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SUMMARY

Compressible- and incompressible-flow calculations were
made of the combustor total-pressure-loss coefficient and liner
airflow distribution for tubular turbojet combustors having con-
stant annulus and liner cross-sectional areas along the com-
bustor azis. Information on static- and total-pressure dis-
tribution and liner air-jet endrance angles along the length of
the combustor was obtained as an intermediate step in the
calculations. The caleulations include the effects of heat re-
lease, annulus wall friction, and variation in discharge co-
efficients of the liner wall openings along the combustor.

The combustor total-pressure-loss coeffictent and liner air-
flow distribution are presented graphically in terms of the fol-
lowing dimensionless parameters: (1) combustor reference
Mach number, (2) ratio of combustor-exit to -inlet total tem-
perature, (3) fraction of total airflow passing through the liner
dome, (4) raiio of total open hole area in Liner wall to total
combustor cross-sectional area, and (6) ratio of liner cross-
sectional area to total combustor cross-sectional area.

INTRODUCTION

In the design of combustors for turbojet and ramjet
engines, it is desirable to be able to predict the combustor
total-pressure loss and liner airflow distribution from the
combustor geometry and operating conditions. Low values
of combustor total-pressure loss are desired since such
losses reduce engine thrust and cycle efficiency (ref. 1). Air-
flow distribution and liner air-jet entrance angles are of
direct interest to the combustor designer since they in-
fluence combustion efficiency and stability and combustor-
outlet temperature profile (ref. 2). A combustion research
program being conducted at the Lewis laboratory is con-
cerned with these aerodynamic aspects of combustor design.

The loss in total pre'ssure across 2 combustor may be
attributed primarily to losses resulting from (1) mixing of
high-velocity liner air jets with the liner gas stream, (2) heat
release in the liner, and (3) annulus wall friction. The
effects of these factors on combustor total-pressure loss are
considered in the calculations of the present report. The
liner airflow distribution and liner air-jet entrance angles
are obtained in the course of the combustor total-pressure-
loss calculations.

Previous analytical investigations of combustor total-
pressure loss and liner airflow distribution have involved
stepwise calculations in which the combustor is divided into
an arbitary number of transverse sections. In a frial-and-
error method presented in reference 3, the liner airflow dis-
tribution and combustor total-pressure loss are calcu-
lated for an assigned liner open hole area distribution. In a
more rapid method presented in reference 4, the liner open
hole area distribution is calculated for an assigned liner air-
flow distribution and combustor total-pressure loss. Both
methods include the effects of heat release on the calculated
values and could. aceount for variation along the combustor
of the discharge coefficient of the liner wall openings.

For particular combustor configurations, stepwise calcu-
lation methods such as presented in references 3 and 4 have
been used to calculate the combustor flow conditions. How-
ever, there is a need for generalized curves that can be used
to obtain preliminary estimates of combustor total-pressure
loss, liner airflow distribution, and liner airjet entrance
angles. Such curves are not intended as a substitute for
the stepwise calculation methods, but would serve as a
supplement. The curves would also be useful in indicating
the relative effects of combustor geometry and operating
conditions on combustor total-pressure loss and airflow dis-
tribution. The present report is concerned with the de-
velopment of such generalized curves for tubular combustors
having (1) constant annulus and liner cross-sectional areas
along the combustor axis and (2) flush circular holes in the
liner wall. The results should apply approximately to
cannular combustors and to annular combustors having
equal velocities in the inner and outer annuli at all stations
along the combustor.

From compressible- and incompressible-flow calculations,
the combustor total-pressure-loss coefficient and fractional
liner airflow distribution are obtained in terms of the fol-

Jowing dimensionless parameters: (1) combustor reference

Mach number, (2) ratio of combustor-exit to -inlet total
temperature, (3) fraction of total airflow passing through the
liner dome, (4) ratio of total open hole area in liner wall to
total combustor cross-sectional area, and (5) ratio of liner
cross-sectional area to total combustor cross-sectional area.
The calculations include the effects of heat release, annulus
wall friction, and variation in the discharge coefficient of the
liner wall openings along the combustor.

1 Bupersedes recently declassified NACA Research Alemorandum E§68104 by Charles O. Graves and Jack 8. Grobman, 1957.
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The present report considers the effect on combustor
total-pressure loss of (1) mixing of high-velocity liner air
jets with the liner gas stream, (2) heat release, and (3) an-
nulus wall friction.
these factors is calculated for tubular combustors having
constant annulus and liner cross-sectional areas along the
combustor axis and flush circular liner wall openings.

Values of the combustor total-pressure-loss coefficient for
 cold flow are presented for the cases of incompressible and
compressible flow. Compressible-flow calculations were made
for reference Mach numbers up to 0.15. All values of the

combustor total-pressure-loss coefficient for flow with heat

release were obtained from the incompressible-flow calcula-~
tions. The liner airflow distribution and liner air-jet entrance
angles are obtained in the course of the calculations of the
total-pressure-loss coefficient. A list of the symbols used
in the calculations is presented in appendix A.

A sketch of the tubular, parallel-wall combustor consid-
ered is presented in figure 1(a). In this figure, station 1 is
the combustor inlet, station 2 is just upstream of the first
air admission opening in the liner wall excluding openings
in the liner dome, and station 3 is just downstream of the
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(a) Sohematio sketch of parallel-wall combustor.
(b) Representative combustor airflow distribution.
(c) Schematic sketoh of flow through liner wall opening.

Fiqgure 1.—Air admission in tubular turbojet combustor with constant
annulus and liner cross-sectional areas.
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last air admission opening in the liner wall. The cross-
sectional area at station 1 is the combustor reference cross-
sectional area A,, and inlet flow conditions are referenced
at this station. If the air distribution along the combustor
is directly proportional to liner open hole area, the liner
airflow distribution for a representative turbojet combustor
might correspond to the segmented curve of figure 1(b).
The fraction of the total airflow passing through the liner
at a given station w,/wr is plotted against the dimension-
less parameter z/l, where [ is the axial distance between sta-
tions 2 and 3 and 2 is the axial distance downstream of
station 2. The segmented distribution curve corresponding
to a finite number of liner wall openings may be replaced

The total-pressure loss resulting from -

approximately by the continuous distribution curve corre-
sponding to an infinite number of liner wall openings or,
rather, to continuous slots between stations 2 and 3.

The orifice discharge equation for & given liner wall open-
ing, such as is illustrated in figure 1(c), is given by

Awp= GP::. 1VJ A4, 1)

For a differential portion of the air passing through the

| opening, equation (1) becomes

dwy=_Cb,, JVJ dd, 2)

In the use of equation (2), it is assumed that the flow in the
jet from the annulus to the vena contracta ig isentropic and
that the static pressure in the vena contracta equals that
within the liner at the station considered. The effect of
cross-sectional area blockage of the liner gas stream by the
air jet on the local static pressure at the vena contracta is
neglected. The term p,,;V; in equation (2) may then be
determined from the annulus total pressure and tempera-
ture and the liner static pressure at the station considered.
In the calculation of flow conditions in the parallel wall
combustor, the airflow distribution in the liner was assumed
to be of a continuous form such as illustrated by the smooth
curve of figure 1(b), which thus allows the integration of
equation (2).
INCOMPRESSIBLE-FLOW CALCULATIONS

Combustor total-pressure-loss coeficient.—As shown in
appendix B, for incompressible flow, equation (2) may be re-
arranged and integrated between stations 2 and 3 to obtain
the dimensionless equation

ﬁ
t Wr, A r
f“’L.:/”T OJPAQ—Z)L .Ar (3)

In equation (3) the annulus total pressure P, may be cal-
culated from the combustor-inlet total pressure and the
friction pressure drop along the annulus, while the liner
static pressure p; may be calculated from the momentum
equation for the liner gas stream. For the case where the
annulus and liner cross-sectional areas are constant along
the combustor, the term (P.—p.)/gr of equation (3) is
related to the combustor total-pressure-loss coefficient
APjg; by

Pi—p, Pi—Py; Pi—Ps
qr qr qr

o) 2@ e (=)
Tl T1 ALAA

where (PI—P,,,s)/q,. is the combustor total-pressure-loss
coefficient AP[g,. The principal assumptions required in

-the derivation of equation (4) are:

(1) The actual flow can be approximated with sufficient
accuracy by one-dimensional equations.

(2) The liner air jets mix instantaneously with the liner
gas stream.
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(8) The effect of fuel flow on molecular weight and weight

w of the liner gas stream can be neglected,
0fl(4) Heat transfer between the annulus and liner gas
streams is negligible.

(5) Mixing losses in the annulus are negligible.

(8) Liner wall friction is negligible.

(7) Density is independent of pressure changes along the
combustor and is affected only by the temperature changes
along the combustor associated with heat-release.

