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18.5. EXPANSION OF STEAM CONSIDERING FRICTION

xit veloci ' .
- ste-l:]n: t?lo:us uﬁzhﬁ 5:‘::; zfl? 4 given pressure drop is redyceg due to the following reasons when
}. Due to the friction between the nozzle surface and steam.
2. Due to the internal fluid friction in the
3. Due to shock losses.

Steam.
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as weg‘::‘::::\ !?:;‘ :j::‘::;";“ !i>s§t:'s oceur bevond the }hrn.at in the d'ivcrg,ent section nozzles as the length
: . ) eam in the divergent portion is much higher.
The effects of these frictional losses are listed below :
; R‘: i?:‘:lm‘:““ "-““(“mﬂf.\? isentropic and the enthalpy drop is reduced re‘su!t‘?ng in lower exit velocity.
e Bt to‘t'ri\c:?:::\:ngac.m:‘. of the steam is increas.ed as part Uf the kinetic energy gets converted
% Yo e s 1S a .xnrhc(.i l?y the steam, with increase in enthalpy. fs
Sttty specific volume of steam is increased as the steam becomes more dry due to this frictional

i ;‘l;i iﬂ'ecl of friction on steam flow through a nozzle is represented on Mollier diagram as shown
Cig. 1o.%.

(SUPPLY PRESSURE)

(PRESSURE AT THROAT WHEN
STEAM IN SATURATED)

(PRESSURE AT THROAT WHEN
TEAM IS SUPERHEATED)

—  (y) entRoPY

Fig. 18.4. Effect of friction on the steam quality in flow through a nozzle.

The point A represents the initial condition of steam and the point E is the steam condition at the throat
of a convergent-divergent nozzle. If the expansion through the nozzle is isentropic, then it is represented
by the vertical line AB as shown. Due to friction, the process is now represented by AC and
the enthalpy drop is reduced to (ha — hc) instead of (ha - hs), which is theoretically possible. Then (ha — hc)
is the useful heat drop causing the increase in velocity of steam from V, to V5. If the actual enthalpy drop
as percentage of theoretical enthalpy drop is known, the point C can be located. But the expansion must
end at same pressure as at B. The line drawn through C parallel to X-axis cuts the pressure line Pb at point
D. Therefore, point D represents the final condition of the steam. It is obvious from the diagram that the
dryness fraction of steam at point D is gr‘eatcr than at poin} B and therefore the effect of friction is to dry
out the steam leaving the nozzle and to increase the specific volume of the steam.

Actually, most of the friction occurs between the throat and exit (divergent part of the nozzle) and
ual expansion is represented by the line AED. AE represents the expansion through the
3 rgent part of the nozzle (the effect of friction in this part of nozzle is negligible) and ED represents
g‘:ﬁ;ﬂ expan Oon through the divergent part of the nozzle.

The effect of ériction is taken into account by introducing a factor called "nozzle efficiency” which
is defined as follows :
Tl.;(HOZZJe eﬁiCinIlC'y) =

therefore the act

Actual anthalpy drop hy —hp
Isentropic enthalpy drop " hy-hg

.(189)
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The exit velocity considering friction |s given by
Vy = 4472 \‘;1(/1}1:,3 where, Ah in k] 810
It can also be given by an equation

Va = 4472 KVA h,,, where Ak in &
and X is the coefficient of the nozzle, where
K =\n,
18.6. SUPERSATURATED OR METASTABLE FLOW THROUGH NOZZILE
The ideal expansion of superheated steam from pressure py (supply pressure) 10 p, (back pressare,
can be represented by a line AL on Mollier diagram as shown in Fig. 18.5, During the expansion, the change

of phase must start to occur at pressure p, as shown, where the expansion line meets the saturation Gee
(that is at point B).

But in nozzles, under certain conditions, this phenomenon of condensation does not cecur a1 e

B as the time available is very very short (about 0.001 sec) due to the very high velocity of steam pasaing
through the nozzle {near sonic).

H SUPER SATURATED
T FIELD
ATURATION LINE (€)

WILSON LINE

__,¢(,o) INTROFY

Fig. 18.5. Supersaturated flow of steam

The equilibrium between the liquid and vapour phase is therefore delayed and the vapour continues
to expand in dry state even beyond point B. This is represented by BB, in Fig. 18.5. The pressure at the
point B can be found by extending the superheated constant pressure line (p3) upto B, as shown in diagram
by dotted line. The steam during the expansion BB, remains dry and condensation is suppressed.

