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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

ADVANCE RESTRICTED REPORT 

THE EFFECT OF EXHAUST-STACK SHAPE ON THE 

DESIGN AND PERFORMANCE OF THE INDIVIDUAL 

CYLINDER EXHAUST-GAS JET-PROPULSION SYSTEM 

By L. Richard Turner and Leroy V. Humble 

SUMMARY 

Tests were made on a single-cylinder, air-cooled 
engine to determine the effect of several different 
exhaust-stack shapes on the design and performance of 
the individual cylinder exhaust-gas jet-propulsion system. 

The results of the investigation indicate that the 
presence of smooth bends in the exhaust stack or an in-
crease in length up to approximately 4 feet have a very 
small effect on the total performance obtainable at a 
given sot of operating conditions. Tests with a straight 
stack 9 feet in length indicate that there is' a limiting 
value of exhaust-stack, length .beond which the effect on 
engine power is appreciable. 

Curve-s'-are g-i-v.en - for use in designing nozzles for 
various exhaust-stack shaps and fo pr'ed-ict'i-n-g-the--galn -- 	 ----
in thrust horsepower that may be expected at various 
operating conditions.

INTRODUCTION 

In reference 1 there was developed a method of deter- 
mining the effect of exhaust-stack discharge area on engine 
power and exhaust-gas jet thrust. Curves are given for 
designing exhaust-stack nozzles and for 'predicting the jet 
thrust obtainable at various operating conditions. It was 
found that a considerable gain in thrust horsepower could be 
obtained by the utilization of exhaust-gas jet thrust. The 
tests were made on a sin gl e-c ylinder engine with a single 
straight exhaust stack-25 inches in length.
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.In actual installations it is seldom possible to use 
straight stacks, and various bends must be introduced into 
the 'exhaust system. The exhaust-stack length will also 
vary with different installations. 

This report presents the results of tests of an 
1820-G. single-cylinder engine to determine the effects 
of nozzle area and stack shape on engine power and ex-
haust-gas jet thrust,, The considerable amount of data 
obtained has been condensed into relatively few curves 
for use in designing nozzles for various stack shapes 
and for predicting the gain in thrust horsepower to be 
expected at various operating conditions. 

The tests were made at the Langley Memorial Aero-
nautical Laboratory during the period from June to Decem-
ber 1941,

ANALYSIS 

Method of Determining the Effect of Nozzle Area 

on Exhaust-Gas 'Jet Thrust and Engine Power 

It is shown in reference 1 that the thr.st produced 
by the discharge of exhaust gas from a short straight stack 
may be represented by a single curve regardless of vari-ation 
in nozzle discharge area or engine conditions if P/M 0 is 
plotted against p 0A/M 0 0 The quantity F/M 0 is the moan 
exhaust-gas jet velocity and is designated 70 . Thus 

P/Me	 ±'(PoA/Me)	 (1) 

where 

F	 average exhaust-gas jet thrust, pounds 

M e	 average mass rate of flow of exhaust gas, slugs per 
second 

p 0	 atmospheric pressure, poinds per square foot 

A	 exhaust-nozzle area, square feet
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In the case of exhaust systems of such shape that 
resonance effects are apreciablo, factors not uniquely 
dependent on p 0 A/M 0 may ba expected to be important in 
determining V. In the case of stacks free of resonance 
effects, some difference in the variation of Ve with 
p 0A/M	 may be expected when the exhaust-stack shape is 
sufficiently changed. For example, the discharge process 
from exhaust stacks will tend to be slowed down by an 
increase in stack volume with a conseauent reduction in V. 

The effect of nozzle area on engine power is shown in 
reference 1 in the following manner; 

The ratio of indicated mean effective pressure to in- 
let manifold pressure is used as a measure of engine power. 
This ratio	 is a function of p 0 /pu , va n/A, and enginespeed. 