The relation between AP/q, and A, r/4, is obtained from
the solutions of equations (3) and (4). A value of A, /4, is
obtained for specified values of AP/q, and A;/A4, and values
of (Pi1—P4)/q, and Ty/T: along the combustor. In equation
(4), T, and Ty, ; are the average temperatures of the liner gag
stream at & given station and at the combustor exit, respec-
tively. The evaluation of 7%, with combustion would require
knowledge of the fuel-air ratio and average combustion
efficiency along the combustor. In typical combustors, the
major portion of the inlet air is bypassed around the liner
dome where all the fuel is injected. Accordingly, the average
fuel-air ratio of the liner gas stream may vary from values
well in excess of stoichiometric at the upstream end of the
combustor to lean fuel-air ratios at the combustor exit. For
the case where all the fuel is injected at the liner dome, the
average fuel-air ratio F; of the liner gas stream at various
stations along the combustor is given by

_Frs
FL_TD—

Wo

(%)

where Fy 3 is the over-all fuel-air ratio of the combustor.,

In the present calculations, the combustion efficiency was
assumed to be 100 percent in the downstream portion of the
combustor where the average fuel-air ratio of the liner gas
stream is stoichiometric or leaner. In the upstream portion
of the combustor where the overrich fuel-air ratios exist, the
average temperature of the liner gas stream was assumed to be
that corresponding to a stoichiometric fuel-air ratio and
100-percent combustion efficiency. The calculated hot-flow
total-pressure-loss coefficient is limited by the accuracy in
the determination of gas stream temperature T along the
combustor.

Tigure 2 presents values of 7:/T; for 100-percent com-
bustion efficiency and a range of fuel-air ratios. The curve
was calculated by the method of references 5 and 6 for 7
equal to 728° R and for normal octane at an initial temper-
ature of 540° R. From figure 2 and equation (5), the tem-
perature ratio 73/T of equation (4) may be calculated for
various values of wy/wyr and Fr; Values of Fy; may be
obtained from figure 2 and assigned values of the combustor
over-all temperature ratio 7% 5/T;.

The annulus total-pressure-loss term (P,
equation (4) can be calculated from the relation

—P,)lq, of

!
P—P, Hap

@k O

where the friction factor f, is assumed to be constant. The
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Figore 2.—Variation of exhaust to inlet temperature ratio with fuel-
air ratio for combustion of n-octane fuel with 100-percent efficiency.
Initial air temperature, 728° R; initial fuel temperature, 540° R
pressure, 1 atmosphere.

use of equation (6) requires an estimate of liner airflow
distribution along the combustor axis. In the present cal-
culations and for zero flow through the liner dome, the liner
airflow distribution used in equation (6) was

- Wy, z\?
a=(3) Z
Values of f, and I/D of 0.005 and 4, respectively, were used
in equation (6).
Airflow distribution and air-jet entrance angles.—The
liner airflow distribution is obtained as shown in appendix B
from the relation

w
[ ()
wy,2/ O P A_PL
0»‘/ A4,

®
d(w ) Ay r

1
f 57 of 0p C /P A—Pr,
a -

From equation (8), values for the fractional liner open
hole area Aa/A,r may be calculated for various values of
W fWr.

For thin-walled air admission openings in the liner, the
entrance angle 6 of the liner air jets (fig. 1) is caleulated from
the relation

i

=cos™? Va

©)

where
w,
1——L
Va Wy

Vi A4 [Pa—ps
A, gr

"(10)
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COMPRESSIBLE-FLOW CALCULATIONS

The compressible-flow calculations of the combustor total-
pressure-loss coefficient, airflow distribution, and liner air-jet
entrance angles are similar to the incompressible-flow
calculations. The assumptions made in the use of equation
(2) as well as assumptions (1) to (6) made in the derivation

of equation (4) are also made in the compressible-fiow calcu- .

lations. As a result of the complexity of the compressible-
flow relations, however, the difference between annulus total
pressure and liner static pressure along the combustor is not

obtained directly as in equation (4) for incompressible flow.

Details of the compressible-flow calculations are presented
in appendix C. The compressible-flow calculations pre-
sented herein were made only for cold flow. However, the
equations and procedure used. for flow with combustion are
presented in appendix C.

Combustor total-pressure-loss coefficient.—As shown in
appendix C, equation (2) may be rearranged and integrated
along the combustor between stations 2 and 3 to yield the
following dimensionless equation:

) 7
I Mid ( =) 4 -
0y, of Op a P:x ;.;l Ar

The term AL ¥ in equation (11) is related to the combustor
reference Mach number 37,. The term (p,;V/p.a;);1s obtained
from the momentum equation for the liner. As shown in
appendix C, values of (p,,V/pa); for cold flow may be cal-
culated in terms of w./wr for specified values of AP/q,,
ArlA,, and M, As in the incompressible-flow calculations,
the annulus total pressure P, is obtained from friction
pressure-drop relations and an estimate of the axial liner
airflow distribution. For the compressible-flow calculations,
the liner airflow distribution used to calculate friction pres-
sure drop was also assumed to follow equation (7), and the
values of f; and I/D were also assumed to equal 0.005 and 4,
respectively. Then from equation (11), values of 4, +/A4, for
cold flow may be obtained for specified values of AP/q,, AL/A,,
and A,.

Airflow distribution and air-jet entrance angles.—The
liner airflow distribution for the compressible-flow case is
obtained as shown in appendix C from

[ My d(“’)

wp o/ op O(PuT PA

[ Aa
12
J. )
wy, o 0p PsV P_A_
’ ¢ Py Pl

From equation (12), values of 4,/A, » may be calculated for
various values of wzfws.

The entrance angle 6 of the liner air jets (see fig. 1(c)) is ~

obtained as shown in appendix C from the relation

o= cos"’%% (13)
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DISCHARGE COEFFICIENT OF LINER WALL OPENINGS

Values of the liner wall opening discharge coefficient 0

-required in the calculations of the combustor total-pressure-

loss coefficient and airflow distribution may be obtained
from correlations such as those presented in reference 7.
The present calculations were based on the correlation from
reference 7 for a ¥-inch-diameter hole in a 0.040-inch wall.
The correlation curves for this opening are presented in
figure 3. In figure 3(a), the discharge coefficient C, cor-
rected to a static-pressure ratio p./p; of unity is plotted
against the correlating parameter (Pya—p;)/(Pa—7p4). In
figure 3(b), the ratio C/C, is plotted against the static-

6
/———
B L
b' ///
5 /]
£ /| i
s 4
S
-4
&
2
2
o
22
2
g /
3
(a)
% 2 4 6 810 20 40 €080I00 200
' Flow parameter, (£-p,)/(£y-p,)
1.08
o |
EE g 1
o= a
ggecto =
58 — (b)-
X ol |
100 104 108 2 L6 120 124 128 132 136

Pressure ratiq, pA/p/

(a) Variation of corrected discharge coefficient with flow parameter.
(b) Effect of pressure ratio on discharge-coefficient ratio.

Frgure 3.—Discharge coefficient of 3{-inch-diameter hole in 0.040-inch
wall under external crossfiow conditions (ref. 7).

pressure ratio p,/ps. The discharge coefficient C is obtained
from the relation

0=0P(g;> | (14)

For incompressible-flow calculations, the correlation pa-
rameter (Py—p;)] (Pa—pa4) of figure 3(2) maybe taken equal to
(V4/V4)? and the pressure-ratio correction C/C, of figure 3(b)
can be neglected; thus, the discharge coefficient C is obtained
directly from figure 3(a) and the given value of (V,/V,)%

In theory, one would expect that the discharge coefficient
C is related to the product of the discharge coefficient for
flow normal to the hole C, and the ratio of the normal com-
ponent of velocity to the resultant jet velocity V,/V, The
term V,/V; is related to the air-jet entrance angle # from
the complementary function of equation (9) by

Ve Vi
Vj 1—'-173 =sin § (15)

The relation between the experimental value of ¢ taken from
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the data of figure 3(a) and sin 8 is shown in figure 4. The
dashed curve represents the theoretical equation

O=C,sin 6 (18)
where C, was obtained from the experimental curve at
sin #=1.0. The experimental curve exhibited linearity only
for values of sin 6 greater than 0.45. Tor values of sin 6
greater than 0.45, the experimental discharge-coefficient data
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Figure 4.—Variation of discharge coefficient with sine of a.n'-]et
entrance angle 4.

of figure 3(a) can be represented by the following empirical
equation:

0=0.827 sin §—0.232 (17
The data of figure 3, however, were used directly for cal-
culations involving discharge coefficients in this report
because of their wider range of application.

The correlation of figure 3 gives only the effect of annulus
flow on the discharge coefficient. Data of references 8 and
9 indicate that there can also be a large effect of liner gas
stream velocity on the discharge coefficient. However,
provided the component of the jet velocity normal to the
liner wall is larger than the local liner gas stream velocity,
the effect of liner gas stream velocity on the discharge coeffi-
cient would appear to be small (refs. 8 and 9). Since such
a condition existed for most of the calculations of the present
report, the effect of liner gas stream velocity on the discharge
coefficient was neglected.

626597—00——390
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RESULTS AND DISCUSSION

Results presented herein pertain only to parallel-wall
combustors with flush liner hole openings. The results are
considered representative of typical flush liner wall openings

" even though they are based on only one particular air ad-

mission hole geometry, since the data of reference 7 show
that the effects of hole diameter and wall thickness on dis-
charge coefficient are small compared to the effects of annulus
flow shown in figure 3. The data may not be applicable
to combustor liners having a substantial portion of the air
admitted through louvers or through holes having intake
scoops to direct the air through them.

