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FULL- SCALE vHND - TUNNEL INvESTIGATION OF FORWARD 

UNDERSLUNG COOLING-AIR DUCTS 

By W. J.' Nelson , K. R. Czarnecki 
and Robert D. Harrington 

. SUMMARY 

A general investigation of underslung cooling-air 
duc ts in various locations on a model of a typical single ­
engine t ractor airolane has been conducted in the NACA 
full - scale tunnel . This report contains the results of 
tests of two forward underslung ducts. These tests 
were made to determine the effect of the inlet-velocity 
ratio , the angle of attack , the radiator resistance, and 
the propeller operation on the pressure recovery at the 
radiator , on the drag of the cooling installation, and 
on the critical speed of the ducts. Pressure measure­
ments were made at the duct inlets and at the face of 
the radiator to determine the diffuser losses, and at 
the duct outlets to find the volume rate of air floVi 
through the duc t. The dr ag of the various duct instal­
lations was obtained from force tests of the model with 
the ducts installed and removed. Static-pressure 
distributions were taken at the duct lips and at the 
duc t-fuselage fillets to determine the critical speed 
of the duc ts . 

At low values of lift coefficient, with the propeller 
remo ved , pressure recoveries greater than 90 percent of 
the free - stream dynamic pressure were obtained at values 
of inlet- velocity . ratio from 0.40 to 0.75. Propeller 
operation increased the pressure recovery 7 oercent of 
the free - stream dynamic pressure at a thrust coefficient 
of 0 . 02 and about 45 oercent of the free-stream dynamic 
pre ssure at a thrust coefficient of 0.11. Reductions 
in the outlet static pressure as large as 50 percent of 
the free-stream d~amic pressure were obtained by the 
installation of 45 0 exi t flaps with the propeller 
removed , and even greater reductions were noted with 
the propeller operating . The lowest critical speed was 
measured at the left duct - fuselage fillet with the 
propeller operating. 
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INTRODUCTION 

A general investigation of charge-air and cooling- air 
duc ts , installed in a full-scale model of the Republic 
XP-47 airplane, has been made in the NACA full-scale 
tunnel to provide a basis for comparing several typical 
duct installations with regard to the pressure recoveries 
obtainable at the radiators , the drag of the complete 
ducting syste~ , and the critical speed of the inle t lips . 
The results of tests of the engine-charge-air ducts with 
inlets located on the top of the fuselage and of the 
cooling- air ducts with inlets located in the wings and 
on the bottom of the fuselage behind the leading edge of 
the wing are given in references 1 to 3. The results of 
the teats of the tL'1derslung ducts with inlets close to 
the propeller are presented in this report . 

Tests were made to determine the performance of a 
large and a small forward undersllli~g duct over a range 
of airplane angles of attack , duct inlet - velocity ratios , 
and radiator resistances . Mos t of the tests were made 
wi t h the propeller removed from the airplane . Some 
tests were made , however, with the propeller operating 
to determine the effects of the slipstream on the duc t 
charac teristics . 

SYMBOLS 

CL l ift coefficient 

6D 

thrust coefficient (~---\ 
\ pV0

2D2) 
increment of drag coefficient due to duct 

calculated increment of internal - drag coefficient 

increment of drag coefficient due to external 
drag of duct (6CD - 6CDi) 

increment of drag due to duct 

T thrust 

p mass density of air 

---- - _. -,---
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v veloci ty 

D propeller diameter 

A cross - sectional area of duct 

S wing area 

local static pressure 

dynamic pressure 

p 

q 

6p pressure drop across orifice plate representing 
radiator 

pressure-drop coefficient for orifice plate 

total pressure 

volume rate of flow 

ai r-flow parameter 

inlet-velocity ratio 

~ duc t efficiency (Q 6p/6DVo ) 

a angle of attack of thrust axis relative to free-
stream direction 

~ propeller blade angle a t 0.75 radius 

Subs c ripts (denoting average conditions): 

o in free stream 

I in duct inlet 

2 at front face of orifice plate 

3 at duct outlet 

or critical 
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APPARATUS AND METHODS 

The mode l u sed in t hese tGsts is a t ypical low-wing 
single -engine fi ghter airplane with a wing area of 
170 square feet . The genera l 'arrangement of the model 
and the basic dimensions are gi ven in fi gure 1. For 
the tests with t he propeller operating , the model was 
equipped wi th a 10-foot- diameter Curtiss controllable­
pi tch propeller that was driven by an electric motor . 
The propeller h ad 6l4Ccl.5-24 blades, the shanks of 
which we r e covered wi th cuffs shown in fi gure 2. The 
model is shown mount ed in the NACA full-scale tmL~el in 
figure 3 . A descripti on of the _JAGA full - scale tUID"lel 
and t :b.e balance equipment used in t~ese tests is give n 
in reference 4. 

