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Summary.

Properties of ‘Real Air’ in isentropic nozzle flow are compared with those of either ‘Classic Air’ for which
y = 1-4 exactly or ‘Ideal Air’ for which y may vary, but which obeys the Ideal Gas law Pv = RT.

Having shown that there is little difference between Classic Air and Ideal Air in the total temperature
range from 270 to 400 deg K, the present results are presented as ratios of Real Air/Classic Air mass-flow
intensity, and again as ratios of Real Air/Classic Air isentropic velocity. Operating conditions cover
pressure ratios from 2 to 100, levels of inlet total pressure of 1, 4, 7 and 10 atm, and levels of inlet total
temperature of 270, 290, 300, 350 and 400 deg K.

At inlet conditions of 10 atm and 290 deg K, Real Air isentropic velocity falls about 0-4 per cent below
Classic Air, while Real Air mass-flow intensity rises about 0-6 per cent above Classic Air.

Strictly, the calculated results are for expansion of the respective fluids over exactly the same pressure
ratio, which requires a flexible nozzle, but fixed nozzle operation is discussed.
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1. Introduction.

A convenient standard by which the efficiency of a propelling nozzle may be judged is the thrust
produced by isentropic expansion of a reference gas. The usual reference fluids, either Ideal Air* or Classic
Air*, are not suitable for accurate comparisons when the nozzle inlet pressure is high and the inlet
temperature is low, as for many model test experiments. Under these conditions a more appropriate
reference fluid is Real Air*.

A previous Note! examined the magnitude of the Real Air effect in model propelling nozzles using the
data in Hilsenrath’s tables? for Real Gas properties. In these earlier calculations, by means of desk
machine, it was found necessary to avoid pressure-wise interpolations in the tables and so only a skeleton
array of results was possible at that time.

More recently, calculations have been made by R. C. Johnson® on the effect of Real Gas upon the
isentropic mass-flow intensity within a convergent nozzle, for a number of different gases, including air.
His preliminary calculations also made use of Hilsenrath’s tables to fit temperature polynomials which
were used to calculate both the virial coefficients for the equation of state and to calculate the Ideal Gas
specific heats. Thence his main computer program proceeded without further reference to the tables,
being based upon Real Gas theory. Ratios of Real Gas to Ideal Gas mass-flow intensity were plotted for
nozzle pressure ratios up to 2 —i.e., just greater than the critical or choking (M = 1) pressure ratio.

The opportunity has now been taken, as described in the present Report, to extend the calculations
of Reference 1 with the aid of an electronic computer. Tedious pressure-wise interpolations were now
possible although, in the event, these interpolations turned out to be numerically unstable and it became
necessary to fall back on Real Air theory for this part of the calculations.

Ratios of Real Air to Classic Air isentropic mass flow intensity were to be checked against Johnson’s
results at the low pressure ratios (up to 2). Then for the wider range of interest for propelling nozzles
(i.e., pressure ratios up to 100) results would be obtained on Real Air to Classic Air isentropic thrust
ratio.

2. Definitions.

Types of air are classified according to the definitions of Reference 1 which are repeated here for
convenience. For inlet temperatures around 300 deg K there is little difference between Classic Air and
Ideal Air — in fact Johnson has used the word ‘ideal’ where the present text would have preferred ‘classic’.

2.1. Classic Air.

A mixture of diatomic gases in which the internal energy consists of the translational and rotational
modes only, the energy levels being fully established. The specific heats are constant at the values:

C,=35R (1)
and
C,=25R 2)

and so the ratio of the specific heats is constant at the value:

2.2. Ideal Air.
A mixture of gases that obeys the Ideal Gas law:

Pv=RT 4)

*For definitions of Classic Air, Ideal Air, Real Air see Sections 2.1, 2.2, 2.3.



The Ideal Air specific heat Cg varies with temperature, but is independent of pressure (it is equal to the
Real Gas C,, at low pressure). Ideal Gas C? is given by:

C0-C® = R (5)

where R is a constant for the gas.
Since C2 (and C?) varies with temperature, the specific heat ratio:
0 0
0Go G ©)
C°~ CO-R

also varies with temperature, but not with pressure.

2.3. Real Air.
A mixture of gases that obeys the Real Gas law:

Pv=ZRT. (7)

Here, Z is the Real Gas compressibility factor which suffers the greatest departure from unity at low
temperature and high pressure.

Real Air specific heat C, varies with both temperature and pressure. The difference of specific heats
is not equal to R, but is given by:
opP v
C,—C,=T|-— 8
e (N).(a T>P )
together with Equation (7).

The ratio of the specific heats varies both with temperatures and pressure.

3. System of Units and Notation.

The equations in this Report have been written within the framework of the m.k.s. system, the units
of which are listed in the List of Symbols.

Of the innumerable variations in use within the ft.Ib.s. system, the one quoted in the List of Symbols
the fundamental mechanical ft.Ib.s. system — is self-consistent and can be compared with m.k.s.

Entropy and enthalpy data are tabulated by Hilsenrath in non-dimensional form as S/R and (H - E)/
R T, respectively. However, to avoid excessive complication in Appendices 111 and IV the Notation S
and H is used there to denote these non-dimensional quantities.

4. Calculation Methods.

4.1. Basic Principles for Propelling-nozzle Thrust.
Referring to Figure 1 the gross (gauge) thrust of a propelling nozzle is given by:

Xo=QV+APS-P,) ©)

where the index ) denotes ‘in the exit plane”.

Dividing by Q \/ﬁ we obtain the specific (gauge) gross thrust:

Xg ve  Ac
= ——+—=(P°~P_). (10)
oVT VT o7,



When operating a ‘fixed nozzle’ at the design pressure ratio (D.P.R.), the static pressure in the nozzle
exit plane, P, is equal to ambient pressure P so that we obtain the specific thrust at D.P.R. from
Equation (10):

)
Q\/Tt DPR ﬁ

With a ‘flexible nozzle’, the area ratio can in principle be adjusted so that any pressure ratio becomes
the D.P.R. The essential thing is that

Pt Pt
Fppr l: PSQ:I e Po (12)

Pg, DPR = Poo (13)

ie.

The isentropic relationship between velocity and enthalpy is shown in Appendix I to be:

V=./2(H—H). (14)

Equation (14) can be used for either Real Air or Ideal Air. The enthalpy difference for Real Air is discussed
in Section 4.2. and Appendix III, while for Ideal Air it is discussed in Section 4.3. and Appendix IV.

4.2. Real Air Isentropic Velocity and Mass-flow Intensity.

Details of the calculation are given in Appendix III for the computational path ABCD illustrated in
Figure 2.

