stagnation enthalpy

No work, no change in
>

ho=h + (kJ/kg)
elevation
s el e ey 4y SELELAT G sa 4n 81l Qs (T saias LS () S il
V2 S slad
Isentropic — —_
s:atgnation CPTD CPT + 2
state 1Ak—1)
) Po _ }::-)
- ;j Actual P T
N - % k1)
E2 / E:. = T L ,_}_ E = E .
i “Cp » T
]
i
h7777777 77777777777
Actual state
wnm} e {'_.'1[?112 T:LII} ralt o C

|:':J‘Iin — Gow) T+ t:w'.n

m = pAV = constant

dp dA
—+—+
A

apP
— +Vdv=20

Z1)

P increases
V decreases

Ma decreases

dav 0 P decreases
= V increases
Ma<1 Ma<1
Vv _...a Ma increases —l-a
T decreases T increases
p decreases p Increases
Subsonic diffuser

dp )
daP
P decreases
Ma > 1 V increases
23 — Ma increases
T decreases
p decreases

Supersonic nozzle

Subsonic nozzle
{a) Subsonic flow

(k) Supersonic flow

P increases
V decreases
Ma decreases
T increases
p Increases

Supersonic diffuser



V
h,=T+—
ECP
or
T 2
g4y
T ZEPT

Noting that ¢, = kRI(k — 1), ¢ = kRT, and Ma = Vic, we see that

Ve V? _(k—l)vz_(k—l)qu
2¢,T  2[kR/(k — 1)]T 2 /P 2 ‘

Substituting yields

b |+(—k_])m‘
0 12
T 2
S (k R ])M :r'rk ’ 17-19
Pl 2 ) (17-19)
stagnation to static density is obtained by substituting
. 17-6:
Po k—1 , |
—= |1+ | — |Ma° (17-20)
P 2 J
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Solving for T from Eq. 17-18 and for P from Eq. 17-19 and substituting,

AMaP,\ k/ (RT,)
[1 I [:j!-L . lea:fﬁ:”‘ 1/ [2k—1]]

m =

(17-24)
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FIGURE 17-5

The temperature of an ideal gas
flowing at a velocity V rises by V2/2cp
when it is brought to a complete stop.
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Schematic for Example 17-1.

EXAMPLE 17-1 Compression of High-Speed Air in an Aircraft

An aircraft is flying at a cruising speed of 250 m/s at an altitude of 5000 m
where the atmospheric pressure is 54.05 kPa and the ambient air tempera-
ture is 255.7 K. The ambient air is first decelerated in a diffuser before it
enters the compressor (Fig. 17-6). Assuming both the diffuser and the com-
pressor to be isentropic, determine (a) the stagnation pressure at the com-
pressor inlet and (b) the required compressor work per unit mass if the
stagnation pressure ratio of the compressor is 8.

Solution High-speed air enters the diffuser and the compressor of an air-
craft. The stagnation pressure of air and the compressor work input are to be
determined.

Assumptions 1 Both the diffuser and the compressor are isentropic. 2 Air is
an ideal gas with constant specific heats at room temperature.

Properties  The constant-pressure specific heat ¢, and the specific heat ratio
k of air at room temperature are (Table A-2a)

c,=1.005kl/kg-K and k=14

Analysis (a) Under isentropic conditions, the stagnation pressure at the
compressor inlet (diffuser exit) can be determined from Eq. 17-5. However,
first we need to find the stagnation temperature T7,; at the compressor inlet.
Under the stated assumptions, T,, can be determined from Eq. 17-4 to be

V2 (250 m/s)* ( 1 kJ/kg )

1
Ty =T, +—=2557K +
ne T g, (2)(1.005 kJ/kg - K) \ 1000 m?/s?

= 286.8 K
Then from Eq. 17-5,

72)1 >k/(k1) (2868 K)IA/(IAI)
Py, =P (7 = (54.05 kPa
AN ( ) 255.7K

= 80.77 kPa

That is, the temperature of air would increase by 31.1°C and the pressure by
26.72 kPa as air is decelerated from 250 m/s to zero velocity. These
increases in the temperature and pressure of air are due to the conversion of
the kinetic energy into enthalpy.

