Power Plant Lectures 41 Year

Chapter 4: Nozzle

4.1 Nozzle: is a flow passage of varying cross sectional area in which the
velocity of fluid increase and pressure decrease in the direction of flow.

During flow in the nozzle the enthalpy drops and heat drop in expansion
in spent of increasing the velocity of fluid. Nozzles are generally use in turbines,
jet engine, injector...etc. there are two types of nozzle; convergent nozzle and
convergent-divergent nozzle, as shown in figure (4.1). The effects of varying of
cross-sectional area in the direction of flow these are; accelerate the fluid and
dropping of pressure.

a. convergent nozzle b. convergent-divergent nozzle

Figure: (4.1) types of nozzles.

Let us consider the expansion through a nozzle between sections 1 and X,
as shown in figure (4.2). Application of steady flow energy equation yields;

hy+2CE+ gz +Q=h, +-C2+ gz, + W ...(41)

Figure (4.2) fluid flow through convergent-divergent nozzle.

In nozzle the velocity of fluid is so high that there is no time available for
heat exchange with the surroundings and the expansion may be considered
adiabatic. Also, the change in potential energy may be negligible if the elevation
does not change from inlet to exit. Work done during flow is absent. Thus, the
energy equation becomes:

hy+2CE=hy +-C2 ...(42)
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hy — hy = 2(CE = CP) ... (4.3)

C2—Ct=2(hy —hy) > C=+2(hy —h) +CZ ....(44)

If the inlet velocity of fluid C; is small compared with the exit velocity from the
nozzle, the exhaust velocity can be re-written as:

C, =2(hy — hy) ....(45)

For perfect gas the flow velocity can be stated as;

C, =2XCp(T, = Ty) ... (4.6)

The mass flow rate across the nozzle is constant, and then by applying the
continuity equation will get:

m;=m,=m,....(4.7)

ThUS ; p1A1C1 = prxCx = pzAch (48'3.)

Or, 2& &b 420 ... (4.8-3)

U1 Ux U2

Where p: fluid density in kg/m?.
v : specific volume m¥/kg
A: cross section area in m2,
C: fluid velocity in m/s.

4.2 Nozzle efficiency

In nozzle design, the usual practice is to base all calculations on isentropic
flow and then make an allowance for friction using a coefficient or efficiency.
The nozzle efficiency(ny), is defined as the ratio of the actual enthalpy drop to
the to the isentropic enthalpy drop, see figure (4.3).

actual enthalpy drop __ hi—hy

= = ....(4.9
N isenthalpic enthalpy drop hi—hyg ( )

Substituting equation (4.3) into equation (4.9) yields,

_ (cE-ci)
(cis—ct)

U ... (4.10)

If the nozzle inlet velocity is negligibly small [c¢? ~ 0] equation (4.10) can be
re-written as;
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CZ
My == ... (4.11)
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Figure (4.3): Nozzle expansion process for (a) vapor, (b) perfect gas.

For perfect gas only[h = Cp X T], equation (4.9) can be written as:

— Cp(Tl_Tz) — T, —Ty
Cp(T1—Tas)  Ti—Tas

i ....(4.12)  (for perfect gas only)

Nozzles on practice are used with variety of shapes and cross sections.
The cross section can be either circular or rectangular, and the axis of the nozzle
can be straight or curved. A typical circular section, straight axis nozzle is shown
in figure (4.4-a) and series of typical plate-type, curved-axis steam nozzles is
shown in figure (4.4-b), this type used in reaction steam turbine.

ib)

Figure (4.4) Typical (a) circular section nozzle
(b) curved axis steam nozzles.