Briefly, the method is to ‘interpolate’ the tables of Hilsenrath to find the temperature T, gpa; at the
pressure P for the given pressure ratio, at which the entropy S, is equal to the initial entropy S,. Having
found T, rgar, the tables are interpolated for enthalpy, H,. Thence isentropic velocity, Vg, is evaluated
from Equation (14), the initial enthalpy H, having been read from the tables.

Unfortunately, the calculated velocity was found to be extremely sensitive to error in the pressure-wise
interpolation of entropy (path B —» C in Figure 2) at the lower pressure ratios, as shown by the curve in
Figure 3. In fact, all the standard numerical methods of interpolation* failed, as discussed in Appendix
111, because the pressure intervals were teo wide in the tables. Success was finally achieved with a pressure-
wise interpolation by Real Air theory as described in Appendix III.

Real Air velocities were divided by Classic Air velocities, calculated as described in Section 4.4 to give
the ratios, Vegar/ Vevassic:

Finally the ratios of Real Air to Classic Air mass-flow intensity were found from:

(0 V)reaL — T, cLassic % VrEaL (15)
(P V)cLassic  Zs T rear Vevassic

since

PREAL - P / P (16)
Pcrassic  ZRT rear | RT, crassic .

*The 4-point Lagrangian interpolation, for which the Hilsenrath tables are said to be designed, was
found to be numerically unstable and quite useless for the present calculations. Of the other methods
investigated, a logarithmic transformation gave a good linear interpolation of § versus log P to within
5 digits in the last decimal place of entropy data (i.e. to 5 parts in 20000) but this was not quite good
enough for the present purposes.



4.3. Ideal Air Isentropic Velocity and Mass-flow Intensity.

Details of the calculation are given in Appendix TV for the computational path ABCDE illustrated in
Figure 4.

The calculation is much simpler than for Real Air. Ideal Air enthalpy H? is independent of pressure,
while a simple logarithmic pressure relationship exists for Ideal Air entropy S°. In view of the basic
simplicity of the calculation, and to take advantage of the greater precision of the tabulated values
(S° data is given to 1 part of 200000) it was decided to do a reverse interpolation of second degree for
T, pear (path D — E in Figure 4) instead of the linear reverse interpolation used in the Real Air program.
Having calculated enthalpy H? from T, jpar, the Ideal Air isentropic velocity was found from Equation
(14).

Ideal Air velocity was divided by Classic Air velocity, calculated as described in Section 4.4, to give
the ratio, Vipgar/ Vevassic:

Finally, the ratio of Ideal Air to Classic Air mass flow intensity was found from:

(,D V)IDEAL _ Ts,CLASSIC x VIDEAL

= (17)
(p V) CLASSIC Ts, IDEAL V(‘LASSIC

PIDEAL - P, / P (18)

PcLassic R Ts, IDEAL R T , CLASSIC

since

44. Classic Air Isentropic Velocity and Mass-flow Intensity.
Isentropic velocity following expansion through the pressure ratio r is given by :

YR T.M? %
Vevassic = _ﬁ (19)
1+5f— M?
where
2 r=1 .
2 = -1 (20)
y—1
and
= P,/P, 1)
while

v = 1-4 exactly for Classic Air.
Equations (19) and (20) can be combined to give:

29R n=yY 1
Vevassic = [})—_—_—1 T, (1 - (}) ’ ) ] (22)

Mass-flow intensity is given by the product of veloéity from Equation (22) with density from:

1
)y . (23)



Hence N
© 2y P2[1\2 1=t 3
(PV)cLassic = l:)’——l ﬁtT_, (’_), 1- 7 ! . (24)
Thus for Classic Air, the isentropic velocity and mass flow intensity can be calculated directly from

Equations (22) and (24) for given nozzle inlet conditions P, T; at any pressure ratio r, putting y = 1-4
exactly.

5. Results.

All the results presented in this Section 5 and shown in Figures 5, 6, 7, 8, 9, 10, and 11 are in the form
of ratios of the properties of Real Air to those of Classic Air when the two fluids are expanded over exactly
the same pressure ratio. This can be achieved in a ‘flexible nozzle’, but is strictly impossible in a ‘fixed
nozzle’. A full discussion is given in Section 6.

5.1. Comparison of Classic Air with Ideal Air.

Classic Air for which y = 1-4 exactly is a convenient reference fluid. Calculations of isentropic velocity
Verassico and mass-flow intensity (p V)epassic are much simpler than their counterpart for Ideal Air,
Vipear and (p V) ppay. So it is of practical interest to know the range over which Classic Air can be accepted
as equivalent to Ideal Air.

Curves of Vipgar/ Vevassic a0d (0 V)ipear/(P V) cLassic are plotted in Figures 5 and 6 against pressure
ratio for various T, levels above 300 deg K at a total pressure of 10 atm. It can be seen that if T} is less
than 400 deg K, both the velocity ratio and the mass-flow ratio remain within 0-1 per cent of unity.

Thus at the lower temperatures it is satisfactory to use Classic Air, instead of Ideal Air, as the basis
for comparison with Real Air. Consequently, in this Report, properties of Real Air are published as
ratios to the corresponding property of Classic Air. If the ratio of flow properties for Real Air/Ideal Air
should be required, this can be found by the use of Figures 5 and 6.

5.2. A Comparison of Calculation Methods for Real Air Mass Flow.
Johnson® has published his results in the form of graphs of :

(pV)rearL
y=———- 25
(P V) ipEAL @3)
plotted against:
x=1-—~P/P,
1
1 (26)

at T, = 305-55 deg K, for P, levels of 10, 40, 70 and 100 atm, for a range in pressure ratio » from 1 to 2.

Before comparing his results with those of the present calculations, two comments are necessary.
Firstly, Johnson’s label ‘ideal’ is synonymous with our label ‘classic’ for air with y = 1-4 exactly. Secondly,
Johnson’s equation for (p V) ¢p sssic would be identical with our Equation (24) were it not for his inclusion
of an ‘arbitrary factor’ (sic) Z, in the denominator. For purposes of comparison his Z, factor has been
.removed to give the curves of (0¥ )gear/(PV)cLassic Plotted on Figure 7 for pressure ratio over the range
from 1 to 2. Two inlet pressure levels are shown, 10 atm and 40 atm.

Results from the present calculations are also plotted on Figure 7 for pressure ratio r from 2 to 3.
(At r less than 2 the present calculations are unreliable due to sensitivity to error in entropy data as shown
on Figure 3). For r greater than 5 there is little further change in the level of the curves at least up to
r = 100.



