T T T———————— D N S —— VT

| J TECHNICAL L3RRy ARE -L3L)F ’

AIRESEARCH MANUFACTURING co.

\ 08£51-9951 QFPU:’.VZ:}A BL‘v'D.

INGLEWOOD,
- CALIFORNIA
N NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS |

WARTIME REPORT

ORIGINALLY ISSUED

| January 1945 as |
’ Advence Restricted Report IL4L19 ‘

| CHARTS OF PRESSURE, DENSITY, AND TEMPERATURE CHANGES

AT AN ABRUPT INCREASE IN CROSS-SECTIONAL AREA

- OF FIOW OF COMPRESSIBLE AIR

By Upshur T, Joyner

|

|

Langley Memorial Aeronautical Laboratory |
Langley Field, Va, ‘

. e

WASHINGTON

NACA WARTIME REPORTS are reprints of papersoriginally issued to previde rapid distribution of ‘
advance research results to an authorized group requiring them for the war offort. They were pre- |
&’ viously held under a security status but are now unclassified. Some of these reports were not tech- |
nically edited. All have been reproduced without change in order to expedite general distribution. \




* TECHNICAL LIBRARY

AIRESEARCH MANUFACTURING €O

9851-9951 SEPULVEDA BLVD.
INGLEWOOD,
CALIFORNIA

NATIONAL ADVISORY COMMITTER FOR AERONAUTICS

NACA ARR No. TLT19 RESTRICTED

ADVANCE RESTRICTED REPORT

CHARTS OF PRESSURE, DENSITY, AND TEMPERATURE CHANGES
AT AN ABRUPT INCREASE IN CROSS-SECTIONAL AREA
OF FLOW OF COMPRESSIBLE AIR

By Upshur T, Joyner

SUMMARY

Equations have been derived for the change in the
guantitiés that défine the thermodynamic state of air -
pressure, density, and temperature = at an abrupt
increase in cross-sectional area of flow of compressible
air. Results calculated from these equations are given
in a table and are plotted as curves showing the
variation of the calculated quantities with the /area
expansion ratio. in terms of the initial Mach number
as parameter, Only the subsonic region of flow is
considered.

INTRODUCTION

The well-known Borda-Carnot expression for change
in pressure when an incompressible fluid passes an
abrupt area expansion has long been used for estimating
the pressure changes in compressible air flow at an
abrupt expansion. Thismethod is simple but not exact.

The expressions for pressure, density, and
temperature ratios given herein are for subsonic flow
and are in precise agresement with the exact expression
for the velocity ratio in a compressible flow at an
abrupt area expansion developed in reference 1, In
the present report, Mach number, or the ratio of air-
flow velocity to existing sound velocity, is used as
a parameter; whereas in reference 1 the parameter was
the ratio of existing air-flow velocity to the velocity
that the air would possess if accelerated isentropically
until its velocity was equal to the then existing local
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sound velocity. This difference in parameters must be
considered when equations from the two papers are
compared.

By use of the same three fundamental equations
used herein, a somewhat similar equation showing
pressure and density changes across a shock loss in a
pipe of uniform cross section was developed by Hugoniot
and is given in reference 2.

The expressions obtained herein for pressure,
density, eand temperature changes in a compressible
flow at an abrupt expansion are too involved to be of
practical use. he present computations have therefore
been made and are presented in tabular and graphical
form.

3YMBOLS
A cross-sectional area of flow, square feet
a velocity of sound, feet per second
£ area ratio (Ay1/A2)
M Mach number (V/a)
o) static pressure, pounds per square foot
Y velocity of flow, feet per second
Y ratio of specific heat at constant pressure to

specific heat at constant volume, dimensionless

R universal gas constant, Btu per slug per OF
dl absolute temperature, 160 + °F
P density of air, slug per cubic foot

Subseripts:
1 before abrupt expansion

2 after abrupt expansion




NACA ARR No. ILI19 3
ANATLYSIS

Prom. the fundamental equations for the conservation
of energy, of continuity; and for the conservation of
momentun, equations are obtained that give the variation
of the pressure, density, and temperature ratios with
the area expansion ratio f in terms of the initial
Mach number as parameter.

Figure 1 shows the conditions of flow assumed for
the present calculations. The static pressure at a
(fig. 1) is taken to be the same as at b for subsonic
flow, as has been proved experimentally by Nusselt
(reference 3)., Uniform velocity distribution before
and after the expansion is assumed, The ratio of
specific heats 4 1s taken as 1.405,

The fundamental equations are the equation for
the conservation of energy

V42 P Vol
o WP ¢ G, € N R (1)

the equation of continulty,
P1A V1 = Pohas (2)
and the equation for the conservation of momentum

o gl e ;i

From equation (1)

2

adhelf 50 - N 7 % = A T, TP

1 81 T TTETY ‘1
= \71 P2
or
2

Y_l Y—lf2 P2p-'
7 M2+ 1= ——(=) 1=+ =2 (L)

