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ABSTRACT 

This paper describes a theoretical model that considers the real medium 
effects on steam flow characteristics through pipes at high, moderate and 
low pressures. The present model utilizes two commonly used equations of 
state, namely the Beattie-Bridgeman (BB) equation and the second virial 
(SV) one. Modified basic hquations are used in the model derivation in order 
to combine the effect of pipe roughness. Predictions for pressure, 
temperature and Mach n h b e r  variations of steam flow along a pipe of such 
geometly were obtained using Runge-Kutta method in solving themodel 
dserential 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. 
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mRODUCTION 

Recently, complexity appeared in the flow diagrams ofpower plants due to 
using intermediate superheating and steam at high pressures can influences 
the design of plant piping system during the course of composing mult,ilb+e 
piping with difterent nominal sizes [I]. Steam flow through pipe GesSof 
power plants is mainly a two-phase flow. Theoretical correlatiohs predicting 
the pressure gradients during the flow of two-phase, steamLwater mixtures 
in smooth pipes [2] and rough ones [3] were carried out previously. The , 

6 

MXNUSCRIPTRECEVED FROMDR: N. H. Mahrnoud, A R  tYZZ/ 1996, 
ACCEPTED AT: 27/ 12/1996, PP. 2947. 
ENGINEERINGRFSEARCHBULLETIN, VOL. to, NO. t t , z 9 9 z  
MENOUFIYA UNIVERSITY, FACULTY OF ENGINEERING, 
SHEBZN ELKOM, EGYPT. ISSN. 1110-1180. 



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 161. A similar 
technique utilizes a truncated virial eauation of state r71 was used by Bakhtar 

A - 
and others [8] in treating nucleation phenomena in flowing high pressure steam 
and by Sably et al. 191 to simulate the expansion of nonequilibrum condensing 
wet steam at moderate and low pressures through nozzles. 

In the present paper, a theoretical model describes real steam flow through 
pipes at low, moderate and bigh pressure is obtained. This model is based upon 
Beattie-Bridgeman formulation [lo] 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 a straight horizontal pipe of diameter D and of length L 
supplies steam flow of Pi, Tg, pi and Mg, and delivers the same rate of steam 
flow at h a 1  conditions of Pb, T,b, pb and Mgb. 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 considerations 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 v p  = constant (1) 



. . , .: dh+V.dV=O ,: o r . ,  d h = T g d s + v . ~  . ;  ' , ( 3 )  
... , .  . . , , '  . , 

Rearranging equations(1) and (3) gives: 

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

dh = - v .  dV 

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

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

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 densityva~tion can be 
expressed with the aid of eq. (4) to become: 

Combining eqs. (8) and (9) gives : 



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

where 

RBC , y=Ad-RTgBb-x 

RBb 
and 6=- 

Tg2 

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

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

differentiation ( a ~  laTg)" in this equation is determined using eq. ( I  1) to 

become, 

Secondly, an expression for G 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 [5, 
111. This approach can be employed as follows: 



The entropy change during steam flow can also be expressed considering the 
non-ideal beha4ou.r of steam and due to [ll] as 

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 

Therefore, 

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

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

The heat capacities can be expressed at zero pressure, where the ideal gas 
conditions prevail, by 

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

, I  



With T in K and C,,(Tg) in kJ/kg.k, the constants ai are reported in [ll]. The k 
calculabon of eq.(22) requires the evaluation of the second order derivative 

. This can be determined referring to eq. (15) by 

where 

and 

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

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

In conclusion, the above formulation is based upon expressing the first order 

derivative (aP/Xg), and the second order one (a2P/3T'), using the 

investigated equation of state. Therefore, to examine the effect of state equation 

type, new formulations for the derivatives (aP/aTg), and (a2p/8T;), are 

released using the other equation of steam state (i.e., the second virial 
equation). 

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

P = pRTg (1 + ap)  (30) 

In the above equations (30-31) , the numerical values of constants 
C1 , C2 , K1&K2are taken due to [7] as : 



In carrying out the required derivatives, a similar procedure to that carried out 

with (BB) equation is applied here. The first order derivative ( d ~  I aTg) can 
v 

readily be obtained fiom eqs. (30-31) as 

. aa 
where : a = -  

% 

Similarly as eqs. (25-28), the second order derivative is expressed by : 

Introducing the above expression for ( d 2 ~ / @ ) v  , i.e. eqs. (34-39, into eq. 

(22) can release the following formulation for steam specific heat capacity at 
constant volume 



In order to use concept of Mach number 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 [Il l  by 

Basically, the term (aP/&), is obtained using BB equation to give 

and using SV equation to obtain 

Thermodynamically, the derivative (iXg,/&), is defined by 

Differentiation of P in BB & SV equations with Tg in a constant volume is given 

above by equations (15) and (32). Substituting equations (15) and (32) into 
equations (38) and (39) respectively and takhg into account the relation (40) 
during this substitution gives for utilization BB equation the following 

and on using SV equation the following relation results: 



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

2 2 
2 (a Tgp ( l+ap)  +-(l+ap) R~T, 2 and ag = RTg (1 + 2ap) + (44) 

c v c v 

, respectively. 

