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A CORRELATION OF TWO-DIMENSIONAL DATA ON LIFT COEFFICIENT 

AVAILABLE WITH BLOWING-, SUCTION-, SLOTTED-, 

AND PLAIN-FLAP HIGH-LIFT DEVICES 

By John M. Riebe 

SUMMARY 

A correlation has been made of the available data on various flap
type high-lift devices. The data are presented in two-dimensional form 
for flap-chord r atios varying from 20 to 40 percent. Included in the 
correlation are data for plain, single slotted, and double slotted flaps, 
and for suction and blowing flaps, which utilized boundary-layer control 
by suction and by jet flow, respectively. The correlation is not intended 
for design data but mainly to determine the relative merits of the vari
ous systems in providing lift, to provide genera l trends, and to provide 
sources of available data. 

Results of the correlation from limited available data have indicated 
that for a given flap-chord ratio, the largest increments of lift coeffi
cient at zero angle of attack were obtained for the blowing-flap config
uration. Next, and in the order of decreasing ability to provide lift, 
was the suction flap, the double slotted flap, the single slotted flap, 
and the plain flap. The ability of a double slotted flap to provide lift 
was found to be closely related to the size of the vane ahead of the flap. 
Good agreement was obta ined between the available blowing-flap data from 
various sources when the momentum coefficient is used as the parameter 
for correlation. Lift coefficient for the blowing flap, when presented 
as a function of momentum coefficient generally extended through two 
regions : a region of initial r apid increase in lift coefficient to a 
value equal to theoretical lift coefficient of the plain flap (corre
sponding to the region of flow attachment), and a. region of less rapid 
increase (corresponding to a further increase of circulation). Flap
chord ratio had a l arge effect on t he momentum coefficient required to 
obtain a given lift coefficient with minimum momentum coefficient required 
in the range of flap-chord r atio greater than 0.30 and less than 0.40. 

Vertical l ocation of the blowing flap nose with respect to the nozzle 
gap was found critical in establishing a successful blowing-flap config
uration. Leading-edge devices such a s leading-edge droop or a leading
edge slat are necessary on thin wings equipped with blowing flaps if the 
full lift-coefficient potentialities are to be realized. 
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INTRODOCTION 

The sustained trend toward higher wing loadings and more restricted 
landing and take-off attitudes for high-speed airplanes has resulted in 
the continued need for more powerful aids in the alleviation of the air
plane landing and take-off problem. The principal method of solving this 
problem up to the present has been through the use of single and double 
slotted flaps on which a large research effort has been expended by the 
National Advisory Committee for Aeronautics and other research establish
ments (refs. 1 to 17). The gains in lift realized from the single and 
double slotted flap have resulted largely through increased wing chord 
and from the ability of these flap configurations to extend flap effec
tiveness to deflection angles considerably beyond that obtained on plain 
flaps. This extension of flap-deflection angle for increased lift of 
slotted flaps results from the delay of separation over the flaps by 
means of boundary-layer control resulting from the flow of air through 
slots actuated by the pressure difference between the lower and upper 
surface of the wing. Methods of controlling the boundary layer by exter
nal means, such as the pumping of jets of air over a wing, have also been 
investigated and have been proposed for wings with flaps (as early as 1931, 
ref. 18). The use of such jets has been the subject of a moderate amount 
of research (refs. 19 to 26). Also considered and investigated has been 
the removal of boundary layer over flaps by means of suction. (See 
refs. 26 to 29.) 

Although the use of suction and air jets in the region of the flap 
to provide large lift increments had been established, their use on air
planes had been practically nonexistent, because of the complication of 
providing or removing the re~uired air ~uantities. With the advent of 
the jet engine, which has a large potential for satisfying the air re~uire
ments, increased interest and research has centered on flaps utilizing 
this potential and designated as blOwing and suction flaps. The present 
paper is a correlation of the available data of the various flap-type 
high-lift devices. The correlation is not intended for design data but 
mainly to determine the relative merits of the various systems in pro
viding lift, to provide general trends for further research, and to pro
vide sources of available data. Since most of the available data for 
correlation presented are two dimensional, the correlation is made in 
the two-dimensional form. 

