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DRAG OF A RECTANGULAR PLANFORM CAVITY IN A FLAT PLATE WITH A
TURBULENT BOUNDARY LAYER FOR MACH NUMBERS UP TO 3.
PART I1l : EFFECT OF DOORS

1. NOTATION AND UNITS

Sl British

Cp drag coefficient due to presence of cavity (i.e. net drag), with pair
of doors open at 90°, based on planform (floor) area wl and kinetic
pressure g ,,, See Equation (3.48)

Cpop two-dimensional base drag coefficient of door with unswept
trailing edge; (average base drag of door per unit width)/(q,,,t) =
(base drag of door)/(q, ,t w/2), Equations (3.7) and (3.21) to
(3.24)

Cbho value of Cp, at M, = 0, Equations (3.9) and (3.10)

Cbp1 Ml-d(_apendent component of Cy,, in supersonic flow,
Equation (3.21)

Cbp2 G-dep_endent component of C,, in supersonic flow,
Equation (3.22)

Cphq gross drag coefficient for pair of open doors, based on wl and
d4m» EQuations (3.2), (3.19), (3.26), (3.34), (3.40), (3.45), (3.46)
and (3.47)

(ACDd)Ie incremen'g in Cp arising from pressure drag due to shaping of
door leading edges, based on wl and q,,,, see Equation (3.47)
and Tables 3.1(a) and 3.2(a)

(ACDd)Sf increment in Cpy, arising from skin friction, based on wl and
dqmy See Equation (3.47) and Tables 3.1(a) and 3.2(a)

ESDU Copyright material. For current status contact ESDU.

(ACDd)te increme.nj[ in Cp arising from pressure drag due to §haping of
door trailing edges, based on wl and q,,, see Equation (3.47) and
Tables 3.1(a) and 3.2(a)

(ACDG')1 incremen'g in Cpy ari_sing from pressure drag due to shaping of
door leading and trailing edges, based on S ¢, and g, see
Equations (3.1) and (3.2)

ref

(ACDd)2 increment in CDd due to skin friction on flat door surfaces, based

on S, and gy, see Equations (3.1) and (3.2)

ACH,) increment in C, due to boundary-layer effects at door/surface
Dd’3 Dd
junctions, based on S 5 and g, see Equation (3.1)

(ACpy) 4 increment in Cp; due to interference effects between vertical door
pair, based on S, and q,,,, see Equation (3.1)
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two-dimensional subsonic drag coefficient due to unswept
flat-faced door leading edge; (average drag due to flat face per unit
width)/(q, ,t) = (drag due to flat face)/(q,,t w/2), see

Equation (3.6)

total drag coefficient (i.e. net drag) due to presence of cavity with
open doors, based on wl and q,,,, Equation (3.48)

total drag coefficient due to presence of cavity with open doors,
based on S, and g, Equations (3.49) to (3.51)

two-dimensional wave drag coefficient due to unswept flat-faced
door leading edge; (average wave drag due to flat face per unit
width)/(q, ,t) = (wave drag due to flat face)/(q,,t w/2), see
Equation (3.20)

two-dimensional drag coefficient due to chamfered unswept door
leading edge; (average drag due to chamfered leading edge per unit
width)/(q, ,t/tant) = (drag due to chamfered leading edge)/
[(qq,t/tanT)w/2], Equations (3.35) and (3.38)

reduced drag coefficient, Equation (3.27), see Equations (3.29),
(3.30) and (3.36), (3.37)

two-dimensional flat plate mean skin friction coefficient for one
side of open door (calculated using R, = R), basedon S ., and
d4m» Equation (3.13)

ref
two-dimensional flat plate local skin friction coefficient in absence
of cavity

value of C; at cavity mid-length

M;-dependent component of base pressure coefficient in
supersonic flow, Equation (3.21) or Figure 1a of
ESDU W.S.02.03.07 (Derivation 2)

0-dependent component of base pressure coefficient in supersonic
flow, Equation (3.22) or Figure 1b of ESDU W.S.02.03.07
(Derivation 2)

Mach number factor in Equation (3.7), given by Equation (3.8)
Mach number factor in Equation (3.13), given by Equation (3.14)
Mach number factor in Equation (3.13), given by Equation (3.15)

factor in ESDU 00006 (Derivation 7) to account for side-edge
vortices

depth of rectangular planform cavity, see Sketch 1.1

cavity length, see Sketches 1.1 and 3.2
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M, Mach number at edge of boundary layer at cavity mid-length, in
absence of cavity

ESDU Copyright material. For current status contact ESDU.

M; reduced Mach number, Equation (3.28)
w» free-stream Mach number

my drag magnification factor in Equation (3.49)

n exponent in Equation (3.13), given by Equation (3.16)

Py static pressure at edge of boundary layer, in absence of cavity N/m2  Ibf/ft?

Pim value of p, at cavity mid-length, see Equation (3.38) N/m?  Ibf/ft?

P, static pressure on wedge leading edge for supersonic upstream N/m2  Ibf/ft?
flow, see Equation (3.38)

dq local kinetic pressure at edge of boundary layer, in absence of N/m2  Ibf/ft?
cavity

Ui value of g, at cavity mid-length N/m2  Ibf/ft?

o free-stream kinetic pressure N/m?  Ibf/ft?

R, Reynolds number based on | and Rim: lel

Ry Reynolds number based on x and Rim+ RymX

Ry local unit Reynolds number based on conditions at edge of m1 ftl
boundary layer, in absence of cavity

Rim value of R, for cavity mid-length mL ft?

