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RESEARCH MEMORANDUM

PRESSURE DISTRIBUTION AND AERODYNAMIC COEFFICIENTS ASSOCIATED
WITH HEAT ADDITION TO SUPERSONIC AIR STREAM ADJACENT TO
TWO-DIMENSIONAL SUPERSONIC WING

By I. Irving Pinkel, John S. Serafini
and John L. Gregg

SUMMARY

The modifications in the pressure dilstributions and the aerodynsmic
coefflcients assoclated with addition of heat to the two-dimensional
supersonic inviscid flow field adjacent to the lower surface of a
S-percent-thickness symmetrical circular-arc wing are presented in this
report. The pressure distributions are obtained by the use of a graphi-
cal method which gives the two-dimensional supersonic inviscid flow
field obteined with moderate heat addition. The variation is given of
the lift-drag ratio and of the serodynamic coefficients of 1lift, drag,
and moment with free-stream Mach number, angle of attack, and parasmeters
defining extent and emount of heat addition. The six graphical solu-
tions used in this study included Mach numbers of 3.0 and 5.0 end angles

of attack of O° and 20.

A moderate addition of heat in the manner described produced a
significant increase in the 1ift coefficient, the moment coefficient,
and the lift-drag ratio. For the wing shape and the angles of attack
considered, this addition of heat generated some thrust which sppeared )
as a slight decrease in the drag coefficient for the graphical solutions o

obtailned.

An equation is presented for computing the heat addition required S
to obtain a glven increase in totel temperasture across the heated streem

tube.
INTRODUCTION
The effect of moderate heat addltion on the flow and state param-

eters of the flow filelds of varlous aerodynemic and propulsive bodies
has been considered for some time (references 1 to 3). In reference 1
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is presented a theory for the one-dimensional flow of a steady com-
pressible fluid flow in ducts with heat addition. The problem of a .
small rate of heat addition in the vicinity of a circular cylinder in a

subsonic flow field which i1s uniform et infinity is considered in refer-

ence 2. The addition of heat to the external asir flow around projec- -
tiles, the so-called externsl ram jet, 1s considered in reference 3. N
The theory developed by Hicks (reference 2) is at the present time, o
however, limited to the treatment of special subsonic compressible i Ll
inviscid flow problems. By mesns of the graphical method presented in e _
reference 4, the two-dimensional flow fields with moderate heat addition .
to the flow about given aerodynamic or propulsive bodies for supersonic

inviscld flows can be constructed.

This report repregents an eppraisal of the modifications in pres-
sure distribution and the aerodynemic coefficients assoclated with heat
addition to the flow undermeeth & two-dimemsionel wing 1n supersonic
flight. Essentially, it gives a preliminary survey made at the NACA S
Lewls laboratory of the effect of some of the lmportant varlasbles -
involved. Included among these variebles sre flight Mach number,
stagnation~temperature ratio across the heated portion of the flow,
chordwise distribution of heat added to the flow, and wing angle of
attack. All pressure distribution computations are made for & 5-percent-
thickness symmetrical two-dimensional supersonic wing (no swesp back) F;
whose upper and lower surfaces are circular arcs. The results obtained
apply as a flrst approximetion to two-dimensional shasrp-edged wings
having a 5-percent thickness but a different profile., No consideration
is given to the problem of the means by which heat addition to & super-
sonic flow may be eccomplished.

METHOD AND SCOPE OF COMPUTATIONS

For all cases considered herein, the pressure distributions

- essoclated with the addition of heat to the flow were obtained by the
graphical method for mapplng a two-dimensional supersonic flow with heat
gddition described in reference 4. This graphical method is wvalid for
heat addltion to & supersonle fluid flow in which heat conduction does
not occur. The wing sectlon employed for this study is illustrated
schematically in figure 1. The symmetrical 5-percent-thickness airfoil
has surfaces which are circular arcs with radius of curvature of 5.0125
chords. The symbols to be used in the following presentation are listed
in eppendix A, In figure 1 the heset addition region A beneath the wing
1s downstream of the leading-edge shock wave and is considered to be '
adjacent to the wing surface. In order to apply the method of graphical
solution, the heat additlon region A is considered to be divided into
chordwise intervels in each interval of which a constant fractional .
change "in total temperature AT/T occurs. In the region A the lines of . R
constant stagnetion temperature are epproximaetely normal to the local

streamlines (reference 4).
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The principal geometric variebles employed herein are defined in
gppendix A and are illustrated in figure 1. This study is made for the
stagnation temperature ratioe of 1.243 and 1.126 and the free-stream
Mach numbers of 3.0 end 5.0. The combination of wvarisbles covered
herein sppear in tsble I. '

From the pressure distributions around the wing obtained by the
graphical construction of the flow the wing lift, drag, and moments
gbout the quarter-chord point were obtained from the customary expres-
sions defining these terms.