4.3 Critical Pressure Ratio

4.3.1 For perfect gas critical pressure ratio is:
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P o (i)% .. (4.13)

P1 ]/+1

And the critical temperature ratio is

L (P—)YT_I .. (4.14)

T Py

and also it can be stated as:

Te__ 2
riaiwets (4.15)
Substituting equation (4.15) into equation (4.6) and assuming the inlet velocity
is negligibly small [C; ~ 0], after rearranging the critical velocity becomes:

C.=JyRT; ...(4.16)

The critical velocity given by equation (4.16) is the velocity at the throat of a
correctly designed convergent-divergent nozzle, or the velocity at the exit of a
convergent nozzle when the pressure ratio across the nozzle is the critical
pressure ratio.

It can be noticed that the critical velocity is the velocity of sound at the critical
conditions.

4.3.2 For Steam: an approximation can be obtained if it is assumed that steam
expands isentropically in the nozzle following the law [PV™ = const. ], where
n is the isentropic (adiabatic) index and it is not a ratio of specific heats as is y.
Then, the throat pressure can be calculated as follows:

Pe = (i)% . (417)

Pl n+1

If the steam entering the nozzle as dry saturated (n = 1.135)

1.135
P, 2 \T135-1
P (1.135 + 1>
P.=0577 X P, ... (4.18)

If the steam entering the nozzle as superheated (n = 1.3)
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1.3

P, 2 \T3-1
P, (1.3 + 1)

P, = 0546 X P, ... (4.19)

The temperature at the throat (critical temperature) can be found from steam
tables at the value of critical pressure Pc and s, = s;. The critical velocity can be
calculated as:

C.=+2(hy — hy) ...(4.20)

Where h.: is the enthalpy of steam read from steam tables at Pc, and sc

Example (4.1) Steam at 0.7 MPa and 250 °C expands in a nozzle to 0.1 MPa.
Determine the throat and nozzle exit cross section areas if the steam flow rate is
2.5 kg/s and neglecting the loss between the entrance of the nozzle and the throat.
Assuming that, the nozzle efficiency between the throat and the nozzle exit is
0.9.

Solution: P

h

Figure (4.5) §

From superheated stem tables
@P1=0.7 Mpa and T1=250°C h1=2953.6 kj/kg and s1=7.11 kj/kg.K
P. =0.546 x P, = 0.546 X 0.7 = 0.3822 Mpa
If there is no losses from nozzle entrance to throat section.
Ses =8, =7.11 kj/kg.K
@Pc = 0.3822 Mpa and s, = 7.11 kj/kg.K
— h.s = 2806.7 kj/kg and v, = 0.50253 m3/kg
C.s = \/Z(hl —hy) = \/2(2953.6 — 2806.7) X 1000 = 542 m/s
mOXvg 2.5X0.50253

AgsXC
ml =" 4, = = x 10°
vCS Ccs 542
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A, = 2318 mm?

From saturated steam tables

@P, = 0.1 Mpa - v, = 1.694 m3/kg,s; = 1.3025, s, = 7.3593 kj/kg.K
hy = 417.44, hy = 26755 kj/kg.K

@P, = 0.1 Mpa and s, = s, = 7.11 kj/kg.K
Xy, = 7 711-13025 _ g
sg—Sf  7.3593-1.3025

has = he + x35(hy — hf) = 417.44 4+ 0.96(2675.5 — 417.44) = 2585.2

__ hes—hy
Ny = ——=
T’ hCS_hZS

h, = 2806.7 — 0.9(2806.7 — 2585.2) = 2607.4 kj/kg

— _ __ ha—hy  2607.4-417.44
ho = hy + 23 (hg = ) > x, = hg—hs  26755-417.44 0.97

v, =X, XUy = 0.97 X 1.694 = 1.643 m3/kg

C, = +/2(hy — hy) = /2(2953.6 — 2607.4) x 1000 = 832 m/s
In the same manner
Az _ mPxv, _ 2.5X1.643

C, 832
A, = 4937 mm?