The calculation of combustor total-pressure loss and
airflow distribution requires a knowledge of static and total
pressures in the annulus and in the liner along the axis of
the combustor from station 2 to station 3 (fig. 1). TFigure
5(a) shows the variation of calculated static and total pres-
sures along the combustor expressed as a ratio of pressure
at a given station to the inlet total pressure at station 1.
This pressure ratio is plotted against the fractional distance
along the combustor axis from station 2 to 3. The data for
figure 5 were computed for a reference velocity V, of 100
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Figure b.—Variation in total and static pressures in annulus and liner
and in pressure drop across liner along combustor. Ratio of liner
cross-sectional area to reference area Ar/4,, 0.6; ratio of total liner
open hole area to reference area A, r/4,, 1.09; flow through liner dome
1wy afwr, 0; reference velocity, 100 feet per second; inlet total pressure,
1 atmosphere.

feet per second, an inlet total pressure P, of 30 inches of
mercury absolute, and zero flow through the liner dome
(wy s/wr=0) by using incompressible-flow equations in-
cluding annulus wall friction. The calculations were made
for a combustor with a ratio of liner cross-sectional area to
reference area A./A, of 0.6, a ratio of total liner open hole
area to reference area 4, /A4, of 1.09, and total-temperature
ratios across the combustor T /T of 1 (cold flow) and 3.
The curves shown are for the case of uniformly distributed
liner wall openings along the length of the combustor.
Figure 5(a) shows that the total pressure of the liner gas
stream increases with an increase in z/l in the upstream
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portion of the combustor, reaches a maximum, and then
decreases in the downstream portion of the combustor.
The variation in the total pressure of the liner gas stream
for cold-flow conditions is a result of the difference in velocity
of the annulus and liner gas streams. In the upstream —
portion of the combustor, annulus air at high axial velocity
mixes with the low-velocity liner airstream and, hence,
increases the total pressure of the liner airstream. In the
downstream portion of the combustor, the mixing of the
low-velocity annulus air with the high-velocity liner air-
stream results in a decrease in total pressure of the liner
airstream. The maximum total pressure of the liner air-
stream for cold flow occurs at the station where the axial
velocities of the two streams are equal. The curve for the
static pressure of the liner airstream exhibits & similar
trend although it differs in location of the maximum pressure
and the magnitude of the pressure variation. The curves
shown in figure 5(a) are intended only to illustrate typical
trends in pressure along a combustor; actual values of pres-
sure will vary with combustor geometry and operating
conditions.

The static-pressure drop across the liner wall openings as
shown in figure 5(b) reaches a minimum in the upstream
portion of the combustor and then increases steadily along the
axis of the combustor. The pressure-drop terms required for
the determination of the flow parameter (P —725)/(Ps—p4)"
(fig. 3(a)) are also presented in figure 5(b). The calculated
flow parameter is plotted against fractional liner distance in
figure 5(c). A comparison of the curves of figures 3(a) and
5(c) shows that in a parallel-wall combustor the discharge
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Figure 5.—Continued. Variation in total and static pressures in
annulus and liner and in pressure drop across liner along combustor.
Ratio of liner cross-sectional area to reference area Arf4,, 0.6; ratio
of total liner open hole area to reference area Ax /A4, 1.09; flow
through liner dome g sftor, 0; reference velocity, 100 feet per

second; inlet total pressure, 1 atmosphere.
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Figure 5—Concluded. Variation in total and static pressures in
annulus and liner and in pressure drop across liner along combustor.
Ratio of liner cross-sectional area to reference area AL/A,, 0.6; ratio
of total liner open hole area to reference area A r/d,, 1.09; flow
through liner dome 1 s/wr, 0; reference velocity, 100 feet por
second; inlet total pressure, 1 atmosphere.

coefficients of the liner hole openings are a& minimum at the
upstream end of the combustor and & maximum at the ox-
haust end. Discharge coefficients range from about 0.1 for
the upstream liner holes to about 0.6 for the holes at the
extreme end of the liner. A variation in discharge coefli-
cients along the liner such as is illustrated by these data
would be expected in all parallel-wall combustors with flush
liner hole openings; the actual values of discharge coefficients
for any given combustor will vary, however, as the pressure
distribution along the liner is altered. Since the discharge
coefficient and static-pressure drop are indicative of the
relative airflow through openings of a given size, it is evident
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that the openings in the upstream region of the liner pass
less flow per unit ares than those in the downstream region
of the liner. :

COMBUSTOR TOTAL-PRESSURE-LOSS COEFFICIENT

Effect of liner cross-sectional area and liner total open
hole area.—Figure 6 shows the effect of (1) the ratio of liner
total open hole area to combustor reference area and (2) the
ratio of the liner cross sectional area to combustor reference
ares on the combustor total-pressure-loss coefficient AP/q,.
The data were calculated from incompressible-cold-flow rela-
tions described in appendix B with zero flow through the liner
dome and with and without considering the effects of annulus
wall friction. For any given value of A;/4,, the pressure-
loss coefficient AP/q, asymptotically approaches a minimum
value as A, r/A, is increased over a value of about 1.5. For
any given value of Ap/A, the pressure-loss coefficient
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Fiaure 6.—Variation of total-pressure-loss coefficient AP/g, with ratio
of liner total open hole area to combustor reference area A, r/A, for
various ratios of liner cross-seotional area to combustor reference area
ArlA,. Data ecalculated from incompressible-cold-flow relations
with zero flow through liner dome.

AP/q, increases very rapidly as A4, r/A4; is decreased to values
below about 1.0. )

The consideration of annulus wall friction in the pressure-
loss calculations tends to increase AP/q, for given values of
Ap rfA, and AyJA,. The effect of annulus wall friction in-
creased as the annulus area decreased, that is, as Az/A; in-
creased. The importance of annulus wall friction on.the
caleulations will, of course, vary with the combustor I/D and
airflow distribution. The dashed curves of figure 6 were
calculated for an I/D of 4, which is higher than that found in
practice, and for an airflow distribution given by equation
(7), which corresponds approximately to some fractional
open hole area distributions found in practice. Values of
APJq, for an I/D less than 4 and for the airflow distribution
given by equation (7) may be estimated from linear inter-
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polation between the solid curves (negligible wall friction)
and the dashed curves of figure 6.

Figure 7 presents the variation of the minimum combustor
total-pressure-loss coefficient AP/q, with the ratio of liner
cross-sectional area to reference area A;/A,. The data for
figure 7 were calculated from incompressible-cold-flow rela-
tions assuming annulus wall friction negligible with zero
flow through the liner dome (wysfwr=0). The minimum
combustor total-pressure-loss coefficient is obtained by
arbitrarily setting liner static pressure equal to annulus
static pressure at station 2 and is calculated from equation
(B24). The value obtained for the minimum total-pressure-
loss coefficient for any given value of A;/4, is independent
of the discharge coefficients of the liner wall openings and
corresponds to relatively large values of liner total open hole
area (4, r/A4,>2.0). Figure 7 shows that & minimum cold
flow AP/q, is obtained by using a liner that blocks 50 percent
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Fraure 7.—Variation of minimum. total-pressure-loss coefficient AP/q,
with ratio of liner cross-sectional area to combustor reference area
ArjA,. Data calculaied from incompressible-cold-flow relations
assuming annulus wall friction negligible, zero flow through dome,
and liner and annulus static pressures equal at station 2 (see fig. 1).

of the total cross-sectional area of the combustor. Rither
increasing or decreasing the percent blocked area from a
mean of 50 percent tends to increase AP[q,. The data of
figures 6 and 7 show that for a parallel-wall combustor an
Ay /A, greater than 1.0 and an Az/A, between 0.4 and 0.8
are desirable in order to obtain a low cold-flow total-pressure
loss.

Effect of airflow through liner dome.—The effects of the
fraction of total airflow passing through the liner dome
wps/wr on the calculated combustor total-pressure-loss
coefficient are illustrated in figure 8. The values were cal-
culated from the incompressible-flow relations neglecting
the effect of annulus wall friction. As would be expected,
an increase in wjys/wr decreases the total-pressure-loss
coefficient throughout the range of values of 4, /4, covered
in the figure because the effective open hole area of the liner
has been increased by opening holes in the liner dome. The
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Fraure 8.—Variation of total-pressure-loss coefficient AP/q, with ratio
of liner total open hole area to combustor reference area Aj; r/A4,
for various liner dome airflows twgo/wr. Data calculated from
incompressible-cold-flow relations assuming negligible annulus wall
friction.

value of A4, /A4, does not include the open hole area in the
liner dome. The open hole area in the liner dome required
to pass the specified wys/wr may be calculated from the
orifice discharge equation in conjunction with the total

pressure upstream of the liner dome, values of the discharge

coefficient of the liner dome openings, and the static pressure
pr2 in the liner at station 2. Discharge coefficients for
swirler-type liner dome openings are presented in reference
10. Values of p;; may be obtained from equation (B18)
for wyjwyr equal to wy ofwy.

