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The use of an automatic polar-coordinate traversing system for
determining jet-engine combustor performance is described. A combined
temperature and pressure probe is swept circumferentiaUy through a
quarter-annularexhaust duct at selected radial positions. Data are
recorded as a function of Trobe position.

This method furnishes cou@ete temperature, pressure, and flow
profiles with a single probe. It provides a means of calculating mass-
weighted or area-average mean temperatures and pressures for evaluating
combustion efficiency and pressure loss. An example is given to illus-
trate these procedures.

INTRODUCTION

Jet-engine combustion-chamber design must conform to many require-
ments specified by carbon deposition, liner temperature, size, combus-
tion stability, temperature profile, pressure drop, and combustion effi-
ciency. Many of these requirements maybe evaluated by inspection and
simple measurements, but evaluation of the ktter three characteristics
entaU_s more elaborate research instrumentation. For determination of
temperature profiles, local temperatures at a combustor-exhaustplane
normal to the gas flow are needed. For combustion efficiency and
pressure loss, weighted mean temperatures and total pressures are re-
quired (ref. 1). Local temperatures and total pressures are commonly
measured by multiple rakes of thermocouples and total-pressure tubes.
Mean temperatures and mean total pressures are calculated by mass-
weighting these local measurements, as shown in references 1 and 2.

The high-temperature jet-engine combustion systems now under de-
velopment present additional difficulties,because accurate measurements
are difficult to obtain at the high-temperature and relatively low mch
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number conditions. Furthermore, because of large variations in the
temperature distribution and uneven velocity distributions, an increas- .

ing number of measuring elements is required for an adequate survey
(ref. 3).

These problems were resolved at the NA.CALew@ laboratoryby a sur-
vey method which consists of a traversing mechanism for covering the
complete combustor-exhaustplane and computation techniques for ob-
taining representative data values from these traverses. The survey Cu

system uses a combined thermocouple and total-pressure-tubeprobe. The
m
m

single probe, as opposed to multiple rakes, allows the use of complicated
K1

sensing elements suited to high temperatures, such as the sonic aspirated
thermocouple first described in reference 4. This survey system was
adapted for use in annular gas passages by means of a polar-coordinate
sweep movement, which actuates the probe automatically. Temperature and
pressure are recorded continuously against probe position.

This report shows the application of this survey method to the
determination of temperature,pressure, and velocity profiles, couibustion
efficiency, and pressure loss. An example of high-temperature combustor
profiles is presented to illustrate these
the use of the survey method in combustor
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SYMBOLS

area

area increment

force-mass conversion factor, 32.2

Mach number

mass-weighted mean total pressure

absolute total pressure

procedures and the results of
performance evaluation.

lb(mass)-ft/lb(force)(sec2)

total-pressure10ss.across combustor

combust+-iulet total.pressure,, .... . !-,.
absolute statid~r’esstie:

‘1dynamic,pressurej~.pV2

combustor-inlet dynamic pressure

specific gas constant
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Tm mass-weighted mean total temperature

‘t
absolute total temperature (in numerical examples given in ‘F rather
than in absolute units)

y velocity

w mass-flow rate

r ratio of specific heats

P density

IJESCRIPITONOF SURVEY SYSTEM

Turbojet combustor-e@aust passages are commonly amular in shape.
While previous traversing systems for these ducts have appeared in the
literature (refs. 1 and 5), the survey method described herein offers
a means of obtaining a more complete traverse by moving a single-point
probe circumferentiallyacross the duct passage at a number of radial.
stations. A polar-coordinateprobe movement allows the probe to be
positioned from a fixed pivot point outside the duct, simplifying the
probe actuation.

Although the survey method could be adapted to a nuuiberof differ-
ent flow-passage geometries, the one considered here was designed for
use with a 900 sector of an annular combustor, frequently used in lab-
oratory installations to conserve air and fuel supplies. The polar-
coordinate survey section constructed at the Lewis laboratory is shown
in figure 1. The probe enters the gas passage through a wall-enclosed,
slot below the duct. The probe is swept circumferentiallyby an
angular drive hub, held in place by bearing blocks below the cooled duct
walls, and driven radially through a shaft below the hub.