Riw free-stream unit Reynolds number mL ftt

Syef wing reference area m?2 ft2

Sref1 reference area for (ACDd)1 , Equation (3.4) m? ft2

(Sref e value of S, for chamfered door leading edge, Equation (3.31) m? ft

(Sref 1)te value of S, ¢, for chamfered door trailing edge, Equation (3.32) m? ft2

Sref 2 reference area for (ACDd)2 , Equation (3.17) for straight door m2 ft2
edges, Equation (3.42) for sawtooth door edges

Sref3 reference area for (ACp), , see Equation (3.1) m? ft2

Sref 4 reference area for (ACDG')4 , see Equation (3.1) m? ft?

t door thickness, see Sketches 1.1 and 3.2 m ft (orin.)

w width of rectangular planform cavity, see Sketches 1.1 and 3.2 m ft
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X,Y,Z cavity coordinates from origin at mid-width of front wall top edge ™M ft
(lip); right-handed orthogonal set with x positive aft and z normal
to surface, positive into cavity, as shown in Sketch 1.1

Y ratio of specific heat capacities, taken as 1.4 for air

o thickness of turbulent boundary layer at open door base, m ft
Equation (3.11)

0 momentum thickness of turbulent boundary layer at open door m ft
base, Equation (3.23)

A sawtooth sweep angle, see Sketch 3.2(c) deg deg

T chamfer angle of door leading or trailing edge, measured in deg deg

streamwise direction, see Sketches 3.2(b) and 3.2(c)

ESDU Copyright material. For current status contact ESDU.

Sketch 1.1 Cavity/door geometry and coordinate system
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2. INTRODUCTION

This Data Item is the third in the series of Items concerned with the prediction of the drag of rectangular
planform cavities for Mach numbers up to 3. ESDU 00006 (Part I, Derivation 7) deals with cavities having
closed flow, and ESDU 00007 (Part 11, Derivation 8) is for cavities having open or transitional flow. Those
Items are only applicable to cavities without doors, consequently the present Data Item (Part 111) completes
the series with the provision of methods for the prediction of the drag of a pair of equal width doors open
at 90°, typical of weapons bay applications.

The methods, given in Section 3, use data (where available) from the ESDU Aerodynamics Series, and
involve planar doors at subsonic or supersonic speeds. The effects of three types of door leading and trailing
edges are considered: straight (i.e. unswept) with either square edges, in Section 3.2.1, or chamfered (i.e.
wedge or chiselled) edges, in Section 3.2.2, or sawtoothed with chamfered edges, in Section 3.2.3. A
summary of the door drag prediction components is given in Section 3.3, which also includes tables of the
components and references to the relevant prediction equations. The way in which door drag is used in the
determination of the total drag coefficient due to the presence of a rectangular cavity with doors open at
90° is given in Section 3.4.

The drag prediction methods for cavity doors in Section 3.2 were developed using wind-tunnel data for flat
plates at zero angle of attack in uniform flows. As with the methods for the drag of cavities without doors
(ESDU 00006 and ESDU 00007), in order to apply the methods to a practical situation in which a cavity
with a pair of doors open at 90° is in a non-uniform flow, an artifice employed in the application of
excrescence drag data is used, see ESDU 90029 (Derivation 6). In essence, that involves the use of local
flow values for Mach number, unit Reynolds number and kinetic pressure at the edge of the boundary layer
at the cavity mid-length location, but in the absence of the cavity, and that is detailed in Section 3.4.

With regard to base drag, ESDU 10017 (Reference 18) provides a guide to the effectiveness of the various
types of trailing-edge device used to alleviate the drag of blunt trailing edges. The possible use and
appropriateness of such devices for weapons bay doors is discussed in Section 3.5.

In order to gain some appreciation of the effects on drag of the different door leading-edge and trailing-edge
geometries, a set of examples based on the cavity in Example 2 of ESDU 00006 at M; = 0.8 and 2.0 is
given in Section 5.

The cavity drags predicted using ESDU 00006 and ESDU 00007 are net values, representing the drag due
to the presence (incremental drag) of the cavity without doors. For that, the drag in the absence of the cavity
(i.e. the skin friction drag of the area of flat plate occupied by the cavity) was accounted for in those Items
using, as an approximation, the local skin friction coefficient at the cavity mid-length. Therefore, in order
to determine the total incremental drag (net drag) due to the cavity with open doors, see Section 3.4, the
predicted door drag values given by the methods of Section 3 are gross values, which include the skin
friction on both sides of the open doors.

ESDU Copyright material. For current status contact ESDU.

As noted earlier, the methods given in Section 3 use available data from the ESDU Aerodynamics Series,
but there are three main areas where there are no suitable ESDU data. Those areas concern the pressure
drag due to blunt leading edges, blunt trailing edges and chamfered (wedge) leading edges of flat plates at
subsonic speeds. Appendix A presents semi-empirical methods for the prediction of the subsonic and
supersonic pressure drag due to the blunt leading edge of a two-dimensional flat plate. Although a method
for supersonic speeds is already available in the ESDU data (ESDU W.S.02.03.10 — Derivation A3 in
Appendix A), a re-evaluation using the pressure data of ESDU W.S.05.03.01 (Derivation A2 in
Appendix A) allowed a plausible extension to subsonic speeds. A simple empirical method for the
prediction of the subsonic base drag of a two-dimensional flat plate with a blunt trailing edge, with some
guidance on the effects of trailing-edge sweep and finite plate width, is given in Appendix B. Appendix C
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presents a semi-empirical method for the prediction of the pressure drag due to a wedge leading edge on a
two-dimensional flat plate at subsonic and transonic speeds, albeit for laminar flow only. An extension to
supersonic speeds using oblique shock wave theory is also included.