Effect of combustor reference Mach number.—The effects
of combustor reference Mach number M, at station 1 (see
fig. 1) on the calculated combustor total-pressure-loss
coefficient are illustrated in figures 9, 10, and 11. The
curves for M, equal to 0.05, 0.10, and O 15 were calculated
from the compressible-flow relamons of appendix C. The
incompressible-flow data of figure 6 are also included in
these figures for comparison with the compressible-flow
data. The data were computed for an A./A, of 0.5, 0.6,
and 0.7 with cold flow and with zero flow through the liner
dome. The data of figures 9 and 10 were computed neglect-
ing annulus wall friction. A comparison of data calculated
with and without the effects of annulus wall friction is shown
in figure 11. _ -

Figure 9 indicates that increasing 1, up to 0.10 results in
a relatively small increase in AP/q,; therefore, at values of
A, below 0.1, the results of the incompressible-flow relations
agree quite well with the results of the compressible-flow
relations. The incompressible-flow relations are considered
sufficiently accurate for design purposes for combustors
operating below an Af, of 0.1. However, for A, above
approximately 0.10, there is an increase in AP[q, with an
increase in Af,, particularly at values of 4./ 4, over about 0.6.
The effect of reference Mach number on AP/q, is shown more

~
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Freure 9.—Variation of total-pressure-loss coefficient AP/q, with ratio
of liner total open bole area to combustor reference aroa Ay, rfd. for
various combustor reference Mach numbers A,. Data caloulated for
cold flow and zero liner dome flow assuming negligible annulus wall
friction.

clearly in figure 10 in which the data of figure 9 are cross-

plotted for a value.of 4, 7/A4,=1.0. Figure 11 indicates the

calculated increase in AP/q, with M, when annulus wall
friction effects are included.
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Fiaore 10.—Variation of total-pressure-loss coefficient AP/g, with
reference Mach number Af, for various ratios of liner cross-sectional
area to reference area ArfA,. Data calculated for cold flow and
zero liner dome flow assuming negligible annulus wall friction;
ratio of total liner open hole area to reference area Ay r/4,, 1.0.

Effect of heat release.—The variation in AP/g, with
Ap rfA; for various values of temperature ratio across the
combustor T 3/7) and various values of A, /A, is presented
in figure 12. The data for these curves were obtained from
incompressible-flow relations including annulus wall friction
for a wy ofwp of 0 and 0.1. The curves for a wy 2fwy of 0.1
were obtained from the calculations for a w; s/wy of zero by
the method presented in appendix B. TUse. of this method
for the case where annulus wall friction effects are included
in the calculations necessitated the preliminary estimation
of the airflow distribution by the curves of figure 13 in the
calculations of annulus total pressure. The curve for a
Wy, ofwr of zero corresponds to that of equation (7). Approxi-
mate values of the combustor total-pressure-loss coefficient
for values of wy, o/wr between 0 and 0.1 may be obtained from
linear interpolation between the solid and dashed curves of
figure 12,

The combustor total-pressure-loss coefficient increases as
combustor exhaust temperature is increased. The relative
effect of airflow through the liner dome and annulus wall
friction on APj/q, is the same for hot flow as it was for cold
flow. The data of figure 12 are cross-plotted in figure 14 to
show the effect of the temperature ratio 77 ,/T; on AP/g,.
Curves of AP/q, against T4 s/T) are shown for A,/4, values
of 0.5, 0.6,"and 0.7 and A4, »/4, values of 0.6 and 1.6. For a
given value of A, /A4, the total-pressure-loss coefficient in-
crenses with temperature ratio at a more rapid rate as 4;/4,
decreases. As a result, at higher values of temperature
ratio, larger A./A, values are required to minimize AP/q,.
A value of 4;/A4, of 0.5 provided minimum AP/g, under cold-
flow conditions; a value of 0.6 provided the lowest total-
pressure loss at temperature ratios above about 2.0. This
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Figure 11~—Variation of total-pressure-loss ocoefficient AP[g. with
ratio of liner total open hole area to combustor reference area
A7, caleulated for combustor reference Mach number Al of
0.15 and for incompressible flow with and without including effects
of annulus wall friction.

effect is shown more clearly in figure 15 where AP/q, is plotted
against A,/A, for various temperature ratios across the com-~
bustor. These data were obtained from incompressible-flow
relations including annulus wall friction with zero liner dome
flow for values of A, r/4; of 0.6 and 1.6. TFor combustors
with As /A, equal to 0.6 or 1.6 the value of Ay/4, for a
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(¢) Total-temperature ratio across combustor T /i, 3; ratio of liner cross-sectional area to reference area ArlA,, 0.6.
(d) Total-temperature ratio across combustor T4, 5/Th, 4; ratio of liner cross-sectional area to reforence ares Arjd,, 0.5,
(e) Total-temperature ratio across combustor T4 3/ Th, 1; ratio of liner eross-sectional area to reference area ArfA4,, 0.6,
(f) Total-temperature ratio across combustor 77 3/T, 2; ratio of liner cross-sectional area to reference area ArlA,, 0.6,
(g) Total-temperature ratio across combustor TG /T, 3; ratio of liner cross-sectional ares to reference area ALlA,, 0.6,
(h) Total-temperature ratio across combustor T 3/ T}, 4; ratio of liner cross-sectional area to reference area Arl4,, 0.6,
(i) Total-temperature ratio across combustor T4/ T, 1; ratio of liner cross-sectional ares to reference area ALfAd,, 0.7,
() Total-temperature ratio across combustor 7% 4/ T}, 2; ratio of liner cross-sectional area to reference area AifA,, 0.7,
(k) Total-temperature ratio across combustor Ty /T, 3; ratio of liner cross-sectional area to reference area ALlA,, 0.7,
() Total-temperature ratio across combustor T3/ T;, 4; ratio of liner cross-sectional area to reference area AifA,, 0.7,

Fiqure 12.—Variation of total-pressure-loss coefficient APJq, with ratio of liner total open hole area to combustor reference aren A, r/4, for
flow ratios through liner dome wp o/wy of 0 and 0.1. Data calculated from incompressible-flow relations including annulus wall friction,
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Fraure 14.—Variation of total-pressure-loss coefficient AP/q, with tem-
perature ratio across combustor 7% 3/7;. Data caleulated from
incompressible-flow relations including annulus wall friction with
zero liner dome flow.

minimum AP/q, shifts from 0.5 to 0.6 as combustor exhaust
temperature is increased.

AIRFLOW DISTRIBUTION
Theairflow distribution curves obtained from incompressible-
and compressible-flow calculations are presented
in figures 16 to 23. Except for the effects of variation in
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Fiqure 15.—Variation of total-pressure-loss coefficient AP/q, with
ratio of liner- cross-seotional area to reference area .Ar/4, for various
values of temperature ratio across combustor Tps/Ti. Data
calculated from incompressible-flow relations including annulus
wall friction with zero liner dome flow.

annulus wall friction with airflow distribution, the relations
between w,/wr and As/Ar presented in figures 16 to 23
are independent of the distribution of air entry holes along
the liner. Accordingly, the variation of w./wr along the
combustor for a particular liner configuration may be esti-
mated from the given values of .As/4, r along the combustor
and the appropriate figure from figures 16 to 23. If, for
example, there is a linear increase in liner open hole area
along the combustor (Aa/Asr=2/l), the curves of figures 16
to 23 represent the variation in liner airflow with distance
along the combustor. It is emphasized that the relations
presented are representative only for parallel-wall combustors
having flush liner air openings (see fig. 1).
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Fiaurs 16.—Effect of ratio of liner total open hole area to combustor reference area A »7/4, on airflow distribution. Incompressible- and

compressible-cold-flow relations without annulus wall friction and with zero liner dome flow.
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Fraure 17.—Effecl of ratio of liner total open hole area to combustor reference area Ay 7/A, on airflow distribution. Compressible-cold-flow
relations including annulus wall friction with zero liner dome flow.

Effect of liner total open hole area.—The fraction of total
air passing through the liner at any given station along the
combustor wy/wr is plotted against the fraction of liner
total open hole area A,/A4, 5 in figure 16 for values of .A./A,
of 0.5, 0.6, and 0.7. Curves are shown for various values of
Anzr/4,, and the data were obtained from compressible-
flow relations for reference Mach numbers of 0.05, 0.10, and
0.156. Data obtained from the incompressible-flow relations
are also presented. Cold flow conditions with zero liner
dome flow (wga/wy=0) and with negligible annulus wall
friction were assumed. The 45° dashed line on the airflow
distribution curves represents the airflow distribution that
would be obtained if each hole in the liner admitted a quan-
tity of air directly proportional to its area. Increasing the
liner total open hole area A, r decreases the fraction of total
air entering the upstream region of the combustor liner.
This decrease in upstream liner airflow becomes appreciable
at large values of A4, r/A4,. This reduction in wylwy is a
result of higher reductions in pressure drop and discharge
coefficient for the holes at the upstream stations than for
those at the downstream stations. The reduction becomes
more critical as A;/A, is increased from 0.5 to 0.7. This
effect is partially due to increased velocities in the upstream

6265607—00——60

region of the annulus, which reduce the discharge coefficient
of upstream holes in the liner (ref. 7).