1 Py Pp



=

NACA ARR No. LLIL19

From equation (3)

p V.
EE i v 2 (1 - o8
Py Vl
o} N
=1 + Yfmla/i i —lf) (5)
Xe 2
From egquation (2)
V. P1 Ay P
penitadls by o ot 3 (6)
1 Po k2 Pz

When equations (5) and (&) are substituted in equation (4),

-1 e o L o1\2
! Sl e 2 (?l\ £2y,2 4 2L 4 Blopyy2 - Yf2X1d<FE>

2 \p2 P52 - \p2
or
P1\2 + 1 o) L2 - MaC 4
E f2M12 H = Lé:6_+ YfM12\+ 5! 1 . = 0 {7
Ps, 2 pg\ / o

When equation (7) is solved for py/pp and the resulting
equation is inverted,

fafﬁlz(«( + 1)

P2 .
1 ) 2 2 2y & 2. S
1 + yfM3 -\/2«(fx‘ﬁl (1L - f) +1 - 2fF Ml + f Ml""

Tn order to obtain an expression for the pressure

ratio, equation (8) is substituted in equation (5) and

the following equation results:

ps 1+ yfMy2 + Y\/nyM12(l - ) + 1 - 2£212 + 2k =
——r = 9

Py v + 1
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By differentiating pz/bl with respect to f, 1it can
be shown that the maximum static-pressure recovery for
any value of M;- i3 obtained when

¥ &3
v +\/ > Miz # 1

f£= (10)
2(y + 1) = 1,2

The locus of maximum pressure ratio is shown in figure 2.

In equations (&), (9), and (10), the sign of the
radical has been chosen s¢ that the results obtained
are in the region where the assumptions are valid.

The temperature ratlo is obtained by use of the
gsneral gas law and the computed values of pressure and
density ratio as

b
P gy
Py
D
-—2— = RTZ
| p2
| T in il
T, po/Pq

Figures 3 and li show the variation of density ratio and
temperature ratio with area expansion ratio.

In order to make the results shown in figures 2
to I usable in cases for which only the conditions after
the expansion are known, the value of My 1n terms

of M3 and f 1is given in figure 5, If M

and f are known, Mj; can be determined from this
figure, The relation plotted in figure 5 is developed
as follows:
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0\ (Va/2)°

Vo2
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By use of equation {6),

or

2 fa
Py Py

RESULTS AND DISCUSSION

The calculated values of pressure ratio, density
ratio, and temperature ratio are given in table I.
The values have been computed to @ decimal places
because of the form of the equations,in which small
differences in large quantities are involved. In the
region where M and f were both small, that is,
0.1 or 0.2, it was necessary to carry some of the
calculations to 12 decimal places in order to obtain
smooth curves for the quantities calculated.
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As in the case of Incompressible flow, the calcu-
lated changes occur gradually after the abrupt increase
in cross=-sectional area of flow, and the calculated
and measured results are in best agreement at a distance
the order of 6 to 10 diameters of the large cross
section downstream from the abrupt area increase.

The comparison of pressure ratios for compressible
and incompressible flow i1s shown in figure 2, in which a
long=-dash line gives the pressure ratio calculated on
the basis of incompressible flow for the same initial
conditions that are assumed for compressible flow at
an initial Mach number of wnity. It is evident that
the effect of compressibility is vanishingly - small
for values of the area ratio of expansion below about 0,25,
The short-dash line in figure 2 shows the pressure ratio
to be obtained with isentropic expansion and an initial
Mach number of unity.

The experimental points from reference .3 shown in
figure 2 were obtained from the only experiments known
to the author in which pressure ratio has been measured
at an abrupt expansion with compressible gas flow at
high Mach number. These data were obtained for an
area expansion ratio of 0.246, however, for which the
difference between compressible and incompressible flow
i1s insignificant. These experimental results agree
well with the calculated results but are by no means
conclusive., Agreement of experimental with calculated
values at an area expansion ratio of 0.7 or 0.3 would
be conclusive evidence of the difference in pressure
ratio obtained with compressible flow from that
calculated by the Borda-Carnot formula for incompressible
flow,

An experimental investigation of the changes in
pressure, density, and temperature at an abrupt increase
in cross-sectional area with compressible flow would
serve to determine corrections for the effect of
nonuniform velocity distribution and friction on the
idealized results obtained from the present calculations,

Langley Memorial Aeronautical Laboratory
National Advisory Committee for Aeronautics
Tangley Field, Va.
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TABLE I.= PRESSURE RATIO, DENSITY RATIO, AND ABSOLUTE-TEMPERATURE RATIO FOR VARIOUS VALUES

OF INITIAL MACH NUMBER AND AREA EXPANSION RATIO
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Figure 2.- Variation of pressure ratio with area ratio and initial Mach
number at an abrupt expansion of compressible air flow. (Experimental
points from reference 3.
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Figure l.=- Variation of absolute-temperature ratio with area ratio and initial Mach >

number at an abrupt expansion of compressible air flow.
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Figure 5.= Initial Mach number in terms of area ratio and final Mach number at

an abrupt expansion of compressible air flow.
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