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ABSTRACT

A simple steady state heat transfer model and computer
code have been developed for designing tubular heaters for
two-phase (gas-liquid) multicomponent mixtures. Principle
assumptions on which the model is based include: approach
to local equilibrium between the phases, both the gas and
liquid phases are ideal, and the liquid phase is Newtonian.
The code utilizes correlations available from the literature
for the two-phase pressure drop, the liquid holdup fraction,
and the two-phase heat transfer coefficient. The assumption
that the liquid is Newtonian can be readily relaxed as
correlations become available for various classes of non-
Newtonian fluids.

A tentative validation of the model and code has been
made by comparing computed results for the air-water system
with a limited amount of data found in the literature.

Best agreement between computed and experimental results
were obtained using the Johnson - Abou Sabe correlations for
pressure drop and liquid holdup and by using a two-phase
heat transfer coefficient as computed by the Davis - David
correlation, but increased by 207%. Heat transfer coeffi-

cients in this range are still within the expermental data

scatter.




For the air-water system, the calculated pressure
drops agreed within 5.7% of the experimental values and the
outlet mixture temperatures agreed within one degree
Fahrenheit, except for one case, where the difference between
calculation and experiment was 17.6°F.

Unfortunately, it is not possible to validate the
model and code for two-phase multicomponent systems at this
time because of the lack of experimental data. However,
an illustrative example for such systems is provided for a
gas-binary liquid system (heptane and decane), in order to
demonstrate the use of the code and to show that iterative

procedures converge properly for tight convergence criteria.
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1. INTRODUCTION

1.1 Statement of the Problem

Fired heaters for the preheat of multiphase, gas-
oil-coal feed mixture to a direct coal liquefaction process
are important elements in the process train. Heaters of this
type have been in use in petroleum refineries for decades,
where they are sometimes sub ject to fouling due to coke and
coke-like deposits. The formation of coke in the tube of the
fired heater for coal-oil slurries is an even greater problem.
Currently, reliable methods have not been proposed to prevent
this problem since the causes of coking are not completely
understood and the coke formation and deposition are often
unpredictable. However, the heating rate of coal liquid
slurries, coal type, solvent properties, slurry concentration,
slurry residence time, etc. in the heater tube do appear to
be factors in determinning the extent to which coking
occurs(l). Before the effect of these factors on coking
propensity are examined, one must be concerned with flow
pattern, interphase mass transfer, pressure, liquid holdup,
and temperature profile of the mixture flowing in the heater
tube. Hence, a study of heat transfer and fluid flow in the
heater must be accomplished in order to focus on the further
understanding of the coke formation problem. For a more

general consideration, methods to compute flow characteristics

such as liquid holdup, pressure drop, temperature increase,




etc. of nonisothermal, simultaneous gas-liquid flow in a tube
are of interest.

In addition, heat transfer to two-phase flow is very
important in several other chemical and heat engineering pro-
cesses. A large number of investigations have been conducted
since the 1930's. Since many different flow patterns may
exist in two-phase gas-liquid flow (e.g., bubble flow, annular

(2), most investiga-

flow, stratified flow, slug flow, etc.)
tions are restricted within some specified regimes of flow.
For this reason, a method which can be broadly applied to
several different gas-liquid flow systems is desired.
Therefore, to provide more fundamental information for the
further study of coke formation and from the requisite of a
more general method to find the correlations of heat trans-
fer to two-phase gas-liquid flow, this work is undertaken in

order to develop a calculational procedure that fits for these

essential needs.

1.2 Objective

The objective of this work is to develop a computer
code for use in the design of a tubular heater for a two-
phase, multicomponent, gas-liquid system. The mass and
energy conservation principles form the basis of this code.
However, in view of the fact that heat transfer to flows of
this type is complex and depends on factors such as the type

of flow (flow regime), pressure drop, and the corresponding

gas and liquid holdup, numerous empirical correlation of these
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factors are required in order to provide quantitative results.
The code can be applied to the systems which have:
- High gas mass fraction (>0.1) but no burnout (only
gas and vapor)
~- Four types of flow regime:
tt - Both gas and liquid phases are turbulent
tv - Liquid phase is turbulent and gas phase is
viscous
vt - Liquid phase is viscous and gas phase is
turbulent
vv - Both gas and liquid phases are viscous
- Several different flow patterns such as wave, slug,
Plug, annular, bubble, stratified, and dispersed
flow
- No chemical reaction occurs in the system