A cross-sectional view of the probe installation is shown in fig-
ure 2. The passage between the probe and the radial-drive lead screw
is pressurizedby outside air for cooling. .’IMs ah escapes throu@

holes drilled in the clamping collet which holds the bottom of the probe
to the lead screw. Escape of ,the~cooledair into the combustor-exhaust
duct through the probe access”f’slotis minimized by drating the cooling
air out through the ~’lum ,co~e$~ionhj,ustbelow the angular-drive hub.
The vacuum outlet maybe~o@%te$~”’~Qr combustor operation at high
pressures. .. -,,., .. :..

The probe chosen for this example consists of two ‘elements: a
total-pressure tube and a platinum-13-percent-rhodium- platinum thermo-
couple. The principles of the sonic-aspirated thermocouple sre described
in references 2, 4, and 6 to 8. This type has the advantages of constant

“ recovery factor and negligible radiation and conduction errors (ref. 9).
A ncuum connection allows the exhaust gases to be drawn through the noz- .
zle past the thermocouple junction at sonic velocities.

—— -— —.— —-—---——-—-
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A complete polar-coordinate survey of an annular passage with a
single probe requires both radial and circumferential traverses. A .

practical.,time-saving compromise is to sweep the probe circumferential-
ly at several predetermined r-adii. Any number of these circumferential
sweeps may be used, but for this specific application five radial posi-
tions were found to be sufficient. The path traced by the probe tip is
shown in figure 3. lRromeither of two terminal positions represented
by circles, the probe moves angularly until the entire circumference is
surveyed, then repositions radially for a return circumferential sweep,
and so on until the five circumferential sweeps gre couipleted. Posi-
tion measurements were obtained from a potentiometer geared to the
angular-drive hub. When used with anX-Y recorder, this survey method
thus furnishes five circumferential data profiles. The five radii are
at centers of equal annular areas.

The path shown in figure 3 is traversed automatically after the
operator closes a start switch. Mechanical and electronic details of
the automatic positioning control are’given in appendix A.

Since this is an analog system, the response time of the measuring
elements is of importance. By application of thermocouple time-constant
methods, such as those of reference 10, a negligible temperature-response
lag was attained by establishing a probe traverse velocity sufficiently
slow with respect to the response time. In the example cited in this
report, an angular traversing velocity that allowed a single circumferen-
tial sweep to be completed in 40 seconds was found to be satisfactory.
Accuracy of the angular-position-transmittingpotentiometer was 0.1 ...

percent; accuracy of the radial-actuatorpositioning was also 0.1 percent.

Temperature, total-pressure, and angular-position indications were
.

converted to the scale requirements of a recorder by separate matching
units of precision resistors for the
and position potentiometer signsls.
for a constant recovery factor (ref.
termined by surveys but was measured
exhaust-duct side walls.

respective thermocouple, transducer,
Thermocouple readings were corrected
4). Static pressure was not de-
instead from taps located in the

.
APPLICATIONS

Profiles

Temperature and pressure profiles are
survey. Measurements of dynamic pressure,

obtained directly from the
or the difference between

total and static pressures, is preferred to the direct recording of .,

total pressure, since in this way a sensitivity to small pressure varia-
tions at high total-pressure levels is retained. Dynamic-pressure
measurements are made by connecting total- and static-pressurelines to

k’

a pressure transducer, which transmits a signal to the recorder indica-
tive of the difference between the two pressures. For this example,
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sufficiently accurate dynamic pressures were obtained from the probe
total-pressure tube and a representative duct static pressure measured
at the side-wall taps. Where very accurate dynamic pressures are de-
sired, however, static pressure as welllas total pressure should be
surveyed.

Velocity profiles are constructed from values calculated from the
temperature, static-pressure,and dynamic-pressuremeasurements. The
appropriate equations for the calculation of velocity for both compress-
ible and incompressible f,lowassumptions are given in appen~ B. Mach
number and mass-flow profiles are constructed from values calculated by
equations also developed in appendix B.