Thus

- une -
	

(Po van 

- -i;; •	 —j— fl)
	 (2) 

where 

imep	 indicated mean effective pressure, pounds per square 
foot 

p	 intake manifold pr3ssure, pounds per square foot 

Vd 	 displacement volume of engine, cubic foot 

n	 engine speed, revolutions per second 

It is convenient to represent the loss in engine 
power resulting from restriction of the exhaust-stack exit 
area by the quantity A. Thus. 

AØ	 -
	

(3) 

where 0 is for a given nozzle area at a given engine 
speed, intake manifold pressure and temperature, and at-
mospheric pressure, and 00 is for the same stack at the 
same operating Conditions but with no nozzle restriction. 
The quantity AP is principally a function of Po/pr and 
Vdfl/Au



4

Method of Determining the Effect of Nozzle 

Area and Stack Shape on Total Performance 

The total thrust horsepower when exhaust—gas jet 
thrust is utilized is given by the relation 

+ e Ve V	
(4) 

550 

w,her C

total thrust horsepower 

P	 brake horsepower of -engine 

flp	 propeller efficiency 

V	 airplane velocity, feet per second 

In the region where reduction in nozzle area causes 
a loss in engine power, the not gin in thrust power is 
given by AFT where

(5) 
550 

where P 0 is the brake horsepower obtained from the en-
gine with the unrestricted. stacks and P is the value 
with the constricted. nozzle. 

Since P and P 0 each apply for the same engine 
speed, manifold pressure, manifold temperature, and atmos-
pheric pressure the mechanical friction is the same for 
€ach case and, except for variations in supercharger power, 
F—P 0 can be replaced by I—I o

 where I and 10 are the 
indicated horsepowers corresponding to P and P 0 , respec-

tively. But

imep Vd. n	 Pm Vd 

2x550	 2x550 

Thus

= m V ; fl 

2 x 550
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and Me is given by the relation 

PmVdfl 
=	 (1 + f) Me	

2RTm 

where 

f	 fuel-air ratio 

In v	
volumetric efficiency of the engine 

TM	 intake manifold. temperature, 
0 p absolute 

R	 gas constant for air, foot-pounds per slug 

If	 LO, is defined by the relation 

2 x 550

Pm1Td11Tp 

equation (5) becomes

(1+f) 
+

	

	 vVe	 (6) 
R Tm 

- __Th qatity	 can be considered as a net increase
in the mean effective presrbfteengi-nedivid.ed-by-
the intake manifold pressure on the assumption that the 

(l+f-   jet thrust power, represented by	 ii Ve - ), 15 

credited to the engine power. 

IfLOT is considered to be due to an effective 

mean exhaust-gas jet velocity (Ve)eff, it becomes 

1+fV - 

LOT = R T	
- (Ve)eff	 (7) 

m 

Substituting equation (7) in equation (6) and solving for 

(Te)eff gives



RTm Tp 

eeff - (l+f)iv V•	 + e	 (8) 

It has previously been shown that and arc 

functions mainly of Po/m and vdn/A and that Ve is 

a function of p 0A/M. But 

p 0A p0	 A	 2RTm 

Me	 Pm	 vd 

	

-	 X	 X 
(l+f)flv.	

(9) 

Thus, if	 o'ri and	 are constant, ib and 
and consequently (eeff may be considered functions of 

P0A/Me•

APPARATUS 

Thrust measurements were made with the altitude 
thrust target described in detail in reference 1. The 
only change in this device was the installation of a. 
water spray for cooling the inner tank. 

The equipment for determining the effect of exhaust 
discharge area on engine power was also essentially the 
same as described in reference 1. The only variation 
was the use of several differently shaped exhaust stacks. 
(See fig. 1.) These stacks included (a) an offset or 
S-shape, (b) a 90 0 bend, (c) a 180 0 bend, (d) a short 
straight stack having a closed branch faired into it, 
and two straight stacks, 44 inches and 9 feet in 1eigth. 
Each stack had an inside diameter of 2	 inches and was 
provided with flanges for mounting between the engine and 
the exhaust tank. 