- Horizontal, co-current gas-liquid flow

1.3 Introduction to the Problem

Consider a two-phase gas-liquid system flowing in a
tube as depicted in Figure 1.1. Let the tube be oriented in
the z direction (from z=0 to z=1) where mgo and ﬁlo are the
feed rates of gas and liquid streams at z=0, and To and P, are
temperature and total pressure of these inlet streams,

respectively. If the heat flux rate to the system or tem-

perature of the heating medium (e.g., the tube may be heated

in a gas-fired furnace) are specified, the problem now is how
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Figure 1.1. Two-Phase Gas-Liquid Flow in a Section of the
Horizontal Tube




to determine the temperature, pressure, and flow rates of the
the outlet streams. Briefly, given the compositions, flow
rates, pressure, temperature of the streams at the inlet, and
heating medium temperature, how long must the tube be in order
to raise the mixture to a desired temperature, and what will
be the compositions of the gas and liquid phases?

Typically, in the fired coal slurry preheater, slurry
feed rate (oil and coal particles) ranges between 800 to
10,000 1b/hr (or superficial velocity of the slurry is from
0.4 to 3.0 ft/sec), the gas mass fraction ranges between 0.1
to 0.2, average total pressure is 1200 psi, and average outlet
heating temperature is 800-1000°F. It is unclear as to which
flow pattern or regimes may occur in a coal slurry heater
tube, but due to the high viscosity of the liquid (40-60 cp),
slug, plug and viscous flows are the most likely to occur.

The heating of a multiphase system in a tube is clear-
ly a complicated process due largely to the range of complex
hydrodynamic flow patterns which may exist. A simplified
model of this situation is clearly needed which will facili-
tate the design of heaters of this type. Such a model is
proposed in this study. Computational results based on this

model are compared with the limited data in the literature.



2. LITERATURE BACKGROUND

2.1 Fired Heaters

In many chemical processes, heat is exchanged between
the flowing fluids on different sides of the tube through the
tube wall. 1In this study which is connected to the coke
formation in the coal liquefaction process equipment, heat
transfer through the tube wall to the flowing mixture is
supplied by a fired heater. In the coal liquefaction plant,
fired heaters are generally of the single or parallel helical-
coil type. Thermocouples for measuring both the fluid and
coil skin temperature are located along the coil. The flow-
ing fluid consists of several phases, including gas, liquid
and solid, (mineral matter as well as organic). Typical
operating conditions of the preheater are summarized in Table
2.1. While flowing down the tube, chemical reactions, dis-
solution of coal particle, evaporation of the solvent, or
temperature increase due to exothermic chemical reactions may
take places. The coke deposition is observed increasingly
toward the heater outlet. Operating conditions such as an
increase in heat flux rate, larger residence time, low gas
partial pressure and slow agitation in the flowing mixture
tend to favor coke formation increase. Typical operational
problems attribute to coke formation and subjects related to

fired heater are discussed by Frazier, Lin, and Edwards.(l)



Table 2.1. Typical Ranges of Operating Conditions of

Fired Preheater(l)

Coil Diameter
Coil Length
Temperature, °F
Inlet
Outlet
Inlet Pressure, psia
Total
H2 Partial Pressure
Wt % Coal in Feed Slurry
Flow Rates of Feed Streams, lb/hr
Coal

Solvent (0Oils)

H2 Gas

400

115
770

1720
1460
30

246
600
100

2 inches

700 ft

155
885

2410
2050
50

560
11000
570




2.2 Two-Phase Gas-Liquid Flow Correlations

Two-phase gas-liquid flow is very important in many
chemical processes and still not yet an area in which theo-
retical prediction of flow properties is completely developed.
A large number of investigations with different ranges of
operating conditions have been made. The following correla-
tions for pressure drop, liquid holdup, and heat transfer for
two-phase flow in tubes have been developed by numerous

investigators.

