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Abstract

A model for solution of shock wave parameters east was developed, tested and
verified. Physical principle of the model is basedbalance equations and the IAPWS
data on state of steam are applied. Numerical isalutf thermodynamic and flow
parameters is described. A special case, whertieksvave is extremely weak, offers
to solve values of velocities representing speesbohd in steam. Achieved results are
analysed and discussed.

1. Introduction

Speed of sound is a physical quantity closely cotatkwith compressibility of matters.
Physically, speed of sound expresses speed of eel\ddra disturbance in a respective
matter. Generally, speed of sound is defined asrsquoot of infinitesimal pressure
disturbancép related to infinitesimal change of densityat isentropic process:

a= (@j (2)
p ),

In this paper, another principle of speed of sowitlbe treated. When an extremely
weak shock wave is presumed, then the velocityeafrs upstream of the shock wave is
equal to velocity downstream of the shock wave #@nbas to be equal to speed
of sound. The model for solution of thermodynamia glow parameters of steam
where normal shock wave appears will be describédmerical solutions were
performed. Results are compared with data of latewnal Association for Properties
of Water and Steam (IAPWS). Namely, the Industiatmulation IAPWS-IF97 [1] is
applied.

2. Speed of Sound in Steam
Fundamental definition of speed of sound is exmeds/ Eq.(1). There is no problem

to evaluate speed of sound when state equatioarm f(p, p, s) = 0 is known. It is
possible to derive relation of speed of sound foideal gas as

a= ngm @)
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From Eq.(2) it follows that speed of sound in agaidgas depends on temperature only
becausec = const. is ratio of heat capacities (Poisson tams andr is specific gas
constant.

r=— 3

v (3)

R is universal gas constaRt= 8314,41 JkmofK ! andM is molar weight of the gas.
But steam cannot be considered to be an ideal gyaarglly. Steam is a real gas and its
state equation is more complex. The IAPWS investigjastate equations of water
substance and formulated two of them - one for ggraad scientific use IAPWS 95 [2]
and for industrial use IAPWS-IF97 [1].

The formulation of IAPWS 95 is a fundamental equatfor specific Helmholtz free
energyf(p, T). Its dimensionless form is separated into twdar

Wﬁﬂzddﬂ=¢@ﬁ+¢wj) (4)

whered = plp. andt = TJT. The IAPWS defined for water substance specifis ga
constantr = 461.51805 kg “K™ !, critical densityp. = 0.332 kgmn ® and critical

temperaturel, = 647.096 K. Functiong’(d, 7) and ¢/ (0, 7) are defined by IAPWS
[2]. Speed of sound is then solved from:
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(5)

The formulation of IAPWS IF-97 is divided to 5 regs where different fundamental
equations are defined - Gibbs free enegfy,T) or Helmholtz free energy(p,T).
Fundamental equation for Gibbs free energy is esgar@ in dimensionless form:

9T~ ) ©

wherer is dimensionless reduced pressure, aisddimensionless reduced temperature.
Functiony(z, 7) is defined by IAPWS [1] speed of sound is solfredn:
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Values of speed of sound were evaluated accordirigqgt(7) and presented in phase
diagram p-t (pressure-temperature) [3] and are shawrig.1. It is evident that theory
of ideal gas cannot be applied in the case of watdrsteam.
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Fig.1 Values of speed of sound in water and steam

3. The model for solution of thermodynamic parametes of steam downstream
of a normal shock wave

An equilibrium model of shock wave in steam is fatated. Theoretical approach for
solution steam parameters is based on balance ie@gsatfor steam passing
the infinitesimally thin control volume on the shkawsave (Fig.2). The modified balance
equations are:

Balance of mass % = PN = PV, (8)

Balance of momentum p—- P, = %(v2 V)= p Vi, t oV (9)
v A

Balance of energy hy =hy =h, =h + 71 =h, + 72 (10)

Equation of state for steam 1. f(p, h) (11)

Yo,
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where m is mass flow,A is cross section of the control volume,is density,v is
velocity, p is pressureh is enthalpy,sis entropy,x is dryness fraction; indicesis
upstream of the shock waves downstream of the shock wayes total value.

ho]_ = hoz = ho shock wave
plv tlv Ql_v Vlv hll le Sl p2| t2| ,02! V2| h21 X2| SZ
A control volume

Fig.2 The scheme of a shock wave, control volume, anapeaters on a normal shock wave in steam

All thermodynamic parameters upstream of the shweke are given (except total
thermodynamic parameters). In the paper [3], thieutaion procedure for given
pressure downstream of the shock wayvdwhenp, > p;) was derived. The iterative
procedure is based on the modified balance Eqsto(8)1) and on the chosen value
of density of superheated steam downstream oftioekswave p{? in first iterative
step :

e op 4[4 1 g
h3 —m+2(p1+p£n)](pz P, (12)

where indexX™ denotes n-th iteration step. After applicationeqgiiation of state (11),
value of density superheated steam downstreaneddttbck wave is solved:

§n+1): 1(n+) , (13)
t(p,, h{ )

The solved value of density downstream of a shoek/aN,og‘”) is used in next

(n+ 1) -th iteration step into the Eq. (12). It was\yed that the iterative procedure is
relatively fast.