Combustion Efficiency

Combustion efficiency is defined as the ratio of the heat ener~
actually developed in the gas stream to the heat ener~ theoretically
available from complete combustion. While the increase in energy may
be determined from thrust measurements (ref. U_) or exhaust-gas analyses
(ref. 5), it is commonly calculated from the average combustor-exhaust
temperature rise (ref. 12). This requires temperature measurements at
inlet and outlet stations of the combustor. At the combustor inlet, with
a uniform temperature, there are rarely any difficulties; but at the
outlet, a mass-weighted temperature must be calculated (i.e.,,the tem-
perat&e of a uniform stream having the same mass
energy as the actual exhaust gases). As shown in
the mass-weighted temperature is expressed as

J-Ttdw
% ‘“~

Since the weighting is usually ~erformed as
of local values at area increments,

flow and the same heat
references 1 and 2,

(1)

a smmnation of a finite number

(2)

Substituting the incompressible-flowrelations for mass flow derived in
a~endix B gives

.. ..—————- ——___ -.. .—— .—.-—
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or, since static pressure is considered constant across the duct,

(3)

The dynamic-pressureand total-temperature values measured by this
survey method can be substituted directly into equation (3) to obtain
the mean temperatures from which combustion efficiency is calculated.

Total-Pressure Loss

The loss in total pressure of a combustion system i~ the difference
between the total pressure of the air entering the system and that of
the gases leaving it. A common dimensionlesspressure-loss ratio is
AP~ql, where ql is the inlet dynamic pressure. This preswure ratio

is a function of the density ratio across the combustmr (see ref. 13).
Another common pressure-loss parameter is the ratio of pressure loss to
inlet total pressure ~t/pt,l used> for e=mple, in analytical studies
in reference 14.

As with temperature determinations, it is necessary to traverse the
gas streams to obtain mean total-presstie values. The
mass-weighted total pressure (i.e., the total pressure
stream having the same mass flow and kinetic energy as
gases) is written (ref. 1) as follows:

.Other weighting methds involving effective v-dues
for a one-dimensional

In the folloting

flow assumption are given in

RESU’I_PSAND DISCUSSION

section, results of a survey

expression for
of a uniform
the actual.exhaust

.

(4)

of static pressure
reference 15.

taken by the polar-
coordinate survey method are presented. The survey section was placed
at the exhaust of a turbojet-combustor iwt~ation operated at average
exhaust-gas conditions of 2000° F and 750 feet per second.

— .. ——
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For the illustrative example
conditions were as follows:

Total temperature, OF . .“. . . .
Total pressure, lb/sq in. abs . .
~eference air velocity based upon
maximum combustor area, ft/sec

JP-4 fuel heating value, Btu/lb .
m “’ Fuel-air ratio . . . . . . . . .m
w
N

7

run reported here, combustor-inlet

. . . . . . . . . . . . . . . 840

. . . . . . .‘. .. . . . . . . 25.0
inlet-air density and
. . . . . . . . . . . . . . . 200
. . . . . . . . . . . . . . . 18,700
. . . . . . . . . . . . . . . 0.018

Profiles ani Contour Maps

Data recorded for this survey example are presented in figure 4,
which shows temperature-positiontraces (fig. 4(a)) and dynamic-
pressure-position traces (fig. 4(b)). Contour maps ctmstructed from
these data are given in figure 5. On these maps, lines of equal tem-
perature and dynamic pressu~e are plotted directly on a scale drawing
of the quarter-annular exhaust duct, graduated in polar coordinates.

.

.

Temperature contour maps. - Total-temperaturepatterns are pre-
sented in figure 5(a). Temperature points along the five circumferen-
tial paths that were surveyed were placed on the map, and then the equal
temperature contour lines were interpolated. The isotherms with the
most characteristic curvature, such as ‘the.23000and the 1800° curves,
are constructed first; and intermediate temperature lines are then
drawn between them, since the isothermal curves must not intersect.
With a little practice, precise patterns can be drawn.

The temperature contour map presents radial and circumferential
exhaust profiles in one plot, and it is therefore a useful means of
studying the influence of combustor design upon exhaust temperature
patterns. Relatively hot or cold regions shown on th~map can often

1 be linked to air-entry-hole or -slot patterns in the combustor. Design
changes for altered temperature profiles then may be made with the con-
tour map as a guide. The marked cooling effect of the duct side walls
is also evident in the temperature contour map in figure 5(a). These
side walls would not be present in a fuU annular exhaust duct, and the
circumferential temperature gradients would be reduced.

Radial gradients at any circumferentialposition, to correspond
to turbine blade locations, are constructed by cross plots taken at the
desired circumferential station. In figiire5(a), as an iHustration,
a radial profile at 10o to the left of the centerline would show a peak
temperature of over 2600° at the center, an outer-wall (tip) teW?era-
ture of about 2400°, and an inner-wall (hub) temperature of about 2200°.
An over-all average radial profile may also be obtained from the weighted
mean circumferential temperatures.