A sketch giving the main dimensions of the stacks is 
shown in figure 2.	 In some cases it was necessary to 
add short extensions to the stack as an aid in changing. 
nozzles. These extensions are shown by dashed lines in 
figure 2. 

The nozzles used in the tests were 5 inches long 
and consisted of a 3-inch tapered section faired. into 1-inch
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straight sections at each end. One 
its exit end cut in a plane making 
the nozzle axis.	 (See fig. 3.)

nozzle was made with 
an angle of 3Q0 with 

TEST PROCEDURE 

The test procedure for both thrust and power determina-
tions was essentially the same as described in reference 1. 

The following engine conditions were maintained in 
all the tests. The fuel-air ratio was held between 0.079 
and 0.081; the engine speed was held to within ±10 rpm of 
the desired value, the oil-out temperature was held between 
1400 p and 160 0 F; and the cooling-air pressure drop was 
held. between 17 and 20 inches of water. 

Thrust determinations were made with the 180 0 bend 
and the branched stack. Each stack was tested at engine 
speeds of 1300, 1500, 1700, 1900, and 2100 rpm with sev-
eral different nozzle areas. In general, for each nozzle 
area the engine was operated over the following range of 
conditions: 

(a) Intake manifold pressure constant at 30 inches 
of mercury absolute and thrust target pressures varied from 
12 to 30 inches of mercury absolute. 

(b) Intake manifold pressure varied from 24 to 30 
inches of mercury äbolut-e and thrust -target pressure con-_ 
stant at 30 inches of mercury absolute. 

The weight rate of flow of exhaust gas was determined 
by a calibrated orifice in the air-intake line and a rotam-
eter in the fuel line. 

In addition to the foregoing tests, thrust determina-
tions were made with a 20-inch strai'ht stack and the 
beveled. nozzle. The thrust was first determined with the 
beveled nozzle exit. The beveled portion was then cut 
off so the nozzle exit was normal to its axis, and thrust 
determinations were again made to determine the effect 
of the bevel on thrust. The plane of the beveled nozzle 
was vertical during the tests, and only the axial com-
ponent of the velocity was determined. 

All the stacks were tested for their effect on 'power.
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Each stack, except the 9-foot stack,.-was tested as 'follows: 
With a given nozzle exit area, runs were made at engine 
speeds of 1300, 1500, 1700, 1900, and 2100 rpm. At each 
speed the intake manifold pressure was held at approxi- 
mately 30 inches of mercury absolute and the exhaust tank 
pressure was varied from 12 to 30 inches of mercury ab-
solute in steps of approximately 3 inches of mercury. 
Several different nozzle areas were tested at each engine 
speed.	 - 

The 9-foot stack was tested by holding the ratio 
Po/Pm constant, while the engine speed was varied from 
1300 to 2100 rpm in'stepp of approximately 100 rpm. The 
engine power was determined at each.s.pe'ed. Several nozzle 
areas were tested over the speed range at	 Q/m = 0.4, 
0.7, and 1.0. 

Motoring friction was determined with the unrestricted 
S-shaped stack over the range of engine speeds with sea-
level intake and exhaust pressures. The values obtained 
were found to agree with those for the 25-inch straight 
stack. The friction power as determined for the-25-inch 
straight stack was useu in all cases to obtain the indi-
cated mean effective pressure. 

DISCUSSION OF RESULTS 

The Effect of Nozzle Aroaand. Stack

Shape on Exhaust-Gas Jet Thrust 

Figure 4(a) shows the variation of the exhaust-gas 
jet thrust F/Me as represented by V, with p0A/M0 
for the exhaust stack having a 1800 bend.	 Inspection of 
the figure shows that the data agree, in general, with 
the curve obtained for the 25-inch straight stack in refer-
ence 1. The nozzle with an area of 0.91 square inch is 
seen to give somewhat smaller values of 11e than would be 
expected frpni the curve and other considerations. This 
result is believed to be due to experimental error because 
intermittent afterburning occurred in the thrust tank 
during this run and made an accurate reading of the thrust 
and back pressure difficult. This difficulty was eliminated 
in the other rians by cooling the thrust' target with a water 
spray. Inasmuch as stacks having bends of less than 1800 
may be expected to have correspondingly less effect on
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exhaust-gas thrust, it is believed that the curve of 