'1'he large and small forward unders lung due ts are 
shown installed on the model in f i gure s 4 and 5, 
respecti vel y . Photograpl18 of the inlets and outlets 
are shown i n fi gures 6 and 7 and t he gen~ral dimensions 
of the ducts arG g ivon in figu:res 8 and 9. Each duct 
wa s tested wi t h three outlets in or~er to vary the volume 
r a t e of air flow. These f gures show that the outlet 
area of t he ducts was var ied by cut ting back t he duct 
exit from the original pos ition. Some additional tests 
were Made to dete r mine t he effect on the pre ssure distri ­
bution and t otal- pres sure recovery at the facG of the 
radiator of t hree equa ll y spaced radial vanes installed 
in the diffuser of t he l~rge duct . 

Total - pr essure mea surements were made at the duct 
inlet and at the fron t of t he radiator to de termine the 
pressure loss in t he diffuser . The volume rate of flow 
t hrough each duct was calcul ated from measurements of 
total and static pressures in the duct outlets . Stati c­
pressure distributions , fo r the purpose of estimating 
the c:ritical speeds of the duct lips and the duct-fuselage 
fillets , were determined by use of rows of l-inch static-

32 
pre ssure orifices mount ed f lush with the outer surface of 
the se ction. The ordinates of the lower li ps are give n 
in t able I. 

The effect of the slipstream on the duct performance 
was obtained with the prope lle r operating at thrust 
coefficients s imul ating the sea- l evel high-s peed and 

-- --.- - - ~ --_. - ---- -- -- -- --,-- --
_. _. ('-J 
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climbing-flight conditions for an ai r pl ane wi t h a normal 
r a ting of 1600 horsepower . For t he h i gh-s peed condition , 
CL = 0 . 10 , the propeller blade angle was 600 and the 
t hrust coeff icient was 0 . 02 . For the climb condition , 
CL = 0.47, the blade angle was 400 and the thr ust 
coeffi c i en t 0 . 11 . 

The effect of the various duct i ns t allations on the 
dra g of t he mode l was determined f r om t he for ce tes t s 
with the duct i n stalled on the a irplane and with the 
duct r emoved . These fo r ce t es t s were made ove r a range 
of lift coefficient from - 0 . 2 to 0 . 5 a t a tunnel ai r 
veloc i t y of a pproximately 96 mi l es pe r hour . The incre ­
ment s of internal drag were calculated f rom the volume 
r a te of air flow and the exit tota l pres sure . 

The rela tionship between the l ift coefficient and 
the angle of atta ck for this a irpl ane is given in 
f igure 10 . 

RESULTS AND DISC USS I ON 

The presenta tion of t he resul t s i s divided into 
four se c tions in wh ich the requirement s for satisfactory 
duct performance a re di s cussed. The se r equirements 
include (1) hi gh pr e ssure recovery at the front of the 
radiator, (2) l ow a vailable outle t stati c pre s sures for 
adequate control of flow t hrough t he radiator , (3) low 
d r a g over t h e speed r ange from hi gh speed to climbing 
s peed , and (4 ) hi gh criti cal speed of the duc t . In the 
f irst section the effec t s of t he i n l e t- velocity ratio, 
the li f t coeff icient , and the prope l le r thrust on the 
pr e ssur e r e covery a t t he radiator a r e discussed. In the 
s e cond section t he static pressure at the duct outlet is 
discus sed as a funct i on of t h e geome t ric dimensions of 
t he out l et section of the duc t , t he lift coefficient , 
and the thrus t coefficient . In the same section the 
effe c t on the outlet static pr e s s ure of installing outlet 
flaps is de s cribed . The interna l d r ag caused by flow 
t h rough the duct and t he external dr ag caused by flow 
d i sturb ance s over the duct are di scussed separately in 
the third section . The effects of the inlet - velocity 
ratiO , the lift coeff ic ient , and t he propeller operation 
on the critical s peed of t he ducts are discussed in the 
f ourth se c tion . 

'--------~--- . - - -- - ---- -------------~----
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Pressure Recoveries at Radiator 

The total - pressure recovery at the radiator is 
determined by the losses that occur at the duct inlet 
and in the duct diffuser. The pressure losses at the 
inlet are caused by separation 01' the boundary layer 
from the fuselage surfa'ce just ahead of the inlet. 
Since the boundary layer at the inlet to a forward 
underslung duct is usually very thin, there is little 
tendency toward separation and the inlet losses are very 
small (fig. 11) over the normal range of design inlet ­
velocity ratio Vl/Vo from 0 . 4 to 1.0. It is therefore 
apparent that total- pressure recoveries appreciably 
below the full free - strean dynamic pressure will occur 
in foy'ward underslun Q ducts only when there are large 
pressure losse s in the dirfuser . The losses that occur 
in the diffuser are d _scussed in the following paragraphs 
as a function of the inlet-velocity ratio, the lift 
coefficient , and the propeller thrust . 

Effect of inlet -velocity ratio.- The variation of 
the average total pressure at'~ef~ce of the orifice 
plate with the inlet-veloclty r2.tio is shown in figure 12. 
At a lift coefficient of 0.10 , vTith the propeller removed , 
pressure recoveries greater than 90 percent of the free -

' stream dynamic pre ssure (0 . 90Qo) were recorded in both 
the large and the small forward underslung ducts at 
values of VI/Vo from 0 .40 to 0.75 . The inlet-velocity 
ratio at which the peak recovery was obtained and the 
range of inlet-velocity ratios over whi ch high pressure 
recoveries were obtained decreased with increaSing lift 
coefficients. From the scatter of the test points, it 
is evident that any di ffe:-ences in recovery caused by 
changes in the resistance of the radiator are well within 
the accuracy of the measurements. 