5.3. Real Air/Classic Air Ratio of Isentropic Mass-flow Intensity.

Ratios of (p V)grpar/(p V) epassic are plotted in Figure 8 for inlet-pressure levels of P, = 1,4, 7 and 10
atm over the range of pressure ratio from 2 to 10, all at a constant inlet temperature of 7, = 290 deg K.
It is scen that the extent by which the ratio (p V)ppar 0 V) cLassic increases from unity depends upon the
inlet pressure level, but the effect is nearly independent of pressure ratio over the range from 5 to 100
(constant results for r > 10 are not shown). Atinlet pressure of P, = 10 atm the ratio (p V) gpar /(0 VeLassic
rises to between 0-6 per cent and 0-7 per cent in excess of unity (at the temperature of 7, = 290 deg K
for which Figure 8 is drawn).

To show how the ratio (p V) gear/p V) crassic varies with inlet temperature, Figure 9 has been drawn
for T, = 270, 300, 350, and 400 deg K -- all at a constant inlet pressure of P, = 10 atm. As the inlet tem-
perature increases from 270 to 400 deg K the ratio (0 V)rpar/(P V) cLassic decreases towards unity. At
even higher temperatures, the ratio would pass through unity and decrease below it, but the use of
Classic Air is unsuitable as a reference fluid for temperatures greater than about 400 deg K - see Section
5.1 and Figure 6.

5.4. Real Air/Classic Air Ratio of Isentropic Velocity.

Ratios of Vypar/ Verassic are plotted in Figure 10 for inlet pressure levels of P, = 1, 4, 7 and 10 atm
over the range of pressure ratio from 2 to 10 - all at a constant inlet temperature of T, = 290 deg K.
Again, ratios of Vypa/ Verassic are plotted in Figure 11 for inlet temperature levels of T, = 270, 300,
350, and 400 deg K — all at a constant inlet pressure of P, = 10 atm.

Effects of inlet pressure (at constant inlet temperature) or inlet temperature (at constant inlet pressure)
are nearly independent of pressure ratio over the range from 2 to 100. (Results for r > 10 are not shown).
The effect of increase of inlet pressure (Figure 10) is to cause the ratio Vepar/ Verassic to fall away below
unity - the opposite sense to the pressure effect on (pV)gpar/(PV)eLassic in Section 5.3 and Figure 8.

At P, = 10 atm, the ratio Vgga/ Vopassic 18 about 04 per cent less than unity at the inlet temperature
of T, = 290 deg K. As inlet temperaturc increases from 270 to 400 deg K with the same P, (Figure 11)
the ratio Vipar/ Verassic Tises to unity. At even higher inlet temperatures, the velocity ratio would
increase above unity, but the use of Classic Air is unsuitable as a reference fluid for inlet temperaturcs
greater than about 400 deg K - see Section 5.1. and Figure 5.

6. Discussion.
6.1. Interpretation of Pressure Ratio.

The results for Vippar/ Vevassico (P V)ipear/(e VcLassico Vrear/ Verassic and (0 V)gear/(0 V) eLassic
plotted in Figures 5 to 11 are ratios of one fluid property to another at a common pressure ratio (P,/P,).
The velocity ratios in the Figures are identical with the isentropic specific thrust ratios when the fluids
are imagined to expand fully within a ‘flexible nozzle’ so that P, at exit is exactly equal to ambient pressure.

In Figure 10 for example the curve for P, = 10 atm shows Vigar/ Vevassic = 09960 at the pressure
ratio of P,/P, = 10. This velocity ratio would apply if Real Air, on the one hand, were to expand iscn-
tropically in a flexible convergent-divergent nozzle to P, = | atm exactly at nozzle exit, while for com-
parison Classic Air were to expand isentropically to the same P, = 1 atm at nozzle exit. The ‘flexible
nozzle’ area ratio (4°/A*)zpar Tor Real Air would be slightly less than the area ratio (4¢/4%) cpassic for
Classic Air if the same P, were to be achieved at nozzle exit. But if the two fluids were imagined to flow
in fixed convergent-divergent nozzles of the same area ratio (as would be required for reference standards
for *fixed nozzle’ isentropic efficiency) then the P, at exit with Real Air would be slightly less than the
P at exit with Classic Air. Figure 12 has been drawn to illustrate these distinctions using inlet conditions
of P, = 10 atm, T, = 290 deg K, as an example.

Application of the results for flow in ‘fixed nozzles’ is discussed in the following sections.



6.2. Choking Mass Flow in Fixed Convergent Nozzles.

Mass flow intensities (p V) calculated for Real Air and for Classic Air are shown in Figure 13 for inlet
conditions P, = 10 atm, T, = 290 deg K, plotted separately against pressure ratio P,/P,. The position
and shape of the Classic Air curve can be relied upon quite precisely and gives a choking mass flow of:

(0 V)erassic = 24044 kg/s.m? 27)
at the critical pressure ratio of':
(Pt/Ps):ZLASS[C = 1-893. (28)
There is less certainty about the Real Air curve, particularly at these lower pressure ratios (see sensitivity
in Figure 3) and so we cannot pick off the exact choking pressure ratio from Figure 12. What we can say
for Real Air is that, approximately
(P/Py)reaL = 190 (29)
and
(P V)rear = 2414'5 kg/s.m?, (30)
Hence for P, = 10 atm, T, = 290 deg K, we have:

(P V)reAL _ 2414-5
(o V)::LASSIC 2404-4

= 1-0042. (31)

Now for a common pressure ratio of, say, P,/P, = 19 for both Real Air and Classic Air we would have
from Figure 13:

(0 V)reaL _ 2414-5
(PV)cLassic  2404-4

= 1-0042. (32)

At any other nearby common pressure ratio, say P,/P, = 20, for both Real Air and Classic Air we
would have from Figure 13:

(P V)greaL _ 2410-1
(0 V)cLassic  2400-1

= 1-0042. (33)

This latter result could have been read off the appropriate curve plotted on either Figure 7 or Figure 8.

Comparing the exact Equation (31) with (32) or (33) it would seem to be sufficiently precise to take
results for (0 V)rear/(p V)crassic at any common pressure ratio near choking for both Real Air and
Classic Air in a fixed convergent nozzle. A sufficiently accurate measurement of actual mass flow of Real
Air in a choked convergent nozzle is then:

(0 V)reaL

—_— x (p V) X A* (34)
(p V)CLASSIC] near crASsIe

choking

OreaL = {

where the first factor on the R.H.S. of Equation (34) can be read off the curves of (0 V)rear/(0 ¥) cLassic
that are plotted against common pressure ratio (e.g., Figures 7, 8, 9). The second factor (o V)¢ assic €an
be calculated from Equation (24), or in any other convenient way.