= hes — hy =1y X (hcs - th)

x 10°

Example (4.2) A steam at a pressure of 1.47 MPa and 250°C enters a nozzle with
a mass flow rate of 1 kg /s and expands to 0.395 MPa. Determine the throat
section and the nozzle exit areas if:

a- the expansion happens without a loss.

b- the loss is 10% of the total thermal descent

Solution:
From superheated steam tables:

@P, = 1.47 Mpa & T, = 250°C — h, = 2924.4 kj/kg
& s, = 6.7209 kj/kg.K

P. = 0.546 X P, = 0.546 X 1.47 = 0.802 Mpa

a- the expansion happens without a loss.

There is no loss from nozzle entrance to throat section.
Ses = S; = 6.7209 kj/kg.K

@Pc = 0.3822 Mpa and s.; = 6.7209 kj/kg.K

h.s = 2795 kj/kg and v, = 0.2516 m3/kg
(6/12)
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Ces = /2(hy — hes) = +/2(2924.4 — 2795) x 1000 = 508.7 m/s

ApXC, moxvy 1x0.2516
mo — t CcS N Ats — CcS — 106
UCS C(;s 508.7
A = 495 mm?

In the same manner, for the exhaust section of nozzle.
From saturated steam tables
@P, = 0.395 Mpa - v, = 0.4625 m*/kg
s = 1.7766, s, = 6.8958 kj/kg.K
h; = 604.73, h, = 2738.5 kj/kg.K
There is no loss from nozzle entrance to exhaust section:

Sps =51 = 6.7209 kj/kg.K = s¢ + sz(sg — sf)

__ S2s—Sf __ 6.7209-1.7766

Xps = = 0.966
sg—Sf  6.8958-1.7766

hys = hy + x,5(hy — hy) = 604.73 + 0.966(2738.5 — 604.73) = 2665.6

Vys = Xp5 X Uy = 0.966 X 0.4625 = 0.44677 m3/kg

Cos = +/2(hy — hys) = /2(2924.4 — 2665.6) x 1000 = 719.44 m/s

AXCy moxv 1x0.44677
0 = 3 i AZS == < = X 106
Vas Cos 719.44

Ays = 621 mm?
b- The loss is 10% of the total thermal descent, as shown in figure (6.3).

There is loss from nozzle entrance to throat section.

hy—he
NN =_h1_h - hy —h, =ny X (hy — hg)
1 CS

h. = 2924.4 — 0.9(2924.4 — 2795) = 2808 kj/kg
From superheated steam tables

@P, = 0.802 Mpa & h, = 2808 kj/kg - v, = 0.26 m3/kg
(7/12)
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Cc = +/2(hy — he) = /2(2924.4 — 2808) x 1000 = 482.5 m/s

AxC mOoxv 1x0.26
0 ="C 54, = 2 = 106
Ve C, 482.5
A, = 539 mm?

In the same manner, for the exhaust section of nozzle.

_ hi—hy
hi—hzg

= hy —hy =1y X (hy — hy)

Nn

h, = 2924.4 — 0.9(2924.4 — 2665.6) = 2691.5 kj/kg

ha—hy — 2691.5-604.73

= = 0.978
hg—hf  2738.5-604.73

hy = he + x,(hg — he) = x; =

v, = X, X vy, = 0.978 X 0.4625 = 0.4523 m®/kg

C, = \/2(hy — hy) = /2(2924.4 — 2691.5) x 1000 = 682.5 m/s

A, X C, m®xXv, 1x0.4523
= - AZ = =
v, C, 682.5

o 6

m

A, = 662 mm?

Example (4.3) A steam turbine generates 1200 kW by passing a steam at 2 MPa,
300°C and a flow rate of 8.4 kg/kWh. This vapor expands to 0.02 MPa where the
throat diameter of each nozzle in the turbine is 1.2 cm and the loss between the
throat and the nozzle end is 12% of the thermal descent. Determine the number
of nozzles and the diameter of the nozzle exit.