The pre ssures at the faca of the orifice plate are 
presented as contour maps in figure 13 . At CL = 0.10 
and Vl/Vo = 0.53 the tota~ - pressure recovery was high 
and uniform over the central part of the radiator and 
decreased slowly toward the edges . Increasing the inlet­
velocity ratio to 0.74 reduced the recovery near the duct 
walls still further. At VI/Vo = 0 . 94 very low pressures 
were measured at the bottom of the radiator, which 
indicated that separation occurred in the lower par t of 
the diffuser . 

, 
~ 
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For corresponding inl et-ve loc i t y r atios , the pressure 
losses a t CL = 0. 8 9 were greater than the pressure 
l o s se s a t CL = 0.10 . 

Th e eff ect of ch anging t h e inle t-ve loc it y ratio 
on the flow over a duct lip is analogou s to changing 
t h e angl e o f at t ack of an airfoil. At low values 
o f v l 7 v o , the streaml ine s expand ahe ad of the duct 
a nd in effe ct cause the duct lip t o operate as an airfoi l 
at a h igh ang le of a ttack (s ketch ( a )), with the inner 

surface o f th e li p correspondin g t o the lower surface 
of t h e a irf oil . I n thi s condi tion the flow over the 
i nner surface o f the lip is smoo t h , but on the outer 
surfa ce there is a te ndenc y towar d high negative pres ­
sures and se pa r a t i on from the lip . With increasing 
i nlet - ve loc l ty ratios , t h e a ng le of a t tack of tl1e li p 
de cre a s e s unti l at SO'Tle inlet vel oc i t y the lip operates 
a t a ne gative ang l e o f a ttack ( s ke t ch (b)) and the 
t e ndenc y towa rd se parat l on oc curs on the inne r surface 
of t h e lip . The exact value . of VI /Vo at which sepa ­
r a t i on , if a n y , wi l l oc cur depe nds up on the camber, t~e 
le ading - edge radius , and t h e a linement of the duct lio . 

Ef f ect of l ift coe f f icien t .- In or der to determine 
t h e effect of changes of l ift coe ffi c ien t on the pressure 
a t t h e f ace of t h e orifice p l a te, test s were made with 
con stant outlet a re a a nd fl ap pos ition at lift coeffi­
cients r a n g i ng from 0.1 to 0 . 9 . The re s ults of these 
test s (figs . 14 and 15) show tha t incre asing CL 
decre a sed both the recovery and the inl et-velocity ratio . 
In order to s epar a t e t he changes i n recovery caused b y 
va rying t he lift coeffi cient from those assoc i ated with 
t he vari a tions in inle t-velocity r ati o, the curves of 
fi gure 12 have be e n cross - plot t e d at constant values 
of VI /Va a nd a re presented in fi gure 16. These data 
s h ow t h a t , o ver a ran ge of l ift c oe f fi cie nt fr om 0 . 1 
to 0 . 9 , t h e total-pre ssure recovery at inlet - velocity 
r a tios of about 0 . 5 va ried less than 0 . 05qo and that 

--~-~-~-~- --.- - - --



8 

the adverse effe c t of changes in CL incre ased rapidly 
with inlet-veloci ty ratio . 

The effects of lift coefficient on t h e pressure 
recovery at the radiator are re adi ly explained by the 
airfoil analogy use i n the preceding section . At low 
lift coeffi cients t h e duct lip is alined wi th the 
ap roaching air stream and the flow over the lip is 
smooth (sketch (c)) . As CL incre a ses, the stagn a tion 
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(c) Low CL ' (d ) Hlgh Cr • 
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point moves to t~e under side o f the' lip and the flow 
tends to separa t e fr om t l18 lower wa-ll of the d u.ct 
( s ke t ch (d)). 

\l1fi th vane s ins t alled in the diffuser the r e covery 
at CL = 0 . 10 wa s sl_ghtly l ower than without vanes 
( fig . 14 ); t he 'anes, r.owever , reduced t he- adverse 
effe cts of increasing lif t coefficient. 

Prope ller 0 eration. - The effect of the propeller 
operation on the va r ia tion of t he total pressure at the 
face of t rie orifice p late with inlet-velocity ratio is 
s~own i n figure 17 for t he large forwa rd underslung 
duct . In t he high -s pe ed a ttitude, 'CL = ' 0 .1 0 and 
Vl/Vo = 0 . 5 , t he p r essur e r e c overy wi th the propeller 
opera~ing at Tc = 0 . 02 was about 0 . 07Qo greater than 
that with tbe prope ller remo ve d . In the climb condition , 
CL = 0 . ~·7 , Tc = 0 . 11, and VI/Vo = 0 . 8 , the total 
pressure a t the rad iator wa s 0 . 45qo greater than with 
the propeller removed . These data show that the range 
of i nlet-ve loei ty ratios .o ve r', whi ch t he p r e ssure 
recovery r emains substantially constant . was much g reater 
with the prope ller operating than·with the propeller 
r emove d . For c onveni e nce in comparis on, the inlet ­
ve locity ratio with t he p ropeller operating has been 
based on the free - stream velocity and not on the velocity 
in the slipstream. 