Ve against poA/ Me for the 25-inch stack may be used 
to predict the thrust obtainable with all single stacks 
having smooth bends 'of various amounts., 

Figure -l-(b) shows. -the variati'on of	 e with 

poA / Me for the branched stack.. The, data do not fit 
the curve for the 25-inch stack bui t.give somewhat smaller 
values of Ve fo-r a given value of p 0A/ M . This 
difference is probably due to the influence of the closed 
branch on the exhaust-discharge process. It is not cer-
tain that the thrust as obtained in ,these tests •will 
apply when both legs of the branch are used, as in a - 
rnulticylind.er installation. The uncertainty is increased. 
if the two legs are connected to 'cylinders with over-
lapping exhaust-valve timing. •, 

Figure #(c) shows the effect of a beveled nozzle exit 
on thrust. Data are given for a straight stack 20 inches 
long and the nozzle with the beveled exit. Corresponding, 
data are also shon for the sames tack and nozzle after 
the beveled portion çi the nozzle had been cut off until 
the exit was normal t q thp nozzle axis. The beveled exit' 
gave slightl r smaller vIue, s of Ve than the normal exit 

for a given value of poA/Me. 

The Effect of Nozzle Area and Stack Shape on 

Over-A-1-1 Pe--r-fo-r-mancé for -the 3-Shape, the

90 0 Bend, and. the 180 0 Bend. 

- -

 

Figures. 5(a), 5(b), and 5(c)' sh'w the optimum values 
of vdn/' plotted. against p 0 /D	 for the S-shape, the 
90° bend  an ' the 180 0 bend, respectively. These values-, 
were obtained by plotting 44T as determined by equation 

(6) against vd.n/A at constant values of	 o'm and 
V/Tip. The values . of- vdn/A corresponding to the maximums 
of curves faired through the data were considered the - 
optimum. They are the values for which the net gain in 
thrust horsepower is a maximum at the given values of 

and V/T. The curves for AØ = 0 represent the 
values of V d. fl /A at which. the engine just begins to lose 
power. They were taken by inspection from the curves of 
LØ againt	 n/A.	 -
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Inspection of figure 5 shows that the optimum value 
of vdn/A,for. a constant value of Po/Pm' increases with 

V; thus, for a given engine andengine speed, the correct 
nozzle area will decrease as V increases. The optimum 
values of vdn/A decrease with the ratio P0/Pm indi-
cating that, in general, the required nozzle area will 
increase with the critical altitude. A comparison of 
figures 5(a), : 5(b) , and 5(c) shows that, for constant 
values of	 and V/, the optimum values of 

vdn/A tend to-decrease as the amount of bend In the stack 
increases. The optimum values for the S-shaped stack fall 
between the values for the 90 0 an the 180 0 bends. This 
variation apparently does not apply for the condition where 

çb = 0, in which case the S-shape4 stack allows slightly 
larger values of van/A than the other two stacks at the 
larger values of 

Figure 6 shows	 eeff as determined by equation 

(8) plotted.aainst PoA/Me at.constant values of 
for two values of v/r. Curves are given for the S-shaped 

bend, the 90 0 bend, and the 180° bend. Those curves were 
computed on the basis of Tm = 540 0 F absolute, f = 0.08, 
and a volumetric efficiency r, at 2100 rpm. Volumetric 
efficiency was deteimined by the relation 

nV = nv + 

where	 .':Wa. the value at 2100 rpm and An, was ob-

tained from the appropriate curves ' of	 against 

v an /A. Values of 'AP were obtained from faired curves 
of	 against vdn/A and V 0 was obtained from the
curve of .V 0 against p,.13,/M;,, for th• 25-inch stack. 