6.3. Mass-flow Intensities in Fixed Convergent-Divergent Nozzles.

Consider a convergent-divergent nozzle of fixed area ratio 4°/4* through which Real Air flows with
given inlet conditions P,, T,. Then by the continuity equation :

pVA = constant = (p V A)* (35)
we have for the mass-flow intensity at nozzle exit :

A*

(pV)geaL = (p V);{EAL Ve (36)

Similarly, for Classic Air flowing through the same ‘fixed nozzle’ we have:

* A*
(pV)erassic = (P V)erassic 1° 37
Therefore from Equations (36) and (37):
(P V)kear _ (o V);{EAL (38)

(P V)erassic B {(p V)*CLASSIC

Hence the ratio of Real Air/Classic Air mass-flow intensity in the ‘fixed nozzle’ exit plane (or in any
other plane within the ‘fixed nozzle’) is independent of pressure ratio and of area ratio, when the two
fluids are imagined to flow in turn through the same fixed choked nozzle.

It should be carefully noted that this phenomenon of a constant ratio of (p V)ggar/(p V)eLassic applies
only to flow of the two fluids through a fixed convergent-divergent nozzle. It does not hold when the
two fluids are imagined to expand through ‘flexible nozzles’ over a given pressure ratio, as can be seen
for example from Figure 7, or as illustrated in Figure 12.

It has already been shown in Section 6.2 that the ratio (pV)gpar/(0V)eLassic can be read from curves
that are plotted against a common pressure ratio, such as Figures 7, 8, or 9. The curves should be read
in the neighbourhood of r = 2:0 to give the appopriate value for Equation (38) for the particular inlet
conditions of P,, T,. For example, from Figure 7 or 8 we have:

(p V)*REAL

* = 10042 (39)
(P V)cLassic

for P, = 10 atm, T; = 290 deg K. And this value remains constant at every plane within a ‘fixed nozzle’
ofany area ratio, operating at any pressure ratio greater than the choking value. (Since we are considering
uniform isentropic flow, the possibility of flow break-away from the nozzle walls does not arise.)

6.4. Thrust Ratio with Fixed Convergent-Divergent Nozzles.

It has been pointed out in Section 6.1 that it is impossible to operate a convergent-divergent nozzle
of fixed area ratio with exactly the same static pressure in the exit plane for both Real Air and Classic
Air. For given inlet conditions, P, and T, the static pressure at exit with Real Air, Pg gear, Will be less
than that with Classic Air, P¢ ¢ sssic. Nevertheless one feels (and hopes) intuitively that the curves of
Real Air/ Classic Air isentropic velocity ratio, Vigar/ Vepassie, might still apply approximately to the
case of the ‘fixed nozzle’ with area ratio A°/4* designed to suit one of the two fluids. Such a belief is
examined below.

Now with a ‘flexible nozzle’ the ratio of Real Air/Classic Air isentropic thrust for full expansion to
the common static pressure:

Pi,REAL = Pi,CLASS]C = Poo (40)

is given by the velocity ratio Vggar/ Vepassic read from the curves in Figures 10 or 11,

10



With a ‘fixed nozzle’, the area ratio

A5 (p V);{EAL
— = 41
A*  (pV)ReaL

would give correct expansion of Real Air to:

P¢ rgaL = P © (42)

at exit.
The performance of Classic Air in this ‘fixed nozzle’ is calculated as follows. For the area ratio given
by Equation (41), the exit Mach number for Classic Air can be found from:

A° 1 2 y—1 jy—f_l—l
it I ____MZ y—1) 43
A* M [y+1+y+1 } 43)

solving for M by iteration. Thence the corresponding pressure ratio and velocity can be calculated
directly from:

P;) [ y—1 ] 7T
— = | 1+——M?*| "7 (44)
(Ps CLASSIC 2
and
M
Verassic = (PR T)? 1 ‘ (45)
[1+y2 M2i| ES

These calculations have been made for the inlet conditions P, = 10 atm, 7, = 290 deg K, and some
of the results are shown on Figure 14. From the Figure it can be seen that if Classic Air were to flow
through a series of ‘fixed nozzles’ with area ratios designed to suit Real Air (i.e. 4°/4* equal to 1-70357,
1-81734, and 192563 for (P,/Pyrgar €qual to 8,9, and 10 in Figure 13) then the ratio of Real Air/Classic
Air isentropic velocity would be approximately:

v,
[M.} ~ 09965 (46)
VCLASSIC
FIXED NOZ

in each case. The corresponding velocity ratios when expanding through a ‘flexible nozzle’ over a common
pressure ratio for the two fluids would be approximately:

14
[—-BEL—] ~ 09960 (47)
VCLASSIC
: FLEXIBLE NOZ

in each case.
It was found that over the whole range of pressure ratio from r = 2 to 100, the ‘fixed nozzle’ Real
Air/Classic Air velocity ratio was only about 0-05 per cent higher than the ‘flexible nozzle’ velocity ratio.
Furthermore, the slight excess of static pressure at nozzle exit with Classic Air in the ‘fixed nozzle’
would add a little pressure-thrust to help redress the balance of velocity-thrust in the Real Air/Classic
Air isentropic velocity ratio.

11



Hence it would seem that the curves of V gra;/ Vepassic in Figures 10 and 11, although plotted for a
common pressure ratio for the two fluids such as would be achieved with a ‘flexible nozzle’, are, never-
theless, a good approximation to the Real Air/Classic Air velocity ratio in a series of ‘fixed nozzles’
designed to suit only one of the fluids.
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LIST OF SYMBOLS

Units
Fundamental
Symbol Description mechanical m.k.s.
ft.lb.s.
a Mean slope of compressibility data 1/atm or, ft?/pdl 1/atm or, m?/N
_ Z,—Z,
T P,—P,
A Flow area ft? m?
oZ
b Mean slope of 77 1/atm deg K or, 1/atm deg K or,
ft?/pdl deg K m?/N deg K
a;z) 0z
_\8T1/, \oT),
- Pz —Pl
C, Specific heat at constant pressure ft.pdl/lb. deg K J/kg. deg K
C, Specific heat at constant volume ft.pdl/Ib.degK J/kg. deg K
E Internal energy ft.pdl/Ib | J/kg
f General function as appropriate : as appropriate
h Tabular interval = x; —x, as appropriate s appropriate
H Enthalpy ft.pdl/1b J/kg
K Kinetic energy ft.pdl/Ib J/kg
) Length of flow element ft m
M Mach number N.D. N.D.
. . . Xp—Xo
r Relative interval of interpolation = h
P Pressure pdl/ft? or, atm N/m? or, atm
Q Mass-flow rate o Ib/s kg/s
r Pressure ratio = P t/Ps N.D. N.D.
R Gas constant = 287-041 J/kg deg K for ft.pdl/lb. deg K J/kg. deg K
air :
S Entropy ft.pdl/Ib. deg K J/kg deg K
T Temperature deg K deg K
v Specific volume = 1/p £t3/1b } m3 kg
| 4 Velocity ft/s | m/s
w Work ft.pdl/lb J/kg
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LIST OF SYMBOLS (contd.)