I 

~ 
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The substantial increase in the total pressure 
obtained at the face of the radiator with the propeller 
ope:rating , particularly at the climb thrust coefficl.ent, 
is largely attributed to the cuffs installed on the 
shanks of the propeller blades. Ordinarily, this 
portion of the propeller, with its poor blade sections, 
contributes little to the propeller thrust. With the 
cuffE: i:l3talled , h oweve r, a more nearly uniform radial 
propel!a r - loart distribution is possible with a resultant 
incre&se in the total. pressure behind the inner sections 
of the nropeller blade . This effect becomes greater for 
the high propeller loadIngs of the climb condition. The 
cu~fs also s e rve to increase the critical speed of the 
propeller-blade shanks. 

Results obtained with consta...'1.t outlet area show the 
effect of the propel ler operation on both the pressure 
recover and the inlet -velocity ratio. (See fig. 18 .) 
At the high-speed Tc of 0.02, a slight increase in the 
pressure recovery and the inlet-velocity ratio was 
caused by propeller operation; at the climb Tc of 0.11, 
however , the increases in the recovery and in the inlet­
velocity ratio were much l arger . 

Typical pressure distributions at the radiator with 
the propeller removed and operating are presented in 
figure 19 . In the high-speed attitude, CL = 0.10, at 
an inlet- velocity ratio of 0.58, the slipstream at 
Tc = 0 . 02 increased the total pressure at the radiator 
approximately 0 . 07Qo with no great change in the 
distribution. In the climb attitude, CL = 0.47, with 
the propeller operating at Tc = 0.11, the average 
total pre ssure at the radiator was 0.40Qo greater 
than for the propeller - removed tests. The contour TIlap 
indicates that the core of high pressures which was 
concentrated ~n the upper part of the radiator in the 
propeller- removed tests has moved to the center of the 
duct . 

The effects of prope ller operation with the small 
forward underslung duct are given in table II. These 
data are insufficient to make as thorough an analysis 
as fo r the large duct, but the effects appear to be 
generall y similar . In the climb at t itude with Tc = 0.11 , 
the average total pressure at the radiator was lower, at 
low values of VI/Va , for the small duct than for the 
l arge duct . (See table II and fig. 17.) It is probable 

L 
-----~~--- - -
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that at the low values of Vl/Vo a greater proportion 
of the air entering the small duct inlet is affected by 
the l ess efficient inner portion of the propeller blade . 

Pressures behind Radiator 

The quantity of air flowing through a duct may be 
determined from the total- and static ~pressure measuremenw . 
at the duct exit . The static pressure at the duct exit 
is pr "mari1y depen ent upon the convergence of the outle t 
se c tion of the duct and the angle at which the flow from 
the duct is discharg~d into the free stream . When the 
air is discharged from a rapidly contracting outle t 
section, its veloci ty continues to increasG for some 
dis t ance do\"mstream or tho exit and usually results in 
static pressures at the outle t that are higher than the 
pressure of the neighboring fre .) stream . 

Discharging the air at too great an angle to the 
free :3trearl chan[Se s the adj&cent external static pressur e , 
and consequentl y the exit ste.tic pressure , as a result-
of an effecti va thickening of t~1e body in the reeion 
jus t behind the exit . Some of these effects and the 
effe cts of changes in angle of attac~ of the mode l and 
propeller operation on the outlet static pressures are 
d i scussed in the following paragraphs . 

Effect of outlet design .- Shortening the out er skirt 
of the outletfa:~ring to increase the outlet size a l so 
chang d the rate of convergence and angle of discharge 
of the outlet . (See figs . 8 and 9. ) The effect of thes e 
change s on the static pre3sure in the outle t is shown 
in figures 20 and 21 . Theso plots indicate that the 
lowest s t atic pressures will occur in s l ow·ly converoing 
out l ets discharg!ng the cool i ng- air flow parallel to 
the local external stream . The "'tatic presDure in the 
out l et will be identical with the static pressure of 
the outside flow a t the opening if the outlet duct is 
so designed that the streaml ine dividing the internal 
and exter~al field s is strai ght . 

Effect of exi t flaps .- The effect of installing 
exit flaps was to decre~se the exit static pressure by 
approximate l y 0 . 55qo in the exi ts of both the large 
and small ducts . Average static pressures as 10Vl as 
- 0. 45Qo were obtained with t he propeller removed , 
values whi ch are indica t ive of good exit - flap effe c tiveness. 

- -~ ----. ---- ----- ------------ - r--
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Effe ct of lift coefficient.- The variation of 
average outlet static nres s ure with lift coefficient 

11 

is shown in figures 22 and 23. Increasing the lift 
c oefficient of the airolane increased the static 
oressur e a t the duct outlets. The increase was approxi­
mate l y 0 . 15Qo wi thout exit flaps and approximately 
t wi ce tha t value wl th 45 0 exit flaps installed, when 
t he li f t c oefficient was increased from 0 . 10 to 0.89. 
The effect is attributed to a rearward movement of the 
stagnation region on the bot tom of the fuselage when the 
angle of attack of the airplane is increased. 

