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NATIONAL ADVISORY COMMITTEE ¥OR AERONAUTICS
TECHNICAL NOTE NO. 1695

EFFECT OF FRESSURE RECOVERY ON THE PERFORMANCE

OF A JET-PROFELIED ATRPIANE

-

By Frederick H, Hanson, Jr. and Emmet A, Mossman

t SUMMARY

A study has been made to evaluate the effect of pregsure recovery
on the performance of a typlcal Jet engine and of a typlcal Jet-
propelled fighter alrplane. It was found that the pressure-recovery
efficlency of an alrplane alr—induction system is best represented by
ram-recovery ratlo, which ig the ratio of the lmpact pressure recovered
to the impsct pressure avallable. The effect of ram-recovery ratio
on the net thrust and on the gpecific fuel consumption of a turbojet
engine was calculated for various speeds and for altitudes from sea
level to 40,000 feet. The resulting changes in maximm speed, range,
and climbing performance of the airplane are indicated.

For an airplane flying 650 miles per hour at sea level, an
increase 1n ram—recovery ratio from 0.70 to 0.90 will result in an
18.9-percent increage in net thrust and a 9.5-percent decrease in
speclfic fuel consumption., From these and other sgimllar effects
indicated 1n the performance analysis, i1t would appear that the
attalmment of high ram recovery should be given ma:or consideration.
The analysls shows further that ram recovery will becoms of greater
importance in obtaining optimum performance as airplanes are developed
which have higher drag-divergence Mach numbers and which utilize more
powerful Jet engines.

INTRODUCTION

Because of the development of the turbojet engine and increasing
alrplane speeds, the problem of taking In the alr and ducting it to
the compressor inlet with a minimum pressure loss has agsumed a
greater importance. This increased significance 1s due to the thermo—
dynamic cycle of the Jet englne, the power output being a function of
the total pressure and temperature of the alr at the compressor inlet.

™,
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Performence estimates that have been mede for alrplanes using turbo— .
Jet engines usually assume a constant pressure—recovery efficlency.

While this assumption is reasonable for & particular sir—induction

system (air intake and internal ducting to the compressor inlet), it

does not allow the designer sufficient letitude for determining the

effect of pressure—loss variations. '

The purpose of this investigation was to evaluate the importance
of the pressure—recovery efficiency of the air—intake system, and
determine ites effect on the performance of a typical jet—propelled
alrplane. To make the study, a parameter was selected which ade—
quately indicated the efficiency of the air—induction system.

SYMBOLS

.

The symbols used throughout this report are defined as follows:

Cp specific heat at constant pressure, Btu's per pound per degree
Rankine
F thrust, pounds )
g gravitational acceleration, feet per second per second -
" total pressure, pounds per square foot
M Mach numbef
N engine rotational speed, revolutions per minute
P static pressure, pounds per squere foot .
q dynemic pressure, pounds per sguare foot
T total temperature, degrees Rankine
t static temperature, degrees Rankine
v veloclity, feet per second
Wa ailr flow to turbojet engine, pounds per second
V4 ratio of specific heat at constant pressure to specific heat

at constant volume
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= M2  M%t, MS - MS
(l+n)—<l+7+_+7+75+1600 85000 ° )

Subscripts
(o} free—stream conditions
1 conditions at the compressor inlet

DISCUSSION
Efficliency Paramesters for Alr—Inductlon Systems

Alr entering the alr—inductlon system of a turbojet airplane
usually undergoes diffusion which increases the pressure and temperature
while substantially reducing the ailr velocity relative to the ailrplane.
Many parameters have been used to indicate the efficlency of this
compression process. Of these numerous parameters, ram—recovery ratio
was selected as most suitable for presenting the pressure losses of
an air-induction system. The reasons for this cholce will be
discussed; and other commonly used parameters will be reviewed and
compared with ram—recovery ratio.

It was considered that an efficiency parameter, to adequately
indicate the pressure losses of an air—induction system, should have
the following characteristics:

1. Be readily measurable

2. Have a maximum value of unity (or 100 percent) to indicate
the maximum possible theoreticael efficlency, or the case
of zero pressure loss

3. Remsln essentially constant for the subsonic—speed range
(provided there are no energy losses due either to shock
formation or separation resulting from changes 1n Reynolds
number)

Ram—recovery ratio.— A paraﬁeter, used by many to indicate the

performance of an air—induction system, especlally at Mach numbers

up to 1.0, is the ratio of the impact (or ram) pressure recovered to

the impact pressure avallable Ei———gg « The maximim value of this
o — Po

parameter cannot be greater than 1.0, and it 1lg readily measurable.