The thrust of the ezhaust-g	 jet as represented by 
the curve of LO = 0 is seen to increase as P0A/Me 

decreases. A 4 eacha1aë of P/Pm and of airplane 
velocity V a value of PA/Me is reached where the 

cue (e)	 bronc -e' fro wn the curve	 = 0	 This
value of p o A7M e Present .. the point where the engine 

Just beirs to J.3e poie for these conditio r s...	 As 
P0A!Me is red-aced- from this alue, .th c1ive (70)0ff 

continues to increase slightly bocause the gain in jet
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thrust power is larcr than the loss in engine power. An 
optimum value of P 0 A/M 0 is finally reached at which 

(Ve)eff is a maximum. As P0 A/ Me decreases beyond this 
p oints the loss in engine power is greater than the gain 
in jet thrust power and (7	 decreases.. decreases 0 Lines faired. 
through the maximum values of 	 eeff are shown for two
values of V/rip. 

Only a small change in the curves for (V e )e i•' f is 
effected by a change in airplane speed from 200 to 350 
miles per hour, This percentage change in V is much 
greater than any percentage change in r 	 or T. (from 

the values assumed in the preparation of fig, 6) that 
might be expected in practical op eration, Equation (a) 
shows that a given peiccn tagc change in T.	 or n V has 
the same.effect on (Ve) 0 ff as an equal change in V; 
thus, normal variations of T 	 or TI v from the values
assumed in preparing figure 6 should have only a small 
effect on the curves of	 k'e)eff	 Similarly, normal 
changes in fuel-air ratio will have only a small effect 
On	 (V) 

It is noted that, for large values of po /pL,.	 the
curves of (Ve)eff against P 0 A/ M e are relatively flat 
near their maximum values and. the nozzle area may vary 
considerably from its optimum value without greatly 
af-facti-ng- thon.et gaim in thrus t 	 For small values
of p o/ p , (V 0 ) 0ff is more sensitive to hiosin- - 
P0 AIM e and the nozzle area is more critical. The per-
centage range of area, however, remains nearly constant 
as P0/Pm varies. 

Figure 5 is convenient for determining the correct 
nozzle area for a given set of conditions. Figure 6 can 
be used to predict the gain in performance to be expected 
from the installation. 

The method, of using the curves is shown by the 
following example. Assume the following conditions: 

Engine displacement volume, cubic inches .....1600 
Number of cylinders	 ................14 
Engine speed, rpm • 	 ...............2400 
Brake horsepower	 •................1100 
Atmospheric pressure, inches Hg absolute 	 . . . 13.75
Intake manifold pressure, inches Hg absolute . . 4300 
Propeller efficiency . . . , .. . . . . . . . . . . 	 :.85 
Airplane velocity, miles per hour ........350
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Then p0/pr. = 13.75/43.0	 0.32. 

If S—shaped stacks are used, the value of vdn/A 

corresponding to maximum performance is 145 (fig. 5(a)). 
The nozzle area per cylinder is given by 

Vd n	 1800	 2400	 144 

Area=g =	
x	 x	 = 2.96 square inches
 6T 	 f46 

If a charge consumption of 2.4 pounds per second is 
assumed, PoA/Me is given by 

-n	 " 9	 1Z'	 2 

	

13.75 X 0.491 X 144 X	 9X	 3750 feet per 

	

14	 2.4	 second 

From figure 6(a) the corresponding value of (T e)is 
2260 feet per second, anl the net cain in thrust horse-
power is given by 

AP
Mee)effj	 ---	 x 514 = 157,4 horsepower 

= - 550	 32.2	 550 

This value is 16,84 percent of the engine thrust horsepower. 
On the assumption that the airplane velocity varies as the 
cube root of the thrust horsepower, the increase in 	 V is 
given by 

	

AV = 350 [ 3J71684	 1] = 19 miles per hour 

The thrust horsepower of the jet alone is obtained from 
the curve A0 = 0nd is equal to P LT where 

PT =
	

----- x 2350 X	 163.5 horsepower 
32 550	 .2	 550 

The difference in thrust horsepower, 163.5 - 157.4 = 
6.1, is due to the loss in engine power. 