RESULTS AND DISCUSSION

On the beasls of the limited number of cases computed, general con~
clusions cannot be drawn from the resulte obtained. A sufficient number
of cases were chosen, however, to illustrate the order of change in 1lift
and drag produced by change in angle of attack, free-stream Mach number,
and the principal characterlstics of the heat-addition process.

Pressure Distribution

In figure 2 are shown the pressure distributions about the wing
without and with heat addition. The examples shown in this figure
correspond to and are in the same order as those given in teble I.
Because an idealized frictionless two-dimensionsl flow is assumed, no
interaction between the flow below and sbove the wing occurs. For this
reason, in the present report the pressure distributions over the top
surface of the wing are not influenced by the heat addition to the flow
below the wing. The principal effect of this heat addition is the
marked increese in local static pressure along the lower surface of the
wing downstream of the heat-addition starting point as compared with the
case of no heat addition.

Aerodynamic Coefficients

Effect of varying free-stream Mach number. - The varistion of the
aerodynemic coefficlients with the free-stream Mach number when the other
paremeters being considered in this study are held constant: is plotted in
figure 3. The serodynsmic coefficients in the figure were calculated
from the pressure distributions of examples 1 end 2, which are plotted
in figures 2(a) and 2(b), respectively. The coefficlents of 1lift and
pitching moment about the quarter-chord point are given in figures 3(a)
and 3(b), respectively. The ratio of the 1ift coefficlent with heat
addition to the 1ift coefficlent without heat addition is 1.67 at Mb
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equal to 3.0 and 2.00 at M, equal to 5.0. The effect of increasing
the free-stream Mach number on the querter-chord moment coefficlent is
more mserked, the ratio of the quarter-chord moment coefficient with heat
addition to its value without heat addition being 2.47 and 4.23 for MO
equal to 3.0 and'5.0, respectively.

From the plot of the variatlon in pressure-drag coefficient.with
free-stream Mach number My (fig. 3(c)) 1t is evident that only a
modest thrust is generated with the heat addition to the flow as reflec-
ted in the small reduction in pressure drag associated with heat addi-
tion. The thrust generated by the increased wing-surface pressure asso-
ciagted with heet addition to the flow depends on the shape of the lower
wing surfece and its angle of inclination to the free-stream direction.
Some gain in thrust over that -realized in these examples can be obtalned
by providing lower wing-surface elements, inclined to glve a forward
pressure-force component in the direction of fllght over a large section
of the lower surface appreclasting a pressure rise from heat additions to
the flow. It should be noted that the values of drag used in figures 3
to 7 have been calculated from the pressure distributions and do not
include values of viscous drag. Although this pressure-drag reduction
emounts to only 4.8 percent at My equal to 3.0 and 10 percent at
equal to 5.0, the corresponding marked increase in 1ift provides the )
favorable lift-drag ratio L/D plotted in figure 3(d). In this figure
1s shown an L/D with heat addition equal to 1.67 and 2.24 times the
L/D without heat eddition at Mg equal to 3.0 and 5.0, respectively.

Effect of varying angle of attack. - The mammer in whilch wing
angle of attack modifies the effect that heat addition to the flow
has on the aerodynémic coefficilents as evalugted from the pressure dis-
tribution given for exsmples 2 and 6 (figs. 2(b) and 2(£)) is illus-
trated in figure 4. The examples considered differ only in the angle of
attack, which is 2° for example 2 and 0° for example 6.  Because the
value of hi/b was kept the same for example 6 as for exemple 2 the
value of the welght flow of heated air for example 6 at zero angle of
sattack is 91.2 percent of that for example 2 at an angle of attack of 2°,
It is evident that the incresse 1in 1ift coefficient realized from the
addition of heat i1s almost constant at & value of approximstely 0.028
for zero and 2° angles of attack (fig. 4(a)). A similar conclusion can
be drawn regarding the effect of heat addition on the moment coefficient,
the change in moment coefficlent obtained with heat addition belng
-0.0127 at zero angle of attack and -0.0139 at an angle of attack of 2°

(£ig. 4(p)).

As shown in figure 4(c) the pressure-drag-coefficient reduction
asgoclated with heat addition falls from 0.001ll at zero angle of attack
to 0.0003 at 2° angle of attack. The smeller effectiveness of the heat
addition in reducing the pressure-drag coefficient for the angle of
attack of 2° stems from the fact that at this angle of attack the drag

SLEZ
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components of the pressure forces on the lqwer surface of the wing are

reduced because of the orientation of the wing with respect to the free-
streem directlion. For the wing shape considered, the corresponding L/D
values shown in figure 4(d) reflect this effect in that at zero angle of
attack the increase in L/D due to heat addition is 7.7 ‘and at an angle

of attack of 2°, 5.0.