Fundamental
Symbol Description mechanical m.k.s.
ft.1b.s.
X either (i) length of duct ft m
or  (ii) independent tabular variable as appropriate as appropriate
Xg Gross (gauge) thrust pdl N
z Compressibility factor N.D. N.D.
_ P
" pRT
y Ratio of specific heats N.D. N.D.
=%
C,
d First difference of tabulated function as appropriate as appropriate
(see Table 1, Appendix IIJ)
62 Second difference (see Table 2, Appendix as appropriate as appropriate
V)
p Density 1b/ft3 kg/m?
] Subject of mathematical operator,

usually d[ ]
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LIST OF SYMBOLS (contd.)

Symbol Description

Suffices

CLASSIC

IDEAL see Section 2.1, 2.2, 2.3.

REAL

n Pressure level between tabulated P, and P,

nom (i) necessarily at T, a selected temperature near to T,
(i) but also at pressure P, in the case of S, 0 Hpoms Znom

o either (i) at standard temperature T, = 273-16 deg K ‘
or (ii) at 0 deg K in the case of EJ

is Isentropic

s Static

t Total, i.e., stagnation

o0 Ambient

1.2 Tabulated data points

1-1 Tabulated levels

14, -11 Defined by Tables 1 and 2

Indices

e Nozzle exit plane

0 Ideal Air

Redefined data point at temperature 10 deg less than previously
Choking, ie. M = 1
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John Wiley & Sons

Chapman and Hall 7th printing 1955.
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APPENDIX I

Basic Principles in Propelling-nozzle Performance.

In Section 4.1 the specific thrust of a propelling nozzle operating at the D.P.R. was shown to be:

e

B

Xel e
or [ Q] DPR* v (IOI)

An expression for this velocity in terms of an enthalpy difference is derived as follows. Applying the
principle of the conservation of energy to the flow within a duct of changing cross-section, we have:
‘The increase in kinetic energy and internal energy of an element of gas is equal to the net work done
on the gas by the changing pressure forces (in the absence of friction)’. Referring to the lower diagram
in Figure 1, we imagine the expansion, due to translation dx, to occur in two stages, thus:

as Equation (11)

. . . . . . dP,
Stage 1 = Translation without change of volume v, in which there is a net pressure difference | ! ¥ )
x

on the element. This pressure difference is constant even though the pressure level changes to (P +dPy).
Hence we have for the work done on the element:

dw, = (—ldps> Adx (1.02)
dx
= —(l4) dP,
= —vdP, (1.03)

Stage 2 = Pure expansion at constant pressure without translation. Hence we have for the work done on
the element:

FA

i

—(P,+dPy)dv (1.04)
= — Py, to first order. (1.05)
Now, the change in kinetic energy of unit mass of the gas is:
dK = d(EV?)
=VdV. (1.06)
Then, denoting the change in internal energy as dE, it follows from the conservation of energy that:
AK+dE = dW,+dW, (L.07)
therefore substituing from Equations (1.03), (1.05), (1.06) in (1.07):
Vd V+dE = —vdP,—Pdv (1.08)

= —d(P) (1.09)
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ie.
Vd V+d(Pp)+dE = 0. (1.10)

But a change in enthalpy is defined as:

dH; = d(Pw)+dE (I.11)
therefore Equations (1.10), (I.11):
VdV+dH, = 0. (I.12)
Integrating Equation (1.12):
1/~")‘—+Hs = constant = H, (1.13)

2
1e.

V= /2H,—H,). (L14)

Hence, the isentropic specific gross thrust for full expansion is found by substituting for ¥from Equation
(I.14) into Equation (1.01).

The equations established above can apply generally to the isentropic expansion of either Classic Air,
Ideal Air, or Real Air. The main problem to be solved in the present work is to calculate values of enthalpy,
H,, following an isentropic expansion of Real Air, in order that isentropic velocity may be found from
Equation (I.14).

18



APPENDIX II

A Calculation of Real Air Entropy.

An essential step in the calculation in Appendix III is the interpolation at constant temperature T,
of a value for entropy S, at pressure P, between two tabulated levels S, at P, and §, at P, (path
B - C in Figure 2). Unfortunately all the standard numerical methods for interpolation failed because
the pressure intervals were too wide in the tables. So it was necessary to fall back on Real Air theory as
developed below. (The basic thermodynamics can be found in Hougen and Watson*.)

Since entropy is a point function it can be expressed by the exact differential equation:

oS oS »
ds = (ﬁ) d T+ (E?P) dP. (I1.01)
But
oS C,
(5—7—,) ST (I1.02)
and
o8 v
(ﬁ)r - - (6_T>P. (11.03)
Now from
Pv=ZRT (I1.04)
or
ZRT
v=-5" (1L.05)
we obtain
ov ZR RT/0Z
(6 T) 2 —_—t— (6 T) (I1.06)
Hence, substituting in Equation (IL01) from Equations (I1.02), (IL.03), '(11.06)
CdT RZ RT{0Z
ds = T [ P +— (5T) :| dpP (11.07)
) as ¢C,dT oz dap
ie. = —R; 5~ [Z T(a T) :| 3 (11.08)

Equation (I1.08) may be integrated to give a change in entropy corresponding to a change in pressure at
constant temperature T,,,. Thus for a change in pressure from tabulated level P, to any other pressure
P,, within the tabular interval P, to P,, we have:

Pn

S,—S; _ J[ (az) ]dP
L = Z+ Tym| 52, 15 (I.09)

Py

Consider the first term on R.H.S. of Equation (I1.09), J VA %g An examination of Hilsenrath’s tables

shows that Z is a nearly linear function of P, i.e.
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Z=2Z +a(P—P,) (11.10)

where

(IL.11)

(The mean slope a between P, and P, is in fact negative.) Hence we have for the first term an R.H.S.
of Equation (11.09):

P, Py
dpP dP
Z—F = [Zl+a(P—P1)] 5 (IL.12)
P] Pl
P,
1
P,
. . . 0Z\ dP . .
Next consider the second term on R.H.S. of Equation (IL.09), i.c. Toom 1) P The partial deriva-
0
Py P

. °oZ\ . . . o .
tive (ﬁ) 1s required as the instantaneous derivative at the temperature Tyom> 1.€. nOt 2 mean slope
oT)p

i 0Z\ . .
between T, and { T, + 10 deg) given by 51 I:Z:I . Furthermore, (57) 1s required at a pressure P,
P

that is not tabulated. Hence we have, first for a tabulated pressure level :

oz 1
(ﬁ) =5 (mean value of §; and §_,) (I1.14)