2.2.1 Flow Patterns

In order to understand how heat is transferred to a
two-phase fluid flow system, an accurate description of the
flow patterns is necessary. Figure 2.1 illustrates the
patterns which may occur in a two-phase horizontal flow. In
the bubble flow configuration, bubbles are moving in the upper
part of the tube. When the gas flow rate is increased,
bubbles coalesce and a plug flow takes place. For low liquid
and gas flow rates, a stratified flow appears with a smooth
interface. At higher gas rates, waves propagate along the
interphase and can reach the top wall of the tube giving rise
to a slug flow. Finally at high gas flow rates and low liquid
flow rates (high gas mass fraction), an annular flow can exist
with the thicker film in the lower part of the tube(Z). In
these types of flow, the main complication is that gravita-

tional force acts on the liquid phase causing it to be dis-

placed towards the bottom of the tube.
8




Figure 2.1.

Flow Patterns in Horizontal Gas-Liquid Flows
(a) Bubble Flow, (b) Plug Flow, (c) Strati-
fied Flow, (d) Wavy Flow, (e) Slug Flow,
(f) Annular Flow




More reliable flow pattern information is obtained by
visual observation. On the other hand, flow pattern can be
deduced by several different methods. The Baker diagram (1958)(3)
is modified and commonly used in the petroleum industries and
condenser design. In this diagram, flow pattern of the mix-
ture is a function of flow rates, density, viscosity, and
liquid surface tension. Butterworth and Hewitt(4) suggested
an alternative map that introduced by Schicht (1969), which
appears to give better results than the original Baker map.
The Baker and Schicht maps and their correlations for flow
patterns are presented in Figures 2.2 and 2.3, respectively.
However, due to the complexity of the application of these
maps in computer programming, another map, proposed by
Mandhane (1974)(5), turns out to be more favorable. In this
latter diagram, flow patterns are determined by the super-
ficial velocities of the gas and liquid streams. This diagram
is valid for the wide ranges in tube diameter, gas and liquid
densities, viscosities, and flow rates. The Mandhane map is

illustrated in Figure 2.4.

2.2.2 Liquid Holdup Fraction and Pressure Drop

Four types of flow regime can exist with several
patterns during the flow if gas and liquid in a horizontal
tube. Liquid holdup, pressure drop, and heat transfer coeffi-
cient are dependent variables of these flow characteristics.

Lockhart and Martinelli(6) introduced some empirical correla-

10
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tions to find liquid holdup and pressure drop based on the
investigations which used air and liquids including water,
benzene, kerosene, and various oils (these liquids are
Newtonian; the experiments were isothermal). Consider a set
of three experiments in the same tube as following:

- A two-phase mixture flow with average mass flow rate

are hg and ﬁl. The frictional pressure drop in a
section Az is denoted by (AP/Az)tp.
- A single gas phase flow in the same tube with mass
flow rate equal to hg. The frictional pressure drop
is then denoted by (APp/A z)g,

- A single liquid phase flow in the same tube with
mass flow rate equal to hl. The frictional pressure
drop is then denoted by (AP/A z),.

The experiments provide the basic data, along with
separated measurements of the holdup fraction, which are used
to develop the two-phase flow correlations, relating, for
example, the two-phase flow pressure drops to the flow rates
and pressure drop of the separate phase. The approach used
by Lockhart-Martinelli was to define the two parameters ¢g
and ¢l according to:

2 (AP/A Z)t:p

g7 = (2.1)
g (AP/A z)g

14




(AP/A z)tp

2
ﬂl = (2.2)
(AP/Az)l

and to correlate the experimental data with the parameter

defined according to:

) g2 (AP/AZH
X = 32 = (2.3)
ﬁl (ap/ A.z)g

The correlations between Bg and 0’1 versus X are presented in

Figure 2.5. These curves can be approximated by the

equations(Z):

2 B; 1
51 = 1 +? +72 (2.4)
B2 - 1+8 + X2 (2.5)
g c

where E; is a constant corresponding to the flow regimes.

With:
ﬂé = 20 for turbulent-turbulent flow
ﬂc = 12 for viscous-turbulent flow
#. = 10 for turbulent-viscous flow
g. = 5 for viscous-viscous flow

Equations to calculate single-phase pressure drop

corresponding to flow regimes are:

(2.6)
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AP 17171
(-_) = (2.7)
Az'1
DS-n ¢
i 1 &

where C _, Cl’ m, n: Constants corresponding to flow regimes,
given in Table 2.2, dimensionless
g.: Newton's law proportionality factor,

32.174 ft-1b/lbf-sec?

hg, m, Mass flow rates of gas and liquid streams,
lb/hr
9g’ §1 ¢ Average gas and liquid density, lb/ft3

)‘g’ IS Average gas and liquid viscosity,
lb/ft-sec

Two-phase pressure drop therefore is computed by Equations
(2.1) or (2.2). These pressure drop correlations, according
to Fried(S), can be applied to nonisothermal flow.