Effect of varying hi/c. ~ An appraisal of the variation of the
aerodynamic coelfflclents with the initial extent of the heat-addition
region A (fig. 1) normal to the wing surface hi/c 1s presented in  _
figure 5. The guantities plotted in figures 5(a) and 5(d) are obtained
from the pressure distributions of examples 2 and 3, which are shown in
figures 2(b) and 2(c), respectively. The variation of the 1lift coeffi-
cient with the initial extent of heat addition normal to the surface
shows that the lift coefficient increase due to heat addition for
hi/c = 0.035 (exemple 3) is 0.0179 and the 1lift coefficient increase
for hi/c = 0.07 (example 2) is 0.0302 (fig. 5(a)). The increase in 1ift
coefficient provided by doubling the initial width of the heated stream
tube to 0.07 chord and, hence, doubling the heat addition to the flow
is about 20 percent less than twice the 1ift coefficient increase for
the heated stream tube of 0.035 chord. A similar result 1s obtained
for the moment coefficient (fig. 5(b)). The reduced modification of the
wing pressure distribution provided by the heat added to the flow at
stream tubes having the larger separation from the lower surface of the
wing is due in part to the smaller portion of the wing chord influenced.
The first portion of the wing that eppreciates the modifying effects
produced by the heat addition in these streem tubes lies along the Mach
lines from the point of initiation of heat addition. The intersection of
the Mach lines with the lower wing surface is downstream of the chord-
wise location of the initiation of the heat addition. The drag coeffi-
cient decreases slightly as the initial extent of heat addition normel
to the surface is increesed (fig. S(c)). TUp to ean initial heated
stream-tube width of 0.07 chord the drag coefficient decreases linearly
with an increase in hi/c. However, because the varistion of the drag
coefficient with hj/c is slight, the variation of L/D with the
initial extent of heat addition normal to the surface given in fig-
ure 5(d) is quite similar to that of the 1ift coefficient. For the
hegted zone 0.035 chord in width, the increase in IL/D due to heat
addition is 3.2 as compared with 2.3 for the added increase in L/D
provided by broadening the heated region to 0.07 chord.

Effect of varying chordwise extent of heat addition keeping constant
stagnation-temperature ratio, - The effect on the aerodynemic psrameters

of changing the chordwise extent of the heat-addition region is obtained’
from the results of examples 2 and S5 (fig. 6). The change in the chord-
wise extent of the heat-addition region while keeping constant the
stagnation-temperature ratio across the hesated region is obtained by

P
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holding constent the initial width of the heet-addition region hi/c
and the value of the chordwise position where the heat addition is
initiated xi/c and by changing the value of the chordwise position of
the heat addition terminstion xf/c and the representative chordwise

rete of heat addition % In example 5 the total heat addition occurs

over & chordwise distance of 0.334 chord and in example 2, over a dis-
tance of 0.644 chord with the same value of .x{/c and the same total
heet addition teking place in both cases. From figures 6(a) and 6(b) it
is evident that the more restricted heat-addition region of 0.334 chord is
associated with greater effectiveness of the heat addition in increasing
the 1ift and the moment coefficients. When the heat-addition region |
extends for 0.644 chord the increased lift and moment coefflcients are
78 percent and 97 percent; respectively, of the values corresponding to
the heat-addition: reglon having a chordwise length of 0.334 chord. The
greater effectiveness of the shorter heat-addition regions stems largely
from the fact that the pressure rlse assoclated with heat addition is
effective over an increased portion of the wlng chord when all the heat
gddition is completed over an increased distance forward of the wing
tralling edge.

The drag-coefficient values (fig. 6(c)) show that for the case of
heet addition over 0.334 chord the drag increases slightly over the case
for no heat additlon, whereas the reglon of 0,644 chord provides a
reduced drag coefflclent amounting to 96 percent of the drag associated
with no heat addition. Because the 1lift and dreg cosefficients decrease
with chordwise extenslon of the heat-addition region over the range con-
sldered in this study at approximstely the same rate, the lift-drag
retio is constant with change of the length of the heat-addition region

(rig. 6(d)).

