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BASE PRESSURE ON WINGS AND BODIES
WITH TURBULENT BOUNDARY LAYERS!

By Dean R. Chapman
Ames Aeronautical Laboratory

At present there is no satisfactory theory for calculating the
pressure which acts at the blunt base of an object traveling at super-
sonjc velocity. In fact, the essential mechanism determining the base
pressure is only imperfectly understood. As a result, the existing
knowledge of base pressure 1s based almost entirely on experiments. The
main object of this paper is to summarize the principal results of the
many wind-tunnel and free-flight measurements of base pressure on both
bodies of revolution and blunt-tralling-edge airfoils. A relatively
simple method of estimating base pressure 1s presented, and an indication
is given as to how the characteristics of base pressure play an essential
role in determining the shape of an aerodynamically efficient object for
.supersonic flight.

It now is generally accepted that the base pressure depends markedly
on the type of boundary-layer flow, that is, whether laminar or turbulent.
Although extensive measurements have been made at the Ames Laboratory and
in various other laboratorles with both types of boundary-layer flow,
only the case of turbulent flow willl be considered here. Such a choice
is made, of course, because turbulent flow at present is of more practical
importance to the missile designer than is Jaminer flow.

The number of variables that affect base pressure are many, since
anything that affects the boundary-layer flow can affect the base pres-
sure. It will be convenient, however, to think of each variable that
affects base pressure as acting in one or more of three ways: first, by
changing the flow field exterior to the boundary layer - such changes
affect the base pressure in a manner that can be estimated from consider-
ations of the flow of an inviscid gas; second, by changing the thickness
of the boundary layer Jjust upstream of the base - this latter type of
change affects base pressure In a manner that can be determined by system-
atic experiments; and third, by changing the distribution of velocity and
density within the boundary layer, or within the mixing layer downstream
of the base. This last type of effect is complicated indeed and has thus
far proven intractable by theoreticael methods.

The chief variable of the first type mentioned is body shape. Even
in an inviscid flow, base pressure depends on the body shape because the
local pressure and local Mach number approaching the base is different
for different bodles. The upper sketch in figure 1 1llustrates the flow
about a given body; the lower sketch in this figure illustrates a

IThis is a reprint of the paper by the same author which was presented
et the NACA Conference on Aerodynamic Design Problems of Supersonic Guided

Missiles at the Ames Aeronaﬁi Lahoratory on Oct. 2-3, 1951.
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fictitious inviscid flow from which the pertinent Mach number and static
pressure of the disturbance field can be calculated. The notation 1is as
follows: M, and p,, designate the free-stream Mach number and static
pressure, respectively; whereas, M' and p'’ designate the Mach number
and static pressure induced in the wvicinity of the base by the presence
of the body. As is illustrated, M'! and p' represent conditions along
a hypothetical extension, averaged over & region occupying the same rele-
tive streamwise position as the dead-air region in the real flow. The
surface of the hypothetical extension is parallel to the free-stream
direction. The significance of M' and p!' evaluated in this partic-
ular manner, is that they form reference quantities to which the base
pressure can be referred and be nearly independent of profile shape in
an inviscid flow. In a resl flow, therefore, the quantities M' and p!
can be thought of as the Mach number and static pressure corrected for
the effect of body shape on the flow field exterior to the boundary
layer. The method illustrated is valid for small boattaill angles only.

Since M' and p'!' are used extenmsively in subsequent figures, it
may be of some help in clarifying the basic idea by mentioning an
analogy, namely, the theory of subsonic wind-tunnel-wall corrections.
There, the free-stream Mach- number and pressure are corrected for the
disturbance induced in the vicinity of the model by the. presence of the
tunnel walls. Here, the same quantities are corrected for the disturb-
ance induced in the vicinity of the base by the presence of the body.

In both cases, the correctlon is accurate only 1f the disturbance fleld
is small and is nearly uniform over the region in questilon.

