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ABSTRACT

This paper describes a theoretical model that considers. the real medium
effects on steam flow characteristics through pipes at ]ngh moderate and
low pressures The present model utilizes two commonly used equatmns of
state, namely the Beattle-Bndgeman (BB) equation and the second virial
(SV) one. Modified basic equatlons are used in the model derivation in order_
to combine the effect of pipe roughness. Predictions for pressure,
temperature and Mach number variations of steam flow along a pipe of such
geometry were obtamed using Runge-Kutta method in solving the model
differential equations. Plots of results, however, include the corresponding
variations in steam flow parameters when applying the perfect gas equation

of state,

An experimental program was conducted to acquire experimental data, The
computed results of steam flow pressure drop over the whole length of the
pipe agreed well with the measurements of present experiments as well as
~ the experimental data cited in the literature.

KEYWORDS
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INTRODUCTION

‘Recently, complexity appeared in the flow diagrams of power plants due to
using intermediate superheating and steam at high pressures can influences
the design of plant piping system during the course of composmg multﬂ;ne _
piping with different nominal sizes [1]. Steam flow through pipe lines of
power plants is mainly a two-phase flow. Theoretical correlations predlctmg'
the pressure gradients during the flow of two-phase, steam-water mixtures"
in smooth pipes [2] and rough ones [3] were carried out previously. The
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uncertainty which was caused by non-ideal (or real) gas considerations tends to
lowering the degree of agreement between the experimental and theoretical
results of steam flow characteristics through such devices. through converging-
diverging nozzles under high pressure conditions. This analysis incorporates the
Redlich-Kwong equation of state. Bober and Chow developed this model lately
[5] to determine the effects of non-ideal gas behavior on the expansion factor,
and consequantly the mass flow rate, for the venturi meter [6]. A similar
technique utilizes a truncated virial equation of state [7] was used by Bakhtar
and others [8] in treating nucleation phenomena in flowing high pressure steam
and by Sabry et al. [9] to simulate the expansion of nonequilibrum condensmg
wet steam at moderate and low pressures through nozzles S

In the present paper, a theoretical model describes real steam flow through
pipes at low, moderate and high pressure is obtained. This model is based upon
Beattie-Bridgeman formulation [10] for a state equation. This equation possess
simplicity and reduces the computation time besides verifying higher degrees of
accuracy. Besides, the model utilizes also a second- virial (SV) equation for
steam state in evaluating the differences in the predicted flow parameters when
using another equation for steam state. Furthermore, modified governing
equations are used in the present analysis in order to quantify the effect of pipe

roughness.
THEORETICAL MODEL

Figure 1-indicates an element of flow configuration through the pipe. This
configuration considers 2 straight horizontal pipe of diameter D and of length L
supplies steam flow of P;, Ty;, p; and Mg;, and delivers the same rate of steam
flow at final conditions of Py, Ta, pp and My, Assumptions are made in
deriving the basic equations of steam flow through the pipe as follows :

a- The flow is one-dimensional.

b- Steam specific heats at constant pressure and constant volume are considered
to vary with both density and temperature.

c- Steam is submitted to the real flow con51derat10ns as given in standard steam
tables.

d- Friction coefficient of the steam flow through the pipe is independent of
“Reynolds number. ‘

e- Steam flow is adiabatic.

Equations of conservation of mass, momentum and energy are written as
follows ;

| VAp = constant or Vp = constant | 0N
dp 2 | |

a——EL—-VdV )
p D 2 ’ :
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Rearranging equatlons (1) and (3) glves;

v_ v R

—— 4)
dp  p
,dh=C, .dT; +T, ( )V dv+v.dP - (5)

Substituting dP from eq. (2)into eq. (5) and con51denng assumption (e) from
the assumptions listed above yields:

dh = - V.dV
{ w2Y
Gy AT, éf_] .dv_[v.mfw ]
Ty ) 2D
. Cy dTg+T aP P L) A : (6)
aTg,V 2D

Dividing by dv and using differentiation of the inverse relation between v and p
for such a gas, equation (6) becomes

- dT. | 2 . o
Cprt_yp [P IV o (g
(—dp/p2) Ty 2D.(-dp/p2) :

Now, one can write the energy equation in the following form:

at, Ty(pro1y) +{fLp?V?/2D.dp)
i T ®
p C,.p 7

Considering the locations 1 and 2 as the computation contours about an interval
of Ax from the pipe length as shown in Fig. 1, the den51ty variation can be
expressed with the aid of eq. (4) to become: :

dp—vz" {(Vi-Va) o )