Effect of varying stegnetion-temperature rstio _Tf/TO with con-
stent chordwlse heet-addition rate. - The wing pressure distributions
corresponding to examples 2 and 4 (teble I), given in figures 2(b) and
z(d), provide a first appraisal of how the aerodynamic coefficients are
affected by varylng the chordwisse extent of the heat addition while
holding constant the chordwlse rate of heat addition., Thus, for both
examples 2 and 4 the ratio of the final stagnatlion temperature to the.
initial stegnation temperature Tf/TO 1s & function only of the chord-
wise extent of the heat-addition region. The increase in 1ift coefficient
provided py heat addition incresses with an Incresse in stagnation-tem-~
perature ratio (fig. 7(e)). On the other hand, the slope of the curve
showing the 1lift coefficlent plotted against Tf/TO decreases with
increasing velues of Tf/To. Because the heat addition which occurs

close to the wing trailing edge can modify the wing pressure distribu- - =

tion over a correspondingly small percentage of the chord, the decline
in slope with increesing Tf/TO of the curvé showing the 1lift coeffi-
clent plotted against Tf/TO can be expected for the mode of heat



23'(5

-

NACA RM ES1K26 “CONPITENTIAL - 7

addition considered. If the heat addition is provided by the uniform
combustion of speclal fuels mixed with the air stream, the constant
chordwise rete of heat addition is approximated. These results indicate
the desirasbility of completing the combustion of the fuel over a short
chordwise distance and, as shown by the preceding section, as far
upstream along the chord as can be permitted. The moment coefficlent
rises almost linearly with Tg/T, in the limited range of Tp/T
explored in this study (fig. 7(b?)

The dreg coefficient plotted against T./Ty (fig. 7(c)) indicates
that no significant change in Cg occurs until the value of Tf/TO of
1.16 is exceeded. This characteristic variation of C4 with Tf/TO
and the declining rate of increase of Cg with Tf/TO combine to give
+the 1lift-drag-ratio curve of figure 7(d), which is almost lineer with
Te/Ty up to & value of 1.246.

Heat-Energy Considerations

Definition end significance of heat-addition coefficilent. - In
addition to a discussion of the manner in which the pressure distribu-
tion and aerodynemic coefficients are affected by the heat addition to
supsrsonic Plow in a reglon adjecent to the lower surface of the wing,
a presentation of the manner in which the heat energy requirements vary
for the various exsmples considered in this report is pertinent.' In
appendix B is presented a derivation of the expression for the heat
addition per unit time and unit span. This equgtlon has the form

- o) ) T b "]

where the symbols are defined in appendix A.

It is convenlent to consider the expression for the quantity H
(equation (1)) as composed of two factors. The first factor is

c(to)l/zpo which depends-only on the chord of the wing end the flight
altitude. The second factor is

o () sl ) 3o B o]
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the terms of which are provided by the grephical solution of the flow
field for & known wing profile, free-stream Mach number, angle of attack,
end progrem of heet addition. The guantity C can be consldered as a
heat-addition coefficient which has the dimensions, British thermal
units per second per pound per degree Rankine to the one-hslf power.

The convenlence of this coefficient arises from the fact that the graphil-
cal solution for the flow around & given wing at a stated angle of
attack and prescribed manner of heat addition 1s a function of the free-
stream Mach number only. Flight altitude influences the terms p, and

(to)l/2 only, The coefficients of heat addition for the six examples
considered are listed 1n table I.

The following illustrative calculation is given as an indicetion of
the usefulness of the coefficlent of heet addition. From the graphical
golution of example 2 (teble I), which has My = 3.0, a =2°, xi/c =
0.356, =xp/c = 1.000, hy/c = 0.07, Tp/Tp = 1.243, end Cp = 0.0387,
the velue of the heat addition H in terms of British thermal units per

second per unit span is
1/2
o-cser] ez

For a wing chord of 10 feet and a flight altitude of 100,000 feet
where, from the NACA standard atmosphere (reference 5), Po = 22.4
pounds per square foot and to = 392.4° R, the value of H 1is

H= E.oseﬂ Elo)('\[ﬁ?)(zz.@ = 172 Btu/(sec)(unit span)

Using the NACA standa;d atmosphere at an altitude of 30,000 feet gives

= E.osm] l-(}o)('\/z:,lz.l‘)(eza.s] = 4930 Btu/(sec)(unit span)

Illustrative application. - In order to illustrate those circum~
stances under which a rem-jet-powered supersonic sirplane can appreciate
& reduction in fuel consumption by utilizing the device of heat addition
to the wing flow, a simplified analysils is presented for & hypothetical
alrplane 1n eppendix C. The ram-jet-propelled airplane is assumed to

fly at 30,000 feet in level steady flight. The fuselage drag 1s assumed

to represent one-fourth of the total airplane drag, and the total wing
drag per unit span is teken to be the same whether or not heat addition
to the wing flow 1is employed. For the wing studied herein the pressure
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drag is not influenced merkedly by the wing-flow heat addition. The
assumption regarding the wing drag per unit span is therefore satis-
factory as a first order approximation. Three-dimensionel wing effects
are not considered in the analysis. A thrust specific fuel consumption
of 3 pounds of fuel per hour per pound of thrust ils charged to the ram

Jet.