.- _____ .— .—..—-..—————. —— --———————-——--—————— ——
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Pressure, velocity, and flow contour maps. -
patterns presented in figure 5(b) are constructed

The dynamic-pressure
in the same manner-as

the temperat~e patterns: The highest dynamic pressures are found in
the lower corners, while the lowest dynamic pressures are at the upper
left corner. For incompressible flow, dynamic pressure is directly pro-
portional to the square root afMach number (appendixB); and, according-
ly, Mach number values corresponding to each isobar value are also shown
in figure 5(b). Dynamic-pressure values of 1.4 andl.9 pounds per square
inch describe most of the flow area, corresponding to a Mach number range
of 0.32 to 0.37, sufficiently low to justify the incompressible-flow
assumption. With this combustor configuration,pressures and Mach num-
bers are greatest at the lower portion of the duct. In contrast to the
temperature contours, circumferentialpressure gradients are small.

A velocity pattern map, calculated from the total-temperatureand
-ic-pressme databy the.equation given in appendix B, is shown in
figure 6(a). The influence of temperature is seen from a comparison of
the dynamic-pressurepattern in figure 5(b) and the velocity pattern in
figure 6(a). The highest velocities are found close to the lower radius,
corresponding to the location of the highest dynamic pressures; circum-
ferentidly, however, the @est velocities =e near the center~e~
the region where the highest temperature are found.

Mass-flow patterns for this example are shown in figure 6(b). The
equation for mass flow as an incompressible-flowfunction of temperature
and dynamic pressure is derived in a~endix B. Temperature has an in-
verse influence on mass flow, and the highest mass flows thus occur at
the low-temperature - high-dynamic-pressureregion along the lower side
walls.

Combustion Efficiency

The weighted mean temperature, calculated in accordance with equa-
tion (3) for the run illustrated in this report, ~ms 1967° F. For the
inlet conditions cited preciously, couibustionefficiency, computedby
the method of reference 12, was 96.0 percent.

AS discussed previously, th combustion-efficiencyc~c~ation ~
based upon a representative mean exhau6t temperature. The determiution
of an accurate mean temperature rests upon two factors: (1) a complete
survey of the exhaust duct, and (2) proper weighting of the local
measurements.

Completeness of survey. - Ordinary fixed thermocouple rakes have
proved satisfactory for complete surveys at moderate temperature condi-
tions tith smalJ_temperature and pressure gradients (ref. 3). On the
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other hand, for the typical high-temperaturepatterns of figure 5(a),
there are wide variations in temperature. It is evident that, if sta-
tionary rakes are used, a large number of elements is required because
of the steep gradients. At extreme conditions a placement of one thermo-
couple per square inch of cross section, or nearly 60 thermocouples for
this duct, is advised in the literature (see the discussion following
ref. 3, ~. 333-334). With half this nuuiberof thermocouples, the maxi-
mum that could be physically accommodated at one cross-sectionalplane
in this duct, a symmetrical placement of thermocouples gave average
temperature,readings that were 150° too high for the example cited here.
This high’average temperature is due to an incomplete survey, particular-
ly at regions near the side walls.

The polar-coordinate survey method furnishes a means of obtaining
these complete surveys. There is negligible disturbance of the flowby
the measuring elements, because the method employs,only a single probe.
For the example cited here, surveys at five radial positions were suffi-
cient. When desired, however, additional circumferential sweeps for
more complete coverage could be included without any further instrumen-
tation or area blockage. .

Weighting methods. - The second factor in temperature measurement is
the requirement of proper weighting methods. Mean temperatures are de-
termined by mass-weighting as shown by equation (3), written for incom-
pressible flow and constant static pressure. The mass-weighted tempera-
ture shown in table I was calculated by using 45 equally spaced tempera-
ture and dynamic-pressurepoints on each circumferential survey from the
original data sholm in figure 4. This method is ordin~fly most con-
venient, although further precision could be obtained by planimeter
integration.

In practice, the mass-weighting procedure is rarely used.. Mean
temperatures are generaUy expressed as area averages. If the local
temperature points represent equal area increments, the area-average

temperature is simply an arithmetic average of the individual tempera-
ture points. Even where the mass-flow distribution is not uniform, an
area-average temperature may be acceptable. For example, the area-
average temperature for the run illustrated here based upon the same
number of points as the mass-weighted temperature is 19930 F, 260 high-
er than the mass-weighted temperature; and the calculated combustion
efficiency is 2.4 percentage points higher. Mass-weighted and area-
average temperatures are compared at each circumferential survey radius
in table I.