: Combmmg eqs. (8) and, (9) gives : , o

T (amrg) (0% 120} o1 (v - W)

(10)
dP Cv.p2
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- where G = pV is the ‘steam mass velocity. The Beattie - Bridgeman (BB)
equation of state [9] in which pressure is explicitly expressed reads:

P=RTp+Bp? +yp> +5p* (11)
.where
B':RTg'B—A———Rg . . (12)
Ty
. y=Ad—RTng—-IE~B~2£ | (13)
Tg
md  §=200 ‘ ' (14)
Ig

Numerical values ofthe five constants in eqs. (12-14) were derived by Muneer
. and Scott [9] as follows:

A= 0.’.769185 ) B =0.00126 , C=930477.801426
-d=0,005318 b =0.002482.

To solve eq. (10) using Runge-Kutta method, it is réqﬁired firstly that the right
hand-side of this equation can be evaluated numerically, For this purpose, the

differentiation (aP/ aTg)v in this equation is determined using eq. (11)to

become,
oP o L3
—| =Rp+Bp® +yp’ +5p* (15)
8T,
v .
where B:——@-=RB+2¥ (16)
Ol T; _
S A L L an
aTg T
and S:ﬁi:ir‘%{q (18)
0Ty Ty

Secondly, an expression for Cy, is required to complete the solution of eq. (10).

This expression is derived herein after considering the real gas behavior of

steam and following the thermodynamic approach which was discussed in [3,
11]. This approach can be employed as follows:
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ds=i.du+£.dv;

T, T,
Sy ATy +f — P\ (19)
T, T,

The entropy change during steam flow can also be expressed considering the
non-ideal behaviour of steam and due to [11] as

os 0s '
ds=(ﬁg—] ATy + (BVJT dv o (20)

g

Bober and Chow {5] show that the mix derivatives in the last expressions must
be the same regardless of the order of differentiation and consequently they

derived that
2 (<] f2 ()
v \T/]p |OT \oT/, v
Therefore, |
NEORE I o
Ty \ v 6T2

Integration of eq. (21) at constant steam temperature and from specific volume
at zero pressure to any specific volume yields _

Gy (T ,-p)—Cv (Tg)=T; | {Z:J v | (22)

" where Cyq (Tg) is the zero pressure specific heat capacity at constant volume.

The heat capacities can be expressed at zero pressule where the ideal gas

** condifions prevail by -

Coo(Tp)=Cpo(Tg)-R ©3)

At this point, an empirical equation for Cpo (Tg) is used here. This equation
was presented by Keenan, et al. {7] and ad0pted by Young [12] as

Cer

N o
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With Tg mnKandC, (T ) in k¥/kg.k, the constants a; are reported in [11]. The
calculation of eq. (22) reqmres the evaluation of the second order derivative

(62P / 6ng ) . This can be determined referring to eq. (15) by

v
2 .. -
[—G—P] =Bp? +ip’+8p" (25)
Tz ) |
where
. 8B  6RC '
B=§=‘_€f’ (26)
g Tg
.. v 6RBC .
g Tg ‘
md 5200 =56RB4bC o @8)
0T Tg

Integration of eq. (22) with the aid of eq. (25) gives

Cy (Tg .0}~ Cyo (Tg)= Tg.[pﬁ+P;¥+E;SJ (29)

Now, equation (10) is ready to be solved numerically using Runge-Kutta
method.

In conclusion, the above formulation isbased upon expressing the first order
derivative ©  (OP/0Ty )y and the second order one (32P/ 31"g2 v using the
investigated equation of state. Therefore, to examine the effect of state equatmn
type, new formulations for the derivatives (9P/0T,), and (621’/ fﬂ'g )y are
released using the other equation of steam state (ie., the second virial
equation).

The second virial (SV) equation of staté was suggested by Keenan and others
[7] as :-

P =pRT;(1+ap) | 39)

¢, 1051/ &Kz 40

where : o=Cy- T — | (31)
g

. In the above equations (30-31) , the numerical values of constants
Cy, Gy, Kj&K,are taken dueto [7] as:
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C, =2.0624 x107°