To determine the constancy of ram—recovery ratio with Mach number,
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experimentel data have been used. These dste were obtalned by s
Naumann (reference 1) from tests of diffusers at high subsonic speeds.

It mey be seen_in figure 1 that ram-recovery ratio, computed from

these test results, varied negiigibly up to a Mach number of 0.90.

A similar negligible change was found for a Mach number range from

0.30 to 0.875 in tests of an NACA submerged—inlet installation. Rem—

recovery ratlo, therefore, meets completely the criteris previously
listed. :

; Hy —
Dynamic pressure—recovery ratio.— The quantity —EES;EQ or

1 —-eﬁ is sometimes used in presenting pressure losses, especilally

at low subsonic Mach numbers, It has, however, several disadvantages.

The ratlo —55——29 can have values either less or greater than 1.0,

the latter usuglly being the case for high Mach numbers and low pressure
losses. Figure 1 shows that, for a given air—induction system, this
representation of the experimentel pressure losses does not remain .
constant with increasing M,. Dynemic pressure—recovery ratio is related .
to ram-recovery ratio by the compressibility factor (1 + 7n).

Total-pressure ratlo.— One parameter. which has direct application

in turbojet-performance calculations is the ratio of the total pressure .
at the compressor inlet to the free—stream total pressure, Hlfﬁo.

It is relasted to ram—recovery ratio by the following expression:

Y
S [(1+7—1M°.2)7—1 - ] +1
Hy o~ P 2
- a
. -1 7—1
(:L+7'2 M)

which ig derived in Appendix A. The computed variation of this
relationship 18 shown in figure 2. Total-pressure ratio has the
disadvantage in that experimental losses of a glven alr—induction

' pystem presented in this form very with Mach number conelderably more
than if they were given as ram—-recovery ratios. (See fig. 1.)

Pressure retlo.— The ratio of total pressurs at the compressor
inlet to the ambient-static pressure Hl/go ig, in most turbojet—

engine—performance menuals, directly applicable for computation of
net thrust, air flow, and specific fuel consumption. Tts relationship
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to ram-recovery ratio is presénted in figure 3. The experimental
air—induction—-system pressure losses given in terms of Hl/po do not
remain constant with Mach number, and are not shown on figure 1
becesuse of their relatively large values in comparison with the other
parameters. For present day elr—induction systems this ratio would
have a value greater than 1.0, which for denoting an efficlency is
rot desirable. :

Eng;gz;;atio.—-Another parameter that is sometimes used is the

energy ratio. Tt is defined as the amount of kinetic energy recovered
by the eir—induction system divided by the kinetic energy availasble

in the air stream relative to the airplane. This ratic is derived

in Appendix B and may be written as

71
Ene ti0 = 1 2 [(H‘:> 4 1]
TEY ra =] = ——— - -1
& 1) M2 \\E

The variation of this energy ratio with Mach number for constant
values of ram-recovery ratio is shown in figure 4. The energy ratio
hes been known under g veriety of different nemes and forms. Some
authore refer to it as an energy efficiency, while others call it

e diffuser efflciency. It is equivalent to the adiabatic compression
efficlency commonly used to denote supercharger and blower performence.
(See reference 2.)

The prinecipal dlsadvantage of using emergy ratio to present
alr—induction—-system losses 1s that it involves relatively complicated
computation. Figure 1 shows that experimental losses given in this

manner have a slightly greater variation with Mach number than does
ram-recovery ratio.

From the preceding résumé of the parameters used to indicate
the efficlency with which air is ducted from outside the airplamne to
some station inside (such as the compressor inlet), it would appear
that ram—recovery ratio is the only parameter that satisfies all the
criteria previously mentioned.

Effect of Ram—-Recovery Ratio on the f‘
Performance of a Turbojet Engine Vi

The effect of ramrecovery ratic on turbojet—engine performance\
was calculated for an engine representative of those in use today. ~
This propulsion engine had a thrust of L4000 pounds, an alr consumption }
of T73.0 pounds per second, and a specific fuel consumption of 1.08 pounds

per hour per pound of thrust, at the nominal static rating (7700 rpm).