In general, numerical calculations of M! and p' show that as
far as base pressure is concerned this correction is significant at all
supersonic Mach numbers for bodies of revolution with boattalling. For
bodies without boattailing, the correction is less important. TFor air-
foils the correction is important at low-supersonic Mach numbers where
the bow wave 1s detached, but is negligible at moderate Mach numbers
where the bow wave is attached. In most cases the statlc-pressure cor-
rection 1s larger than the Mach number correction.

In the examples presented later, the quantities M' and p' for
cone-cylinder bodies of revolution have been determined from the charac-
teristics solutions of reference 1. For bodies of revolution with curved
gldes, M! and p' have.been calculated from the second-order theory of
Van Dyke (reference 2). The corresponding quantities for airfoile in the
region of bow wave detachment have been determined from the results of
Guderi§y and Yoshihars (reference 3) and of Vincenti and Wagoner (refer-
ence 4),

The principal use to be made of the quantities M' and p!' is in
estimating the base pressure of a boattailed profile from a knowledge of
the base pressure oh a profile without boattailing. The essential

&
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concept involved is that the base pressure, when referred to M!

and p', is independent of body shape. This concebt neglects changes

in the boundary-layer flow. Flgure 2 illustrates the accuracy of esti-
mating base pressure in this manner. Afterbodies converging.toward the
base are designated by positive boattall angles and are plotted on the
right of the ordinate axis. Cones are designated by negative boattall
angles and are plotted on the left. The line composed of short dashes
represents the estimated values from calculations of M' and p!. The
line composed of long dashes represents a method of estimation recently
given by Cortright and Schroeder (reference 5). In this and most subse-
quent figures, the base pressure ratlio is plotted as the ordinate; hence,
it is to be remembered that the base drag per unit base area is propor-
tional to one minus the ordinate, and that the base drag is reduced if
the base pressure 1s increased. In figure 2, for example, it is seen
that at a Mach number of 1.5 the observed increase 1n base pressure is
such that the base drag is reduced almost to zero at boattall angles of
about 15°. It is seen further that, in the raenge shown, negative boat-
tall angles on bodies of revolution lower the base pressure, thus
incressing the base drag considerably, whereas positive boattall angles
have the opposite effect.

Figure 3 shows the effect of boattall angle on the base pressure of
airfoils. It is evident that there is little effect of boattall angle
in this latter case. This 1s in accordance with the estimate based on
the calculated values of M! and. p', as indicated by the short dashes.
In view of the reasonable agreement between these experiments and the
estimated values, it is believed that for turbulent boundary-layer flow
the effect of boattailing on bage pressure is due principally to changes
in the outer flow field rather than to changes in boundary-layer flow
brought about by the boattailing.

When employing the above method of estimating bhase pressure it is
necessary, as already mentioned, to have experimental date on a profile
without boattailing. The complling of such data ig greatly simplified
by the fact that the effect of Reynolds number on base pressure is small
for turbulent boundary-layer flow and often can be neglected. This is
illustrated by figure k4 showing base pressure measurements as a function
of Reynolds number for various profile shapes, with and without boat-
tailing, and for several different Mach numbers.

For airfoilsg with turbulent boundary-layer flow, the effect of
Reynolds number also 1s small, as indicated in figure 5. From a com-
parison of figures L4 and 5, it can be concluded that, in general, moder-
ate differences in Reynolds number will have only a small effect on base
pressure if the boundary layer is turbulent. Therefore, the many experi-
mental measurements of base pressure for which the test Mach numbers and
Reynolds numbers both varied can be plotted as & function only of the
Mach number. Such a plot for a number of bodies of revolution without
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boattailing is shown in figure 6. Also shown in this figure are data
for several cones since these latter data (unpublished date from Ames
supersonic free-flight wind tunnel) are the only data available which
are representative of turbulent flow at Mach pumbers near 6. These
data for cones can be compared directly with the other date since M!
and p' are used as reference quantities in this figure. It is to be
noted that data from a number of different laboratories (references 6
to 11, plus unpublished deta of the Ames 10- by li-inch supersonic wind
tunnel) are included here; the free-flight measurements are designated
by filled symbols and wind-tunnel measurements, which were taken with
rear sting supports, are designated by open sjmbols. Considering the
wide variety of experimental techniques employed in obtaining these
data, the degree of mutual agreement is regarded as satisfactory. The
mean curve passed through these data can be used either to estimate the
base pressure of a boattailed body according to the method described
earlier, or, if a body has no boattailing and a cylinder three or four
diameters long preceding the base, then this mean curve can be used
directly to glve the base pressure. The equation used in estimating the
base pressure of a given body, for which M' and p' have been calcu-
lated, is - '