If the example is com puted on the basis of the value 

Of v4n/A at which the engine begins to lose power, the
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requir.ed nozzl.e area is 3.54 square inches per cylinder, 
which is 19.6 percent larger -than the area corresponding 
to maximum performance. The value of AV for this case 
is approximately 18.5 miles per hour. A].though the 
difference in performance with the two nozzle areas is 
slight, an improvement in flame damping Will possibly 
result from tke use of the smaller nozzle area.	 It is
evident from figure 6 that the nozzle area may be re-
duced to a value somewhat below the optimum with only 
a small effect on total performance. 

Figure 7 shows the variation of the effective brake 
specific fuel consumption ( bfe )eff with vdn/A for 
various values of	 o/m• The curves are based on data 
for the S-shaped stack and were computed for an airplane 
velocity of 350 miles per hour and a propeller efficiency 
of 0.85. Values of (bfc)eff were determined by the 

following relation

00 
(bfC)ef. = (ifc)0 

Lb + L 5 0 TJ v0 

where	 is for an engine speed of 2100 rpm and a 
given value of	 o'm' Pbo is the ratio bmep/p rn for 

the same conditions; AO T represents the net gain in 

thrust horsepower at a c iven value of vdn/A; 	 rep- 
resents the correi5bnd 1 	 volum-e-tr-i-c- -ef4-i-cie n.cy; 

is the volumetric efficiency corresponding to 00 and 

and (ifc) 0 is the indicated specific fuel con-
sumption for the unrestricted stack condition. 

The value of (ifc) 0 was taken as 0.495 at P0/Pm = 

1.0, which corresponds to a brake specific fuel consumption 
of 0.55 for the same conditions.	 It was assumed to be con-
stant for all values of Pc/Pm' 

The value of	 was obtained by the relation 

0b 0 = 0 -	 - 

where Ø' is the ' ratio of friction mean effective pressure 
to intake manifold pressure fmep/pm; finep was taken as 0.1
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imep at p0/pm = 1.0; P s is the ratio of supercharger 

mean effective pressure to intake manifold pressure 
srnep/p,	 computed on the basis of full throttle operation. 
In the computation of Os thô adiabatic efficiency was 
taken as 0.65 and the gear efficiency was taken as 0.85. 

The points for AØm	 0 in figure 7 represent the
brake specific fuel consumption when no jet thrust is 
utilized. The points for tio, ,p = maximum represent the 
values of v d fl h Jt corresponding to maximum performance. 

Maximum economy is obtained at the values of vUfl/A 

corresponding to maximum performanee. 

The 900 bend and the 1800 bendwil.1 give approxi 
mately the same gain in economy as the. S-shaped stack 
for a given set of conditions. 

The Effect of Stack Shape and Nozzle Area- on Engine 

Power and Volumetric Efficiency forthe S-Shaped,

the 900 Bond, and the . 1800--Bend-

The variation of	 and. volumetric offician.cy
with p 0 /pa for various nozzle areas at constant enin.e 
speeds is shown for the S-shaped stack in figures. 8 and 9. 
The cures are similar to those obtained for the 25-inch 
stack (reference i). 