Effec t of p rope ller operation . - The effect of 
prope lle r operation on t he out l et static pressure may 
be ob t ained by a comparison of figures 20 and 24. At 
0L = 0 . 1 0 and wIth no exit flap , the difference between 
the p r opelle r - operat ing (Tc = 0 . 02) and the propeller­
remo ved static oressures was neg l igible . At Tc = 0.11, 
for which case 0L = 0 . 47 , the static pressure increased 
slightlv with no out l et flaps and decreased from -0.09qo 
to ~ 0 . 2]Cio with out l et f laps installed . With an average 
total ')re s sure of about 1 . 20Qo at the face of the 
radiator ( fig . 17) and an a verage outlet static pressure 
of - o . 40Q ( fig . 24 ), a pressure difference of approxi -
mately 1 . ~Oqo is avai lab le fo r forcing air through the 
duct in the climb attitude with the oropeller operating 
at Tc = 0 . 11 . 

Dr ag and Duct Eff iciency 

A summary of the drag data for the model with the 
large and small fo rw a rd underslung ducts installed is 
pre sen t ed in tables I I I and -I V. The increment of the 
drag coeffi c ien t due to the duct 60D is the difference 
between the drag of the mode l with the duct installed 
and with the duct removed . 

In o r der to facilita t e analysis, the drag increment 
is divided into two parts : (1) the drag caused by losses 
in the duct (in ternal d r ag ) and (2) the drag caused by 
changes in the external flow (external drag) . The 
increment of interna l drag coefficient is equal to the 
momentum los s through the d uct c alculated by the formula 

----~-~-- - - -- ---- -- -



12 NACA ARB TO . L4H15 

'1'he external drag is the difference between the calculated 
6CDi and the total increment me a sured by the force tests 

and may be expressed a s 

The increase in drag that accompanied the increase 
in the outlet area of the ducts was due mainl y t o an 
incre a se in the internal drag of t h e installations as 
a result of the larger volume "-"a te o.f air flow . The 
larger volume rate of flow caused an increase in the 
pressure drop across the orifice plate and generally 
incre a sed t he diffuser ressure losses . The increme n t 
of tota l drag coe ffic i ent 6Cn due to the large forward 
under s lung duct varied from 0 . 0011 to 0 . 0029 and for the 
small duct from 0 . 0013 to 0 . 0022 (tables III and IV), 
dependin,g upon t he nominal pres s ure drop of the radiator 
and t he volume r a te of air flow. 

':n order to compare the internal drag of the two 
ducts, the interna l - dra g coefficient has been pl otted 
as a function of the inlet-velocity ratio in figure 25 . 
This figure _ shows that , for equal va lues of pressure 
drop for the orifice plate and inlet- velocity ratio , 
the interna l-dra g coe fficient of t he small duct was 
highel' in some instances than that of the large duct . 
The internal-drag coefficient was higher even though at 
equa l values of Vl/Vo the volu~e rate of ai~ flow 
through t l e smaller duct wa s l ess than that for the 
large duct . The higher interna l drag of the smal l duct 
is caused b y the dif f erence in the expansion between 
the inlet and the radiator . The r a tio of orifice - plat e 
area to inlet area is 2.5 for the large duct and 2 . 0 for 
the small duct ( see fi g s . S and 9); thus, for a given 
Vl/Vo and 6p/q2 t he dynamic pres s tITe q2 and hence 
the pressure drop 6p and t he over-al l pressure 
drop Ho ~ H3 in the small duct are greater than in 
t he l arge duct . 

~~he calcula ted increment of dra g coefficient due 
to the external drag of t he duct 6CDe varied from 0 
to 0 . 0010 with -the large duct installed and from 
o to 0 . 0004 wi t h t he small duct installed . ( See t ables III 
and I V.) In the case of the small duct , the increment of 
external drag gene r ally increased with 6p/q2 and 
a ppeared to be _approximate l y t he same for both t he 

-------~------ - - --- -----~-----
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m0diu.'1l and the l arge outle t s . With the large duct 
i nstalled , the value s of 6Cn increased with the size 

e 
of the out1et and appear ed to de crease with increasing 
6p/Q2 ' A 11 1.a.jor part of the increment of external drag 
i s attrlb~t Gd t o the interference effects associated 
wi t h th0 m~~l!lg of two streams of unequal velocity and 
wi th dlr'f6I'dn t fl ow d i r e ct i on s • 

. Til0 efficiency of each duc t 11, defined as the 
r a tio oi' the mi nimum powe r required to force the cooling 
a:" r t hyo1.1.gb the radiator to the power needed to overcome 
t he drs. , ~ of the complete i nstallation , has been calculated 
and the; valu8 s are presented in tal,Ie s III and IV. At 
inlet- ~~10o ity ratios below 0 . 62 the efficiency of the 
large dact wa s greater than 70 per0ent but decreased 
r apidly above an inlet - ve l oci t y ratio of about 0.70. The 
effici3nc y of the small duc t was consistently lower than 
t hat of the lar ge duct a t t he s ame Vl/Vo and 6p/Q2 
value s be cause of the re lat ive l y higher internal drag. 