Effect of combustor reference Mach number.—The effect
of reference Mach number on combustor airflow distribution
is shown in figure 16 for cold flow. Increasing reference
Mach number decreases the fraction of the total airflow
entering the liner through the upstream liner hole openings.
The increased velocity in the upstream end of the annulus
reduced the static-pressure drop and the discharge coefficient
of upstream holes in the liner. The effect of Mach number
becomes more pronounced as A;/A4, is increased because of
increased upstream velocities in the annulus. For the data °
presented in figure 16, annulus wall friction was neglected.
Figure 17 shows the airflow distribution calculated from the
compressible-flow relations with annulus wall friction in-
cluded. The results are similar to those shown in figure 18
with the exception that annulus wall friction tends to
increase the fraction of air entering the liner through the
upstream holes in the liner. Friction reduced the total
pressure in the downstream end of the annulus, which resulted
in & lower pressure drop across the holes in this region and,
hence, reduced airflow. The effect of reference Mach num-
ber on airflow distribution is shown more clearly in figure 18
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Figure 18—Effect of reference Mach number M, on airflow dis-
tribution. Compressible-cold-flow relations including annulus wall
friction with zero liner dome flow; ratio of liner cross-sectional area
to reference area ApfA,, 0.7,

where the data of figures 17(c) to (e) are replotted for
Anz/A; equal to 0.6 and 1.6. Larger reductions in the
fraction of total air entering the liner through the holes in
the upstream region of the combustor occur at higher values
of Ay 714, and at higher values of M.

The airflow distributions obtained from incompressible-
flow relations with and without annulus wall friction are com-
pared in figure 19 for A, r/A, equal to 0.6 and 1.6 and Az/A,
equal to 0.5, 0.6, and 0.7. Tncluding annulus wall friction in
the computations tends to increase the fraction of total air
entering the upstream region of the liner. The effect is more
pronounced at higher values of A./A, and A r/4;. The
change in airflow distribution is a direct result of the added
pressure loss in the annulus; increased Ar/4, increases the
velocity in the annulus, which in turn increases pressure loss
due to friction.

Effect of heat release.—The effect of heat release on airflow
distribution is shown in figure 20 for 4;/4, equal to 0.5, 0.6,
and 0.7. These data were obtained from the incompressible-
flow relations with annulus wall friction included and zero
liner dome flow. Curves are shown for values of 1% s/T1 of
1,2, 3,and 4. Increases in combustor temperature ratio tend
to decrease the fraction of total air entering the upstream
region of the liner. Heat release affects the liner pressures
and velocities along the combustor, which in turn affect the
static-pressure drop and the discharge coefficient of the liner
wall openings. The data for 4, r/4, equal to 0.6 and 1.6 are
cross-plotted in figure 21 to show more clearly the effect of
temperature ratio on airflow distribution. The decrease in
upstream liner airflow with increasing combustor tempera-
ture ratio is more pronounced for larger values of A4;z/A4,
and smaller values of A/A4,.
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Fieure 19.—Comparison of airflow distributions obtained from
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friction. Zero liner dome airflow.

Effect of liner cross-sectional area.—The effect of the ratio
of liner cross-sectional area to reference ares on airflow dis-
tribution is shown in figure 22 for flow with and without heat
release. The data were obtained from incompressible-flow
relations for values of .4 /A, of 0.6 and 1.6 with annulus
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Fraure 20.—Effect of ratio of liner total open hole area to reference area Aj,r/4, on airflow distribution. Incompressible-flow relations including
annulus wall friction with gero liner dome flow.
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wall friction and zero liner dome flow. The fraction of total
air entering the upstream region of the combustor increases
as the combustor liner area is reduced for cold flow (fig.
22(2)). The effect is similar to that of reference Mach
number; that is, as velocity in the annulus is reduced by a
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Fraurn 22.—Effect of ratio of liner cross-sectional area to reference
area on airflow distribution for values of ratio of liner fotal open
hole area to reference area A r/4; of 0.6 and 1.6. Incompressible-
flow relations with annulus wall frietion and zero liner dome flow.

reduction in reference Mach number or an increase in annulus
area, the static-pressure drop and the orifice coefficients of
the upstream liner holes increase. Calculations showed,
however, that an A./A, of 0.4 would have about the same
cold-flow airflow distribution as an .4;/4, of 0.6 despite the
effect of reduced upstream annulus velocity. This reversal is
attributed to high velocities in the downstream end of the
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liner, which increase the static-pressure drop across the holes
in the downstream region in the liner and thus increase the
fraction of total air entering this region.

The effect of combustor-liner area on airflow distribution
with a temperature ratio of 4 across the combustor is shown
in figure 22(b). In this case the fraction of total air entering
the upstream region of the combustor increases as A./A4, is
incrensed from 0.5 to 0.7. The increased sensitivity of the
airflow distribution to changes in T% /T for the smaller
values of .A./A, causes a reversal in the effect of annulus area
on airflow distribution. For cold flow (I%s/Ti=1) an in-
creage in AzfA, from 0.5 to 0.7 reduces the flow to the up-
stream end of the combustor. However, the opposite trend
is found for TL.;;/T1=4.

Effect of airflow through liner dome.—The effect of flow
through the liner dome on the airflow distribution is illus-
trated in figure 23 for incompressible cold flow and negligible
annulus wall friction. An increase in the flow through the
liner dome for a given value of A, /A4, increases the flow
through the upstream end of the combustor. Adding air
through openings in the liner dome also tends to distribute
the air in more direct proportion to the open area.

LINER AIR-JET ENTRANCE ANGLE

The variation of liner air-jet entrance angle 8 with 2/l for
various values of A4, /A4, and A4;/4, is shown in figure 24.
The calculations are for cold flow and include the effects of
annulus wall friction. The curves shown are for liner wall
openings uniformly distributed along the length of the com-
bustor. The value of 6 is & minimum at low values of =/l at
the upstream end of the combustor where the static-pressure
drop across the holes is lower and the annulus velocity is
higher than corresponding values for the downstream liner
openings. The air jeb is not perpendicular to the plane of the
hole until the last liner hole station is approached. Increasing
Ap /A, from 0.6 to 1.6 and A4;/A, from 0.5 to 0.7 decreases
the relative value of 6, the reduction being more pronounced

in the upstream portion of the combustor. It is to be noted |

that the data, of figure 24 do not include the effect of liner
pir-jet deflection by the liner gas stream; this deflection can

be appreciable in the downstream region of the combustor
liner.

SIGNIFICANCE OF RESULTS TO TURBOJET COMBUSTOR
DESIGN

The thrust and cycle efficiency of a turbojet engine may
be increased by reducing the total-pressure loss associated
with the combustion chamber. Curves are presented in this
report that show the effect of & number of combustor geo-
metric and flow variables on the total-pressure-loss coefficient
for a parallel-wall combustor. It is shown that the hot-flow
pressure loss can be minimized by designing the combustor
with a ratio of liner to total cross-sectional area of 0.6 and
a total liner open hole area greater than the total cross-
sectional area. The percent total-pressure loss of a combustor
with o constant total-pressure-loss coefficient increases with
the square of reference Mach number <%=% 123 (%)rM ’,‘>-
The total-pressure loss becomes even more severe when the
total-pressure-loss coefficient AP/g, also increases with refer-
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ence Mach number. The severity of the increase in total-
pressure loss can be minimized, however, by adequately
designing the the liner cross-sectional area and total open
hole area as suggested previously. Increasing the com-
bustor frontal area is another means of reducing reference
velocity and the pressure losses related to high velocity.

It is shown that the percent of total air entering the up-
stream region of the liner where combustion of the fuel occurs
is reduced as combustor exhaust temperature is increased.
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The application of turbine-cooling techniques to turbojet
engines will permit higher combustor exhaust gas temper-
atures for increased thrust output. These conditions will
require the use of a larger percentage of the total airflow in
the combustion process. If the combustion process is to
occur in the same upstream region for high-temperature
operation as for low-temperature operation, a larger per-
centage of air must be admitted into the upstream region.
Future combustors may also be required to operate at higher
reference Mach numbers because of the increased mass flow
per unit frontal area that can be handled by the newer com-
pressor designs. It was found that increasing reference
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Mach number also decreases the fraction of total air entering
the upstream region of the liner.

Desirable decreases in pressure loss of the combustor may
be obtained by increasing the liner total open hole area.
This also entails reductions in the upstream liner airflow.
Thus, providing for adequate air into the upstream primary
combustion zone of combustors without inducing excessive

. pressure losses -will be a big problem in future combustor

development. Increasing the fraction of total open hole
area in the upstream region of the liner may or may not
alleviate the problem since the discharge coefficient of up-
stream liner holes can vary over a wide range as annulus
flow conditions are varied. Providing adequate air admis-

.sion for the severe operating conditions by increasing

upstream total open hole area could result in excessive air
admission for the less severe operating conditions. The use
of scoops or shrouds in the primary or upstream end of the
combustor meay provide at least a partial solution to this
problem.

This report illustrates the effects of geometric configura-
tions and operating conditions on the distribution of air to
the combustion chamber without considering the effects of
these factors on combustor performance and stability. The
effect of massflow distribution on the performance of a
homogeneous ramjet combustor, based on theoretical calcu-
lations, is presented in reference 11. Also available are
experimental design date for turbojet combustors which
show the effects on performance of a number of geometric
variables, including the open hole area distribution (ref. 12).