3. DOOR DRAG
3.1 General

As they stand, the methods of ESDU 00006 and 00007 relate to the drag of rectangular planform cavities
without doors, the reason being that no drag data for cavities with doors were available at the time of their
preparation, and that is still the situation. Consequently, prediction methods for door drag have been
developed using existing ESDU Data Items, together with additional data (Appendices A to C) for those
areas in which ESDU data are not currently available. In the use of the methods to predict the drag of
cavities with doors, the methods of both ESDU 00006 and ESDU 00007 require a slight modification in
that when doors are present, no flow is expected over the side walls, and the flow will be constrained to
become more nearly two-dimensional. Therefore, w/h > 7 should be assumed for ESDU 00006 and w/h > 4
should be assumed for ESDU 00007. Furthermore, side-edge vortices, which for closed flow can contribute
a significant drag at supersonic speeds, will not be present. Therefore, F,,, is set to zero in ESDU 00006.
For open or transitional flow, side-edge vortices are less likely and there is some doubt about their presence
when the shear layer bridges the cavity. If they are present, the empirical method of ESDU 00007
automatically accounts for them and their effect cannot be separated out.

3.2 Prediction of Door Drag

The wide variety of weapons bay door designs, both in terms of the opening configuration, see Sketch 5.3
in ESDU 08011 (Reference 15), and the important treatment of the leading and trailing edges of the
individual door panels, makes the development of a generalised drag prediction method particularly
difficult.

For a rectangular planform cavity any longitudinal curvature is usually minor, whereas lateral curvature
will depend on the aircraft type. For older designs with a body of circular cross section, like the English
Electric Canberra or Boeing B52, the lateral curvature is significant. For the newer designs, especially those
with an integrated wing-body, like the Lockheed F117 or the Northrop Grumman B2, the door panels have
negligible lateral curvature.

ESDU Copyright material. For current status contact ESDU.

Panel leading and trailing edges in the older designs usually had no special treatment and were left
essentially straight and bluff, with no concession to low drag. Even the comparatively modern Rockwell B-1
came into that category, see Sketch 3.21 in ESDU 08012 (Reference 16). The low radar signature (“stealth”)
requirement on modern combat aircraft dictates the use of leading and trailing edges that are neither straight
nor bluff. The shape usually adopted is that of a sawtooth, see Sketch 3.1.
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Sketch 3.1 Lockheed Martin F22: Bay doors showing serrated (sawtooth) edges
(Photo © Tom Dowd, Dreamstime.com)

The use of a chamfer, or chisel-edge, on the teeth not only improves “stealth”, but also aids in the reduction
of drag, especially wave drag at supersonic speeds.

ESDU Copyright material. For current status contact ESDU.

For the purposes of the development of simple door drag prediction methods, idealised construction will
be assumed in which the door panels are flat plates with leading edges that are either straight with square
(blunt, or flat-faced) or chamfered (wedge, or chiselled) edges, or sawtoothed with chamfered edges. Also,
for simplicity, a pair of doors open at 90° will be used. The general arrangements are as shown in Sketch 3.2.
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(a) Straight with square edges

(b) Straight with chamfered edges

I+ (w/2) tan A
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(c) Sawtoothed with chamfered edges
Sketch 3.2 Door geometry
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With the assumption that each door panel is a thin flat plate with different treatment of the leading and
trailing edges, as shown in Sketches 3.2(a), 3.2(b) and 3.2(c), an approximate breakdown of the door drag
coefficient for the pair of doors, Cpy- consists of four components, as follows.

Cpg~ (ACDd)lsref /(wl)+ (ACDd)zsref ol (Wl + (ACDd)3Sref /(wl) + (ACDd)4SI’ef Al (wl), (3.1)
where,
(ACDd)l = increment in drag coefficient arising from pressure drag due to the shaping of the door

leading and trailing edges of the pair of doors,

(ACDd)z = increment in drag coefficient due to the skin friction on the flat inner and outer surfaces of
the pair of doors,

(ACp d)3 = increment in drag coefficient due to boundary-layer effects at the door/surface junctions
for the pair of doors

and

(ACp d)4 = increment in drag coefficient due to interference effects between the vertical door pair.

In Equation (3.1), S, 1 t0 S, 4 are the reference areas on which (ACp ). to (ACDd)4 are based, and
the factors S, 1/(wl) to S, ,/(wl) are used to convert the corresponding dlrag coefficients to ones based
on wl to accord with the definition of C, for the cavity itself, without doors, as obtained from ESDU 00006
or ESDU 00007.

Before going on to look at the first two terms in Equation (3.1) in more detail, the final two terms will be
considered. Equation (3.1) can be simplified by ignoring interference effects between the vertical door pair,
so that (ACDd)4 = 0. This is probably a reasonable assumption at subsonic speeds, since biplane theory
suggests no interference on drag at zero lift, see ESDU 81023 (Reference 13). The supersonic case is more
difficult to assess, even for the simple configuration shown in Sketch 3.2(b) in which the shock and
expansion waves would suffer multiple reflections. However, it is likely that the effect on wave drag would
be minimal® and, unless the shocks reflected from the door inward-facing surfaces induced flow separation,
the effect on overall door drag is also likely to be minimal.