Cr i tical Speeds 

The critical spe eds of the duct inlet lips ~ere 
e stimated f r om the s ur fa ce stat ic pressures measured 
at a tunnel speed of 96 mi l es per hour by using the 
von Ka rman- Tsien pressu_e extrapolation obtained from 
reference 5. These extrapolations are shown in figure 26 . 

p - p 
The minirrum pre s sure coefficients 0 were determined 

. Qo 
f rom pressure di s t ributions measured over the lip at the 
b ottom of the duct i nlet and in the duct-fuselage fillets . 

Effe c t of inlet - ve l oc ity ratio.- The critical Mach 
number lncj:;eased--llnearl y wi th the Inlet- veloci ty ratio 
as shown in fI gure 27 fo r the small duct. Typical 
pressv::'8 distribution s ove r the l ip of the small forward 
underslung duct ( fig . 28 ) show the change in distribution 
t ha t accompanied change s in inle t -velocit v~ ratio. It is 
noted t hat t he stagnation point moves outward a s VI/Va 
increase s and that the pe ak nega t ive pressures are 
r educed . 

Effe ct of l ift coefficient.- In figure 29 the 
cr1 tica l Ma ci1 numbe r of the small forward underslung 
duct is shown a s a f unc tion of the lift coefficient of 

-~- ----~~ 
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the airplane with propeller removed . Increasing the 
lift coefficient caused substantial increases in the 
critical speed of the lower part of the duct lip but 
decreased the critical speed of the sections along 
the duct-fuselage fillets. The rate of change of 
cri tica l Mach nu.mber wi th lift coefficient was much 
greater at the bottom of the ducts than in the fillets . 

Effect of propeller operation.- The critical Mach 
number of the various sections o.f the lip of the small 
duct , determined from tests with the propeller removed 
and with the propeller operating, are shown as a function 
of the inlet-velocity ratio i n fi gure 30. At the bottom 
of the duct lip , the critical speed of the section varied 
slightly and irregularl y with propeller operation. 
Along the left fillet , Mcr was slightly lower with 
propeller opera ting ; where.as , a long the right fillet 
the. cri tical speed was subs.tantially gre ate r with 
propeller operating than With t~e propeller removed . 
This effect is nrobably due to the sli.pstream rotation 
which decre ase s the effective angle of attack on the 
right side of t~ e duct behind the downgoing propeller 
blades and increase s the effective angle of attack on 
the left side of the duct behind the upgoing propeller 
blades . 

The critica l speed o f the left fillet for the high­
speed condition , CL = 0 . 10 , Tc = 0.02 , and Vl/Vo = 0 .50, 

wa·s estL'Uated to be about ~.8 5 miles per hour at standard 
sea-leve l cond itions . The critical speed of both the 
lower duct l ip and the right duct -fuselage fillet were 
higher than the critical speed of the left fillet . 

A similar b ut less t hor ough investigation was made 
of the critical speed of the inlet to the large duct 
wi t h similar results which are not presented here . 

1'ests of forward underslung ducts on a typical 
fighter airpl ~ne in the NACA full-scale tunnel, indicated 
that: 

1. Pressure recoveries at the radiator greater 
than 90 percent of the free:-strearn dynamic pressure 
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were obtainable at the low lift coefficient of 0.10, 
with the propeller renoved, for inlet-velocity ratios 
ranging from 0.11-0 to 0.75. Beyond the inlet-velocity 
ratio of 0.75 the pressure recoveries decreased rapidly. 

2 . The variation of pr essur.e recovery wi th lift 
coefficient , wi.th the propeller removed, was less than 
5 percent of the free - stream dynamic pressure at values 
of inlet-velocity ratio of 0.5; for inlet-velocity ratios 
greater than 0 . 5 the pressure losses ahead of the radiator 
increased rapidly with 11ft coefficient. 

3. Vanes i.n the diffuser of the forward underslung 
duct had little effect on the pressure recovery at low 
lift coeft-icients but reduced the adverse effects of 
increasing lift coefficient. 

4 . Operation of the propeller, equipped with large­
chord cuffs , increased the total pressure at the radiator 
of the large duct approximately 7 percent of the free­
stream dynamic pressure at the high-speed thrust coef­
ficient of 0.02 and approximately 45 percent of the 
free-stre am dynamic pressure at the climb thrust coeffi­
cient of 0.11. 

5 . The static pressure a t the outlet with no exit 
flaps was positive and with and without exit flaps 
increased with both the lift coefficient and the pro­
peller thrust. 

6 • . With the propeller removed, the static pressure 
at the outlet was r educed approximately 50 percent of 
the free -stream dynamic pressure by installing 45 0 exit 
flaps ; the effectiveness of the exit flaps increased 
considerably wi th power . 