The comparison shows that, while the compromises involved in using
an area-average temperature are recognized> the difference between this
average and the correct mean temperaturemay be small. The mass-flow

—-. — .—-.————— ——— —————————-- —.



10 NACA TN 3566

contours in figure 6(b) suggest that this discrepancy should be greater,
but probably compensating.inequalitiesin the mass-flow distribution
cancel out. No criterion can be offered here as to whether mass weight-
ing is necessary in a given ease.

Total-Pressure Loss

The weighted mean total pressure, calculated in accordance with
equation (4), was 23.2 pounds per square inch absolute for,the run
illustrated in this report. Inlet total pressure was 25.0 pounds per
square inch; thus, the total-pressure loss was 1.8 pounds per square
inch, or 7.2 percent of the inlet total pressure.

The previous discussion of the need for a complete temperature
survey and proper weighting of temperature data also applies to pres-
sure measurements. Because total-pressure gradients are not’as great
as temperature gradients, the completeness of the survey or the method
of weighting is not as important for pressure measurements. The total
pressure for this run calculatedly area-averagingwas identical to
the value obtained by mass-weightiug. Pressure values at each radius
by the two methods may be compared in table I.

Total-pressure loss could also be recorded directly in this survey
method by connecting a combustor-”inlettotal-pressure tube and the
exhaust-probe totsl-pressure tube to the pressure transducer. This
method is most suitable where pressure loss is of prime importance
rather than combustion efficiency or velocity profiles. On the other
hand, in many cases as is illustrated here, recording dynamic pressure
directly rather than pressure loss is preferred for convenience in mass-
weighting and velocity calculations.

CONCLUDING REMARKS

A survey method for determining jet-engine combustor performance
has been described. The method employs an automatic polar-coordinate
traversing system that actuates a combined temperature and pressure
probe for surveys of turbojet-combustor-exhaustducts. Computation
techniques are given for performance calculations from the survey data.
The method furnishes a complete temperature and pressure survey and a
means of calculatingmass-weighted or area-average temperatures and pres-
sures for evaluating combustion efficiency and pressure loss. A single
movable probe assures a minimum disturbance of the exhaust-duct flow
patterns.
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An example was given to illustrate the survey method. The choice
of the probe, survey cross section, and traversing path, however, is
not limited to the high-temperature application cited in this report.
The system maybe used to actuate static-pressure tubes, exhaust-gas
sampling tubes, anemometers, and other sensing devices. The traversing
path maybe rearranged to include circumferential sweeps at any desired
number of radii; or, conversely, the positioning control can be re-
arranged fbr radial traverses at predetermined circumferentiallocations.

Lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronautics

Cleveland, Ohio, July 19, 1955
.

..——— . - —.—. — —.—— .—-—
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APPENDIX A

The probe travel
shown in figure 3, ‘is

AUTOMWTIC ~SITIONING CONTROL

of circumferential sweeps at predetermined radii,
governed by an automatic controller. Angular and

radial motion alternate with one drive energized at a time as determined
by the control circuit (fig. 7).

The radial position is controlled by a self-balancing Wheatstone
bridge with a closed-loop servomechanism. The ratio of resistance be-
tween two arms of the bridge reflects a specific probe position, since a
precision multiturn potentiometer (R14) geared directly to the probe ra-
dial actuator provides this resistance ratio. The ratio of the remaining
two resistive arms is one of five predetermined ratios, representing a
radial probe position, selected through a stepping switch (relay 6 and
resistors R1 to R6). If the probe is at another radius, the bridge un-
balance voltage is amplified and powers the actuator motor through out-
put relay 1 or 2 to drive the bridge to balance.

Limit switches (Sw. 3 and 4) control the angular-drive motor through
relays 3 and 4, which determine the direction of angular drive. Relay 4
also sends a pulse of current through either condenser Cl or C2 at the
end of each angular sweep that steps relay 6, driving the probe to a new
radial position. During radial drive, power is removed from the angular-
drive motor by relay 1 or 2. After the last arc of a survey is completed,
relay 5 stops the angular motor. The next survey retraces this motion
in a reverse direction.