From the concepts of flow similarity, inertie forces, elastic
forces, and thermal expansion of the working fluld in the Jet—propulsion
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engine, certain basic dimensionless parameters have been derived in
reference 3. By using constants of proportionality, these dlmensionless
parameters are changed to "corrected parameters.” The "corrected”
parameters haye heen used by engine menufacturers to represent the
gross thrust, alr-flow rate, and fuel—flow rate as functions of engine
speed. TFrom the total temperatures and pressures at the compressor
inlet, actual values of gross thrust, air flow, and fuel flow may

be computed for any specific condition. As mentioned in reference 3,
actual ground tests at various simulated altitudes and flight Mach
nunbers have substantiated the valldity of this method.

As adlsbatic flow has been assumed in this analysis, the rige in
pressure coccurring in the air—induction system will dspend only on
the Mach number and on the efficiency with which the flow process
takes place. The total temperature ratio between the diffused and
the ambient air will depend solely on the airplane Mach nugber.
CGalculations of the performance of a typical jet engine were made for
various altitudes and airspeeds by determining for these conditions
the total temperature and, for various ram—recovery ratios, the total
pressure at the compressor inlet,

Net thrust at constant speed was caomputed using the basic
performance charts of the representative turbojet engine and the
relation

oot~ (Femone - ) - |- 2(H)].

On the right-hand side of this equation the quantities in the first
parentheses represent the net thrust for a given altitude and alrspeed
with no pressure losses in the duct system, while the quantities In

the brackets represent the change 1In gross thrust and in rem drag
resulting from pressure losses in the duct system. BSpecific fuel
consumption was computed in a manner analagous to that used in computing
net thrust.

With the assumption that the Jet engine was operating at rated
rotational speed, the maximum available net thrust and the specific
fuel consumption were computed for true airspeeds up to 650 miles
per hour, altitudes from sea level to 40,000 feet, and ram—recovery
ratios from O to 1.00. (See figs. 5 and 6.) These figures indicate
that the effect of ram—recovery ratio on net thrust end specific fuel
consumption 1s small at low subsonlc speeds, the effect becoming more .
pronounced, however, at moderate and high subsonic speeds.

From figure 7 1t may be seen that for an Increase in ram—-recovery

L4

”
S
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ratio from 0.70 to 0.90, the percéntage change in net thrust and
specific fuel consumption increasés as the alrspeed increases. This
increase becomes less pronounced as the altitude is increased from
sea level to 40,000 feet. g
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Figure 8 shows that, while the percent loss in net thrust varies
almost lineaerly with ram—recovery ratio, the rate of change of specific
fuel consumption with ram recovery is greater at the lower values of
this ratio. Therefore, for a given change in ram—recovery ratio,
operation of an alr—induction system in the high range of ram—recovery
ratios would not affect specific fuel consumption as greatly as would
operatiqn in the low ram—recovery ratio range. The effect of
increasing altitude was to reduce the percentage change in both net
thrust and specific fuel consumption.

Further examinstion of figure 8 indicates that for a constant
ram-recovery ratlo, a change in airspeed has a large effect on net
thrust and specific fuel comnsumption. This result can be explained
by the fact that for a given loss in ram—recovery ratio the percentage
loss in total pressure at the compressor inlet is greater at high
speeds then at low speeds. For example, a decresase from 0.50 to O. 70
in ram-recovery ratio lowers the total pressure 7.8 percent for
650 miles per hour and only 1.4 percent for 250 miles per hour.

The Effect of RamRecovery Ratio on the
Performance of a Turbojet Airplane

The alrplane chosen for these performance calculations was a
typical military fighter. This type of ailrcraft was selected since
it requires maximum performance for all flight conditions. The fighter
selected, a single—place single—engine airplane with conventional wing
and tall arrangement together with data reguired for these performance
calculations, is shown in figure 9.