t 3 1
where the quantity (pQ/P )M' 1s the experimental value of pb/p
plcked from the curve of figure 6 at the Mach number M'.

Of course, a plot similar to the one shown can algo be made for air-
foils. Such a plot is presented In figure 7, where again free-flight
data (reference 12) are represented by filled symbols and wind-tunnel
data (reference 13 and unpublished dats from the Langley 9- by 12-inch
supersonic blowdown tunnel, the Langley 9-inch supersonic tunnel, and
the Ames 1- by 3-foot wind tunnels) are represented by open symbols.

Most of these data répresent measurements on finite-span wings on which ~
consliderable spanwise variations in base pressure can exlist. In such
cages, the values shown represent an average over the span of the
trailing edge. The filled point situated at the extreme left in this
figure actually was taken at a flight Mach number of 1.0, but, on this
graph, 1t plots in the position shown because of the large effect of
profile shape on base pressure in the region of bow wave detachment.

All these datae for airfoils were obtalned with the trailing edge normal
to the stream direction. Rectangular plean forms were used for most
measgurements, although one set, indicated by the tagged symbols, was
obtained with a triangular wing The base pressure for the two different
plan forms “is nearly the same. Some base pressure measurements recently



NACA RM AB1J2S gECURITY' INFORMATTION 17

have been obtained at the Langley Laboratory on a constant-chord wing
with trailing edge swept back 45°. These latter measurements are not
shown in figure 7 because of the difficulty in calculating the average
value of p' for a sweptback wing. The actual measured values of the
base pressure, however, were nearly the same as for unswept wings at
1.62 Mach number, but were about 20- to 50-percent higher at Mach num-
bers of 1.41 and 1.96.

A comparison of figures 6 and 7 shows that, at high-supersonic Mach
numbers, the base pressure on bodies and airfolls is almost the same,
with the base pressure in each case approaching a vacuum ag the Mach
number is increased. On the other hand, it can be seen also that at
low-supersonic Mach numbers the base pressure is much lower for alrfoils
than bodies. Im fact, at a Mach number of 1.2, the observed difference
is such that the base drag per unit base area of an airfoll is over two
times that of a body of revolution. The characteristics Jjust noted,
namely, the essential difference in base pressure between bodies and
airfoils at low-supersonic Mach numbers, and the essential similarity
at high-supersonic Mach numbers where the base pressure approaches zero,
would exist in an inviscid flow (reference 8), and hence these charac-
teristics are believed to be assoclated to a large degree with the
behavior of the flow exterior to the boundary layer.

All data in figures 6 and 7 represent conditions where the turbu-
lent boundary layer 1s thin relative to0 the base dimension., If the
boundary layer is thick compared to the base height, then the base pres-
sure will be somewhat higher, and the base drag correspondingly lower.

A generel trend of increasing base pressure with increasing boundary-
layer thickness has been found in the experiments on bodies (reference 8)
and airfoils (unpublished) conducted at the Ames Laboratory. Another
general trend, of increasing base pressure with increasing surface tem-
perature, has been observed by Kurzweg at the Naval Ordnance Laboratory
(reference 7). Since an increase in surface temperature also increases
the boundary-layer thickness, both trends can be shown together by
plotting base pressure agalnst a parameter proportional to the ratio of
turbulent boundary-layer thickness to base thickness. Such a parameter,
as Indicated in figure 8, involves the ratio of body length to base
diameter, the Reynolds number, and the ratio 8/(8 no heat). This
latter factor represents the ratio of boundary-layer thickness of a
heated body to that of an unheated body at the same Reynolds number and
has been determined from the analysis of the turbulent boundary layer
with heat transfer as given by Van Driest (reference 1k). The open
symbols, which represent the experiments at the Ames Laboratory on bodies
without heat transfer, show a slow rise in base pressure as the boundary—
layer thickness increases.

