonsistent with the data. Moreover; precise measurements of
friction drag using a balance became particularly difficult when, as seems to
have been the case in Lawrence's experimenta, aprrecisbhle pressure forces have
to be allowed for.

A good check of this type of balance result could be provided by using
surface pitot tubes to measure looal wnll shear-stresse. At the same time a
fair indication of the poaitiom of transition, and of the variation of
wall shear-stress through the transition region, oould be cbtained. In any
future experiments of this type, therefors, it would seem important not to misa
the opportunity of obtaining an independent test of the balance results by
means of this technique.

For the present, we must acoept that the trend of CF 3 with pressure ratia
observed by Lawrence could well be caused by transition movement or by a
systematic error in drag measurement or both. In such circumstances it is
difficult to feel confident that thess results can be meaningfully extra-
polated to aircraf't scale. Accordingly their use in performance calculations

is viewed with some reservation.
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SYMBOLS

constants in skin-friction/Reynolds number relations, equations (1),
(8) and (26)

local skin-friction coefficient
average skin-frietion coefficient
equation (27)

equation (28)

equation (29)

2 N total afterbody drag
2L afterbody circumference
Poo Yoo
rate of entrainment of jet core by free shear layer in the region
X< X

c

initial height of fully expanded jet
inner-layer shaps paremeter (= §*/8)
length of afterbody

Mach number

pressure

dynamic pressure '12— pu2
length Reynolds number

momentum thickness Reynolds number

canponents of velocity in x and y directions

co-ordinates respectively slong and normal to surface

streamwise co—ordinate with origin at virtual origin of wall-jet flow
exponent in skin-friction/Reynolds number relation, equation (1)
equation (10)

boundary-leyer thickness (x < xo)
inner-layer displacement thiclmess:} equations (2)
inner-layer momentum thickness

Jet "excess momentum thickness", equation (12)
kinematic viscosity

density

shear stress

(1]



+)

i Subscripts

denotes
denotes
denotes

denotes

H M e 0o 0

denotes

(x > xb)

denotes

[v]

denotes

£

condations
properties
properties
conditions

conditions

atagnation

conditions

SYMBOLS (Contd. )

at limit of irrotational core (Fig.1)

of the external stream

of the jet irrotational core

at downstream end of afterbody

at the velocity maximum in wall-jet flow

conditions
at the wall

0o denotes free stream conditions
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