The results of the snalysis of appendix C are summarized in table T,
These results indicate that if the airplane lift-drag ratio 1s less than

& velue from 3 to 4, depending on the quantity and mode of heat addition

to the wing flow, some fuel economy results from heat addition to the
wling flow,

In this illustrative example the reduced wing area permitted by the
added 1lift provided by the heated wing flow is responsible for drag -
reduction which results in fuel economy. The airplane with and without
wing-flow heat addition 1s considered to fly at a Mach number of 3.0 and
en aengle of attack of 2°. When heat addition to the flow is to be used
intermittently for short periocds of added performance, the wing span is
fixed by the unheated flow condition. Alrplane drag reduction with heat
addition to the flow results from the decreased drag associated with
flight at reduced angle of attack permitted by increased 1lift associ-
ated with heat addition.

CONCLUDING REMARKS

From a study of six graphicsal solutions which include free-stream
Mech nmumbers of 3.0 and 5.0, angles of attack of 0° and 29, and various
paremeters defining extent and amount of heat addition, the following
remarks may be made:

1. The eddition of heat to the two-dimensional supersonic flow
ed jacent to the lower surface of & 5-percent-thickness circular-arc
symmstrical airfoll produced e significant increase in the lift-drag
ratio of the wing, amounting to 1.67 times the unheated value at a free-
streem Mach number of 3.0 and an angle of attack of 2°, Similar trends
were noted for the lift-drag ratio and the moment coefficlent.

2. In generesl, for the examples at an angle of attack of 2° and
free-stream Mach number of 3,0 the addition of heat to the region under-
neath the circuler-asrc symmetrical wing resulted in slightly decreased
pressure-drag cosfficients. This lmprovement 1n pressure drag may be
lost at higher angles of attack.. Because the effect of heat addition to
the flow on pressure drag is influenced to a marked degree by wing shape
and mode of heat distribution to the flow, general remerks on this sub-
Ject cannot be made without further study.
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3. A preliminery analysis comparing the fuel consumptions of &
supersonic rem Jet lndicated that at a free-stream Mach number of 3.0
and for airplene lift-drag retios less than 4, some fuel saving was
achieved by utilizing the added 1lift provided by heat addition to the
wing flow. Under other circumstances this device may represent a useful
employment of waste englne heat or provide a means of obtaining added
alrplene speed for short perilods of time.

Lewls Flight Propulsion Leboratory
National Advisory Committee for Aeronsutics
Cleveland, Ohlo

GQIe7
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APPENDIX A

SYMBOLS

The following symbols are used in this report:

A region where the heat addition is cccurring

c chord of airfoil, £t

Ca coefficient of pressure drag

Cy coefficient of hedt addition, Cp = i __Btu

: /2’ o

c(to)/ o (sec)(1p)(°R)Y/2
0

Cy coefficient of 1lift

(Cm>c/4 coefficient Of moment gbout quarter-chord point

Cp specific heat at constant pressure, Btu/(1b)(°F)

Cy - specific heat at constant volume, Btu/(1b)(°F)

D wing pressure drag, 1b

g acceleration dﬁe to gravity, ft/sec2 ‘

H time rate of heat addition per unit span, Btu/(sec)(ft)

hi initial extent of heat-addition region as measured from the

surface and approximetely slong the normal to the wing
surface at that point, ft :

hp displacement of limiting streamline of heat addition traced
upstream through shock wave, measured from leading edge of
wing in a direction normal to free-stream velocity, ft

L wing 1ift, Ib
M Mach number
N Mach number squared
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1z L

P -static pressure, 1b/sq ft

R gas constant, £t-1b/(1b)(°R)

T total temperature, °R. . -

t static temperature, °R

v velocity, ft/sec

w welght flow per unit span subjected to heat addition,
1b/(sec) (£t) - N o

X horizontasl coordinste of ailrfoil surface, farallel to chord
line, ft :

Yy distance normal to surface of alrfoll measured outward from
surface, ft

a wing angle of attack — . -

e ratio of specific heats, CP/Cv

) density, slugs/cu ft )

Subscripts:

0 free-streem conditions

g station Where_heat'addifion_is terminated

i station where heat addition is begun

“CONF-LDENITAL ¥
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APPENDIX B

HEAT-ADDITION EQUATION

The heat added to the flow is glven by conventional relations as

H = wCp(Tp-Tp) | (B1)
\
where w 1s the heated weight flow of air per unit span. . If the width
of the stream tube involved 1n the addition of heat (f:l.g. 1) is known at
the leading edge of the wing, the heated mass flow per unit span can be
expressed as