SYMBOLS 

6C 1 increment of section lift coefficient 

6C 1 increment of section lift coefficient at 00 angle of attack 
(0,=0) 
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quantity flow coefficient (positive for blowing, negative 
Q Q' for suction), - or --

VS pgVS 

momentum coefficient (positive for blowing, negative for 
PjQVj 

suction), ---
qS 

quantity of a ir, cu ft/sec 

quantity of a ir, lb/sec 

free-stream vel oc i ty, ft / sec 

jet velocity, ft/sec 

wing area, s q ft 

free -stream dynamic pressure , ~pv2, lb/sq ft 

free-str eam mass density, slugs/cu ft 

jet mass dens i ty, s lugs /cu f t 

gravitational constant , 32 . 2 ft/sec2 

wing chord, ft 

nozzle gap , ft 

flap deflecti on with respect to wing chord line, deg 

vane deflection .nth respect to wing chord line, deg 

flap -chord r atio (fig . 1) 

angle of attack of wing, deg 

ratio of vane chord to flap chord (fig. 1) 

plain- flap effectiveness parameter 
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PRESENTATION OF DATA ., 

Most of the available data in the reference reports for suction and 
blowing flaps use the flow coefficient CQ as the parameter for defining 

the effects of air flow. Because of the large differences in nozzle gaps 
for the various data, the use of the flow coefficient CQ was unsatis-

f actory when correlation was attempted of the various blowing-flap data. 
A more suitable parameter for correlation was the momentum coefficient C~. 

In the present paper and in other unpublished papers it was found that 
momentum coefficient C~ was satisfactory for correlation of both high-
and low-pressure blowing-flap systems. The data for the high-pressure 
systems, refer~nce 23 and unpublished data from the Ames Aeronautical 
Laboratory, were obtained directly in the form of momentum coefficient. 
Generally the remainder of the available blowing-flap data was from low
pressure systems presented in the form of flow coefficients CQ. These 
data have been converted to momentum coefficients by the following rela
tionships derived and used in references 26 and 30. 

Negative values for C~ represent the suction conditions. The relation

ships are believed satisfactory for the low-pressure data because nozzle 
coefficients for shapes similar to that used in the airfoils approach 
unity. Any errors that might arise are believed to be small and will 
have no appreciable effect on the general trend of the data. It is also 
rea lized that correlation of data from many different sources is generally 
subject to some inaccuracies; however, it is believed that the general 
trends are valid. 

Unpublished suction-flap and blowing-flap data obtained from tests 
at the Ames Aeronautical Laboratory were not obtained directly at zero 
angle of attack because separation existed on the wing l eading edge and 
t he tunnel walls for this condition, and variations occurred in the lift
curve slope. The values used in the present paper were obtained by using 
the difference between the lift coefficient for flap deflected and unde
flected obtained at -40 angle of attack (where separ ation was minimized). 
These values are believed representative of the lift coefficient that 
would be obtained at zero angle of attack if separation on the wing leading 
edge and the tunnel walls was absent at this angle. Blowing-flap data, as 
for example reference 25, generally show about a constant lift-coefficient 
increment for a given flap deflection throughout the angle -of-attack range 
similar to that usually found for plain and slotted flap without blowing. 
The data for the 0.28c flap , referenc e 22, were obtained by extrapol ation 
of data at moderate angles of attack to zero. 
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In the present paper the flap-chord value may be different from the 
value given in the reference data . This results from lack of uniformity 
in defining flap chord in the available reference data. In order to unify 
the definition of flap - chord ratio, in the present paper, flap chords for 
suction or blowing flaps are generally defined as the distance from the 
nozzle lip to the wing trailing edge, and wing chord is the summation of 
this length and the distance from the wing leading edge to the lip (fig. 1). 
In order to remove the effect of chord-extension for correlation purposes, 
lift coefficients, flow coefficients, and momentum coefficients in these 
instances have been adjusted for the increase of wing area. In general, 
these corrections were small . The chord for single slotted flaps .has been 
defined as the distance from flap leading edge to wing trailing edge and 
the chord for double slotted flaps as the distance from the Vane leading 
edge to the wing trailing edge (see fig. 1). The chord-extension effect 
has not been eliminated from the single - and double - slotted-flap data. It 
is believed that for the zero -angle - of -attack case considered, chord
extensions will have a relatively small effect on the general comparison 
of the lift capabilities of the various flap arrangements considered in 
the present r eport. 