The assumed 1ift and drag characteristids of this airplane are
shown in figure 10, and the totel drag of the alrplane at various
altitudes is presented in figure 11. These total drag curves, and
the curves for net thrust and specific fuel consumption presented in
figures 5 and 6, were used in calculating the performance of the airplane
for ramrecovery ratios of O, 0.20, 0.40, 0.60, 0.80, and 1.00. Where
necessary, the varilation of gross weight was corsidered in the performence
calculations. -

Maximum speed and speed for best climb.— The values of maximum speed
were determined from the intersection of the curves representing
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thrust ‘available and drag. An example of this procedure is shown
in figure 11, the thrust velues used being for the condition of
Hl—Po
R N

Both the maximum speed and the speed for best climb are shown,
in figure 12, to be adversely affected by a decrease in the ram-—
recovery ratio. The speed for best climb increases with sltitude,
approaching the maximum level flight speed at the absolute ceiling
where they are equlvalent. As the ram—recovery ratio decreases, the
absoclute celling becomes lower.
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= 1,00.

It may be seen from figure 13 that the effect of a change in
altitude on percent decrease in maximum speed is less at a high ram—
recovery ratio than at a low ram—recovery ratio.

The maximum speed of this typical airplane occurs near ses level.
However, the Mach number at which meximum speed is obtgined 1s increased
at alt;tudes above sea level. This is shown in the following table:

Ram—recovery ratio Mach number at V,
Hl - Po
5 ~7p Sea level| 20,000 feet | 40,000 feet
0 o
0.20 0.670 0.731 0.709
.60 .725 . 768 .51
1.00 .T67 .799 . 784

By comparing these values with thelr corresponding level flight drag
coefficlents (fig. 10), it might be expected that the sltitude for
maximum speed would vary 1f the alrplane drag characteristics were
altered. Filgure 14 shows that the maximum speed would occur at a
higher sltitude 1f the Mach number for drag divergence, as shown in
figure 10, were increased. For this condition, and for ram—recovery
ratios above 0.30, the speed of the airplane 1s greater at 40,000 feet
than at sea level. It may also be seen in figure 14 that a glven
change in ram recovery ratlo produces a greater change in maximum speed
i1f the Mach number for drag divergence is increased. The effect of
ram-recovery ratioc becomes even grester when it 1s assumed that the
alrplane having these improved drag characteristics is powered by =a
5000—pound—static-thrust jet engine instead of a 4000—pound engine.l

1Tt was sssumed that the ordinates of fi e 5 were multiplied by the
ratio of the sea—level static thrusts g&z%) .
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Consequently, the ram—recovery ratio of the air—induction system will
agssune a greater importance as airplanes asre developed which have
higher critical Mach numbers and which are propelled by more powerful
Jjet englnes.

Figures 12 and 13 also show that pressure losses in the air—
induction system affect the best climbing speed more at sea level
than at 40,000 feet. This is a conseguence of the variation of
avallsble thrust with ram—recovery ratio and altitude (fig. 5) and
the variation of total drag with velocity and altitude (fig. 11).
The climbing performence is a function of these mutually interdependent
factors, which are in turn functions of a glven airplane and jet engine.

Rate of climb and time to climb.— The computed rate of climb and

time to climb in relation to altitude and to ram—recovery ratio for
the typlcal airplane are shown in figure 15. The rate of climb of
the airplane -18 decreased by a constant reduction in ram—recovery
ratio to a greater extent at sea level than at 10,000 feet. However,
the percent change is greater at 40,000 feet. (See fig. 16.)

The time to climb to a given gltitude 1s decreased by increasing
the ram—-recovery ratio. As an example, if the ram—recovery ratio of
the air~induction system is increased from 0.70 to 0.90, the typical
fighter airplane would reach an altitude of 40,000 feet in 11.4 minutes
instead of in 13 minutes. In additlion, the fuel consjmed in climbing
to 40,000 feet would be reduced from 525 pounds to 490 pounds.

Range.— The effect of ramrecovery ratio on the maximum range of

the airplane, for altitudes of 20,000 and 40,000 feet, is shown in
figure 17. It was assumed that the flight for maximum range was made
at constant eltitude. The engine speed and airplane velocity decreased
as the fuel load was consumed. However, the magnitude of these changes
was small. A description of the method used for calculating range is
given 1n reference 4. The flight condition for maximum range was
considered to be at the point of tangency of the drag versus velocity
‘curve and of the thrust versus velocity curve representing a constant
fuel consumption per mile.

The range of the fighter airplane is seen, in figure 17, to vary
conslderebly with ramrecovery ratio. It is also shown that the
adverse effect of air—induction—system pressure losses on range increases
with altitude.