W = pogVohg ' (B2)

where hg (fig. 1) terminates on the limiting streamline of heat
addition traced upstream through the shock wave and is measured from the
leading edge of the wing in & direction normal to the free-stream
velocity. When the shape of the body departs from plane elements as
illustrated in figure 1, however, the streamlines st station 1 are not
parsllel and determination of hqg is obtained with-some work. The
graphical solution for the flow, however, does give the variation of
Mach number with displacement normal to the streamlines glong station i
and the heated air weight flow can be obtained dlrectly in the form

/e
Ibs ¥i
v I:(sec)(unit spam:]= E : p18VicA (?) (23)

where the subscript 1 refers to conditions at the station where heat
addition is begun and where the values of Ps and Vi are constant

over each increment of A(‘yi/ c). By means of the equation of state of
an ideal gas and the definition of Mach number, equation (B3) becomes

hi/c

. Z (%)1/2P1(ti)-1/zNi1/2cA (Y__l) (B4)

c
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With the substitution of equation (B4) in equation (isl) the relation for
the heat added given in terms of British thermal units per second per B
unit spen is _ -

From tﬁe relations

and.
-1/2 -1/2 -1/2 1/2
by / / < r-1 No) / (l -1 Ni) /

equation (B5) becomes

- )] R £ oo n () S () b o ] o

CONFIDENTIAL
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AFPENDIX C

CALCULATION OF ENERGY REQUIREMENTS FOR SUPERSONIC ATRFLANE WITH
AND WITHOUT HEAT ADDITION UNDERNEATE WING

Because of the marked gain in the ratio of 1ift to pressure drag
provided by heat addition to the flow, it is desirable to evaluate under
what circumstances an over-all advantage 1s cbtained by dividing the
airplene fuel between the engine air flow and the wing air flow. In

order to make g simplified analysis of this problem, the supersonic air-.

plene involved is considered to have wings of rectangular plan form and
the two-dimensional-wing aerodynamic coefficients are assumed to apply
over the entire wing span. The airplane is considered to be at an alti-
tude of 30,000 feet in level steady flight at a Mach number of 3.0.with
an angle of attack of 2°. No weight penalty is considered associated
with the arrangements for adding heat to the wing flow, A thrust
specific fuel consumption of 3 pounds of fuel per pound thrust per hour
is charged to the ram-jet engine at this flight Mach number.

For the sirplane without heagt addition underneath the wing, the
total fuel consumption in pounds of fuel per second maey be expressed

W
Total fuel consumption rate = (L7D)g (thrgzgosfc>
(no heat addition) . airpl
__ Ve 1 (c1)
(L/D)airpl 1200
where
Wé gross welght of ailrplene

(I/D)gyyp1  1ift-drag ratio of whole airplane

thrust sfe  thrust specific fuel consumption, (5 %grig%%(ﬁff

For the airplane with heat addition underneath the wing of rectangular
prlan form having span b &and chord c¢ +the total fuel consumption in
pounds of fuel per second may be expressed '

"
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W
1 Hyt
Total fuel consumption rate ='(L/D)*g <1200>-+ Q;g (c2)
(with heat addition) alrpl
where
Qf heat value of fuel in British thermal units per pound

of fuel

(1/D)*giyp1  1ift-drég ratio of whole eirplene with heat addition
underneath its wing : : .

The Ewing is the value in British thermal unlts per second of the heat

additlion needed to: obtain the desired total-temperature distribution B
undernesth a wing when the problem has been simplified by assuming that
the two-dimensional-flow characteristics of the problem considered in the
report spply to this rectangular wing of chord ¢ and span D.

Because
' 1/2
Bying = HP = (CHC(%) Po) P (c3)
and
W
g .
Cl qOC
where

Cyg coefficlent of hest addition defined in gppendix A

b span, ft

c chord, £t

H time rate of hest addition per umit spen, Btu/(sec)(ft)
to free-stream static air temperature, °R

Po - free-stream statlc pressure, Ib/sq 't
Cy* coefficient of 1lift of wing wilith heat addition

49 free-stream dynamic pressure, lb/sq ft

-CONFIDENT IAL,
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e

from equations (C2), (C3), and (C4) the total fuel consumption for the
airplane with heat addition underneath the wing becomes

Total fuel consumption rate = Vg I 2 b (cs)
: = * C %*g.c
(with heat addition) (T/D)¥ g1rpy 1200, Q¢ Cj¥age
The definition of the wing sparr b in terms of the 1ift coeffi-
cient with heat addition automatically adjusts the wing span to account
for the increased 1lift associated with heat sddition. In order to make
a comparison of the performsnce of sn airplane with and without heat
addition i1t is convenient to take the ratio of the total airplane fuel
consumption with heat addition to that without heat addition as follows:

Total fuel consumption rate: (with heat addition)
Total fuel consumption rate (without heat addition)

(L/D)aj-_rpl 1200 H(L/D)airpl
= /et * % Ci%acc (e

In terms of fuel consumption the performsnce of an airplane con-
figuration with heat addition undernesth the wing is better than the
performance of a similar airplane without heat addition underneath the
wing whenever the fuel consumption ratio 1 given by equation (C6) is
less than 1.