ESDU Copyright material. For current status contact ESDU.

The treatment of the boundary-layer effects via (AC),, in Equation (3.1) is a complex problem. In the
simplest case, each door is bounded (i) on one side by a horizontal flat surface over which the free-stream
flows, generating a turbulent boundary layer with origin upstream of the cavity, and (ii) on the other side
by the separated, possibly resonant, shear layer over the cavity, with free-stream flow above it. A simple
approach to the problem is obtained by the use of ESDU 84035 (Derivation 5) if it is assumed that the
conditionsin (i), above, also apply to (ii), so that in effect the cavity has been filled flush with the surrounding
surface. That assumption implies an open type of cavity flow (ESDU 00007) in which the separated shear
layer bridges the cavity. Open flow is characterised by unsteadiness with resonance, often involving
significant vertical shear flow amplitudes, possibly affecting the flow up to, say, a third of the cavity depth

T For the special case of the Busemann biplane (Reference 9, see also References 10, 11 and 17, for example) consisting of a pair of half
wedges (isosceles triangles with apexes facing) the interference is beneficial in reducing the wave drag of the pair in isolation, attaining
a minimum when the leading-edge shocks strike the apexes, as shown below.

M >1 -7
1 ~ 7
—_— P
PR
~
~
~
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above the cavity mouth — in simple terms the effective boundary-layer thickness is periodically increased
from the steady state condition. From ESDU 84035 it is found that the effect of the boundary layer on the
horizontal surface is to reduce the door drag; the thicker the boundary layer, the greater the drag reduction.
For all practical door geometries, the ratio of the door width (w/2 in Sketch 3.2) to the boundary-layer
thickness on the horizontal surface at the door (and cavity) mid-length will be considerably greater than
unity, offering a drag reduction of a few percent at most, which is not worth taking account of bearing in
mind here the gross assumptions involved, and so it will be assumed that (ACDd)3 =0.

With the foregoing assumptions, Equation (3.1) can be written as

ref 1
0= (ACpy)—r

+(Ach)2 , (3.2)

W|

where (ACDd)1 and (ACDd)2 are the pressure and skin friction drag contributions for a pair of doors.

The above equation represents the gross drag of the doors. At first sight it might be thought that the net
drag, taking account of the door drag in the closed position, would be required. However, that has already
been accounted for (using Cy, ) in the determination of the net drag coefficient, C,, for the cavity in
ESDU 00006 and ESDU 00007, as noted in Section 2. For use in those two Data Items C . is the flat plate
local skin friction coefficient at the door mid-length with the doors closed, obtained from the graphical data
in ESDU 68020 (Derivation 3) or the curve fit in ESDU 00006. Strictly, the drag of the doors in the closed
position should be determined using the values of the flat plate mean skin friction coefficient at the closed
door leading and trailing edges, but the use of C;,, simplifies the procedure, and the error involved is quite
small, see Section A3 in Appendix A to ESDU 00006.

The prediction methods for the pressure drag, via (ACp ). , depend on the particular geometry of the door
leading and trailing edges, i.e. as in Sketch 3.2(a), 3.2(b) or 3.2(c), and whether the flow is subsonic or
supersonic. The turbulent boundary-layer skin friction drag (flat plate), via (AChq), depends only on
Mach number and Reynolds number. The prediction methods for the geometrles illustrated in
Sketches 3.2(a) to 3.2(c) will be considered in Sections 3.2.1 to 3.2.3, respectively, for both subsonic and
supersonic flow. All the methods assume two-dimensional flow over the doors. A summary of the door
drag prediction components is given in Section 3.3, which also includes tables of the components and
references to the relevant prediction equations. The total drag coefficient due to the presence of a rectangular
cavity with doors open at 90° is given in Section 3.4.

ESDU Copyright material. For current status contact ESDU.

3.2.1 Door leading and trailing edges: straight with square edges (Sketch 3.2(a))

3.2.1.1 Subsonic flow
There are currently no ESDU data for the pressure drag of flat plates with blunt leading and trailing edges.
However, Appendices A and B provide suitable prediction methods for the subsonic pressure drag
coefficients of the flat front and rear faces, C, 4 and Cp, respectively, of two-dimensional long flat plates
at zero angle of attack.

The pressure drag term in Equation (3.2) is therefore written as

ref 1 ref 1
(ACpg); o = 2Cp s *+ Cpp) o (3.3)
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1 Is the door edge area, given by

where (ACDd)l is the value for a pair of doors and S,
_w
Sref1 = —2-t, (3.4)

where the door width is w/2 and thickness is t, see Sketches 1.1 and 3.2.

Therefore, Equation (3.3) becomes

S
ref1 _ t

The value of Cp, ¢ , for two-dimensional flow is given by Equation (A4.3) in Appendix A as

35
Cp iy = %KHO.ZM%) ~1], for M, <1. (3.6)

1
Equation (3.6) is based on a conjectural extension to subsonic speeds of the method for supersonic speeds,
see Appendix A. In effect, it assumes that the average pressure coefficient across the flat face is 0.873 times -
the stagnation value. A graphical presentation of Equation (3.6) is given in Sketch A4.1 of Appendix A.