The vapour between the pressure p, and p, is said to be supersaturated or supercooled and this type

~of flow in nezzles is known as supersaturated or metastable flow of steam.

A limit to the supersaturated state was observed by Wilson and a line drawn on the chart through
the observed points is known as Wilson line. This line becomes the saturation line for all practical purposes.

The flow is also called supercooled flow because at any pressure between P2 and p; the temperature
of the vapour is always lower than the saturation temperature corresponding to that pressure. The difference
in this temperature is known as the degree of under-cooling,

When the expansion reaches the Wilson line (as shown by point B,), the condensation occurs at
constant enthalpy, the pressure remaining constant. This is shown by B,C. Further isentropic expansion to
the exit pressure represented by CD.
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The mio ot satuintion
NEN | \EQ\.}%\.\HQ_;;{“\“ i‘ulﬂis "
W mperatue of the

Bressures coneaponding to the temperature af B and H; is known as the degree
£ e provess B0 the pantial condensation of steam releases sufficient heat to raise
seam hack 16 the siuration temperature

TR peobiag . . o ; b
problems on supersaturated Bow cannot be solved by using Mollier Chart unless Wilson line is

% Frawa on ¥k

e velovity o Rl
velovtty of steam at the end of expansion is found by using

3 n-lt
V,;.V) " " ,,,[lk.(..f’_l,)" }
s "'n‘-l ¥ P|

!
- Py 1n
Specific volume vy = v, ~—--P
2

n-1
Py 1 n
Apparent temperature T = T| o ]
|
m. vy
V2

IST. GENERAL RELATIONSHIP BETWEEN AREA, VELOCITY AND PRESSURE IN
NOZZLE FLOW
Consider steady and isentropic flow through a nozzle. In Fig. 18.6, we consider two transverse plane
sections, a distance &x apart. Let us assume that the nozzle runs full and that the velocity is uniform across

and A, =

* any sechon.
Y
X
Fig. 18.6.
: ¢ __A.V_(A+8A)(V+8\Q
Then, by continuity equation, e o
| 8A 8V, - dv_ _ 0
from which, we get 2 +=y v
s e W e el
| i w is isentropic pvY = constant
% S;mccmﬂo IQ&P+71°&V=IQ&C
E‘ o orino this and dividing by PV
: Differentiating i ; -ﬂ- a0
) § ik, _
dv L

"
AR

P
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Also, for isetropic Hlow, we have from the IHARERIET eopntiom
Vdv
b ST
or il T
v Z
By sibstituting thess values 15 equation (1%.11), we get
A dp ( 2.4 pv i
T At pee ‘ B e e A R —— - ‘
A nop v ]
and writing 'C* for the somic velocity at pressure P #nd specific volume v, we get (as sonic velocity is given
by C% w g yRT
= % v in this case
“4a 1 & { C? : "
——— A, c———— e L4 %gz
A "o p iy ;’
The ratio of the velocity ‘V' 1o thé local sonic velocity ‘C” §
by the letter ‘M’

ukmrwnaﬂhc.%achnmdmm 15 denoted

A e P Pz j (I18.1%)
Equations (18,12) and (18.13) give a useful insight into the changes of nozzle area under certain
conditions. These may be explained briefly as follows.
Case L. Accelerated flow, dp/)

P negative (nozzle), pressure decreases
(a) VeC,M< 1, Then

along flow direction
dA/A must be negative. This corresponds 1o the
As s00n as V reaches the value C (e, M =

convergent part of the nozzle.
]).lim:M/Axﬂanddiedrw
(b) V>C,M> 1. Then da/A must be

positive. This corresponds 1o the divergent pan of the nozzi .
Case IL Decelerated Flow, dplp positive (Diffusers).
This applies to diffuser in which the kinetic energy of flow is converted into pressure energy., (lile
application in steam turbine),
(@) V>C, M> 1, Here dA/A must be

positive
(b) V>C,M> 1. Here

» Le. the diffuser must be of divergent type.
dA/A must be positive, i.e., the diffuser must be of the convergent type. These
forms are summarized in Fig. 18.7.
e e -
TYPE OF FLOW %? NEGATIVE %" POSITIVE
syBSoNIC g o
/ (‘, ’, M (’ ) -—‘.—-"' \
CONVERGENT OIYERGENT
NOZZLE OIFFUSER
{;,e; " I) ‘_____d—‘
DIVERGENT CONVERGENT
NOZZLE OIFFUSER

Fig. 18.7.