(b) To determine the compressor work, we need to know the stagnation tem-
perature of air at the compressor exit T,,. The stagnation pressure ratio
across the compressor Fy,/Fy; is specified to be 8. Since the compression
process is assumed to be isentropic, T,, can be determined from the ideal-
gas isentropic relation (Eq. 17-5):

T, =1, (f2 e 286.8 K)(8)!4 /14 = 5195 K
o =Tl 5 (286.8 K)(8) :
01



Disregarding potential energy changes and heat transfer, the compressor
work per unit mass of air is determined from Eq. 17-8:

Win = Cp(Tnz — Tn)
= (1.005kJ/kg-K)(519.5 K — 286.8 K)
= 233.9 k]/kg

Thus the work supplied to the compressor is 233.9 klJ/kg.
Discussion Notice that using stagnation properties automatically accounts
for any changes in the kinetic energy of a fluid stream.

EXAMPLE 17-3  Gas Flow through a Converging-Diverging Duct

Stagnation
Carbon dioxide flows steadily through a varying cross-sectional-area duct region: M=3 kgls —t>
such as a nozzle shown in Fig. 17-12 at a mass flow rate of 3 kg/s. The car- ;gg?gpa
bon dioxide enters the duct at a pressure of 1400 kPa and 200°C with a low 0,
velocity, and it expands in the nozzle to a pressure of 200 kPa. The duct is :
designed so that the flow can be approximated as isentropic. Determine the

density, velocity, flow area, and Mach number at each location along the

duct that corresponds to a pressure drop of 200 kPa.

Solution Carbon dioxide enters a varying cross-sectional-area duct at speci-
fied conditions. The flow properties are to be determined along the duct.

FIGURE 17-12
Schematic for Example 17-3.
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Thermodynamics

Assumptions 1 Carbon dioxide is an ideal gas with constant specific heats
at room temperature. 2 Flow through the duct is steady, one-dimensional,
and isentropic.

Properties For simplicity we use ¢, = 0.846 kl/kg - K and k = 1.289
throughout the calculations, which are the constant-pressure specific heat
and specific heat ratio values of carbon dioxide at room temperature. The
gas constant of carbon dioxide is R = 0.1889 kl/kg - K (Table A-2a).
Analysis We note that the inlet temperature is nearly equal to the stagna-
tion temperature since the inlet velocity is small. The flow is isentropic, and
thus the stagnation temperature and pressure throughout the duct remain
constant. Therefore,

T, =T, = 200°C = 473 K
and
PO = P| == 1400kPa

To illustrate the solution procedure, we calculate the desired properties at
the location where the pressure is 1200 kPa, the first location that corre-
sponds to a pressure drop of 200 kPa.

From Eq. 17-5,
P (k=1)/k 1200 kP (1.289—1)/1.289
T= TO<—> — (473 K)<7a> — 457K
Py 1400 kPa
From Eq. 17-4,

V="V, - T)

= \/2 0.846 kl/kg+-K) (473 K — 457 K <1000m2/s3>
= /2(0.846 K /kg - K) L
= 164.5 m/s
From the ideal-gas relation,
P 1200 kP
p=—= d = 13.9 kg/m®

RT  (0.1889 kPa-m?*/kg - K) (457 K)
From the mass flow rate relation,
A= mo_ 3 kg/s
pV  (13.9 kg/m?)(164.5 m/s)
From Egs. 17-11 and 17-12,

= 13.1 X 10 m? = 13.1 cm?

1000 m?/s*
¢ = VRT = \/ (1.289)(0.1889 kI /kg - K)(457 K)(lkJ/k/> =333.6m/s
g
v 1645 m/s
Ma=—=——"— =049
B T 3Bems 3

The results for the other pressure steps are summarized in Table 17-1 and
are plotted in Fig. 17-13.

Discussion Note that as the pressure decreases, the temperature and speed
of sound decrease while the fluid velocity and Mach number increase in the
flow direction. The density decreases slowly at first and rapidly later as the
fluid velocity increases.



Py=14MPa
—p
T,=473K

FIGURE 17-19

Schematic for Example 17-4.

EXAMPLE 174 Critical Temperature and Pressure in Gas Flow

Calculate the critical pressure and temperature of carbon dioxide for the flow
conditions described in Example 17-3 (Fig. 17-19).

Solution For the flow discussed in Example 17-3, the critical pressure and
temperature are to be calculated.
Assumptions 1 The flow is steady, adiabatic, and one-dimensional. 2 Carbon
dioxide is an ideal gas with constant specific heats.
Properties The specific heat ratio of carbon dioxide at room temperature is
k = 1.289 (Table A-2a).
Analysis The ratios of critical to stagnation temperature and pressure are
determined to be

s 2 2

T k+1 1zso 11 087

p ) K/(k—1) ) 1.289/(1.289—1)
—=\|— =\—— = 0.5477
P, <k+1> <1.289+1)

Noting that the stagnation temperature and pressure are, from Example
17-3, T, = 473 K and P, = 1400 kPa, we see that the critical temperature
and pressure in this case are

T* = 0.8737T, = (0.8737)(473K) = 413K
P* = 0.5477P, = (0.5477) (1400 kPa) = 767 kPa

Discussion Note that these values agree with those listed in Table 17-1, as
expected. Also, property values other than these at the throat would indicate
that the flow is not critical, and the Mach number is not unity.
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d = (PzAz + 02A2V22) i (PlAl = o P1A1V12) =F, — F, (4.21)

oV? = ! V2 = e kVZ = kpM?