The base drag coefficient for two-dimensional flow, C,, in Equation (3.5) is given in Appendix B as

Cop = Fm1Coho- @3.7)
where
281 0.0409
Fyp = 1+0.438M28%1-M) %% for M, <038, (3.9)
¢ --0.1632l0g,(t/3) +0.4087
Copo = 08 sin( 2] for t5<55, (39)

with the argument of sine in radians

ESDU Copyright material. For current status contact ESDU.

and

Cppo = 0.6 for t78>55. (3.10)

The value of t/8 in Equation (3.9) is given in Appendix B as

t t

5 18'484i (log;gR/—-2.91). (3.11)
From the foregoing it is seen that Cy, is given as a function of the boundary-layer thickness, &, at the
door trailing edge, in terms of the door thickness, t, and the Mach number M, . Appendix B gives details
of the derivation of the method, which is only applicable for M, < 0.8. For 0.8 <M, <1 local shock waves
develop which produce somewhat erratic variations of Cp,) with M, . Equation (3.7), using Equations (3.8)
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to (3.10), is presented graphically in Sketch B3.7 of Appendix B. Although Equation (3.8) gives plausible
values even up to M, = 0.99, iteventually breaks down at M; = 1, see Sketch B3.1 in Appendix B which
illustrates the likely overly pessimistic base drag prediction over the range 0.8 <M, <1.

On the basis of very few test data, the method for two-dimensional flow is extended in Appendix B to allow
for the alleviating effects of finite width on base drag. However, for the present purpose it is suggested that
the conservative two-dimensional flow case given by Equations (3.7) to (3.11) be used.

The skin friction drag term in Equation (3.2) is

Sref2 Sref2

where the factor 4 accounts for the four exposed surfaces of the pair of doors, and C.,, is the
two-dimensional flat plate mean skin friction coefficient at the door trailing edge (in the open position),
given by Equations (4.2) to (4.5) in ESDU 78019 (Derivation 4) as

ESDU Copyright material. For current status contact ESDU.

Crte = _— ik (3.13)
Fumia(10919Fyig Ry
where
i 0.178M; a1
MIA T rtan ™ (0.4219M )1 '
with the inverse tangent evaluated in radians,
2 —0.702
(1+0.178M7)
Fmig = = (3.15)
M1A
and
n = 2.62105-0.0042167l0g, (Fy1R)) - (3.16)

Equations (3.13) to (3.16) provide an excellent fit (to within £ 0.1%) to the curves given in Figure 3 of
ESDU 68020 (Derivation 3) with R, =R, .

In Equation (3.12) S, , is the surface area of one side of a door, which for the doors in Sketch 3.2(a) is

W
Sref2 = 5 |- (3.17)

Therefore, Equation (3.12) becomes

S
ref2 _
(ACp), oy~ = 2Ck e (3.18)
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So, with Equations (3.5) and (3.18), Equation (3.2) gives the total gross drag coefficient for the pair of
doors as

Co =Cn.tic. tioc (319)
Dd ~ ~Dff Db Fte-

3.2.1.2 Supersonic flow

In supersonic flow, the variation with M, of the wave drag coefficient, Cp,, ¢ , due to the flat face of a
two-dimensional long flat plate is given, together with similar data for other face profiles, in Figure 1 of
ESDU W.S.02.03.10 (Derivation A3 in Appendix A). The data for the flat face were derived from the theory
of Maccoll and Codd (Derivation Al). An alternative approach, using pressure distribution data from
ESDU W.S.05.03.01 (Derivation A2), is given in Appendix A. That approach gives Cp,, ¢ values slightly
greater than those in ESDU W.S.02.03.10, and is suggested for use here. Equation (A3.4) in Appendix A

gives
1 6 25(6MI*
Cowff = — 0.94 > 5 -1, forM;>1, (3.20)
0.7M; ™ -1

which is presented graphically in Sketch A4.1 of Appendix A. The factor 0.94 in Equation (3.20) was
derived from an average of the pressure distribution across the flat face.

The base pressure coefficient for an aerofoil section with a blunt (flat-faced) trailing edge in
two-dimensional flow is given in ESDU W.S.02.03.07" (Derivation 2) as the sum of two components, one
(C,4 in Figure la of ESDU W.S.02.03.07) as a function of M, only and the other (C|02 in Figure 1b of
ES%U W.S.02.03.07) as a function of the ratio of the base thickness (t here) to the boundary-layer
momentum thickness at the base (0). The corresponding base drag coefficient components, Cp,; and
Cpp2 » are thensimply the base pressure coefficient components with a change of sign (negative to positive).
For the present purpose, Figure 1a of ESDU W.S.02.03.07 is well represented (close to reading accuracy) by

3

ESDU Copyright material. For current status contact ESDU.

-0.247M, 52
Cppy = ~Cpy = 0.691x (10) +0.400M 77, for M;>1 (3.22)
and Figure 1b is quite well represented (to within = 0.003) by
t \7-0.00787
Cob2 = ~Cpz = - 6.87[Ioglo(éﬂ +6.830, for 3<1/6<500. (3.22)

So, as for subsonic base drag (Equation (3.9)), a thick boundary layer has an alleviating effect on base drag.