If it is assumed that all the airplane 1lift is obtained from the
wings, the fuselage drag is the seme for the cases with and without
heat addition to the wing air flow, the total drag (viscous drag plus
pressure drag) per unit span of the wing is also the same for both
cases, and the body drag 1s one-fourth of the 'botal ailrplane drag at
Mg = 3.0. Then

W
_'g
Peirpi = Pwing * Poody = Crage Dwing + 0-25 Dairpl

W

= 5.75C,qpc wing (c7)
where
Dx:ring drag of wing per unit épa.n
Wg .
Czqoc span of wing, b
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and

0.25 Wé

- LRl N S Y I
Dhody = ©-25 Dairpl = .75 Gyape wing

For the airplane with heat addition underneath the wing

" . Wy 0.25 g

Dairjpl =_D.wing + Dbody- zqoc Dwing 0.75 czqoc Dwing

cjen 1

W W W, Diy

_#_ L_"g -8 wing |1 1 1

- cszring"'sc ch'Tingf c trt3g (c8)
1% 1% % 1

Now because

Leirpl = I‘airpl Ws }
the first term on the right side of equation (06) is obtained as _ e
*
et e 3% (cs)
(L/D)girpl  Datrpr  %\G 3
and equation (C6) becomes
_3(% ) 1200 E(L/D)girp1 . (c10)
A & A T

If the heat value of the fuel Qp is considered to be . .
18,700 British thermal units per pound and the relation for H from = _ ‘ T
equation (1) 1s used in equation (C5),

5(% 1 -
neIlEt3)t 0.207 o (L/D)asppy (c11) )

_where the values of qg5 at Mg = 3.0 and- tp at an altitude of - o
30,000 feet are used. : . -

—‘CO'NFIDENTIAL !
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If the value of the lift-drag ratio of a typlcal supersonic sir-
plane configuration without heat addition underneath the wing is
assumed, then by use of equation (C6) the value of the total fuel con-
sumption ratio 1 1s obtained when the progrsm of heat addition under-
neath the wing is specified.
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TABLE I - VALUES OF GEOMETRIC, FLOW, AND THERMODYNAMIC PARAMETERS

e T

YTET 00

Example | Mach Angle of Xg xp hy Tp Coefficlient of Maximm lift-drag
number | attack - ry = fi heat addition -ratio of elrplane
B, a 0 CH . for which fuel
(deg) Btu \ econcuy results
. T /2 from wing flow
(sec)(1b) (°R) / heat addition
L/D
(a)
1 5.00 2 0.356 | 1.000 | 0.07 | 1.243 0.1660 ——
2 5.00 2 .356 1.000 | .07 | 1.243| °  .0387 2.82
3 3.00 2 .356 | 1.000 | .035| 1.243 .0190 3.42
4 3.00 2 .356 | .690 | ,07 | 1.126 .0201 3.76
5 .00 2 J356 | .690 | .07 | 1.243 .03a7 3.53
6 3.00 0 .356 [ 1.000 | .07 | 1.2453 .0353 ——-
®Ratio of body drag to airplane drag, 1/4; altitude, 30,000 ft. e

P DIINATLOD0 5
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Streamline

i ——

bounding \

I

i

heat-addition region

Yo

A region where the heat additiom is occurring

B reglon of heated flow, but without further
eddition of heat content

¢ reglon of unheated flow

Figure 1, - Wing section indicaeting geometric parameters of flow.
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(a) Example 1: o, 2°; Hb, 5.00; Tr/‘ro = 1,243; xi/c, 0.356; xr/c, 1,000; hi/c, 0.07.

Pigure 2. - Surface pressure distributions obtained from graphleal sclution when heat 1s added in ragion adjacent to lower wing

surface.
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Horizgontal coordinate of airfoll surface/chord, x/o
{b) Example 2; a, 29 M,, 3.00; Te/Tq, 1.243; x3/c, 0.356; xp/e, 1.000; hy/c, 0.07.