7 . At equa l values of inlet-velocity ratio and 
pr e ssure-dro coefficient for the orifice plate, the 
interna l drag of the small duct was somewhat higher in 
some instances than that of the larger duct even though 
the air flow was considerably less. The higher drag 
was a result of the lower diffuser expansion ratio of 
t he small duct , which resulted in a higher dynamic 
pre s s ure wi t hin the duct and hence greater oressure 
losses and a greater pressure drop across the radiator. 
No comparison was made of the ducts on the basis of 
providing equal cooling . 

-- --- --~ ----------~---.~--
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8 . Inc reases in the inlet - velocity ra t io with the 
propeller removed increased the critical Mach number of 
the duce lower lip and duct - fuselage fillets . 

9. Inc r eases in the life coefficient of the airp l ane 
wI th propeller removed increas ed the critical speed of 
the duct lip but decreased the critical speed of the 
fille ts . 

10 . Prope ller op~ration had little effect on the 
c ritical speed of the luwer lip . The c ritical s Deed of 
the l eft fille t was onl y sli~~htly decreased by p r ope l ler 
operation; whe r eas , a substantial increase was measured 
at the right f i llet . 
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TABLE I 

ORDINATES O~ LOVVEH LIPS OF LARGE AND 

SMALL FORWARD UNDERSLUNG DUCTS 

[{\ll va l ues a re in inches] 

x~Large 
r --

duct --+- Smal l duct 
---

I 

, 
,. Y

u YL I YU YL I 
0 0'2 - 0.83 I 0,, 45 -0 · 7 I 

. 25 • ~ 7 -1. 0 I . 3~ -. 95 

. 50 .40 -1. 17 I .2 -1. 10 i 

. 75 . 31 - 1. (~ I .20 -1. 30 
1. 0 .19 - 1 ' i-

I .10 -1.165 
1. 25 . 08 -1. 03 0 -1. 2 
1.5 -. 03 - 1 . ~5 -. 08 -1· 75 
1. 75 -. 10 -l. bS - .20 -1 . 90 
2. 0 -. 18 -1 · 95 I -. 27 -2. 0 
2.5 -. 33 -2 . 13 I -· 45 -2.22 
3. 0 -· 50 -2f I -. bl -2. 39 
;3 05 -. 63 -2. 5 I -. 78 -2.5 
4 . 0 -. 78 -2. 3 

I 
-. 95 -2 . 63 

4 . 5 -· 93 -2 . Jo -1. 10 = ~ : ~~ 5. 0 -1. 05 -2 . 95 -1. 29 
6. 0 -1. 30 - 3 . 2~ I -1. 60 -3.10 I 
~ . o -1. 60 -3.5 , -1.89 - 3 . ~l I .0 -1 · 90 -3. 85 I -2 .10 - 3 . +7 

I , 
- =--

--1 -""" '. 
,r j' ' , - - - -

I , 
I 

.' . Y \ 

( .J-:. u __ ~ --- ._ x 
R .- ! I 

\<~ \YL / ~- -y R = 0.5 

~.------­La r ge duct 

i n . 

Smal l duct 
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TABLE II 

COMPARISON OF PROPELLER- REMOVED lU·m PROPELLER-O PERAT ING DATA 

FOR m,;ALL FORWA:i.D ~mE:tSLU"NG D"C"CT 

- -~--- -~~-----., 

Vl~~ 0 I ___ Q/:!. 0__ I (P3 - Po ),/qo J 
I P~opeller pro"e~~ Propeller pr ope~ler · 
I 1

0Der - 10per- I Oper- Ilope r-Removed ~t' Removed t' ,Removed t" Removed t' a lng la lng a lng la lng 
I 

I 
Nomi- I I Exit 
nal Outlet flap 

6p/Q2 

(H2 - po)/qo 

CT .w 

0 .1 0 1 0 .~ ~ma~ l . Off 0 . 96 1. 02 0 . 40 0 . 1.~3 I 0 . 31 0 . 33 0 . 14 0.14-
.1 0 10 . 1 ~ ',e dlum Off . 95 -----. J.ili .4-6 I . 3~. . 36 . 11 . 09 
.1 0 6 . 0 Small Off . 93 1.02 .48 . 61 )7 . 47 .13 . l~ 
.10 6 . 0 Medium orf . 95 1.01 . 54 .54 .42 . 42 .13 .1 t) 
.10 1.7 Sma~l . Of~ . 9~ 1.0~ . 5~ . 66 . 45 . 4~ .21 .~ 6 
.1 0 1.7 J.~edlU.~ Of.!. . 9+ . 9/ . 54 .70 . 50 .5L .17 . -,-l, 

,47 10.1 f.ledhun On . 90 1.03 .52 .63 .40 .48 -.29 -.49 
. 47 6 . 0 Medium On . 90 1 .12 . 65 .78 . 50 .60 -.31 -. 59 
.47 1.7 Medhun ! On .79 1.20 . 82 . 98 . 63 .78 -.34 -. 59 

Power cODdi tiOD. CL 
B \ (deg) 

High speed 0.10\ 60 
Climb .47 40 

Tn I 
'-' 