The value of t/6 in Equation (3.22) can be obtained via the relationship C ,, = 26/1, so that

t__2
0 CFt

_—

, (3.23)

e

T The method in ESDU W.S.02.03.07 is based on a correlation by Nash (Reference B19 in Appendix B) of a large number of wind-tunnel
and flight-test data for aerofoils with small values of thickness/chord. Although it is known that boattails can have a significant alleviating
effect on base drag, Nash notes that for the aerofoils used the effect, if any, was small.
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with C .., given by Equations (3.13) to (3.16) or Figure 3 in ESDU 68020.

The total base drag coefficient is then
Cpb = Cpp1*+ Cope- (3.24)
The first term in Equation (3.2) can be now be written as

ref 1

_ wi2, _ t
(ACpg); —i~ = 2(Cowtt * Con) 7 t = (Cower + Cpp) e (3.25)

Where_ Cpwi IS given by E_quation (3.20) or Sketch A4.1 in Appendix A and Cp, is given by
Equations (3.21) to (3.24) or Figure 1 of ESDU W.S.02.03.07.

The second term in Equation (3.2) is again evaluated via Equation (3.18) with Cr,. given by
Equations (3.13) to (3.16), which are applicable to subsonic or supersonic speeds, or Figure 3 of
ESDU 68020. Therefore, Equation (3.2) now becomes

Co=Co tec.tyoc (3.26)
pd = Cowfi ]t Cob Fte -

3.2.2 Door leading and trailing edges: straight with chamfered edges (Sketch 3.2(b))
3.2.2.1 Subsonic flow

There are currently no ESDU data concerning the pressure drag of flat plates with chamfered (or wedge)
leading edges for subsonic speeds. Appendix C contains a method developed by Bryson (Derivation C4 in
Appendix C) for the surface pressure distribution on wedges with small apex angles (t <10°). Subsequent
integration of the pressure coefficient distributions gave the corresponding two-dimensional pressure drag
coefficients, Cpy_, for each wedge over the test Mach number range 0.66 <M, <1.47. The data were then
correlated in terms of reduced drag coefficient, CDT, against reduced Mach number’, Ml, using the
transonic similarity parameters widely used at that time. Later work by Spreiter (Derlvatlon C6 in
Appendix C) showed that a modification to the original form of the similarity parameters gave a much
improved correlation of the data, especially for supersonic speeds.

ESDU Copyright material. For current status contact ESDU.

The modified similarity parameters are

113, 2/3 213

~ (y+1) C M ] ]

Cp, = ( )5/3 Dt _ 1.3389(—)5% with y = 1.4 for air, (3.27)
tant tant

and
) MI‘”B(Mf—l) 4/3(Mf— |
My = ———— = 0.55786————~— withy = 1.4. (3.28)
[(y+1)tanT] (tant)

T In Derivation C4, Bryson used &, common at the time, but |\7I1 has been used here as it is felt to be a more logical companion to (NJDT .
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The value of |\7I1 is negative for M, <1, zero for M; = 1, and positive for M; > 1.

In Equation (3.27), C,_ is based on the axial length of the wedge, t/tant, and is the pressure drag
coefficient for the wedge of angle t, see Sketch 3.2(b).

Sketch C3.3 in Appendix C presents the correlation curve for subsonic speeds, which is given by

- 0.730-0.904M; —0.218M;
Dt —

— , for-22<M;<-04, (3.29)
0.481 +4.33M]

and
Cp, = L.7+2My, for —0.4<M; <0. (3.30)

For the application to a three-dimensional wedge the reference area for the leading edge is

w t
(Sref 1)Ie = e (3.31)
No data have been found for similar wedge trailing edges in subsonic flow. For the idealised geometry of
Sketch 3.2(b), the slope discontinuity at the aft shoulder would likely create a problem in practice, leading
to flow separation at relatively small values of t. For a conservative estimate of wedge trailing-edge drag
it would be prudent to assume fully separated flow over it. An approximate solution to that case is given
by Equations (3.7) to (3.11) of Section 3.2.1.1 for the base drag coefficient, Cy,, of a flat rear face.

The reference area for Cpop is

W
(Sref e = 5t (3.32)

So, the first term in Equation (3.2) is

ESDU Copyright material. For current status contact ESDU.

S
refl _ (w/2)(t/tant) (w/2)t
(ACDd)1 =2Cp, l +2Cp Wi

wi
C
Dt t

(tanr ¥ CDb)i ' (3:33)

The second term in Equation (3.2) is again evaluated via Equation (3.18) with Cr,, given by
Equations (3.13) to (3.16) or Figure 3 of ESDU 68020. Therefore, Equation (3.2) now becomes

C (3.34)
_ Dt t t
Cpg = (tanr)i *Cppy+ 2Crte -
The value of Cy_/tant is given by a rearrangement of Equation (3.27) as
Sor _ 74688(tan )2 °M723¢C (3.35)
tant ' 1 ¥Dto '
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where (NJDT is obtained from Equation (3.29) or (3.30) or from Sketch C3.3 in Appendix C.

3.2.2.2 Supersonic flow

As noted in Section 3.2.2.1, Bryson’s test data for C, - concerning two-dimensional wedges at supersonic
speeds up to M, = 1.47 were well correlated using Spreiter’s modified transonic similarity parameters,
Equations (3.27) and (3.28), see Appendix C. Sketch C3.5 in that Appendix presents the correlation curve,
given by

Cp, = 1L.7+2My, (3.36)

for 0<M,; <0.62,

and

~ ~ ~2 ~3 ~ 4 ~5 s
Cp, = 1.706 + 2.600M; — 6.280M + 17.49M} — 17.86M, +5.530Mj , (3.37)

for 0.62<M;<1.2.