APPLICATION OF ANALYTICAL TECHNIQUE

- The combustor total-pressure-loss coefficient and the air-
flow distribution of a given parallel-wall tubular combustor
design can be estimated from the curves provided in the
report by determining the dimensionless parameters A4,
TL,a/Tl, wl;,,g/'u)f, Ab,T/Ar, AL/A” and l/D. The curves based
on compressible-flow relations are preferred over the
incompressible-flow relations for all cases for determining
the combustor total-pressure loss and the airflow distribu-
tion. However, the results comparing compressible- and
incompressible-flow relations show that at reference Mach
numbers below about 0.1 similar results should be obtained

- from both curves. Appreciable error can be introduced using

incompressible-flow relations at higher reference Mach num-
bers, especially for combustors with small annulus air pas-
sages which have relatively high annulus velocities. Gen-
eralized curves are presented which both include and neglect
the effect of annulus well friction for a tubular combustor
with an I/D of 4. For many combustor designs, this effect
will be small. If the curves presented herein show appreci-
able effects of annulus wall friction, the choice between the
curves will depend on the /D of the design combustor.
For example, the combustor aerodynamics of & design with
an /D of 2 could be determined by interpolating halfway
between the curves calculated with and without annulus
wall friction. ‘

The curves presented herein can be applied to an annular
combustor only if the velocities in the inner and outer annuli
at any station are the same and if the walls are parallel. An
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approach similar to that reported herein could be used to
calculate total-pressure loss and airflow distribution for com-
bustors with variable annulus and liner cross-sectional areas.

CONCLUSIONS

The effects of a number of geometric and operating vari-
ables of turbojet combustors on combustor total-pressure loss
and airflow distribution were determined analytically from
compressible- and incompressible-flow relations. The fol-
lowing conclusions were reached for combustors having a
given maximum (reference) cross-sectional area, constant
annulus and liner cross-sectional areas along the axis, and
flush liner wall openings:

1. Combustor total-pressure loss increases rapidly as liner
cross-sectional ares is increased above 70 percent of reference
aren. For a given liner total open hole area, the minimum
total-pressure loss is obtained when the liner cross-sectional
aren is 60 percent of the reference area for combustor tem-
perature ratios from 3 to 4.

2. Combustor total-pressure loss increases rapidly as the
liner total open hole aresa is decreased below 100 percent of
the reference area. Increasing the liner total open hole area
above about 200 percent has little effect on reducing the com-
bustor total-pressure-loss coefficient.
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3. The combustor total-pressure-loss coefficient increases
with increasing reference velocities and annulus velocities
and with increasing combustor exhaust temperature.

4. The distribution of air entering the combustor liner is
approximately proportional to the open hole area distribu-
tion only for low values of total open hole area, which entail
high pressure losses. Airflow distribution for larger total
open hole area required for low pressure losses deviated appre-
ciably from the open hole- area distribution. For a given
liner open hole area distribution, the fraction of total air
entering the upstream region of the combustor under burn-
ing conditions decreased with an increase in liner total open
hole area, reference Mach number, and combustor tempera-
ture ratio. The discharge coefficients of upstream holes are
markedly lower than 0.6; the discharge coefficients of down-
stream holes approach 0.6.

5. The liner air-jet entrance angle in the upstream region
of the liner is markedly reduced with increases in total open
hole area. The jet entrance angle for holes in the down-
stream region of the liner approaches 90°.

Lswis Friear ProruLsion LABORATORY
Nationan Apvisory COMMITTEE FOR ARRONATTICS
CrLEvELAND, OHIO, September 17, 1956
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APPENDIX A

SYMBOLS

cross-sectional area of any given flow passage,
8q ft i

cross-sectional area of annulus formed by outer
diameter of liner ¢ and inner diameter of
combustor housing D, sq ft

liner open hole area from station 2 to stamon
at z, sq ft

liner open hole ares from station at z to statlon .

at z-+-Az, sq 1t

total open hole ares in liner wall (excluding
liner dome openings), sq ft

cross-sectional area of liner, sq ft

total combustor cross-sectional area; reference
area, 8q ft

speed of sound at Jocal total temperature

orifice discharge coefficient, ratio of measured
to theoretical flow through hole

orifice discharge coefficient,
pressure-ratio effect

inner diameter of combustor housing, ft

outer diameter of liner, ft

fuel-air ratio by weight

Fanning friction factor -

gravitationel constant, 32.2 ft/sec?

length of combustor from station 2, just up-
stream of first row of holes in liner, to station
3, downstream of last row of holes at end of
combustor )

Mach number based on local average velocity
and local static temperature

Mach number based on local a.verage velocity

and local total temperature in annulus of
combustor, V/a,

w PuV
Pta'tA Pl

W , PuV>
(pa)14: \ pia: /1
local total pressure, Ib/sq ft

combustor total-pressure-loss coefficient
local static pressure, 1b/sq ft

corrected for -

§ 9T Ng

S

WL 2/ Wr

A'I.UL

B,8’

WY S NS

dynamic pressure, lbfsq ft
reference dynamic pressure;

wh ‘Ya 5. _1b
Sgread? 2 P ST

hydraulic radius, ft

local total temperature, °R

local static temperature, °R

local average velocity, ft/sec

weight-flow rate of air passing through any
given flow passage, 1b/sec

weight-flow rate of air passing thropgh annulus
at given station, Ib/sec

weight-flow rate of air passing through liner at
given station, l1b/sec

fraction of total air passing through liner dome
openings

weight-flow rate of air passing through liner
from station at z to station at z+Az, Ib/sec

total weight-flow rate of air passing through
combustor, Ib/sec

distance along combustor measured from station
2 just upstream of ﬁrst holes in liner, ft

functions

specific-heat ratio of air

specific-heat ratio of combustion gases

entrance angle of air issuing from liner wall
openings, deg .

density based on static pressure and static
temperature, Ibfcu ft

density based on total pressure and total tem-
perature, lb/cu ft

function

functions

annulus

jet issuing from liner wall opening

liner

flow normal to hole

reference

combustor inlet

station just upstream of first liner wall opemng

combustor-exit station downstream of last liner
wall opening
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APPENDIX B

INCOMPRESSIBLE-FLOW CALCULATIONS FOR TUBULAR
TURBOJET COMBUSTOR WITH CONSTANT ANNULUS AND
LINER CROSS-SECTIONAL AREAS

The orifice discharge equation for a given liner wall
opening such as illustrated in figure 1(c) is given by

A'ZDL::Op,;_;V, AAh (1)

For a differential portion of the air passing through the
opening, equation (1) becomes

dw,,= Opst.jVj dA.h (2)

It is assumed that the static and total pressures in the
vena contracta of the jet are equal to the liner static and
annulus total pressures, respectively, at the station con-
sidered; then the term p,,,;V; in equations (1) and (2) can
be determined from Bernoulli’s equation for incompressible
flow:

P4=pf,+"'” =pitg (B1)
If the density p,, is assumed to be independent of pressure
changes along the combustor but to vary only with temper-
ature changes resulting from combustion, equation (2) can
be put in the following dimensionless form by the sub-
stitution of equation (B1l) and the introduction of the
reference dynamic-pressure term g,:

V\_g . [Pa=pe (é)
d wT)—O qr d A,
Equation (B2) may be rearranged and integrated from

station 2 (fig. 1) to a given station along the combustor to
yield

(B2)

Wy,
[ a(3)
"”L.:IwTO /PAS—Z—BL

The combustor total open hole area A, for various com-
bustor total-pressure losses is obtained from

while the fractional liner open hole areas A;/A4, » for various
fractional liner airflows w;/wy are obtained from

_ AloIAr .Ah _éﬂ
=@z e

(e S

g, of o CJPA‘_PL
()
J‘ w
vpaf or C [PA“‘PL

y ®)

The term (P,—pr)/g- in equations (B3), (3), and (8) is ob-
tained from the solution of the momentum equation. For a
differential cross-sectional volume of the parallel-wall com-
bustor of figure 1(a) it is assumed that (1) the flow is one
dimensional, (2) the wall friction in the liner is negligible,
and (3) the force exerted on the edge of the liner wall open-
ings by the airstream is negligible. Then the differential
momentum equation for both the annulus and liner is (ses,
8. g., ref. 13)

Audpat dVA+VAd +f‘9‘*“1‘*‘d(l)+

Ay dPL+— dVL"{—gL dw,=0 (B4)

.