Values of A 0 as obtained from the .faired curve.e..... 
in figure 8 are plotted against vd n/A in figure 10 
for constant values of	 o'm	 The values of 0 for 
the nozzle having an area of 420--s-quare inches represent 
the unrestricted-stack condition 	 There appears to be 
a smooth transition from the region of no loss in power 
to the region where a loss occurs,	 In...referen.ce .1 there, 
was found a very sharp transition from no loss in power 
to the region where a loss occurred- and, the data for the 
25-inch stack could be represented by a straight line 
intersecting the AP = 0 line at a value of vdn /A corre-
sponding to the point at which the engine. -just started 
to lose power, This difference in the .var-iation of A 
with vdn /A for the two stacks may be explained as - 	 - 
follows:	 The bends- in the S-shaped -stack.. represent a- -
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slight initial restriction so that with no nozzle restric-
tion on the end. ' of the stack a slightly larger effective 
value of vd n/A exists for this stack than for the 25-
inch stack. Although . the effective area is large enough 
that no loss in power is experienced, it is apparent that 
the addition of a nozzle with its. attendant pressure drop 
will cause a loss in power with less decrease in area than 
for the straight stack. As the nozzle area decreases, the 
effect of the inherent stack restriction is decreased with 
the result that a gradual transition occurs 	 For greatly 
decreased nozzle areas the effect of initial restriction 
becomes negligible and the power loss approaches that for 
the straight stack. 

'.The values of vdn/A at which the engine just begins 
to lose power were taken by inspection from 'figure 10 and 
are plotted against p 0 /p	 in figure 5(a). They are 
represented by the curve 	 = 0. The corresponding curve 
for the 25-inch stack is also given in order to show the 
effect of bends on the va lue of vdn/A at which a loss 
in engine power begins. 

Values of Anv obtained from figure 9 are plotted 
against vdn/A for constant values of p 0 /.p M in figure 11. 
A comparison of figures 10 and 11 shows that, as vdn /A is 
increased, a loss in engine power occurs before there is a 
loss in volumetric efficiency. The values of AO and 
An v at	 = 0.2 were obtained by extrapolating the 
curves in figures 8 and 9. 

The foregoing discussion als	 p-lies	 general-to the gO bend and the 180 0 bend, which gave re,.1.:c to 
those obtained for the S-shaped stack. The varas curves 
for the 90 0 and 180° bends are given-in-the fo11wing figures: 

Q°  bend	 1LO0 bend 

Ve against poA/Me	 .	 4(a) 
vd n / A against	 o/m	 :	 5(b)	 5(c) 
Of e0ff against PoA/Me	 .6(b)	 6(c) 

against Pc/Pm	 12	 16 

	

against P0/Pm	 13	 -- 

	

AØ against vdn/A	 14	 17 
against Vdfl/A	 15	 --

The curves of rh, and Anv for the 180 0 bend have been 
omitted in order to reduce the.nurnber of figures.
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The maximum net gain in thrust horsepower for a 
given set of conditions is approximately the same for 
these three stacks, although the required nozzle area 
will vary slightly for the different stacks. 

A comparison of figuies 8, 12, and 16 with the 
cory	 lcesponing curves fpr the 25-inch straight stack. 
show that corresponding values of	 for the unrei. 
stricted stack condition agree fairly well. The dis-
agreement is greatest at low engine speeds and at 

= 1.0. Since the scatter appearsto be random, 

it is believed-to be due to experimental error and to 
changes in the engine, which was overhauled several 
times during the tests. 

The Effect of Stack Length on Engine Power 

The 44-inch straight stack.- The -values of 0 and 
AO for a straight exhaust stack 44 inches long are shown 
in figures 18 and 19, respectively. The scatter of data 
makes it difficul,t to determine how AO varies in the 
region where a loss in power ber1n.s (fig. 19). A critical 
value of vdz/A was obtained by fairing two straight lines 
through each plot and considering the point of intersection 
at A = 0 as the critical value. A similar treatment was 
made (reference 1) for the 25-inch stack. The apparent 
value of vn/A at which a loss in engine power just occurs 
is much hig

,
er for these straight stacks than f.or.bent 

stacks but the transition to the region of power loss is 
much sharper for straight stacks.	 - 

The critical values of vdn/A for the 44-inch and 
the 25-inch straight stacks are shown in figure 5(d). The 
differences between the critical values of vdn/A for 
these two stacks are well within the limits of probable 
experimental error. The values of 00 at corresponding 
conditions are approximately the same for the two stack 
lengths; thus, no change in engine power may be attributed 
to the increase in stack length on thebasis of the avail-
able data. No other effect on the performance of the jet-
propulsion system is to be expected with the 44-inch stack. 