Pigure 2. - Continued. Surface pressures diatributicns gbtained from graphical sclution when heat is added in region
adjacent to lower wing surface.
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Ratlo of local surface preasursa to free-

ntream atatic preskure, p/po

¥e

TVIIRRITENOD -
S a——

' Surface
— ———————Lower, wlthout heat addition
————— Lower, with heat addition
——-—TUpper, without heat addition
2 hY
.\\\ R
1.6 S Start of :
\-.\ heat addition
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Horizontal coordinate of airfoil surface/chord, x/c
(o) Exemple 3: a, 29 Mg, 5.00; Tp/Tg, 1.245; x4/0, 0.356; Xgfe, 1.000; hy/e, 0.035.
Mgure 2. - Contimued. ' Surface pressure distributlons obtezined from graphifosl solution when heat im added in region
) adjacent to lower wing ourface.
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(a) Example 4: o, 2% M, 5.00; Tp/Tg, 1.126; Xy/a, 0.556; Xp/o, 0.680; hyfe, O. 07.

Flgure 2. - Continued. Surface prapsurs dintributionu ohtained from graphical solution w‘hen heat is added in region

+ adjacent to lower wing surface.
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Figure 2. - Contimued. Surface pressure distributions obtalned from graphioal solution when heat is added in regilon
2djacent to lower wing surface.
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1 Surfase
Upper and lower, without
¥, heat addition
T ———— Lower, with heat addition
Shock wave « a
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\\ Start of .
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Horizontal ecordinate of alrfoll purface/chord, x/a
(£) Brample 6: a, 0°; My, 3,005 Tp/Ty, 1.243; xy/e, 0.358; xpfe, 1.000; hy/e, C,07.

Figure 2. - Concluded. Surface prassure distriputions obtained from g;aphioa.l solution whan heat is added In reglon
adjacent to lower wing surfaae. :
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Lift coefficient, Cy

-point, (CM)c/4

Moment coefficient about quarter-chord
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: ' Example . .
o 1
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ik R _ ———Without heat addition
T~ ———-With heat addition-
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(a) Lift coefficient. -
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Free-stream Mach number, M, : S

(b) Moment coefficient.

Figure 3. - Veriation of aercdynamic coefficients with free-stream
Mach number. =~ = - T o
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(c) Pressure-drag coefficient.
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Figure 3. - Concluded. Varilation of serodynamic coefficients with free-

stream Mach number.
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chord.point, (CM)q/4

Pressure-drag Moment coefflclent about

Lift-drag ratio, L/D
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Initial extent of heat addlition normal to
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(d) Lift-drag ratio.
Plgure 5. ~ Variation of aerodynamic coeffi-

clents with Initlal extent of heat addition
normal to surface.
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Ct

Lift coefficient,

c/4

(Qm)

chord point,

Pressure-drag Moment coefficlent about quarter-

Lift-drag ratlo, L/D

coefficlent
C

Figure 6. - Varlation of aerodynamic coefficlents with chordwise

Chordwise extent of heat addition, (xpe-xy)/c

(d) Lift-drag ratio.

concentration of given quantlty of heat addition. xi/c, 0.356.

" CONFIDENTIALY NACA RM E51K26
.1 — T3
S NACA -~
s
.08 S el PN S
Example
— C 2
=} 5
06___,5—9——-Without heat addition
: —e—=—=—With heat addition
.
.04 . - - .
(a) LAft coefficlent.
-.03 - .
____-,._.—_-—D- e e s e e e e e — e o —— --——o e s ey ]
-.,02
-.01
o]
i (b) Moment coefficient.
008 - _ . . e
<
I s [ ==
=t ey ol
. 008! - — — - —
(c) Pressure-drag coefficlent.
lA
Sl i T PSR ISR I —— __._._____.q___.
1
6 ' : :
1 W2 o3 B W6 . .7

SAST A i i v 1 B

I

i

P TP

:‘J

Fol oo,

i Y



5p NACA RM ESIK26 | e TO] N 33

x - .0 — =g
© //
/
- y
P
= -
3 ] Example -
2 . o 2
a .08 —
o / A 4
o G‘fl/ o] No heat additlon
o
P
Gy
pe 04 -
' (a) Lift coefficient. .
a -.03 >
[
5
B =
g
‘5,’,} ///
8. = -.02 e —
S LA
2.5 —
o L—
ot o L]
. 53 —]
“ -.01
Lo,
o5
o0
o .q
- G
Fh)
o
£
5] o] +
£ N
" (b) Moment coefficilent.
g .008
3 B
o=
é o © .
an g —
) e P
§E§ [0,0]:1 H—
~No : ’
(¢) Pressure-drag coefficient.
e 14 -
) —
- //
S ‘___________
s a1t
o 10 e
. g L]
L=
1 [« [
£ NACA
! i
6 . .
= 1.00 1.04 1.08 1.12 1.16 1.20 .24 l1.28
Ratio of final total temperature to free-stream total . ’
~ temperature, Tp/T,

(d) Lift-drag ratio.

Figure 7. - Variatlion of aerodynamic coefficlents with stagnation-
temperature ratio Tp/T,.

NACA-Langley - 2-14-52 - 37§