A comparison of the lift capabilities of plain, single slotted, 
double slotted, suction, and blowing flaps as obtained from the reference 
reports for various chords is presented in figure 2 . Data for the 0.25c
plain-flap configuration of f i gure 2 (b ) were obtained by interpolation 
of 0.2Oc- and 0 . 30c -plain-flap data of reference 31. The 0 . 40c-plain
flap data of figure 2 (d) were obtained from reference 32. 

A comparison of the effect of jet and suction systems on a wing 
with flap is presented in figure 3 . The effect of vane size on the two
dimensional lift capabilities of double slotted flaps of approximately 
25 percent chord is presented in figure 4 . I n figure 5 is presented the 
effect of momentum coefficient C~ on the lift - coefficient increment 
available at zero angle of attack fOr blowing f l aps of various chords at 
several flap deflections . Figure 6 presents the effect of jet reaction 
in the vertical direction on the variation of lift coefficient with 
momentum coefficient . The effect of momentum coefficient on the vari
ation of lift-coefficient increment of a plain wing at several angles 
of attack is presented in figure 7. The minimum momentum coefficient 
re~uired to obtain a given lift coefficient for blowing-flap configu
rations of various chords is given in figure 8 . The effect of jet loca
tion on the lift increment available for a blowing flap is shown in fig
ure 9. The effect of wing thickness and the use of a leading-edge slat 
to delay leading- edge separation is shown in figure 10. The effect of 
jet slot width throughout the C~ range is also shown in figure 10. 
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DISCUSSION 

Comparison of Various Flap Configurations 

The comparison of the lift capabilities of the various types of flap 
at angles of attack e~ual to zero is given for flaps of several chord ratios 
in figure 2 . The slotted-flap configurations were capable of extending the 
nearly linear variation of lift coefficient with deflection to higher 
values . For example, among the flaps with cflc of 0.25 (fig. 2(b)), the 
plain flap had a nearly linear range to 10°, the single slotted flap 
increased the nearly linear range to about 350

, and the addition of a suit
able vane ahead of the flap (double slotted flap) extended the deflection 
for nearly linear variation of Del with of to about 600

• Although the 

slotted flaps extend the range of Of' the lift - coefficient increments 

obtained fell below the theoretical values for a plain flap 

211:0-00 
Del = 

57 · 3 

In order to obtain or exceed the theoretical values, some type of forced 
boundary- layer control is re~uired . From the data available, it should 
be possible to obtain lift coefficients up to theoretical values by the 
use of suction through a slot (refs. 26 to 28) or by area suction (ref . 29) . 
Values greater than theoretical up to at least of = 600 (figs . 2(a) and 
2(d)) can be obtained by applying boundary-layer control in the form of a 
high-speed jet blowing over the deflected flap. 