As the exhaust stack length is increased, the effets 
of gas friction will tend to create higher mean pressures 
in the cylinder d.uing. the time that its volume is decreasing
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with a resulting loss in power. Resonance effects also 
become more important as the stack length increases. It 
is evident that there is a limit to the length of exhaust 
stack that may be used without an appreciable effect on 
power.

The 108-inch straight stack.- A straight exhaust 
stack 108 inches long was tested for its effect on engine 
power. Figure 20 shows the variation of 0 with engine 
speed for various nozzle areas and. at values of pO'p 
equal to 0.4, 0.7, arid 1.0. Corresponding curves are 
shown for the 25-inch stack at	 o/m = 0.4 and 0.7. The 
curves for Po/Pm = 1.0 are not given for the 25-inch 
stack because of excessive scatter of the data. 

The effects of resonance between the natural frequency 
of pressure waves in the exhaust system and engine speed 
are appreciable and no correlation is obtained by plotting 
0 and tt against p o'm and vdn/A, respectively. The 
long stack was found to have an adverse effect on engine 
power for most practical combinations of engine speed and 
nozzle area. 

As the ratio	 o'm decreases,., the volume rate of
flow in the stack increases and the , acoustic velocity is 
maintained at the nozzle exit for a longer period of time. 
No pulses being reflected in a gas' stream moving at the 
velocity of sound, the effects of resonance tend to de-
crease with	 o'm' The difference in	 for the long 

- -
 

and the short -stacks is. t.hen .mainly - due tthe larger pres-
sure drops required by gas friction in the long stack. 
When a nozzle is placed on the. stack, pulses will be re-
flected by the surface representing the difference between 
stack area and nozzle exit area; thus, when the flow from 
the nozzle is mainly acoustic, resonance will occur with 
small nozzles and will tend to decrease as the nozzle exit 
area increases. The effects of a decrease in Po/Pm and 
an increase in nozzle area may be seen by inspection of 
figure 20. 

The Effect of a Branched Stack on Engine Power 

The variation of	 and tØ w i thPo /pm and
vdn/A, respectively, are shown for the branched stack in 
figures 21 and 22. The values of 00 agree fairly well
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with corresponding values for the stacks previously 
discussed. The critical values of van/A are shown 
in figure 5(e). 

Although these tests of a single-cylinder engine 
indicate that the branched stack has no adverse effects 
bn engine power, it is not certain that this result will 
be: true when both legs of the stack are being used. 

• For example, it is known that if the two legs are 
connected to cylinders having an appreciable overlap in 
exhaust valve timing, a loss in power will result. Fur-
ther investigation with branched stacks on multicylinder 
engines is requiredbefore an accurate prediction of 
their effect on engine power can be made. 

CONCLUSIONS 

Based on test-stand measurement of exhaust-gas jet 
thrust and engine power for an 1820-0 . cylinder it is 
concluded that: 

1. The mean exhaust-gas jet velocity.obtained 
with individual exhaust stacks was not appreciably 
changed bythe addition of smooth bend . to . the exhaust 
stack or by changes in length up to at least. 4feet.. 
The curve previously obtained for the 25-inch straight 
stack maybe used to predict the thrust obtainable with 
stacks falling in the foregoingc1assification. 

2. The presence of smooth bends in individual ex-
haust stacks having no nozzle rostrictiorhad no appre-
ciable effect on engine power, although a loss in engine 
power.. occurred for less reduction in nozzle area with 
bent stacks than with straight stacks. 

3. The maximum total performance obtainable was 
not greatly affected by the use of bent stacks, although 
the correct nozzle area varied with the amount of bend 
employed.	 .
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4	 .Increas3s of stack length up to Winches had 
no effect on en.gine power; a stack 108 inches long had 
an adverse effect on engine power for most practical 
combinations of nozzle exit area and engine speed.. 

Langley Memorial Aeronautical Laboratory, 
National Advisory Committee for Aeronautics, 

Langley Field, Va 
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