11
=T0><~2(52L I:ZJ +o_, [z]) (IL15)

YA 0Z .
Having calculated ("—T> and ( ~ T) for the tabulated pressure levels P, and P,, by means of Equation
(& P, ¢ P,

0z
(I1.15), we then obtain ;~T> by linear interpolation. Thus:
vi)p

oz oz
— = {— b(P—P .
(), = (), +orr e
where
(7). ()
0T/ p, oT)p
= L, 1.1
b P (11.17)
Py Pn
0Z dp oz dP
H 3 = —= = - — IL.
ence J Toom oT . P Tnomj [(6T>Pl+b(P Pl):| P (I1.18)
P1 Pl



-
0Z
= —— — P .
Toom (5T)p, bP,\InP+bP (I1.19)
L P
oz P,
= Tom (ﬁ)m —bP, |In P—l +b(P,—P,) | . (11.20)
Finally, substituting from Equation (I1.13), (I1.20) into (I1.09):
Sn - Sl _ oz Pn
= {[Zl—i—Tnom (6 T)ﬂ-(a-i—bTmm)Pl] ln(ﬁ)
+(@+bToum) (P,—Py) } (i.21)

Equation (I.21) was used successfully for a pressure-wise ‘interpolation’, as Equation (IIL06) in Appendix
IIL after all the usual numerical methods interpolations had failed.
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APPENDIX 111

Calculation Procedure for Vigar and (p V) gear,

An electronic computer program has been written for the calculations of the computational path
illustrated in Figure 2 and described below.

Entropy and enthalpy data are tabulated by Hilsenrath in non-dimensional form as S/R and (H — EJ)/
RT,. To avoid unnecessary complication, the Notation S and H is used in this Appendix to signify these
non-dimensional quantities. Only at Equation (I11.20) and after, will dimensional form be used.

Path A — B, (preliminary selection of data).
For each given value of T; and r, calculate
r=1

T, ciassic = Tfr 7 (I11.01)
for

y=14 1

Select T,,., = nearest temperature to T, ¢ assic in Hilsenrath’s tables (steps of 10 deg C).
For each given value of P, and r calculate:

P, = Pr. (111.02)

Select P, P, = nearest pressurc levels, below and above P, in Hilsenrath’s tables at temperature T, .
Extract the following data from Hilsenrath’s tables:

Z,2,6,[2,16,[2,]6-4121]6-,[2,]
Sl SZ 5% [Sl] 5‘} [SZ] 5——} [Sl] 5—% [S2]

HyH,68,[H,]16,[H;]6_,[H,]6_4[H,]

where the §’s are tabulated first differences for changes in temperature from T ., at constant pressure.
The Notation for & is illustrated in the following Table, using Z at constant pressure as an example:

TABLE 1
=T  fIx]=z 5[2]
Sy =Z.1—Z_,
X_4 Z_,
by =Zo—Z_,
Trom = Xg Z,
b, = Z,—Z,
Xy Z,
51y = Zy—Z,
X5 Z, |

(N.B. The suffices ; and , for data points defined in Figure 2 are meant to be distinct from the suffices
in Table 1.)
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The tabular interval used throughout Hilsenrath’s tables is:

h=x;—x; = x;—X,etc.
= 10deg C. (I11.03)

Path B—C.

Much difficulty was experienced in the early attempts to interpolate for S,,, at constant temperature
T,om between the tabulated Sy, S,. Very high precision was required because of the sensitivity of the final
Vreay to error in S. It was found that the 4-point Lagrangian interpolation recommended in the Hilsenrath
tables was numerically unstable. Several other interpolation methods were tried, viz: quadratic fit to 3
tabular points, quadratic fit by least squares to 4 tabular points, Fourier series fit to 4 tabular points,
either linear 2-point or Langrangian 4-point fit to S versus log P. All of these were inadequate, although
the S versus log P transformation came within 5 digits of the last decimal place of S, or 5 parts in 20000
which was very near to the required precision. Finally, it was decided to interpolate by the theoretical
relationship established as Equation (I1.21) of Appendix II, putting:

P,=P; (I11.04)
and
S, = Suom: (I11.05)

Thus, committing the gas constant R to memory:

P
Saom = S1— {[Zl+7}mm(———az) —(a+anom)P1] ln—s+(a+b7},om)(Ps—Pl)} (I11.06)
aT) », P,

where
_4y-Z,

a= P,—P, (111.07)

and
),
8T)e, \8T/p,

b= P.—P, (111.08)

and

oZ 1 1
(Zﬁ)P 1073 (5—% [Z] ) +9; [Z] . ) | (111.09)

Equations (I11.06) through to (IIL.09) make use of numerical methods of finite differences, neglecting
differences higher than the first. It is believed that the resulting value of S,,,, is precise within 1 digit in
the last decimal place of the tabulated S, or §, data, i.c., within 1 part in 20000.

Interpolations at constant temperature T, for H . and Z, ., were found to be adequate by linear
2-point methods, viz:

(H,—H,)
Hpn=H +-"—"—x(P,—~P I11.10
1 (PZ—PI) 1) ( )
and
(Z,-2,)
Zoom = Zy 422720 (p._p L1t
1 (P2_P1) ( 1) ( )

The procedure described above for the interpolation path B — C in Figure 2 would apply with the same
intrinsic precision for the path B’ — C. Values of H,,,,,, Z .., would be identical by either path, but slight
numerical discrepancies arise in S, from inconsistencies in the tabulated S,, S, (e.g. effects of rounding
off error in the last decimal place are noticeable).
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Puth C—- D.

We need to find the temperature T, ppa.. at constant pressure P, at which the entropy S, is equal to
the initial entropy S, i.e. an isentropic process. This is achieved by reverse linear interpolation. Thus, in
the standard notation of numerical methods, neglecting terms in higher differences than the first:

fo=totpdy+ ... .. (111.12)

For case (a), T, > T,,,., Equation (IH.12) becomes:

T.—T,
S, = Spomt+——2 10“°‘“ x 8,[S]p, (111.13)
therefore
10
T = Toom+src (5;— Soom) - (I11.14)
3, [STr,
For case (b), Ty < Tpoms
1
T,=T ———0 (Spom—1S2) (11L.15)

nom 5—§[S]Ps

Here, the first differences 6, [S]p and é_, [S]p, are required at the pressure P, (which is not tabulated)
and are therefore calculated from the tabulated first differences 6, [STp,, 6, [S1p,and 6_, [S]5,. 65 [S]s,
by linear interpolation.