The discussion in this report, in general, will be concerned with the 
effects of the variables on the lift - coefficient increment at zero angle 
of attack . It is realized that the final selection of a flap would of 
necessity consider weight, mechanical complexity, lift-drag ratio for both 
take-off and landing, and so forth . The variables, in general, are a 
function of wing plan form and airplane configuration. If a given lift
coefficient increment is re~uired that is below theoretical, considerable 
choice in device is available; and if the value is near theoretical, either 
a suction or blowing flap can be used . However, if the lift coefficient 
re~uired is above theoretical, then (from the data available) recourse 
must be made to the blowing type of flap. These concepts are also indi 
cated by the data of figure 3. However, it should be noted that the 
various configurations shown in figure 3 are not necessarily optimum. For 
example, it is expected that the use of area suction would result in a 
much more rapid increase toward theoretical lift coefficient than that 
shown for suction through a slot. 
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Slotted Flaps 

The abi l i ty of the s lotted flap to increase the available l i ft coef
ficient over the plain flap i s the r esult of both t he extensi on of the 
wing area and the induced boundary-layer contr ol over the flap caused by 
flow through the slots at the f lap leadi ng edge . The data shown for the 
slotted flaps have been obt a ined f r om i nvesti gati ons where, in general, 
the objective was hi gh maxi mum l i ft coeffi c i ent and therefor e the lift 
increment at zero angle of attack may not be the optimum . However, the 
data are beli eved t o be r epr esentati ve of the range of l i ft - coefficient 
increment that can be obtained . 

The abilit y of a double slotted flap to provide lift i s a f unction 
of the size of the vane ahead of t he f l ap . Increasing the vane -flap 
rat i o (f i g . 4) from 0 to 0.46 increa sed the l argest obtainable i ncrement 
in l i f t coeffici ent at zero angle of attack ~Cl f rom 1.65 to about 

(UFO) 
2.8 . Par t of thi s increa s e can be attributed t o an ef f ect ive increase 
in flap chord; however, most of the increa se r esulted from t he inc reased 
flap angle (300 for cf' f c = 0 to 700 for cf ' fC = 0.46). The deflection 

of the vane a l so increases as cvf cf ' increas es f or maximum eff ective-

ness. Similar t rends wer e obta ined in the three -dimensional data of 
ref erenc e 17. Since ther e are sever a l papers (refs . 15 and 16, f or exam
ple ) dealing wi th slot t ed flaps as high- lift devices , no furt her discus
sion of the eff ects of f l ap chord, vane chord, or their arrangement will 
be made . I t i s felt t hat the trends of figure 4 will hold f or other 
flap-chord rati os and i ndicate that, although the f lap deflection and lift 
increment can be increased by increases i n cv/cf', the value of 6C 2( 

~=O) 
will still fall short of the theoretical value for a plain flap . 

Boundar y - Layer Flap Suct i on 

The dis cussion of suct i on flaps must be more bri ef than that of 
either slotted flaps or blowing flaps s ince there ar e s o few systematic 
data available (refs . 26 to 29) . The results (f igs . 2 and 3, and ref. 29) 
do indicate, however, that wi th an effic i ent suction flap, l i ft increments 
approaching or equaling the theoretical value can be Obtained . As men
tioned previously, the conf i gurations shown i n f i gure 3 are not necessarily 
optimum configurations , especially for the suction flap: The results of 
reference 29 indicate that one of the more effic i ent arrangements would 
use a porous surface (area suction) rather than a slot to remove the 
boundary layer and prevent separation over the flap . 

CONFI DENTIAL 
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Boundary-Layer Flap Blowing 

A consistent variation of ~ is shown with both momentum 
2(~=0) 

coefficient C~ and flap - chord ratio cflc (fig . 5) when the data are 

compared at constant flap angle . These trends are apparent despite 
relatively large variations existing in thickness) pressure ratiO) and 
gap size. It will be shown that these are secondary effects when the 
data are compared using momentum coefficient and when the wing is equipped 
with leading-edge devices. 