The filled symbols, which represent the experiments at the Naval
Ordnance Laboratory on heated bodles, show a much more rapid rise in

Sl
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base pressure. It is evident, then, that the transfer of heat affects
the base pressure principally through the changes 1t brings about in
the distribution of density and velocity within the boundary layer,
rather than through the changes it brings about in boundary—layer
thickness. - -

For airfoils, the ratios of boundary layer to base thickness that
are of practical interest extend to considerably higher values than for
bodies of revolution. As & result, the boundary-layer thickness has to
be considered more carefully in estimeting base pressure. This is
illustrated in figure 9 where the base pressure (unpublished data from
Ames 1- by 3-foot supersonic wind tunnels) 1s plotted as a function of
the parameter which is approximately proportional to the ratio of turbu-~_
lent boundary-layer thickness to traillng-edge thickness. The airfoll
thickness ratio t/c and the trailing-edge bluntness ratio h/t were
systematlcally varied in these experiments. The results shown represent
twelve different profiles and correlate reasonably well on this plot.
From.this it can be seen, for example, that a thin airfoil with a thin
trailing edge will have a gignificantly higher base pressure than a

"thick airfoil with & fully blunt trailing edge. It should be mentioned
that although only a smell effect of Reynolds number was noted earlier,
a slgnificant effect of boundary-layer thickness ig noted in figure 9
because the fifth root of the Reynolds number is involved in this latter
figure.

The extent to which the characteristics of base pressure Ilnfluence
the total afterbody drag of bodles of revolution 1s 1llustrated in fig-
ure 10. Here the afterbody length 1s held constant and the base diameter
varied. In these examples the slde drag has been calculated on the '
assumption of invikcid flow, and the base drag has been estimated by the
method described earlier. A few experimental points also are shown in
figure 10. It can be seen that at a Mach number of 1.5, the afterbody
drag in this particular example is reduced about 30 percent by boat-
tailing to a base diameter of sbout two-thirds of the body diameter.

The minimum afterbody.drag occurs when the base drag is about one-fifth
of the total afterbody drag. At a Mach number of 3 the situation is
about the same; but at & Mach number of 8 there 1s seen to be no signifi-
cant effect of afterbody shape on the total afterbody drag. Hence, at
very high supersonic Mach numbers, there is little to gain by boattailing.

The characteristics of base pressure also have an important effect
on the drag of-~airfoils. This is illustrated in figure 11, where the
calculated pressure drag of & family of airfoils, all having the same
cross-sectlon area, is plotted as a function of the ratio of trailing-
edge thic¢kness to maximum airfoll thickness. ‘For each value of the
trailing-edge thickness, the profile shead of the base was determined by
the condition that the foredrag calculated from shock-expansion theory
be a minimum. The base drag was determined from the correlated

u——
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measurements presented earlier except in the case of a Mach number of 8
for which the base pressure was assumed to be zero. It is apparent

that, at Mach nunbers of 1.5 and 3, the minimum total pressure drag
occurs for airfoils with a slightly blunt trailing edge. Also, at these
Mach numbers a substantial drag penalty will occur 1f a fully blunt
tralling edge is employed instead of the optimum. At a Mach number of 8,
however, the drag penalty compared to the optimum is small even with a
vacuum at the base; the minimum pressure drag at this Mach number occurs
when the trailing-edge thickness is about two-thirds of the maximum air-
foll thickness., The maln practical significance of these results lies
in the structural advantages of a thick tralling edge, particularly when
a control surface is employed, since the thickness of the airfoll at the
hinge line and the torsional stiffness of the control surface are greatly
increased.