Sketch C3.1 in Appendix C shows that for 0 <M1 <1.2 the test data relate mainly to cases with a detached
bow shock. For M; = 1.2 the bow shock is marginally attached for t values up to about 25°, and so for
M; > 1.2 oblique shock wave theory, assuming attached shocks, is appropriate. The simplest method is to
use the graphical presentation in Figure 2 of ESDU S.00.03.09 (Derivation 1) to determine p,/p, .., where
p, and p,,, are the static pressures on the wedge and at the edge of the boundary layer at the cavity
mid-length, in the absence of the cavity, respectively. The weak shock solution is required, i.e. the lower
of the two values of p,/p,, for given values of © and M, . (Note that p,,, is givenas p, and t is given
as & in ESDU S.00.03.09.) The value of Cp_/tant is then given by

i —c = (pglplm)_ll

(3.38)
tnt P g7Mm?

Equation (3.38) is used for I\7Ip 1.2, and a good approximation to the corresponding M, is given via
Equation (C3.15) in Appendix C as

ESDU Copyright material. For current status contact ESDU.

M, >1+6.022x10 2 71-2.486x 10> 1°+1.198x 10 1 - 1.767x10° 1", (3.39)

A plot of the boundary for |\7I1 = 1.2 is given in Sketch C3.6 of Appendix C.

As noted in Appendix C, it is difficult to obtain an accurate value of p,/p; ., (and hence Cj_) from
ESDU S.00.03.09, partly because of the likely need to interpolate in t, but more especially because p,/p,,, ,
rather than (p,/p;,,)—1, is presented. In spite of that problem, with care the accuracy is probably
satisfactory for the present purpose. Greater accuracy in the determination of C_ can be achieved by
analytical means using Equations (C3.10) to (C3.14), as discussed in Appendix C.

With regard to the wedge trailing edges in supersonic flow, an assumption of simple-wave flow, see
ESDU S.00.03.08 (Reference 12), would provide a thrust component offsetting the drag due to the wedge
leading edges. However, fully attached flow over the aft wedges is unlikely for practical wedge angles and
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3.2.3

3231

so the conservative case of fully separated flow, i.e. effectively blunt trailing edges, will be assumed. For
that case the base drag coefficient, Cp,, is determined using Equations (3.21) to (3.24) in Section 3.2.1.2.
The reference area for Cp is (S,¢¢ 1)te , as given by Equation (3.32).

The development of the firstand second terms in Equation (3.2) is identical to that leading to Equation (3.34)
for subsonic flow in Section 3.2.2.1. Therefore, Equation (3.2) here becomes

C (3.40)
_ Dt )t t
Cpg = (tan T)] * Cppj * 2Crte

where Cp /tant is given by Equation (3.35), in which (NZDT is given by Equation (3.36) or (3.37) for
0<M;<1.2.For M;>12, Cp /tant is given by Equation (3.38).

Door leading and trailing edges: sawtooth with chamfered edges (Sketch 3.2(c))
Subsonic flow

An allowance for the effects of leading-edge and trailing-edge sweep on the first term in Equation (3.2) -
which for straight (i.e. unswept, A = 0), chamfered edges is given by Equation (3.33) — can be made
assuming infinite sheared wing conditions, involving a simple cosA factor on the A = 0 case. Such an
assumption is consistent with that of two-dimensional conditions in the development of Equation (3.33).
Therefore, Equation (3.33) here becomes

+ CDb) % COSA

Sref 1 _ (CD‘E

1 wi tant (3.41)

(ACpy)

in which t is measured in the streamwise direction, and Cp, /tan t for chamfered leading edges and C,,
for blunt (flat-faced) bases are determined as noted in Section 3.2.2.1. Section 6.1.2 in ESDU 10017
(Reference 18) shows that the small amount of data for sawtoothed trailing edges are in reasonable
agreement with the term C,cosA in Equation (3.41).

With regard to the second term in Equation (3.2), from Sketch 3.2(c) S, is here given as

ref
wl W2
Sref2 = > + ry tanA, (3.42)
so that
Sref 2 _ 1 1w
wl -2 g (3.43)
Therefore, in this case Equation (3.12) becomes
S
ref2 _ 1 1w _ 1w
(ACDd)2 Wi 4CFte(§ + éTtanA) = 2Cpye (1 + i1 tanA) , (3.44)
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where 4C . accounts for the two surfaces on each of the two doors, and C, is (as in Equation (3.12))
the two-dimensional flat plate mean skin friction coefficient at the door trailing edge, determined from
Equations (3.13) to (3.16) or Figure 3 of ESDU 68020. Strictly, the use of R, here in the calculation of
Cr e Is imprecise. The sawtooth extensions give a greater length of turbulent boundary layer, varying
between | and | + (w/2)tan A across the door width, see Sketch 3.2(c). However, for most practical cases
the difference in C,:te by assuming R, =R, or R, )t |s negligible, and so the slightly
conservative case using R, = R, is suggested In most pf'act(lca% cases the increase in S, due to the
sawteeth is negligible, but the mcreased factor in Equation (3.44) is retained for completeness

With the foregoing, Equation (3.2) becomes

(3.45)

C
_(=Dz\t t ( lw )
= ——— - + - + + - —
Cpy (tan T) I CosA + Cpy, I CosA + 2C |1 i tanA | .