At lower ram-recovery ratios, the Jet engine of the airplane
nust operate at a higher percentage of its rated rotational speed
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for best range flight: Thus the fuel consumption per mile is
increased and the range ig reduced. The followipg table gives the
percent of rated rotational spsed of the jet engine and the
crulsing velocity, at a point during flight for meximum range where
the fuel has been consumed.

Ram—recovery ratio | 20,000 feet 40,000 feet

Hy = p,

V'~ | Percent
Ho ~ Po o N
e

399 89.7
Loz 86.9
k1o 84.7

CONCLUSIONS

In an analysis of the effect of pressure recovery on the
performence of a Jet—propelled airplane, it is shown that: .

H -
Ho — Po
to indicate the efficiency of the air—induction system.

1. Ram-recovery ratlo 2 was the parameter most suitable

2. Reduction in ram—recovery ratlo considerably reduced the net
thrugt and increased the specific fuel consumption of the typical
Jet engins. .

3. The resultant effects on the performance of s fighter—type
alrplane powered by this typlcal jet engine were of sufficlent
magnitude to make high efficiency of the air—inductlon system of
me jor importance.

L. As airplanes are developed which have higher drag—divergence
Mach numbers and which utllize more powerful Jet engines, high ram—
recovery ratios for the air—induction systems will become even more
necessary, if meximum performance is to be realized.

Ames Aeronsutical L&bofatdry,
National Advisory Committee for Aeronautics,
Moffett Pield, Calif.
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APPENDIX A
Relation between Ram-Recovery Ratio and Mach Number

By definition, the ram—-recovery ratio is

B _ .
B~ Do o o (A1)
H0 — Po . :_E_[g_ -1

Po

For an isentropic process

Po = Hy <

-1 7—I
+ A 5 M°2> for i—o- in the equation for the
(o}

ram-recovery ratio, the following expression is obtained:

(a2)

Substituting

—lKl.l"r Mo>7—l

Hl - P 1
° - : (43)
E; = Po A
Ty = -1
gt M°2>7 -
or
H, — -1
T o) [(1 + L= M02>7—l —1:I+ 1
H, 7_
Y =l ya2) ¥
<l + S Mo >
The ram—-recovery ratlio may also be written as
Ho — E
1] —-—2=-1
g, (1 + 1)

where the term (1 + 1) i1s the compressibility correction. It
should be noted that at low Mach numbers the ram-recovery ratio may

be spproximated by 1 — (é‘-'i) s 8lnce the compressibility correction
o

.

is small.
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APPENDIX B T
Derivation of the Energy Ratio

Using the energy equation

v 2
cp to * Eg_ = cp Tp (B1)
and the relation
7—1
to Po) 7
— = —
2
the following equation 1s obtained:
: 7—1
V2 7
2 = |T, - T <39-> (B3)
2g P Hy

This guantity represents the actual kinetic energy per pound of the
free—stream ailr. At the compressor inlet the pressure is H; and
the air temperature is T;. Vi1 .18 assumed to be equal to zero. If
these quantities are reconverted to Pree—stream conditions where the
free—stream static pressure is p,, an air velocity of V,' 1is

obtained which is less than Vo, because of pressure lossea in the
duct system. Equation (B3) then becomas

Since the air flow through the duct system i1s assumed to be adiabatic,

Ty = Ty and the ratio of the kinetic energy recovered to the kinetic
energy available is

7=1 ]

_Toc;r

= (B5)

% =% (52

Since
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the ratio of the kinetic energy recovered to the kinetic energy
avallable may be expressed, In terms of My and HO/H;,_, as

7L
R v [@‘3 " - l] (%)
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Gross weight 12000 !b
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Fuel toad 3120 Ib
Aspect ratio 7
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Figure 8.— Typlcal turbojet airplane.
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Figure 12.— Effect of ram-recovery ratlo on the maximum Ilevel
flight speed and best climb speed for a fypleal turbojet
airplane .
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Figure |4.— Effect of ram-recovery ratio on fthe
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alrplane.
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Figure 16— Percent change In the rate of climb
and time to climb to 40,000 feet with
decreasing ram-recovery ratio for a typ/cal
turbojet airplane.



NACA TN No. 1695 35

1800
/‘/
/
1600 40000 fegr/
-
1400
(7]
g§ /200 ' — e
) |— 20000 feet-—+—
3 —
& /000 =
]
800 <
.
600, 2 4 6 3 10

Ram recovery ratio
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