Throughout the flap-chord r atio and flap-deflection range, an increase 
i n lift coefficient occurred with an increase in momentum coefficient. 
The lift-coefficient increase was most rapid up to the theoretica l va lue 
for plain flaps on thin wings. This region is be lieved to correspond to 
the condition wher e the primary effect of the blowing air is to bring 
about reattacr~ent of the separ ated flow. Beyond this region of reattach-
ment of flow, the rate of increase of 6C 2 with C was lower. The 

(~=O) ~ 
decreased rate of change of 6C 2 (~=O) 

with C~ corresponded approximately 

to the rate obtained on a plain wing at zero angl e of attack alt ered by 
consideration of the vertical change in momentum (fig. 6) resulting from 
downward deflecti on of the jet stream by the flap (Coanda effect ; refs. 33 
and 34). Similar regions of flows were noted in the analysis of 
reference 30 . 

As shown by the data correlated in figure 5, the increase of lift 
coefficient with momentum coefficient was generally more rapid at the 
l arger flap-chord ratios up to 0.32c; above this at 0.43c, there was a 
reduction in the rate of increase of lift coefficient with momentum coef
ficient. 

Although the amount of data ava ilable is small, particularly for the 
large va lues of Of' the trends are generally similar throughout the flap-

deflection range. For a given flap -chord ratio the value of C~ required 

increased as Of increased. For to obtain the theoretical 6C 2 
(~=O) 

example, CII for theor etical ~2 
~ (~=O) 

was 0.052, 0.126, and 0.161 for 

Of of 200
, 450

, and 53
0 

of a 0.25c flap . This increase with is to 

be expected considering the l arger effort required t o reattach the flow 
over the f l ap as Of increases. ' 

An analogous situati on occurred with the use of a j et of a ir over a 
plain wing ( Of = 0, fig. 7)- As angle of attack increased, the momentum 

coefficient r equired to obtain theoretical lift coefficient also increased. 
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For a given momentum coefficient, larger lift coefficients were obtained 
as the angle of attack increased up to 150 (near the stall angle for the 
plain wing) . For angles of attack of 200 and higher, less increase of 
lift coefficient for the plain wing was obtained with increased momentum 
coefficient. At 250 angle of attack, the increase of lift with momentum 
coefficient was less than that obtained at zero angle of attack for the 
momentum-coefficient range investigated. 

The desirable arrangement of any high-lift device is the one that 
gives the most lift with the least penalty . In the case of slotted flaps, 
this arrangement is the lightest and simplest configuration that will 
give the desired lift and drag . In the case of the blowing flap it is 
the one that requires the least power or in most cases of current interest 
the arrangement that requires minimum CQ (because of minimum engine air 

bleed requirement). As discussed previously, the most suitable parameter 
for correl ation of the available data was the momentum coefficient. Since 
the momentum coefficient is an indication of the power required or for 
fixed nozzle gap size the flow coefficient required, the data of figure 5 
have been cross-plotted in figure 8 to show the value of C~ required to 

obtain a given lift coefficient as a function of cf/c. The data for 

cflc = 0 were obtained by extrapolating the plain-wing data (fig. 7) con

siderably beyond the range of the investigation. Some extrapolation was 
necessary for the other data but of considerably smaller magnitude than 
for the plain-wing data. 

The variation of cflc with C~ 

ficient can be obtained with the least 

order of 0.35. 

indicates that a given lift coef

C~ for flap - chord ratios of the 

Effect of Blowing-Flap Position 

In addition to the effects of flap-chord ratio and flap deflection, 
the position of the flap nose relative to the jet is of major importance. 
Examination of the data of reference 26 and figure 9 (ref . 23) indicates 
that the vertical location of the flap with respect to the jet axis is 
an important criterion in establishing a successful blowing flap. It 
appears that the jet must impinge upon the flap (fig. 9) or be ejected 
along its surface (fig . 2(c)) if the rapid increase in 6C 2( ) with 

a=O 
C~ is to be obtained. There appears to be some tolerance allowed in 
the longitudinal position of the jet with respect to the flap nose 
(fig. 9). This is also indicated in a comparison of Ames unpublished 
data and the data of reference 23 in figure 2(c) and also in figures 5(b) 
and 5(d), where the data for both flap configurations correlate closely 
when consideration is made of flap-chord effects. In the Ames investiga
tion the air was ejected near the flap peak pressure and in the 
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investigation of reference 23 the air was ejected ahead of the flap 
nose . It appears, therefore, that if the jet of air is located in a 
satisfactory position relative to the flap, there is generally little 
difference between a plain and slotted flap as far as lift effective 
ness is concerned . 