3.2.3.2 Supersonic flow

The simplest approach for supersonic flow is to assume that the cos A factor applied to the straight (unswept,
A = 0) chamfered edge case for the first term in Equation (3.2) for subsonic flow also applies here.
However, while some test data were available for subsonic flow to substantiate the reduction in base drag
due to the addition of sawteeth, no data for supersonic flow were available. Nevertheless, on the premise
that the cosA factor can be applied to the combined pressure drag terms in Equation (3.40), then with the
addition of the skin friction term in Equation (3.44), Equation (3.2) becomes, as for the subsonic flow case,

(3.46)

C
CDd = (ﬁ) ! COSA + CDb:|[ COSA + 2CFte(1 +

—V—VtanA) ,
tant/ |

1
41

where Cp_/tant is given by Equation (3.35), in which CDT is given by Equation (3.36) or (3.37) for
0<M;p<12.For M;>12, Cp_ /tant is given by Equation (3.38).

3.3 Summary of Door Drag Prediction Components

The final prediction equations in Sections 3.2.1 to 3.2.3, which are presented boxed, are all of the same
form, comprising three terms. The first two arise from the pressure drags due to the door leading edges
(le) and trailing edges (te), while the third term is due to the skin friction drag (sf). Therefore, it is
convenient to write the general form of the equations as

ESDU Copyright material. For current status contact ESDU.

Cpg = (ACpg);,*+ (ACpg), + (ACHy) (3.47)

in which the three components relate to the drag terms outlined above.

As an aid to the use of the boxed equations for C; in Sections 3.2.1 to 3.2.3, Tables 3.1(a) and 3.2(a) list
the three components (ACDd) (ACDd) and (AC ¢)«¢ Used in the given equation for Cp, at subsonic
and supersonic speeds, respectlvely The companion ‘?jables 3.1(b) and 3.2(b) give the corresponding
equation numbers for the parameters C, ¢ , Cp,, ¢ » Cp/tan t, Cpy, and C,, required in the evaluation
of the three components at subsonic and supersonic speeds, respectively.
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TABLE 3.1 Subsonic flow

(@) Components of Cp,

Door Section C
i i Dd
Configuration No. Equation No. (ACDd)|e (ACDd)te (ACDd)Sf
Sketch No.
t t
3.2(a) 3.2.1.1 (3.19) Cp st | CDb] 2Cr e
3.2(b) 3221 | (3.34) (i)t Cop 2C
tan t/ | Db | Fte
3.2(c) 3.23.1 (3.45) (i) ! cosA | C !cosA 2C (1 + lw tanA)
' ' tan t/ | Db | Fte 41
(b) Equation numbers for required parameters
Parameter Equation No.
Cp ¢ (3.6)
Sos (3.35) with (3.29) or (3.30)
tant
Cpop (3.7) to (3.11)
Crie (3.13) with (3.14) to (3.16)
TABLE 3.2 Supersonic flow
(@) Components of Cp,
Door .
. . Section C
Dd
Configuration No. Equation No. (ACDd)|e (ACDd)te (ACDd)Sf
Sketch No.
t t
3.2(a) 3.21.2 (3.26) Cow ff | CDb] 2Cc e
3.2(b) 3222 (3.40) (CDT)E Cor | 2C
tant/ | Db Fte
3.2(c) 3.2.3.2 (3.46) (i) ! cosA | C :[cosA 2C (1 + lV—VtanA)
' ' tan v/ | Db Fte 4|
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(b) Equation numbers for required parameters

Parameter Equation No.
Cow (3:20)
Cp:. (3.35) with (3.36) or (3.37) for 0<M; <1.2;
tant (3.38) for My >1.2
Cob (3.24) with (3.21) to (3.23)
Cr e (3.13) with (3.14) to (3.16)

3.4 ? Total Drag Coefficient due to the Presence of a Rectangular Cavity with Doors Open at 90°

The drag coefficient, Cy, due to the presence of a cavity with the flow constraints due to a pair of doors
open at 90°, as shown in Sketches 3.2(a), 3.2(b) and 3.2(c), is determined from ESDU 00006 for closed
flow or ESDU 00007 for transitional or open flow, as described in Section 3.1. Therefore, the total drag
coefficient due to the presence of a cavity with open doors, Cp 14, IS

Co ot = Co* Cpd » (3.48)

with Cp given by Equation (3.47). Thus C, 1, represents the total (net) drag increment due to the cavity
with open doors.

The drag prediction methods for cavity doors in Section 3.2 were developed using wind-tunnel data for flat
plates at zero angle of attack in uniform flows. In the Introduction (Section 2) it is noted that, as with the
methods for the drag of cavities without doors (ESDU 00006 and ESDU 00007), in order to apply the
methods to a practical situation in which a cavity with a pair of doors open at 90° is in a non-uniform flow,
an artifice previously used in the application of excrescence drag data, see ESDU 90029 (Derivation 6),
was also used here. To that end, the door drag coefficient C; and all its components, together with all the
flow parameters used in the prediction methods, were based on local flow values at the edge of the boundary
layer at the cavity mid-length, but in the absence of the cavity. The flow parameters used were therefore

My, Ry Py @nd g,
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The principles in ESDU 90029 give (CDTot)ref, the value of Cp 1., from Equation (3.48) based on the
wing reference area S,; and free-stream kinetic pressure q_, as

_ wl _ wl (3.49)
(Cotother = CoTotg - Ma = (Cp + Cpg) g My -
ref ref
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