In the paper [4] the solved thermodynamic paramseter a normal shock wave in all
region of saturated steam were solved accordingetative process Eqgs.(12), (13).
Inthe Fig.3, phase diagram (pressure p - temperafll shows dependences
of parameters of supersaturated steam downstrearrofal shock waves in saturated
steam forp,/p; = const. Thermodynamic parameters are also pregent diagram
in Fig.4 (enthalpy h - entropy s) as dependencep.fp; = const. The calculation offers
solutions of another parameters.



Colloquium FLUID DYNAMICS 2013
Ingtitute of Thermomechanics ASCR, v.v.i., Prague, October 23 - 25, 2013

p.5

0.0001 | ‘ | ‘ |

0.001

[MPa)
100

10

0.1

0.01

> steam IAPWS-IF97

0 200 400 600 800 1000 t,[°C]

Fig.3 State parameters downstream of normal shock wavestirated steam in phase diagr

for p./p,= const.
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Fig.4 State parameters downstream of normal shock wavestiurated steam in the diagram entt-

entropy,p,/p;= const.

An equilibrium model of shock wave in wet steam vi@snulatedin [4]. The model is
based onisobaric separation of wet steam into saturatednstand saturated liqu

water.

Parameters of superheated steam nstream of the normal sho

for the sturated steam component are solved by means oftéhative procedure
Egs.(12), (13), while for tI saturated liquid water are solved at assumptiol
isentropic compression. Isobaric mixiof both components is finally solved. Figure
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shows diagram enthalpy-entropy with results of walions for drynessx= 0,879
and for pressures in all region of wet steam upstref the shock.
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Fig.5 State parameters downstream of normal shock wiawest steam in the diagram enthalpy-entropy,
p2/pl = const.

4. Solution of flow parameters of steam on the noral shock wave

From the balance equations EQs.(8), (9), (10) ic#lat for velocities from solved
thermodynamic parameters can be derived. Velagitf steam upstream of the normal
shock wave can be solved according to relation

P, =P,

v, = P . (14)

\/2‘)2_p1 _ 2(h2 _ hl)

P1

Velocity v, downstream of the normal shock wave is derivethfeguations (8) and (9)
so can be solved according to relation

v2:vl—%. (15)
171
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Achieved results from calculations of flow veloe&i on a normal shock wave
in saturated steam [9] are presented for all regiopressures of saturated steam in all
region of parameters of saturated steam are intemtlun Fig.6 as dependencies
for p,/p. = const.

Velocities on a normal shock wave in wet steanxior 0,879 in all region pressures p
for given pJ/ps = const. are presented in diagram in Fig.7 asrdbdpeies
for po/py = const.

T T T T T T
100 | 22 20 10 )
P2 5
MP.
[MPa] R
10 | 1
1 [ ]
0.1 |_ ]
0.01 [ ]
0.0001 MPa =
0.001 | _ 10 e
Biz21.5 115 2 3 5 %12:10 velocities
V1
Vo
0.0001 I I I | I I I
o} 200 400 600 800 1000 1200 1400 [m/s]

Fig. 6 Velocities of steam upstream of (blue) and doveasir of (red) a normal shock wave in saturated
steamp,/p; = const.
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Fig. 7 Velocities of steam upstream of (blue) and dovessir of (red) a normal shock wave in wet steam,
X1 = 0,879,p,/p; = const.
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5. Solution of speed of sound of steam

The model for solution of shock wave parameters apgdied for superheated, saturated
and wet steam for different ratios of pressurgpipAchieved velocities; andv, are
shown in Figs.6 and 7. Special case ispior p1, thenv; =v, = a, (ais speed of sound).
Numerical procedure was performed fo¥p;= 1.01 and 1.2. From those points (4
points of the velocity-pressure diagram) the irgetion of velocitiesv; and v, is
calculated. Examples of velocitiasare shown in Figs.6 and 7 as black lines. Figure 8
compares the solved values of speed of sound fmereaated steam with the IAPWS-
IF97 solved according to description in Sect.2.réhs a good agreement with speed
of sound calculated according to the IAPWS-IF97e Bame comparison for saturated
steam is on Fig. 9. The results for the saturateans are also in good agreement with
IAPWS-IF97. The error depends on chosen presstias rior intersection calculation.
This problem will be further investigated.
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Fig. 8 Comparison of calculated valueg @gainst IAPWS-IF97 isolines in superheated steam
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Fig. 9 Relative error of calculated values against IAPWS? in saturated steam

The most interesting results are regarding thestesm. Using the isobaric separation
model for the wet steam as described in [4], theedpof sound resulting from
the theory of shock wave was calculated. As ther@milAPWS-IF97 equation for speed
of sound in the wet steam, it was compared to Hieutated speed of sound directly
using the equation (1) and using the wet steane gtatameters from IAPWS-IF97.
The pressure differenadp deviation was considered to be 1 Pascal. Thereanasy
good agreement of the results presented on Fig.10.
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Fig. 10 Comparison of calculated valueg @nd the values according to Eq. (1) in wet steam
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6. Conclusion

Theoretical and numerical model for solution ofrthedynamics and flow parameters
of steam on normal shock wave is developed andieeriThe model is applied
for special case of very weak shock wave to soblees of speed of sound. Obtained
results are compared with data of IAPWS for supsdee and saturated steam.
Achieved results in superheated and saturated sdeaim agreement with IAPWS-IF97
calculation. This theory gives us a very good tdol further development
and evaluation of the wet steam separation modehtso other applications.
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