From the viewpoint of increaesing missile performance, it naturally
ig desirable to be able to reduce the base drag. One method of doing this
has been indicated by Cortright and Schroeder of the Lewlis ILaboratory
(reference 15). They found thet by permitting small quantities of air to
flow out of the base of bodies of revolution the base pressure could be
increased & substantial amount. Some of their resulis are presented in
figure 12 where the measured base pressure is plotted as a function of
the ratio of Jet chamber pressure (Pj) to free-stream static pressure.

One curve 1s for a body withqut boattailing, and the other 1s for a body
with a 9.3° boattail angle. The observed maximum increase in base pres-
sure, as indicated in figure 12, corresponds to & decrease in base drag
of about 30 and 60 percent, respectively. The quantity of bleed air
required at the optimum value of Jet pressure for the body without boat-
tailing corresponds to a mass flow of bleed air equal to about 4 percent
of the mass flow that would flow through the base 1f the free stream
passed through the base undisturbed.

Figure 13 shows that the base drag of alrfolils also can be reduced
considerably by bleeding air out of the base. (These latter unpublished
data for airfoils were obtained in the Ames 1- by 3-foot wind tunnels. )
At Mach numbers of 1.45 to 2, the observed maximum increases in base
pressure correspond to base drag reductions of about 36 and 35 percent,
respectively. In these two cases the jet exit area is 18 percent of the
total base area, and the optimum values of Jet pressure correspond to a’
mass flow of bleed air between about 3 and 5 percent of the mass flow
that would flow through the base if the free stream passed through the
base undisturbed. Also, in these two cases the optimum jet pressures
correspond to jet-exit Mach numbers in the high-subsonic reglon.

In s comparison of figures 12 and 13, it is significant to note

that the optimum jet pressure in all cases is less than the free-stream
static pressure since this greztly minimizes the problem of supplying

bleed air.
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All preceding results are for bodies of-revolution and blunt
trailing-edge airfolls set at zero angle of attack. In figure 1k some
typical data for bodies of revolution (references 10, 16, and unpublished
data from the Lewis 1- by l-foot and Ames 1- by 3-foot wind tunnels) are
collected which illustrate the effect of angle "of attack on base pres-
sure. In each case the base pressure decreas€s considerably as the
angle of attack is increased. To what extent this decrease is due to
changes in the exterior flow in the vicinity of the base and to what
extent 1t is due to the changes in boundary-layer flow approaching the
bage 1s not known as yet. The situation is considerably clearer for
alrfoils, since the characteristics of the exterior flow at angle of
attack can be calculated easily. The calculated values of M' and P!
for airfolls do not change with small changes in angle of attack. It
is not surprising, therefore, that over the Mach number region shown the
base pressure on airfoils, as indicated in figure 15, does not change
slgnificantly with a change in angle of attack. This result is seen to
apply at Mach numbers ranging from 1.5 to 4.0, and for a variety of air-
foll sections. Comparing these two figures, we see that the situation
is quite similar to that noted earlier when cornsidering the effect of  __
boattail angle on base pressure. The observed effect is large for bodies
of revolution but small for alrfoils.- '

Some measurements at angle of attack have been msde on a 45° swept-
back blunt trailing edge (unpublished date fron Langley 9- by 12-inch
supersonic blowdown tunnel) which indicate that up to sbout 10° the
effect of angle of attack on base pressure is small at 1.96 Mach number,
but is sizable at 1.62 and 1.41 Mach number at which the bow wave is
detached. o

The results of this paper can be summerized in three general state- .
ments: First, base drag of bodies of revolution and eirfoils can be
estimated with reasonsble accuracy from the correlation of experiments
and from the method of calculation described st the beginning of this
paper; second, a body of revolution or an airfoil that is designed to
have minimum drag at supersonic speeds generally will not be pointed at
the rear, but will have a finite base, the thickness of which generally
increases as the Mach number increases; and third, some recent experi-
ments have indicated that the base drag of bodies of revolution and air-
foils can be significantly reduced by bleeding relatively small quanti-
ties of air out of the base. ' CT ST
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AIRFOILS
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AIRFOILS
PRESSURE DRAG FOR CONSTANT SECTION AREA
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