For the annulus alone, the differential momentum equation
is

Audp, A2V fagudal 4 <§>=o

Tr,4

(B5)

If it is assumed that the air crosses the plane of the liner
wall opening with an axial component of velocity equal to
V., subtracting equation (B5) from (B4) gives the differen-
tial momentum equation for the liner as

Va

AL dp[,'l"'—' dVL+ dwl;'—‘_g‘ de—O (BB)

since

d’wA =— de (B 7)

For this case of constant 4, equation (B6) may be expressed
as

d(pL+2qL)———VAd L = )=0 (BS)

Equation (B8) may be integrated from the end of the com-
bustor (station 3) to a given station to give
w0

Again, by assuming density to be & function of temperature
only,

pL+2gL— (pr.s+2qe.2)— f

(B10)

Pst, A= Ps1,1

and ‘

T,

P:t,L=P:l.lTi (Bll)

The relation between annulus and liner weight flows at any
station is given by

Wr__ _&
1t (B12)

where the effect of fuel-flow rate on wy, is neglected. Then,
from the continuity equation and equations (B10) and (B12),

v Wy We ’wL)
=
Psi, AAA Pst, 1A AA

(B13)
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and, for constant A,, the integral term of equation (B9)
becomes

Wy wp/vp 7 d _ wT <1
9AL Va ‘wr 29Pu 1A AA -AL

o

ok o

From the continuity equation and equation (B11l) the
dynamic pressures ¢; and ¢rs of equation (B9) can be
related to the reference dynamic pressure ¢, by

AN T, *
w0 (52) 7 (& ®13
and
- ( o) B16)
For incompressible flow,
Prs=prstqrs B17)

Then the substitution of equations (B14) to (B17) in equa-~

tion (B9) gives
>,:| AL AA " wy 2
f

(B18)

Z7L=P .3 ( AL) L13__2 i

Now,
PA—“?L Pl—pL -PI—PA
q % 4

Combining equations (B18) and (B19) yields
Py—p, P\—Pps P—P, /A TL3

(B19)

()’]

qr g q:
\ +AL -AA >
where the area ratios A,/4, and .A./A, are related by
A Az
n =1 x (B20)

The annulus total-pressure-loss coefficient (P;—P4)/g- of
equation (4) may be obtained by rearranging equation
(B5), dividing through by the constants A, and g, sub-
stituting the continuity relation, and integrating from
station 2 to the station at z/l:

A
PI—PA 1 Pst, 4 = fA td <l>
A~ [ dp,— "y, V=
qr rJ P4, : 4:9 JVa,2
(B21)

The expression for the hydraulic radius of the annulus 7z 4 is

42 -(4)] e

The ratio of annulus dynamic pressure g, to reference
dynamic pressure g, is given by

D—d_D

rH.A= 4 =
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(B23)

() (-0 (&)

q: AA
Substituting equations (B22) and (B23) into equation (B21)
and assuming f, to be constant along the combustor give

!
P—P, 4ap

@ R

The use of equation (6) requires an estimate of the airflow
distribution along the combustor. For the present calcula-
tions and for zero airflow through the liner dome (wy, 2/wr=0),
the airflow distribution used in equation (6) was assumed
to be

Z_(3) ™

W

For the calculations presented herein, the correlation of
reference 7 for the discharge coefficient of flugsh circular holes
was used (see fig. 3) to obtain values of C in equations (B3),
(3), and (8). For incompressible flow, the correlation pa-
rameter (Ps—p,)/(Ps—pa) of figure 3(a) is equal to (V,V,)?
and the correction of figure 3(b) is neglected. The velocity
artio V,/V; may be obtained by relating ¢; to g4 by equa-
itons (B1) and (B23), which gives

12
VA Wy (1 0)

v, Ay pA_2
AN ar

The liner air-jet entrance angle # may be obtained from
equation (10) and the relation

Vv
— -17 4
0=cos v,

©)

From equations (B3), (3), (8), (4), (B20) to (B23), (6), (7),
and (10), the liner total open hole area and airflow distribu-~
tion may be calculated for specified values of the combustor
total-pressure-loss coefficient. However, if the specified
value of the combustor total-pressure-loss coeflicient in equa-~
tion (4) is too low, the calculated liner static pressure p,
will be greater than the annulus static pressure p4 at some
point in the combustor, and a solution for equations (B3),
(3), and (8) will not be obtained. For the parallel-wall
combustor and negligible annulus wall friction, the minimum
difference between the annulus and liner static pressures
occurs at the upstream end of the combustor where wy/wy is
equal to wy ofwr. From equation (4) the combustor total-
pressure-loss coefficient is related to the difference between
annulus and liner static pressures at this point by

P—Pr 3 /PA"Z’L) > TL 3__ TL Wr, 2)’]
¥

e qf ) :Kl—wL 2)

Az, AA (B24)
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The minimum combustor total-pressure-loss coefficient re-
quired for a solution of equations (B3), (3), and (8) is
obtained from equation (B24) by setting p4 s—7r s equal to
zero. It i3 noted that this minimum combustor total-
pressure-loss coefficient is independent of the discharge co-
efficients of the liner wall openings. If annulus wall friction
effects are included in the calculations, the minimum com-
bustor total-pressure-loss coefficient will be somewhat
greater than that given by equation (B24), and the minimum
value of p,—p. will occur at values of w,/wr greater than
Wr, 2/ Wr.

In the present report, the solutions of equations (B3), (3),
and (8) were obtained for wy ofwr equal to zero. The com-
bustor total-pressure-loss coefficient and airflow distribution
curves for values of wy o/wyr other than zero were obtained
by correcting the curves where wy s/wr was equal to zero by
the following procedure:

(1) For given values of A r/A,, AL/A,, and Ty 4/ 11, AP/q,
is obtained from the combustor total-pressure-loss coeflicient
curves computed with a wg/wr of zero. The airflow dis-
tribution curve at corresponding conditions for a wy s/wr of

zero 18 then used to obtain a value for A,/d;  at a value of
wg/wy equal to the chosen finite value of wy, ofwy.

(2) A corrected value for A, r/A, is then obtained by
multiplying the valye of .4, /A4, corresponding to the data
for wy, ofwr equal to zero by the quantity 1— (A/As 1), where
the value of .4,/A4, - was obtained by step (1).

(3) Values of A/A4, r are selected from the airflow distri-
bution curve for g sfwr equal to zero at various values of
wzfwr greater than the chosen finite value of wy ofws. Cor-
rected values of As/As r are then obtained by subtracting
the value of A4,/A; r obtained in step (1) from the selected
value of A4,/dsr.and then dividing by the quantity
1—(Ax/A4.7) obtained in step (2).

With the preceding procedure the major portion of the
combustor total-pressure-loss coefficient and airflow distri-
bution curves may be obtained. However, for large values
of A, r/A, the use of equations (B3), (3), and (8) for the
given value of wy, s/wr will be required. It is noted that the

“use of the preceding procedure for the cases where annulus

wall friction effects are included requires the use of airflow
distributions similar to those shown in figure 13.

APPENDIX C

COMPRESSIBLE-FLOW CALCULATIONS FOR TUBULAR TURBOJET COMBUSTOR WITH CONSTANT ANNULUS AND LINER
CROSS-SECTIONAL AREAS

From application of the continuity equation, the flow at
any station in the combustor may be related to the total
airflow through the combustor by

w1 p, VAP [T\

E—m Pl EF; T (C1)
where
*_ Ps:
Mi= P, 1y, 1A ( V) (C2)
Transposing terms in equation (C1) gives
PuV - é_ w & TN}
Pile =M*=Mt A w, P\T, (C3)
Since
puV_ a2, 2 (TVA_ (gz)
b (3) =0 (3 (%)

the relation between p,;V/parand local Mach number, local
static to total temperature and pressure ratios, and other
compressible-flow functions may be obtained from
compressible-flow tables (e. g., ref. 14).

For any station in the liner,

_ Ar.’wL& T I ¥%
S A ©9
For the end of the liner,
A, P (T,
¥ Ar £1 L3
M=z 7 5 () (o)

For the annulus, where the total temperature is assumed
equal to the combustor-inlet total temperature,

My=ngy A L1 (1‘% ©n

T4, P,
The dynamic pressure ¢ is given by
¢=2e pir=12 L ArsP=p' (%P (C8)

and the combustor total-pressure-loss coefficient by

(C9)

For the compressible-flow calculations, equation (B2) is
put in the dimensionless form

&__0_ Pt _zT1> ( )

Wy )77 z\7,) UZ

For isentropic flow through the liner wall openings to the
jet vena contracta, P; equals P,, and, for T; equal to T,

equation (C10) may be rearranged and integrated from sta-~
tion 2 to a given station along the combustor to obtain

[ Mrd(g) 4,

wy, of 0p O<Pu & Ar
Py Pl

(C10)

(C11)

As in appendix B, the total liner open hole area is obtained
from the integration from station 2 to station 3 where
?D);_s/’w'_r'=1:
Mrd (2
J. S 7ui D
L8/ ¥r 0(3'_‘__ Py A
Py 1E :
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The airflow distribution is obtained from

e 2132

w,_,/w,.0<Pu % A
1__ 41y

1 Mrd (EE) e
wa o e O(PuT PA

Py

(12)

If the static pressure at the jet vena contracta is assumed
equal to the liner static pressure at the station considered,
the term (p,.V/p:@:); of equations (C11), (11), and (12) is
obtained from the ratio of liner static to annulus total
pressure p./P, and equation (C4).

As in appendix B, the liner static pressure is obtained
from the solution of the momentum equation. With the

use of equation (C8) and the definition of 34, 4, the momen-_

tum equation (B9) can be put in the form
B b MpP—522 (1 MR Pr s
Ar Wy /1w
'YGMEPIJ: - ng,Ad(%j =0 (012)

From equations (C4) to (C6),

£ v M =p(2a2) (C13)
L
and _
£ (1hr M3 ) =o(M2) (C14)
L,3

In equations (C12) to (C14), the specific-heat ratio v, of the
liner gas stream is assumed constant along the combustor.
Combl.mng equataons (C12) to (C14) and dividing through

by MF=E 7 (TI’> £ give

ooy (7)) St aa (2

ME T\*w,
T.) wr

(C15)

Equation (C15) may be written
votz) (B ) [T 00 (22)

TL M'wz,
T1 Wy

Y1)

(C16)

where

sarn=220 (€1
From equation (C3), the integral in equation (C16) can
be expressed as a function of 44%. For the present calcula-
tions, the total-pressure ratio P,/P; required in the evalua-
tion of Aff was obtained by using the following relation:
PA>

M2 (C18)

P1
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and the values of (P,—P,)/q, were obtained from equations
(6) and (7).