RT  kRT
F = pA(l + kM?)
£=£ A'l—}-kMz:E.@'A 1 4+ kM2
: 14k

PR o B bl v % ki
substituting »/po, Po/P*, and A/A* from Eqs. 4.14b, 4.15b, and 4.19,
respectively, there is obtained after simplification,

F 1 + kMm? (4.24)
ek = 4.24
" M\/2(k+1)(1+k—2ﬁlm2)
F p 4 .
= —— (1 +kM?)

poA* pyA*



EXAMPLE 17-5 Effect of Back Pressure on Mass Flow Rate

Air at 1 MPa and 600°C enters a converging nozzle, shown in Fig. 17-24,
with a velocity of 150 m/s. Determine the mass flow rate through the nozzle
for a nozzle throat area of 50 cm? when the back pressure is (a) 0.7 MPa
and (b) 0.4 MPa.

Solution Air enters a converging nozzle. The mass flow rate of air through
the nozzle is to be determined for different back pressures.

Assumptions 1 Air is an ideal gas with constant specific heats at room
temperature. 2 Flow through the nozzle is steady, one-dimensional, and
isentropic.

Properties The constant-pressure specific heat and the specific heat ratio of
air are ¢, = 1.005 kl/kg - K and k = 1.4, respectively (Table A-Z2a).
Analysis We use the subscripts 7 and f to represent the properties at the
nozzle inlet and the throat, respectively. The stagnation temperature and
pressure at the nozzle inlet are determined from Egs. 17-4 and 17-5:

T; —T+V?—E?3K+ (150 m/s)" ( L L/ke )-EMK

T e, 2(1.005 kI/kg-K) \ 1000 m¥/s2/)
Ei)tﬁk—lj (BMK)I_J,-TI.J—I}

Py = Pl == = (1 MPa)| —— = 1.045 MP

i :( 1.: { } RT3 K a

These stagnation temperature and pressure values remain constant through-
out the nozzle since the flow is assumed to be isentropic. That is,

T,=Ty=884K and P,= P, = 1.045 MPa

FIGURE 17-24

Schematic for Example 1



The critical-pressure ratio is determined from Table 17-2 (or Eq. 17-22) to
be P*/P, = 0.5283.

(2) The back pressure ratio for this case is
P, 0.MPa
P, 1.045MPa

which is greater than the critical-pressure ratio, 0.5283. Thus the exit plane
pressure (or throat pressure P,) is equal to the back pressure in this case. That
is, P, = P, = 0.7 MPa, and P,/F, = 0.670. Therefore, the flow is not choked.
From Table A-32 at P,/P; = 0.670, we read Ma, = 0.778 and T,/T, = 0.892.

The mass flow rate through the nozzle can be calculated from Eqg. 17-24.
But it can also be determined in a step-by-step manner as follows:

T, = 0.892T, = 0.892(884 K) = 7885 K

P 700 kPa
RT,  (0.287kPa-m’/kg-K)(788.5K)

V, = Ma, e, = Ma,\V kRT,

= 0.670

P, = 3.003 kg/m’

1000 m?/s
= (D.TTE]\;- (1.4)(0.287 kI/kg - K) (788.5 K) (W)

= 4379 m/s
Thus,
m = p,A,V, = (3.093 kg/m*) (50 x 107* m*)(437.9 m/s) = 6.77 kg/s
(b) The back pressure ratio for this case is

P,  04MPa
o 0383
P, 1.045MPa

which is less than the critical-pressure ratio, 0.5283. Therefore, sonic condi-
tions exist at the exit plane (throat) of the nozzle, and Ma = 1. The flow is
choked in this case, and the mass flow rate through the nozzle can be calcu-
lated from Eq. 17-25:

P —

| k 2 (k+ 12017
in=aro (57
s 1.4 T o
= (50X 107 m ) (1045 kPa) X [ e kg - K)(884 K) (1.4 + 1)
= 7.10 kg/s

since kPa.m?/"/kJ/kg = %1000 kg/s.
Discussion This is the maximum mass flow rate through the nozzle for the
specified inlet conditions and nozzle throat area.
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