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

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

v 
M, =- . .; . (45) 

._. - . .. 
ag , I . . .  i , . .  

Before starting the calculations, it is necessary to specify an equation that 
combines the saturation pressure and saturation temperature of steam outside 
the possibilities of BB and  SV equations. A convenient equation for this 
purpose is also taken from [7, 121 as 

. .  , 

where, Tc = 647.286: K , PC = 220.98 par and the constants b, are &'en in 

r731 .  

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 canied 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 in6nitesimal 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 specifled 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 is specified after integration The new values of Tg and p are directed to 
calclifate a 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 (i.e., reducing BB 
or SV equation to be that of ideal gas). 



EXPERIMENTAL WORK 

One aim of this study was to obtain experimental data for steam flow through a 
pipe of dejinite geometq. 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 diagramtically in Fig. 2, of a 
h e  tube boiler, a piping system, the test pipe section and a d a c e  condenser. 
The boiler delivers wet steam with wetness £?action of 0.5% at a rate of one 
ton per hour and a pressure of 6.0 bar. The test pipe is a commercial seamless 
pipe of 0.05 m inner diameter and 1.0 m long, (LD= 20). 

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

RESULTS AND DISCUSSION 

The numerical results of present investigation are divided into three groups. In 
the &st one, where the effect of state equation type is presented, the 
dimensionless values of PIP, and T,/T, 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 T,) and pipe geometry characteristics (f and D) onthe 
behavior of steam flow are shown in figures 4 through 7. These two groups are 
illustrated here as dimensionless values of PPi, TJT,, and M, versus 
dimensionless pipe length LD.  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 of the 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 tendency 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 poker 0.5 . This causes 
the values of T,/T, be greater than the corresponding values of PIP, at a certain 
Mach number and consequantly diverges the differences between the predicted 
T,/T, for the investigated state equations. 

The diagrams of Fig. 4 show the effect of changing 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 

a" * . 



decrease both the predicted PP, 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 PP, and T,/T, 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 camed out using BB equation only. Figures 5.a, 5.b and 5.c depict 
the effect of changing steam initial temperature 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 [I] 
fol the hydrodynamic calculations of steam and gas pipelines. In this approach, 
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. 

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 specific 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 present model is the effedt'bf 
pipe geometry characteristics (i.e., fiction coefficient of steam flow through the 
pipe and the pipe diameter) on the parameters of flow behaviour that used 
above. In considering this issne, diagrams for the behaviour of steamflow 
through the investigated pipes are given in Figs. 6 and 7. As can be seen in Fig. 
6, increasing the fiction 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 confumed in 
[13]. In Fig. 7, effect of pipe size variation on the predicted PP,, T,/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 



increase in different proportions to 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. d.[14]. Boundary conditions ofthe 
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. a1.[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 secondvirial 
(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 discussioq 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 limitation 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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NOMENCLATURE 

ax speed of sound. 
A cross-sectional area of the pipe. 
CP isobaric specific heat capacity of steam. 
C, isochoric specific heat capacity of steam 
C,, C2, C3, C4, C5 constants in eqs. (31-35) 
D pipe inner diameter. 
f friction coefficient of steam flow through the pipe 
G steam mass flux. 
h specific enthalpy. 



K1, K* constants in eq. (31) 
L pipe length. 

steam Mach number 
pressure. 
gas constant (=461.5 1.) 
specific entropy. 
temperature. 
steam temperature. 
steam saturation temperature. 
specific volume. 
mean steam velocity 
distance in flow direction. 
second virial coefficient. 
constants in BB equation. 

P density. 

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

ABBREVIATIONS 
BB Beattie - Bridgeman 

SV second virial. 

bar 
J/kg.K 
kJikg.K 
K 
K 
K 
m3ikg 
m/s 
m 
m3/kg 









0.880 - mwr., 88 Eqn. 
0 Exp.r(m*ntal 

PI - 3.0 bar 
x, - 0.805 

( a )  

Fig. 8 A c o m p a r i o n  be tween  p red ic t ed  and measu red  
va lues  o f  s t eam f l o w  p res su re  a long  p ipes  
a -  p r e s e n t  expe r imen t  on  a hor izonta l  p i p e  

of D z 0 . 0 5  m and  L E 1 . 0  m. 
b- :xperiment d u e  to Manzano-Ruiz,et  a l .  [14]  

p e r  1 .0  m l eng th  f rom a ho r i zon ta l  p ipe  o f  
0 097111 d iame te r .  