Solution: the expansion happens as shown in figure (4.5).

m? =84 (L) x - (2) = 25 X0 - 22 (40 ) 1900 (kW)

kwh) ~ 3600 \s/ = 3600 kW.s 3600 \kW.s
m® = 2.8(*2)
From superheated steam tables:
@P, = 2 Mpa &T; = 300°C — h; = 3023.5 kj/kg

&s, = 6.7663 kj/kg.K

P. =0.546 x P, = 0.546 x 2 = 1.092 Mpa
There is no loss from nozzle entrance to throat section, thus:
S, =5, =6.7663 kj/kg.K
From steam tables

@P. = 1.092 Mpa & s, = 6.7663 kj/kg.K — h, = 2827.9 kj/kg
(8/12)
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& v, = 0.20596 m3/kg
C. = +/2(hy — h) = /2(3023.5 — 2827.9) x 1000 = 625.5 m/s

o _ AtxCc mPxv,  2.8X0.20596

ml =——- 4, = = = 0.000922 m?
Ve Ce 625.5

_ T 2 _A¢ __ 0.000922
A =nX (ZX dt) ->n= (%xd?) = EX(%)Z]
Number of nozzlesisn = 9
From steam tables:
@P, = 20 kpa & 5,5 = s, = 6.7663 kj/kg.K — v, = 7.6491 m®/kg
hs = 25138 & hy, = 2609.7kj/kg
sp=0.8319& s, =7.9085kj/kg.K

S2=Sf _ 6.7663—0.8319
Soc =S+ XS, — S¢) = Xy = = = 0.84
2s f Zs( g f) 2s sg—Sf  7.9085-0.8319

has = hs + x55(hy — hs) = 251.38 + 0.84(2609.7 — 251.38)
h,s = 2232.4 kj/kg
There is a loss from throat section and the end of the nozzle by 12%:

_ hc_hz
77N—h

=8.152=9

_ A = 7y X (he — hgs) = he — hy > hy = he =y X (he — hyg)
c 2s

h, = 2827.9 — 0.88(2827.9 — 2232.4) = 2304 kj/kg

2304—-251.38
hz = hf +X2(hg — hf) - Xy = m = 0.87

v, =X, X vy, = 0.87 X 7.6491 = 6.654m>/kg

C, = \/2(hy — hy) = /2(3023.5 — 2304 ) x 1000 = 1200 m/s
A, X C, m° xXv, 2.8X6.654

= - AZ = =

v, C, 1200

A, = 0.015526 m?

T Ay X4 0.015526%4
A2=nX(ZXd%)_>d2=\/2 =J

NnXTm 9XTT
d, = 0.0468 m = 4.68cm

(o]

m

Example (4.4) A steam at a flow rate of 4 kg/s expands in a nozzle from 0.8 MPa
and 200 °C to 0.2 MPa, and the expansion from the beginning of the nozzle to
the throat was without a loss and the loss was 10 % from the throat to the end of
the nozzle. Calculate the throat section area and the area of the nozzle exit if the
velocity of the steam at the entrance of the nozzle is 70 m/s.

Solution: the expansion in the nozzle looks like figure (4.5).
From superheated steam tables:
@P, = 0.8 Mpa & T, = 200°C — h; = 2839.2 kj/kg

(9/12)
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&s, =6.8158 kj/kg.K
P. = 0.546 X P, = 0.546 X 0.8 = 0.4368 Mpa
a- the expansion happens without a loss.
There is no loss from nozzle entrance to throat section.
Ses = S; = 6.8158 kj/kg.K
@Pc = 0.4368 Mpa and s.; = 6.8158 kj/kg.K

h.s = 2745 kj/kg and v, = 0.4073 m3/kg

Cos = /2(hy — hes) + CZ = \/2(2839.2 — 2745) x 1000 + 702

C.c =439.7 m/s

o _ AtxCecs _ mOXvgs _ 4%0.4073
=250 4, = —

x 10°

A, = 3705 mm?
In the same manner, for the exhaust section of nozzle.
From saturated steam tables
@P, = 0.2 Mpa - v, = 0.8857 m>/kg
sf = 1.53, s, = 7.1271 kj/kg.K
h; = 504.68, h, = 2706.6 kj/kg.K
There is 10% loss from nozzle throat to exhaust section:
Sps = S; = 6.8158 kj/kg.K = s; + sz(sg - sf)