K; = 100800

In carrying. out

, Cy =2.61204

, Ky =34900

the required derivatives, a similar procedure to that carried out

with (BB) equation is- applied here. The first order derivative (aP/ aT, ) can

readily be obtained from egs. (30-31) as

(}%P’J =Rp +oRp? + ch'rg,:;2 (32)
__ g
. Oo
here : =
where a aT
K /Ko + TN
2021(1111101 [K /(K2+T i, €210 : (33)
(Ky +T2)? T
Similarly as egs. {25-28), the second order derivaﬁve is expressed by :
8°P e 2 2
7 =20Rp +aRTgp (34)
g, |
where : o= ﬂx_
a1,
1, 10 JEaAToN K+ T
=7 3 sa TG : 733
Kz +Tg) (K2 +Tg)
(35)
ol /Ko +T)] 1olK1/(Ka+T2)]
- C5. 22 +202 . 3
Tg.(K2 +Tg ) Tg

,C3 = 4C,. K3 (In10)*
,C4 :862.K1 (11110)
,Cs =2€,.K, (In10)

Introducing the above expression for (82P/ oT, 2)v ,Le. eqs. (34-33), into eq.
(22) can release the fo]lowmg formulation for steam specific heat capacity at

constant volume
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CV(T;,p) - Cvo (T,) = - T, (26Rp +éeRTgp): o :(36)

In order to use concept of Mach mumber during the solution procedure or in
exposing the model results, a knowledge about the speed of sound in steam must
be needed here. This speed can be defined due to [11] by

2 aoP ) oP
ag = (a_p)s ==V (é;)s _ (37)
Basically, the term (6P/dv), is obtained using BB equation to give

RT, oT, v :
(&) - g+§_‘( g) B 3 8 8)
ov $ v2 \' ov

and uéing SV equation to obtaia :

(apj __RT, . [aTgJ _ 2aRT, ;ﬁ [aﬁJ (39)
' Bv

ov s v2 v ov v3 v2 /s

Thermodynamically, the derivative (9T, /ov)s is defined by
o, T, -
[_gJ =__§(£) : (40)
), cy\ery)

Differentiation of P in BB & SV equations with T, in a constant volume is given
above by equations (15) and (32). Substituting equations (15) and (32) into
equations (38) and (39) respectively and taking into account the relation (40)
during this substitution gives for utilization BB equation the following

P RT p2 Lo .
[i).=— £ (CV+R+Bp+"{p2+8p3)

v/ g Cy 41)

- p3(2B +3vp +45p2)
and on using SV equation the following relation results:
2 2
[QE) = -RTg92 (1+2ap) - e (1 +op)?
av s CV (42) .
GRPTZp® | | S
TC. p”(1+ap)
Voo



Substituting eqs. (41} and (42) into eq. (37) gives :

RT. e | | |
= C,g(cV +R+Bp+vpz+Sp3)+(2BP:%3YPZ+4SP3) -43)

v
- GR>T2p R2T; 5 ‘
and  al= RTg_(1+2ap)+-_'6;g-'—(1+ap) + C\,g (I+ap)® ’(44)
, r'espectively.'

. Equation (43) is used in obtaining the speed of sound when model prediction
“follows BB equatlon, while eq. (44) is used with SV-equation computatlon

. "Iherefore after obtaining the square roots of eqs. (43 or 44); i.e. sound speed;
the steam Mach number is calculated from

v o ~
Mg =— . S n o (45)
2
. i, g P . .
Before startmg the caIcuIatmns it is necessary to specxfy an equation that
combines the saturation pressure and saturation temperature of steam outside
the poss1b1]1t1es of BB and SV equations. A convenient equatlon for this

purpose is also taken from {7, 12] as

P 8 (i ‘ ™~
i)i=e>q.~.[o.01(Tc /,Ts)zbj(3.381s—'rs)_‘_ 1} . (49)
A . i=1 . _ ‘. _ : -
" where, To'= 647.286. K, P, =220.98 bar and the constants b, are given iu

[7,12]. | S
SOLUTION PROCEDURE - -

A computer program was developed and executed to solve eq. (10) and the
required supplementary equations. The solution has begun by assigning initial
values to the variable flow parameters ahead of the pipe entrance. Numerical
integration of eq. (10) is carried out using Runge-Kutta method. This
integration was carried out for a pipe of a known geometry with finite step size.
Through each step of computations, an infinitesimal difference in steam density
as an independent variable was considered to obtain a new value of p after.the
integration or behind the step. The density change for each step is specified in
accordance with . the number of steps, initial density and the- expected or
measured final density. Therefore, a new value of steam temperature behind the
step 1s 5pec1ﬁed after integration. The new values of Tg and p are directed to
calciilate ‘2 new value of steam pressure through this step using BB equation or
SV equation. The flow properties for the ideal case are determined simply by
setting the constants of BB and SV equations equal to zero (Le. reducmg BB
or SV equation to be that of ideal gas).
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EXPERIMENTAL WORK