For the case of negligible annulus wall friction, the
integral term of equation (C16) is given by

—Ye (A ) [p(MD)—1)

- fl T AL, . a (B ) (C19)
2t ()
where \ ,
oMH=F (1-+v.L2) (C20)
and equation (C16) reduces to
vt (5 ) (1—— V()
Y(ME)= (C21)
T1
where
vy =24 (©22)

In table I, ¢, ¥, ¢/, p/P, and B * are presented for a range
of values of M and for specific-heat ratios of 1.4 and 1.3.
If values of M7, Az/A,, Py/PLs, and Ty/T, are specified,
the right side of equation (C16) or (C21) can be calculated
for various values of w/wy. From these values of ¢(ML}),
values for M} and the pressure ratio p./P; can be obtained
from table I(a). Then
A,y Z’_L)"f
) > Pl\ P Pl ‘Arwe \T, (C23)
P- \P, P,) P.P, M%

where P,/P, is obtained from equation (C18). From this
value of p./P,, the term (p,/V/pa:); of equations (11) and
(12) is obtained.

In the present report, the orifice-discharge-coefficient
correlation of reference 7 was used (see fig. 3). The pressure
ratio ps/P4 of the correlation parameter of figure 3(a) is
obtained from table I(a) and Af¥, while the pressure ratio
Pa/pz of figure 3(b) is obtained from

ys
Pa_Pa
Pr Po

Py

(C29)

where p,/P, is obtained from equation (23). With the above
values of C(p,,V/pa.); and P,[P,, the integrals of equations
(11) and (12) may be evaluated by trapezoidal or graphical
integration.

The entrance angle 8 of a liner air jet may be obtained from
the relation

M,
—1t¥4
6=cos i, (13)

where 4, and 14, are obtained from table I(a) and values of
4 and M= ‘:’;V> ’ ?especﬁvely.

t/ 1
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TABLE IL—SUBSONIC CQMPRESSIBLE—FLOW PARAMETERS
(b) Specific-heat ratio v,, 1.3.

(a) Specific-heat ratio v,, 1.4.

v o= |w=2=2

M 1—’2 Mr=Ret” ¢=11; (Atvedd] ¥ paV stV
Pt PG Pl

0 100 0 10 ® 0

.01 | .9999 | . o100 1. 00004 | 100. 004 . 0040
02| .9997 | .0200 1 00026 50. 013 . 0130
.03 | .9994 | 0300 1. 00065 33. 355 . 0217
.04 | .9989 | . 0400 1. 00114 25. 028 . 0285
.05 | 9983 0500 1. 00179 20. 036 . 0368
.06 | .9975 0599 1. 00252 16. 737 - 0421
.07 | .9966 | .0698 1. 00344 14. 376 . 0493
.08 | .9955 | 0797 1. 00442 12 603 . 0555
.09 | .9944 | 0808 1. 00568 11. 224 . 0634
.10 | .9930 | . 0994 1. 00690 10. 130 . 0694
J11 | .9918 [ .1092 1. 00840. 9.2344 | .0769
.12 .9900 [ .1190 1. 00996 8 4871 | .0837
.13 | .9883 | .1287 1,01168 7.8608 | . 0908
.14 | .9864 | .1384 1. 01347 7.3228 | . 0973
J16 | .9844 [ 1480 1. 01541 6.8609 | . 1041
.16 9823 1576. L 01751 6. 4563 . 1111
J17 | . 9800 1671 L 01965 6.1020 | . 1176
.18 | . 9776 1765 1. 02194 5.7900 | .1243
J19 | . 9751 1859 1. 02438 55104 | . 1311
220 { .9725 | .1953 1. 02696 5.2584 | .1380
.21 | .9697 | 2045 1. 02957 5.0346 | . 1446
22| .9668 | 2137 1. 03231 48306 | .1512
.23 | .9638 | .2228 1. 03518 46462 | . 1579
.24 | .9607 | .2319 1. 03817 44768 | . 1646
.25 | 9575 | 2408 1. 04128 , 43243 | 1714
.26 | .9541 | 2497 1. 04440 41826 | .1778
.27 | .9506 | .2585 1. 04762 40527 | .1842
.28 | .9470 | .2872 1. 05094 3.9332 | .1906
.29 | .9433 2758 1 05436 3.8229 | .1971
.30 | .9395 2844 1. 05788 3.7197 | . 2035
31| .9355 2928 1. 06136 3.6249 [ . 2096
32| .9315 3011 1. 06504 3.5371 | . 2160
.33 | .9274 3093 1. 06879 3.4555 | .2224
34| L9231 3175 1. 07249 3.3779 | 2283
.35 | .9188 | .3255 1. 07637 3.3068 | .2346
.36 | .9143 3334 1. 08019 3.2399 | 2405
.37 | . 9008 3412 1 08417 3.1775 | . 2467
.38 | .9052 | 3489 1. 08820 3.1189 | .2528
.39 | 9004 3565 1 09213 3.0635 | 2584
.40 | . 8056 3640 1. 09621 3.0116 | . 2643
.41 | -8907 | 3713 1. 10032 29834 | .2702
.42 | 8857 3785 1. 10443 29179 [ . 2759
.43 | 8807 | 3856 1. 10868 28752 | . 2818
.44 | 8755 | .3926 1. 11280 28344 | . 2873
.45 | .8703 | 3994 1 11703 27968 | . 2930
48 | .8650 | . 4062 1. 12125 27603 | . 2985
.47 | .s598 | 4128 L 12544 27264 | . 3039
.48 | 8541 | 4193 1 12060 26940 | 3001
.40 | .8486 | 4256 1. 13385 26641 | .3145
.50 | .8430 | . 4319 1. 13805 26350 | .3196

PalT’ — =.i..
M % M*=-p—'a;. ¢—-% (1+‘Y¢Mz) L4 M
P
0 1.0 0 1 ©
.01 . 9999 . 0100 1. 00003 100. 003
.02° . 9997 . 0200 1. 00022 50. 011
.03 9994 . 0300 1. 00057 33. 362
.04 . 9990 . 0400 1. 00108 25, 027
.05 0984 . 0499 1. 00164 20. 073
.06 9977 0599 1. 00237 16. 734
.07 9968 0698 1. 00315 14. 372
.08 . 9959 0797 1. 00419 12. 600
.09 . 9948 0896 1. 00528 11, 220
.10 . 9935 0094 1. 00642 10. 126
.11 . 9922 1092 1. 00781 9. 2290
.12 . 9907 1190 1. 00925 8. 4811
.13 . 9891 1287 1. 01083 7. 8642
.14 . 9874 1384 1. 01266 7.31062
.15 . 9865 1481 1. 01433 6. 8490
.16 . 9836 1577 1. 01623 6. 4441
17 . 9814 1672 1. 01827 6. 0901
.18 . 9792 1767 1. 02044 6. 7760
.19 . 9769 . 1861 1. 02275 5. 4967
.20 . 9744 1955 1. 02507 5. 2433
.21 . 9718 2048 1. 02761 6. 0171
.22 . 9691 . 2140 1. 03008 4, 8135
.23 . 9663 . 2231 1. 03275 4, 6291
.24 . 9634 . 2322 1. 03554 4, 4597
.25 . 9604 . 2412 1. 03843 4. 3063
.26 . 9572 . 2501 1. 04132 4. 1630
.27 . 9540 . 2590 1. 04441 4. 0325
.28 . 9508 . 2677 1. 04749 3. 9129
.29 . 9471 2764 1. 05065 3. 8012
.30 . 9435 . 2850 1. 06389 3. 6979
.31 . 9399 2935 1. 056732 3. 6024
.32 . 9361 3018 1. 06071 3. 5146
.33 . 9322 3101 1. 06417 3. 4317
.34 . 9282 3183 1. 06769 3. 3544
.35 . 9241 3264 1. 07126 3. 2820
. 36 . 9200 3344 1. 07500 3. 2147
.37 . 9157 . 3423 1. 07867 3. 1612
.38 . 9113 3500 1. 08237 3. 0925
.39 . 9069 3577 1. 08622 3. 0367
.40 . 9023 3652 1. 08998 2. 9840
.41 . 8977 . 3727 1. 09387 2. 9350
.42 . 8930 . 3800 1. 09778 2, 8880
.43 . 8882 . 3872 1. 10170 2. 8453
.44 . 8833 . 3943 1. 10561 2. 8040
.45 . 8784 . 4012 1. 10964 2, 7658
.46 . 8734 . 4081 1. 11365 2, 7280
.47 8683 . 4148 1. 11765 2. 6944
.48 8631 . 4214 1. 12162 2. 6617
.49 8579 . 4279 1. 12568 2. 6307
.50 . 8525 . 4341 1. 12956 2. 6021