of 

Effect of Wing Thickness 

Although there are not sufficient data to establish any variation 
6C 2( ) with tic for blowing flaps, the data do indicate that 

a,=0 
the value of 6C was larger for thicker airfoil sections (fig. 10). 

2 (a,=0) 
The data (C~ = 0 .L6) indicate that the large loss associated with 

thinner airfoils is alleviated somewhat by the addition of a leading 
edge device. I t would appear, therefore, that if full lift potentiali 
ties of the thinner sections are to be realized, some sort of leading
edge device to prevent leading - edge separation will be necessary . 

Effect of Slot Width 

Using the momentum coefficient as a basis for correlation, the 
negli gible effect of slot width on the obtainable lift coefficient for 
a low -pressure system is shown by the data of reference 21 (fig. 11) . 
Although these data for conversion to momentum coefficient were obtained 
at 100 angle of attack, the results are typical of other unpublished 
data at zero angle of attack . 

General Remarks 

A correlation has been made of the limited two- dimensional data 
available on blowing - , suction- , slotted-, and plain- flap high- lift 
devices . The correlation has been restricted mainly to the available 
lift coefficient at zero angle of attack . Selection of a suitable high
lift device for achieving similar increases in the maximum lift coeffi
cient for an airplane configuration would also have to consider other 
factors which are beyond the scope of the present paper, such as longi 
tudinal trim requirements, lift- drag ratios, angle - of -attack effects, 
power requirements for air supply, and structural complications . 

CONFIDENTIAL 
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CONCLUSI ONS 

A correlation of the avail able two -dimensional data of various flap
type high-lift devices has indicated the following general conclusions: 

1. For a given flap - chord ratio, the l a rgest increments of lift 
coefficient at zero angle of attack were obta ined for the blowing flaps. 
Next and in the order of decreasing ability to provide lift coefficient 
were the suction flap, the double slotted flap, the slotted flap, and the 
pla in flap. 

2. The ability of a double slotted flap to provide lift wa s found 
to be closely related to the size of the vane ahead of the flap. For 
example, progressively increas ing the vane- flap ratio from 0 to about 0.46 
for a 0 .25-chord flap increased the obta inable increment of lift coeffi
cient at zero angle of attack from 1 . 6 to about 2 .8 a lmost linearly. 

3 . Good a greement was obtained bet'feen the available blowing-flap 
data when momentum coefficient wa s used as the parameter for correlation. 

4 . Lift coefficient for the blowing flap, when presented as a func
t ion of momentum coefficient, generally extended through two regions: 
an initia l r apid increase to plain-flap theoretical lift coefficient 
(corresponding to the region of flow attachment) and then a less rapid 
increase (corresponding to a further increa s e of circulation). 

5 . Flap-chord r atio had a l arge effect on the momentum coefficient 
re~uired to obta in a given lift coefficient, with minimum momentum coef
fic i ent re~uired in a flap - chord-ratio range greater than 0 . 30 and l ess 
than 0 . 40 . 

6. Vertica l locat ion of the flap nose with respect to the no zzle 
axis is critical in establishing a successful blowing-flap configuration. 

7- Leading-edge devices such a s leading-edge droop or a leading-edge 
slot are necessary on thin .nngs e~uipped with blowing flaps if the full 
lift potentia lities are to be realized . 

Langley Aeronautical Laboratory, 
Nat ional Advisory Committee for Aeronautics, 

Langl ey Field, Va ., April 15 , 1955. 
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