One 2im of this study was to obtain experimental data for steam flow through a
' pipe of definite geometry. This was necessary to verify the numerical results of
the present model. Accordingly, an experimental set-up was built; tested and
operated. This set-up consists mainly, as shown diagramatically in Fig. 2, of a
fire tube boiler, a piping system, the test pipe section and a surface condenser.
The boiler delivers wet steam with wetness fraction of 0.5% at a rate of one
ton per hour and a pressure of 6.0 bar, The test pipe is 2 commercial seamless
pipe of 0.05 m inner diameter and 1.0 m long, (L/D= 20).

Two pressure transducers were used to obtain the pressure values at the inlet
and exit sections of the tested pipe. The dryness fraction and static temperature
of supplied steam to the tested pipe were measured using a throttling
calorimeter and a thermocouple, respectively. Mass flux of the flowing steam
was rated after complete condensation in the condenser using a metering tank.

RESULTS AND DISCUSSION

The numerical results of present mvestigation are divided mto three groups. In
“the first one, where the effect of state equation type is presented, the

dimensionless values of P/P; and Tg/Tg. are plotted against steam Mach number
(Mg) in Fig.3. Whilst the other two groups deal with the effects of initial flow
parameters (P; and Ty} and pipe geometry characteristics (f and D) on the
behavior of steam flow are shown in figures 4 through 7. These two groups are
flustrated here as dimensionless values of P/Pi, TyTy; and M, versus
dimensionless pipe length L/D. It is of great importance to note that all the
boundary conditions considered during program computations are listed also on
Figs.3-7. These results, i.e. of Figs.3-7, were obtained for steam flow through a

pipe of D = 0.05m and L. = 20 D.

Figure 3 shows the effect ofthe type of the state equation on the variation of
steam flow characteristics along the tested pipe. From this figure it is clear that,
the pressure variation with steam Mach number is less sensitive to changing the
type of the state equation than the temperature variation. This tendéncy was
concluded in many of the standard textbooks. Therefore, this tendency is
explained now considering the concept illustrated by Shapiro [12] for the flow
of a perfect gas in constant area ducts. Shapiro’s correlations for the pressure
and temperature variations along the duct reveals that the pressure variation
equals the magnitude of temperature variation with the power 0.5 . This causes
the values of T,/Ty; be greater than the corresponding values of P/P; at a certain
Mach number and consequantly diverges the differences between the predicted
Ty/Ty for the investigated state equations.

The diagrams of Fig. 4 show the effect of changmg steam flow initial pressure
on the variation of the flow characteristics along the tested pipe. These
diagrams were taken using both SV and BB equations. An overview of the
results of Fig. 4 indicates that increasing the steam flow initial pressure tends to

Caim - T
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‘decrease both the predicted P/P; and T./T, “along the pipe and consequently
increasing the flow Mach number, However, it is apparent from Fig. 4 that the
differences between the predicted values of P/P; and Ty/Ty; using SV and BB
equations are very small and that the two equations can predict the same values
of M, along. the pipe. . In this sense, the remainder conditions of the numerical
results were carried out using BB equation only Figures 5.4, 5.b and 5.c depict
‘the effect of changing steam initial temp;:faturc on the behaviour of flow
" characteristics through a pipe having dimensions as presented above. It is
obvious here that the steam temperature has been taken constant during the
flow within the pipe. This flow behaviour has been developed when a gas flows
‘at low velocities in a long duct through which heat transfer can occur readily
“and consequently the flow conditions may be approximately isothermal
However, it is apparent that increasing initial steam temperature increases the
total pressure and temperature drops and consequently increases the Mach
number of the steam flow through the pipe. This is because as the steam
temperature increases, the steam viscosity will; therefore; increase [7].
‘Basically, the pressure drop of isothermal flow of a compressible fluid in a
pipeline was found to be a function of the fluid viscosity. Therefore, the steam
_ pressure drop along a pipe increases as the steam temperature and consequantly
. the steam viscosity increases. Furthermore, there are-another explanation for the
tendency of steam pressure drop and steam temperature drop variations in Figs.
5.a and 5.b as given herein after using the analytical approach presented in 1]
for the hydrodynamic calculations of steam and gas pipelines. In this appr(_ia_ch,‘
it was found that both the pressure drop and temperature drop accompaning
steam flow through a pipe depends on steam mass velocity, steam specific
volumes at pipe inlet and its exit and pipe dimensionless resistance coefficient.