Having obtained the temperature T, by Equation (I11.14) for case (a), or Equation (II1.15) for case (b)
we proceed to calculate H, and Z by linear interpolation. Thus for case (a):

5, [H
Hy= Hyont %[IO]P’(T T nom) (I11.16)
and
Zy=Zpomt+—1 *[Z]P’(T T oom) (111.17)
or for case (b):
Hy = Hnom—é—‘—%l[—o}—lh(nm—ﬂ) (111.18)
and
Z
Z,=17 M(Tmm-ﬂ). (I11.19)

s nom 10

As before, the first differences d,[ ]p, 6 ,[ 1p, at pressure P, which is not tabulated, are calculated from
the first differences tabulated at pressures P, and P, by linear interpolation.

Having evaluated the properties at point ‘D’ in Figure 2, the Real Air velocity can be calculated from
Equation (1.14) of Appendix I:

Vegar = /2 (H,—H,)
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However, this equation is in dimensional form and would give velocity in units of [m/s] if the enthalpies
were given in units of [J/kg]. But the calculations up to this stage in this Appendix have used non-
dimensional enthalpy (H — E3)/R T, as tabulated by Hilsenrath, which had been simplified to the Notation
‘H’. Hence, putting :

R = 287041 J/kg. deg K (IT1.20)
and
Ty, = 27316 deg K (I11.21)
we need to multiply the enthalpy difference in Equation (1.19) by the factor:
RT, = 78408-0 J /kg. (I11.22)

Thus we obtain the practical equation for isentropic Real Air velocity:

VREAL = &/ 156816 (Ht——HS) m/S (III.23)

where both H, and H, are non-dimensional values.
Classic Air isentropic velocity is calculated from:

R T M? ¥
VeLassic = s ke m/s (I11.24)
112 e
2
where
2 y=1
M?=—"_\r" —1 (I11.25)
y—1
putting
y = 14,

The Real Air/Classic Air isentropic velocity ratio, Vxygar/ Verassic €an be obtained from Equations
(I11.23) and (111.24).

The Real Air/Classic Air isentropic mass flow intensity ratio can be obtained by substituting from
Equations (I11.01), (I11.14) or (111.15), (IT1.17) or (II1.19), (I111.23) and (II1.24) in the following:

(P V)reaL __( T cLassic ) « (VREAL > (111.26)

(P V)crassic Zyx T, geaL VeLassic
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APPENDIX 1V
Calculation Procedure for Vipgar and (p V)ipgar.

An electronic computer program has been written for the calculations of the computational path
illustrated in Figure 4 and described below.

Ideal Air entropy and enthalpy data are tabulated by Hilsenrath in non-dimensional form, as S°/R
for the standard pressure of 1 atm, and (H® — EJ)/RT, which is independent of pressure. For the most
of this Appendix, the Notation S9 ,,,, and H® are used to signify these non-dimensional quantities.

Points B and C (preliminary selection of data).
For each given value of 7, and r, calculate as Equation (111.01).
pit §
Ticrassic = T/r 7 (Iv.01)
putting
y = 14

Select T, = nearest temperature to T, ¢; osgc in Hilsenrath’s tables (steps of 10 deg C).
Extract the following data from the tables:

S atm Tt

H°,

STt Toom 03[8°10-3[8°7615[5°7 6 1,[5°]
H®, o 3y [H].

The 6’s here are the tabulated first differences for changes in temperature from T, In the present
Appendix we shall make use of the second differences which are calculated as shown in Table 2 below.
The extra complexity is justified by the increased precision of the S° data for Ideal Air which is tabulated
to four decimal places (i.e. 1 in 200000) instead of three decimal places for Real Air.

TABLE 2
First differences Second differences
x=T f[x]=95° 5[S°] 5% [5°]
* 2 52,
5_1% = S(ll“ng
x_l SO‘1 5{1 5_1"‘5_11
5_% = Sg—S(.).l
T;mm = Xg Sg 5(2) = 5—%—6—%
X, S9

(N.B. The index ‘@ denotes Ideal Air.)
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The tabular interval used throughout Hilsenrath’s tables is:

h

xZ_Xl = X; "'Xo, etc.
= 10deg C. (IvV.02)

For enthalpy, it was sufficient to read only a single first difference d, [HC], since these differences
varied very little with temperature (and are independent of pressure).

Path A—-B—->C—D.
The general equation for Ideal Air entropy change is found from Equation (I1.08) of Appendix II by

oz
i = 1 —_— = 0:
putting Z and 3T

ds® Cp®dT dP
R-R T P (IV.03)

Hence for the path A — B at constant temperature T, (committing the gas constant R to memory):

50— ume = —In (IV.04)
or,

P
(Syamre—S%) =In Tt (IV.05)

For the path B—C, the entropy change is given by the tabulated data:

(52 atm, Tom = ST atm, 7¢) (IV.06)
And for the path C—D we have again from Equation (IV.03):

N P
(Sgom - S(l) atm,Tnom) = —In _l_s . (IV07)

Hence for the complete path A—B—C—D, adding up the separate legs from Equations (IV.05), (IV.06),
(IV.07) we have:

(Sgom - Sto) =In Pt+ (Sg atm, Thom Scl) atm,Tt) ~lIn Ps (IVOS)
0 0 0 0 Pt

Snom = St - (Sl atm,Tt Sl atm,Tm,m) +in F (IVOQ)
s

Path D — E in Figure 4.

We need to find the temperature T, ppa; at constant pressure P, at which the entropy S? is equal to
the initial entropy S,° (i.e. an isentropic process). This is achieved by a reverse interpolation of second
degree, since the precision of the S° data (1 part in 200000) justifies the better-than-linear technique.
Thus in standard notation for numerical methods:

fy = fotp oy + (2 =p) (63+8). (Iv.10
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In our present Notation, Equation (IV.10) becomes:

Sy = Shem+D 64 [S°]+}l(p2—p)(5% [$°]+63 [S°]> (IV.11)
where
-T
P =TST)~“ﬂ exactly (IV.12)

Equations (IV.11), (IV.12) are solved for T, by iteration, using successive approximations for p.
If it should happen that T, < T, then new values are defined thus:

Tiom = Thom— 10 deg (IV.13)
Sg:)m = Sgom_é—% [SO] (IV14)
Hiom = Hom— 6, [H°] (1V.15)

(6, [H°] is a sufficiently close approximation to the 6_, [H®]). Thus each of the differences required by
Equation (IV.11) is taken from the next level in Table 2. The corresponding computational path would
be C'-» D’ — E’ in Figure 4 for this case.