0.02 
.11 
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TABLE III 

SUMMARY OF DRAG DATA FOR LARGE 

FOR~VARD UNDERSLUNG DUCT 

fL = 0 . 10; exit flaps ofiJ 

19 

---~Nomina~T--: - I ClCD a-t-c-L-=-O-.-l-O----;'-~ 

Outlet IIp/Q2 IQ/Vo I Vl/Vo I --I iJ 

_ __ +-_ __ -+-1 --..1 _ ClCD ClCDt_+De I --
Small

a 
11 . 2 0 . 52 1 0 . 50 ------ 0 00017/;:,-----1----

~~~gl'~m ii:~ .59
1 : ~~ ~~~~~~ :gg~561~~~~~: ~~~~ ' 65~ , I 

Small 3 03 . /+-1 , 02 . 0011 .0011 I , 0000 I ·73 

~~~i~ §:s : 7~1 : ~e -~ 0020 :gg~gl-~ooo41-~64 
Large 3 . 3 .76 . 74, , 0029 . 0019 I . 0010 ; .46 
aVanes installed in diffuser . 

Outlet 

Small 
Medium 
Large 
Smal l 
1:edium 
Large 
Small 
Medium I 

Lai"'ge . 

'I'ABLE IV 

Sli1Vll1ARY OF DRAG DATA POR SMALL 

FORWARD l~~RSLUNG DUCT 

10L = 0 . 10; exit fl a ps OffJ 

IJOminal I I ' 1 ------
I 

-
6CD at CL = 0.10 

I 
1 6p/Q2 IQ/Vo IVl/Vo ' I iJ 

ClC D ClCD · CleDe 1 l 

11 0 • 1 10 • 31 0 • Ii. 0 ------- o : ggt~ ~:;;;; ~:~~ 10 .1 1 .34 .44 0 . 0018 
10.1 . 34 1 .~ . 0021 :gm I-:~~~~ I-:~~ 6 . 0 1 .37 .4. ------
6 . 0 1.42 i . 55 . 0018 . . 0016 .0002..58 

6 . 0 1 · ~2 ' ~8 . 0022 .0020 .0002 .4q 
1.7 .45 . ------ .0007 ------ ----
1.7 / ,50 . 65 . 0013 .0012 .0001 .38 
1 . 7 .50 . 6:;- .0017 .0016 , .0001 ; 41 J' 

I 
• I 
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F/9ure 1,- GenBral arrangement oT wind-tunnel 
model) basic condlfior;. 
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Section A 
x y y 

000 
.116' . 28 .250 
.2~2 .3- .315 .46 .535 .405 
.69 .645 .465 
.925 .74-5 .510 

1.487 .890 .565 
1.850 .990 .595 
2.315 1.065 .600 
2.775 1.110 .595 
3.700 1.135 .575 
4.625 1.095 .540 
5.560 1.000 .465 
6.475 .840 .385 
7.41 .625 .280 
8.33 .360 .165 
9.250 0 0 

L.E. radius: 0.335 
T.E. radius: 0.058 

Section B 
x YU=YL 

0 0 
.194- .430 
.,88 .625 
·775 

1.163 
.930 

1.160 

Fig. 2 

Sect i on A 

r. 
A 

~ 1.550 1.340 
2.330 1.6~ log 

Section B (12 from t 
--+E--- - - r~· __ ~-+-3·100 

4· g£10 2.000 
.650 2.110 

6.200 2.190 
7·750 2.100 
9.3 00 1.g40 

10.g50 1.465 
12.400 1.025 
13·950 .535 
15·500 0 
L.E. radiusl 0.520 
T.E. radius: 0 

1-4--- 6.38,-" ~-..J 

~--------------+----- 15.5"---~ 
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Figure 2.- Dimensions of propeller cuff. 



(al Front view, propeller removed. 

Figure 3.- Model in basic condition, mounted in the NACA full-scale tunnel. 
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NACA ARR No. L4H15 Fig. 3b 
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Figure 4.- Mode l wit h lar ge forwar d u nderslung duct installed 

Figure 5.- Model with small forward underslung duct installed. 

z 
):­
C) 
):-

):­
::0 
::0 

z 
o 

r 
~ 
::r:: 
~ 

CJ1 

'%j 

r-" 
OQ 
OJ 

~ 

CJ1 



~ ~-----~------~------~--

NACA ARR No. L4H15 Fig. 6a, b 

(al Inlet. 

(bl Small outlet; exit flap off. 

Figure 6.- Large forward underslung duct. 



NACA ARR No. L4H15 Fig. 6c,d 

(el Medium outlet; 45° exit flap installed. 

(dl Large outlet; exit flap off. 

Figure 6.- Concluded. 

'------- -_.-.. 



NACA ARR No. L4H15 Fig. 7a,b 

(al Inlet. 

(b) Small outlet. 

Figure 7.- Small forward underslung duct. 
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NACA ARR No. L4H15 Fig. 7c,d 

(cl Medium ou tlet. 

(dl Large out l et. 

Figure 7.- Concluded. 
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'It/Vo 
--0.53 

-- .74 

.94 

(a) CL =0.10. 

Vf/~ 
--0.4 8 

.66 
.73 

(b) Cco.89 . 

Fig. 11 
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Fgure 1/ - Typlcol fotol-pressure disfriDLIhon ot 

Inle t to large duel; propeller removed. 
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