Only the steam specific volumes between these parameters were found to be
affected with changing the steam initial temperature. Thus, as the steam
temperature increases; the steam spécific volumes increase and tend to increase
the steam pressure drop between the inlet and exit sections of the pipe.

The next issue to be addressed in the results of presert model is the effect of
pipe geometry characteristics (i.e., friction coefficient of steam flow through the
pipe and the pipe diameter) on the parameters of flow behaviour that used
above. In considering this issue, diagrams for the behaviour of steam flow
through the investigated pipes are given in Figs. 6 and 7. As can be seen in Fig.

6, increasing the friction coefficient of the steam flow through the pipe tends to
‘decrease both the pressure and temperature of the steam and therefore
increasing the steam Mach number along the pipe. This was also confirmed in
[13] In Fig. 7, effect of pipe size variation on the predicted P/P;, To/T,; and M

is given for pipes with different internal diameters'and a constant length As can
be seen from Fig. 7, decreasing the pipe internal diameter causes both the
predicted pressure drop and temperature drop of the steam flow along these
pipes to increase. This leads to increase the: steam Mach number in these pipes.

This is due to the fact that decreasing the pipe internal diameter. causes
Reynolds number of the steam flow to increase. Accordingly, pressure losses
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increase in different proportions te Reynolds number as was concluded in many
of the textbooks and handbooks. - ‘ :

In order to discuss the effectiveness of the present model, the predicted results
of this model are compared to experimental ones. Figure 8 illustrates a
comparison between measured pressure drops in steam flow through pipes and
the corresponding theoretical findings obtained using present model.

Experimental results in Fig.8.a are due to present measurements, while that of
Fig. 8.b are due to Manzano-Ruiz, et. al.[14]. Boundary conditions of the
experiments and pipes geometry are presented in Fig.8. Based on this figure, it
is clear that the computed results of the steam flow pressure drop over the
whole length of the tested pipes agreed well with the measurements of present
experiments (error=0.4%) as well as with the experimental data of Manzano-
Ruiz, et. al.[14] (0.75% error).

CONCLUSION

In the present study, a theoretical model has been illustrated utilizing two
equations for steam state namely Beattie-Bridgeman (BB) - and second virial
(SV) equations in order to predict the real characteristics of steam flow through
pipes. The numerical results demonstrate the effects of considering real gas
aspects, initial flow parameters and pipe geometry characteristics on the
behaviour of steam flow through pipes. Results discussion reveals that the
utilized state equations, i.e. BB and SV equations, predict closely the same
values of steam flow characteristics, This yields that each of BB equation or SV
equation can similarly simulate the real medium characteristics of steam flow
through pipes. Furthermore, model predictions show that varying some of the
initial conditions of steam flow ahead the pipe inlet as well as changing the pipe
_geometrical characteristics can affect the total pressure drop, temperature drop
and Mach number of steam flow through the pipe. Finally and of considerable
practical importance, the experimental and theoretical results of the present
work indicate that if high accuracy is required in determining steam flow
characteristics through a pipe there is no Hmitation for the range of steam
conditions in applying the present model. With this model, the characteristics of
steam flow through pipes are well predicted.
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NOMENCIATURE

2, speed of sound. ny/s

A cross-sectional area of the pipe. m’

C, isobaric specific heat capacity of steam. kl/kg K
C. isochoric specific heat capacity of steam. ki/kg K
Cy, G2, G5, Cy, Cs  constants in egs. (31-35) -~

D pipe inner diameter. m

f friction coefficient of steam flow through the pipe  ~-

G steam mass flux. kg/m’.s
h specific enthalpy. k¥/kg
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KL K
L pipe length.
M, steam Mach number
P pressure.
R gas constant (=461.51.)
s specific entropy.
T temperature.

T, ' steam temperature.
T, steam saturation temperature.
v specific volume.
V mean steam velocity
X distance in flow direction.
o second virial coefficient.
B,y,0 constants in BB equation.
p density:.

SUBSCRIPTS _
c critical conditions
g steam.
i- initial or stagnation conditions.
0 at zero pressure.
P constant pressure. :
$ saturation conditions or constant entropy. -
v constant volume.

ABBREVIATIONS
BB Beattie - Bridgeman
SV

* constants in eq. (3 1)

second virial.
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Fig. 8 A comparion between predicted and measured
values of steam flow pressure along pipes.
a- present experiment on a horizontal pipe
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per 1.0 m iength from a horizontal pipe of
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