Having obtained the temperature T wear by Equations (IV.11), (IV.12) we proceed to calculate
enthalpy by linear interpolation which is sufficiently precise. Thus:

L [H°
1Y = Hypt WU 77 ) (Iv.16)
or
5, [H® '
1Y = Ht 2 ) 1v.17)

Finally, the Ideal Air isentropic velocity is obtained from an equation similar to Equation (I11.23) deve-
loped in Appendix III:

Vibear = /156816 (H) — HY) m/s (IV.18)

where both H, and H| are non-dimensional values as discussed in Appendix I1I.

Hence from Equation (IV.18) above and Equations (I111.24), (111.25) at Appendix 111, we obtain the
isentropic velocity ratio, Vipear/ Vepassic:

Since the compressibility is :

s = (IV.19)

for both Ideal Air and Classic Air, we obtain the ratio of mass flow intensities as:

(2 V)ipEaL _ (Kcmssxc) (VII)EAL ) (IV.20)

(0 V)eLassic T; 1pEAL Vevassic
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. RESERVOIR

INLET

[SENTROPIC EXPANSION PROCESS

_;ffi;;ff~ff*"fif

‘]
A Bl [Bs+ AdPs) (Ps +dPs) P+ aR+ L dP )
dx - —~ dx
l v
_._hj\
\1\1
A

.

|\l~
dx

FLOW WITHIN A SECTION OF NOZZLE

FiG. 1. Basic principles. Propelling-nozzle performance (see Appendix 1).
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0t

(Pg,T¢,St,H, Z¢)

&9  p o "
10atm. 't TABULAR /1 @
POINT ’
e.q. (P2, homS2 . Hz,Z2.) I
7atm. 21 TABULAR _—F /
POINT
{Pg, Tnom, Snom, Hnom, Znom) /
Ps =.Pi B e= <© e -
r (Ps, T5,Ss = St,Hs,Zs) { Ps, Ts,Ss= St,Hs,Zs) /
A /
eg pl- (P, ThomS1, H1. Zy)
Latm TABULAR 7N\ Ve
POINT w ,é\
~ _| —~ 7 EnTER
HILSENRATH
TABLES
1 i
Ts,real T.nom ! Ts.real Ty
Ts,classic Ts,classic
case{b) Ts <Thom case (a) Ts >Tnom

Fic. 2. Computation path. Real-air calculations (see Appendices II and III).
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CHANGE IN VREAL VALUE RESULTING FROM CHANGE IN S DATA OF 1 DIGIT IN LAST D.P.{ie.1 N 20000)

VeLassic
0-003
(N.B. SENSITIVITY INDEPENDENT OF Pt LEVEL)

0-002}
0-001}

0 .

1 2 3 4 5 6 7 8 9 10
NOZZLE PRESSURE RATIO, Pt/ Pg

0-00k-

0 — ; ' - ——— - —- ﬁ

10 20 30 40 50 60 70 80 90 100
PRESSURE RATIO, R/ Pg

F1G. 3. Sensitivity of Vg, calculation. 1 digit error in S-data.
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(Pt ,Tt,st,HY)

Py [ )
{Ps,Tnom, S°nom, H%nom) l 1
;{ ( Ps,Ts.Se. Hs)
T @ @ @
\ /N
( soch’cm,'I‘nom.’ H%hom) (Solatm,Tt'r H% )
1 atmi- €§@ /% <=
g
TABULAR @ TABULAR
POINT POINT
| 1 { 1 |
Thom  TsJDEAL Tnom Ts IDEAL Ty

FiG. 4. Computation path. Ideal-air calculations (see Appendix IV).
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{N.B. EACH FLUID EXPANDED OVER EXACTLY THE SAME PRESSURE RATIO)

1004}

ro03}-
K 5500K
1002}
500° K
001} // 450°K
A
-

Tt =
600°K

400°K
350°K
1-000}- 300°K
0-999 ] ) ) 1 L ] | L
1 2 3 A 5 6 7 8 9 10
PRESSURE RATIO, Py/ Ps
Fic. 5. Ideal air: classic air. Isentropic velocity ratio (at P, = 10 atm).
(N.B. EACH FLUID EXPANDED OVER EXACTLY THE SAME PRESSURE RATIO)
1004
oY) ipEAL
(p¥)cLAsSIC
1002} .
Tt = 300°K
350°K
1-000________,__/—:—_;.-_:_-—:_—:7:__——:_——___. L 400°K
\
\ 4509K
0-998f~
500°K
0-996{-
550°K
0-994%
600°K
Dggz 1 L ] 1 J L | 1

PRESSURE RATIO, P/ Pg
F1G. 6. Ideal Air: classic air. Isentropic mass-flow ratio (at P, = 10 atm).
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(N.B. EACH FLUID EXPANDED OVER EXACTLY
THE SAME PRESSURE RAT!O)

a
o 1Y}
53
22
w g o
[+ o Y
Do (.
Z -
102(F9 Qv
gu-
L o
N
()] y
Q
3
-
a
~
—r
2
= PRESENT RESULTS
3 / >
1-01 |~
/LO atm.
/ 305 55°K
| - - Pt = 0atm
h’ s Tt = 300°K
10 atm.
/305~55°K
100 l | ] )
1 2 3 A )
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F1G. 7. Real air: classic air isentropic mass-flow ratio. Comparison of calculation methods.
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( N.B. EACH FLUID EXPANDED OVER EXACTLY THE SAME PRESSURE RATIO)
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PRESSURE RATIO, P¢/ Pg
FiG. 8. Real air classic air isentropic mass-flow ratio. Effect of inlet pressure (at T, = 290 deg K).

(N.B. EACH FLUID EXPANDED OVER EXACTLY THE SAME PRESSURE RATIO)
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PRESSURE RATIO Pt /Pg
F1G. 9. Real air: classic-air isentropic mass-flow ratio. Effect of inlet temperature (at P, = 10 atm).
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(N.B. EACH FLUID EXPANDED OVER EXACTLY THE SAME PRESSURE RATIO)
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PRESSURE RATIO Py /P
FiG. 10.  Real air: classic-air isentropic velocity ratio. Effect of inlet pressure (at T, = 290 deg K).

(N.B.EACH FLUID EXPANDED OVER EXACTLY THE SAME PRESSURE RATIO)
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FiG. 11, Real air: classic air isentropic velocity ratio. Effect of inlet temperature (at P, = 10 atm).
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FIXED NOZZLE (SAME AREA RATIO): -
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F1G. 12. Comparison of fixed and flexible nozzles.
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F16. 13. Isentropic mass-flow intensities. Near choking conditions (at P, = 10 atm, T, = 290 deg K).
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F1G. 14. Real air and classic air isentropic velocities at exit from fixed con-di nozzles.

(At P, = 10,,,,, T, = 290 deg K).
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