X = S2s—Sf _ 6.8158—1.53
2s — -
Sg—Sf 7.1271-1.53

= 0.944

has = hy + x,5(hy — hy) = 504.68 + 0.944(2706.6 — 504.68) = 2583.3

hes—h
nN:h —hz_)hcs_hZZrINx(hc—hZS)
CS 2S

h, = 2745 — 0.9(2745 — 2583.3) = 2600 kj/kg
_ _ __ ha—hy  2600-504.68

hy = by + x5 (hg = hy) = 3, = hg—hf  2706.6-504.68
(10/12)
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v, = Xx; X vy, = 0.951 X 0.8857 = 0.842 m>/kg

C, =+/2(hy — hy) + C? = /2(2839.2 — 2600) x 1000 + 702
C, =695 m/s

In the same manner
moxv,  4x0.842

AZ = = X 106
Cy 695

A, = 4846 mm?

Example (4.5) A vapor enters a nozzle at 0.7 MPa, 200 °C and with a velocity
of 150 m/s, and exits at 0.07 MPa and a quality of 94%. Determine the exit steam
velocity and also the area of the inlet and exit nozzle areas when the mass flow
rate is 4.5 kg/s

Solution:

For entrance section: From superheated steam tables:

@P, = 0.7 Mpa & T, = 200°C — h, = 2844.65 kj/kg
v, = 0.30641 m3/kg & s, = 6.89115 kj/kg.K
mOxv; _ 4.5%0.30641

A1 XC
0o = MXG g =T x 108
V1 Cq 150

A; = 9192 mm?
For the exit section: from saturated steam tables:
@P, = 0.07 Mpa - v, = 2.4216 m®/kyg,
hs = 375.6, hy = 2656 kj/kg
U, =X, X Uy = 0.94 X 2.4216 = 2.2763 m>/kg
hy = hs + x,(hy — hs) = 375.6 + 0.94(2656 — 375.6)

h, = 2519 kj/kg

C, = +/2(hy — hy) + C? = /2(2844.65 — 2519) x 1000 + 1502
C, =821 m/s

o Ay XCo

x 10°

moxv,  4.5x2.2763
- A, = =
V2 Cy 821

A, = 12482 mm?
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Exercises

Problem (4.1) Steam at 1.8 MPa and 275 °C expands through a convergent-
divergent nozzle to 0.1 MPa. If there is 10 % loss in energy between the throat
and the nozzle exit and the vapor flow rate is 0.5 kg/s, determine the cross-
sectional area of the throat and the nozzle exit.

Problem (4.2) A vapor at a flow rate of 3 kg/s enters a group of eight (8) nozzles

at 1.5 MPa, 240 °C and a velocity of 480 m/s, and then expands to 0.07 MPa. If

the efficiency of each nozzle is 0.95 and the cross-sectional area of each nozzle

Is rectangular with sides’ length ratio is 1:2.5. Determine:

a- The steam exit velocity for each nozzle and the dimensions of the nozzle

section at its entrance and its exit.

b- The steam exit velocity in case of the neglecting the steam entrance velocity.
Ans.[1011.16 m/s, 1.75¢cm, 4.38cm, 1.65cm, 4.14cm, 1007.96 m/s]

Problem (4.3) A vapor enters a group of convergent-divergent nozzles at 3 MPa
and 300 °C and expands to 0.5 MPa. If the exit velocity and the steam circulation
rate are 800 m/s and 14 kg/s respectively, determine:
a- The nozzle efficiency.
b- The total cross-sectional area of the nozzles.
c-The velocity at the throat.

Ans. [80%, 6120 mm?, 530 m/s]
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