A probe is installed in such a way that the tip extends to the
proper radius for a given position of the radisl-drive lead screw. To
simplify installation of replacement probes, switch 1 is switched to
lnanual.f’ Resistor R7 is set to a ratio of resistance such that the
probe actuator drives the probe until its tip just touches the outer
duct wall. When a new probe is installed with the radial actuator so
positioned, the relation between the probe tip and the radial-drive
lead screw is correct.

The photograph (fig. 8) shows the .&rangement of the necessary
actuating elements at the survey duct section. The angular-drive gear,
motor, and potentiometer for position transmitting are mounted behind
the metal plate at the lower left. Projections on the angular-drive
hub contact limit switches, one of which is sho~m in figure 8, at the
end of the angular travel. This hub is held in place by two spring-
loaded bearing blocks that ensure good contact between the hub and the
cushion block above it. The radial-drive actuator and motor are also

N
N-1
m
to
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shown in figure
trol (FU4) lies

13

8, and the precision potentiometer for probe-radius con-
behind the radial-drive motor. The drive mechanisms are

ordinarily covered by a radiation hood (not shown in fig. 8) for pro-
tection from heat damage.
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&l?ENDIX B

CALCULATION OF MACH NUMBER, MASS FLOW, AND VELCZITY FROM

mmmAmmE AND PRESSURE

Compressible Case

For the rigorous case where flows are considered compressible, Mach
number, mass flow, and velocity are derived from the measured values of
total~teurperature,static pressure, and the difference between total and
static pressure, determined across the duct by the survey probe,

The rd.ation between total and static pressure and Mach number is

:= (1+ ’;’M2)*

When equation (Bl) is solved for Mach number, it is found that

(Bl)

(B2)

Mass flow is calculated by means of the continuity relation in terms
of Mach number, static pressure, and total temperature. Thus,

~=4=w “ ‘B3)
Froma substitution of equations (Bl) and (B2) into equation (B3),

I 2(Y-1) Y-1 .

Velocity is expressed in terms of
substitution of equation (B2) for Mach

Mach number; and, thus, from a
number,

(B5)

.— . ..— —
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These equations show how hch number, velocity, and mass-flow
quantities are related to the measured temperature and pressure values.
For expedience in calculation, compressible flow charts such as those
in reference 16 can be used.

With the assumption
between total and static
Thus, Mach number may be

IncompressibleCase

of incompressible flow, the measured difference
pressure is equivalent to the dynamic pressure.
expressed in terms of dynamic pressure as

[

2gM,= ~ (B6.)

. or Mach nuniberis directly proportional to the square root of dynamic
pressure for constant specific-heat ratio and static pressure across
the duct. For a specific-heat ratio of 1.30, equation (B6) at Mach num-
ber levels of 0.4 gives a Mach number value about 2 percent higher than
the more exact value calculated from equation [B2).

The mass-flow relation is derived from the continuity equation ex-
pressed in terms of dynamic pressure, static pressure, and total tem-
perature, which is assumed equivalent to static temPerat~e. ~~,

w
r

2gcpg
~= —

RTt (B7)

or mass flow per unit area is proportional to the square root of the
ratio of dynamic pressure to total temperature. The substitution of
total temperature for static temperature introduces an error of less
than 3 percent at Mach numbers of 0.4 for a specific-heat ratio of 1.30.

Similarly, velocity is expressed in terms of dynamic pressure,
static pressure, and total pressure by

r

2gcRTtq
v= (B8)

P

Velocity is therefore proportional to the square root of the product of
dynamic pressure and temperature.
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.

TABLE I. - COM8USTOR PERFORMANCE FOR ILLUSTRATED.RUN
.

Circumferential survey Exhaust temperature, Exhaust total pressure,
path (fig. 3) ‘?F lb/sq in. abs

Mass- Area Mass- Area
weighted average weighted average
average “average

Radius 1 1875 1872 ~ 22.8 22.8

Radius 2 1963 1996 23.0 23.0

Radius 3 2029 2056 23.2 23.2

‘Radius4 . 1999 2040 23.5 23.5

Radius 5 1970 2000 23.4 “:23.4

Over-all average 1967 1993 23.2 23.2

Combustion efficiency,
percent 96.0 98.4

Total-pressure loss, percent”of iulet total
pressure of 25.0 lb/sq in. abs 7.2 7.2
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