Finally, the square root ratio of Equation (2.3) to
compute parameter X is established for each regime as
following:

turbulent-turbulent

Zee =<%%§> Ho <%%i><g%§>o'2 (2.8)

viscous~turbulent

m
xZ - (9404_6) Re -.8 1 98 rl (2.9)
1 g
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Table 2.2 . Flow Regime Constants for the Lockhart-Martinelli (6)

Single-Phase Pressure Drop Correlations

Flow Regime Constants

Liquid-Gas m n Cq ¢
Turbulent-Turbulent 0.2 0.2 0.046 0.046
Viscous-Turbulent 0.2 1.0 0.046 16.0
Turbulent-Viscous 1.0 0.2 16.0 0.046
Viscous-Viscous 1.0 1.0 16.0 16.0
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turbulent-viscous

i 8.\ /)
2 0.046 8 M\ /Pg\/1

viscous-viscous

A () @ @)

1

where Re, = 4 hg/nDirg and Re; = 4 m; /%D, are Reynold
numbers of the gas and liquid phases.
Similar as pressure drop, Lockhart and Martinelli(6)
represented holdup fractioms, Ry, as a function of parameter
This correlation is illustrated in Figure 2.5 (page 16). Liquid
holdup correlation in Figure 2.5 can be approximated by the

follow equation(Z):

_ x
\[xZ + 20X + 1

It should be noticed that all four flow regimes have the same

R (2.12)

1

correlation for holdup.
By using the same procedure to develop the correla-
tions for holdup fraction and pressure drop of Lockhart and

Martinelli, Johnson and Abou—Sabe(7)

developed correlations
for turbulent-turbulent, nonisothermal, air-water flows.
Contrary to the conclusion of Fried(S), Johnson and Abou-Sabe
showed that pressure drop in a nonisothermal flow system is

higher than that in an isothermal system. Comparisions
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between Lockhart-Martinelli and Johnson-Abou Sabe correlations
are shown in Figure 2.6. In addition, these correlations can
be improved if they are used for a more narrow range of
conditions. For example, the correlations for pressure drop

are slightly different when liquid flow rates change as

described in Figure 2.7. Generally, Johnson- Abou Sabe
correlations for liquid holdup and pressure drop as shown in

Figure 2.6 can be approximated as:

Ry = % (2.13)
(1.20 - 0.002X) \/-,1.2 + 206 + 1
and
2 20 1
g; = (1 Tt % ,] (1.25 - 0.0025X) (2.14)

Operating conditions for both investigations of
Lockhart-Martinelli and Johnson-Abou Sabe are listed in Table
2.3.

Several other correlations(2’8’9)

are also available in the
literature. Usually, these methods are restricted under some specified
operating conditions (e.g., range of density, temperature,

flow regimes, flow patterns, fluid properties, etc.)

2.2.3 Two-Phase Heat Transfer Coefficient

The heat transfer rate to flowing gas-liquid systems
requires a correlation for the two-phase heat transfer

coefficient, h,. Experimentally, this parameter is determined
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if local bulk temperature of the fluid, tube wall temperature,
and heat flux rate are measured. However, in many chemical
process equipment as heaters or heat exchangers, fluid and
tube wall temperatures cannot be accurately obtained.
Therefore, the calculation of heat transfer coefficient must
depend on the estimation of these quantities. In addition
to this difficulty, there are several forms of the heat
transfer coefficient correlation related to flow patterns
which may be involved in this type of flow. Therefore, to
obtain a good prediction of heat transfer coefficient, most
investigators restricted their studies to a relatively
narrow range of flow conditions.

Davis and David(lo’ll) introduced a correlation for
calculating the coefficients for the system with high gas mass
fractions (210%). There are two equations corresponding to
two flow models. In the homogeneous flow model, both gas and
liquid phases have the same velocity, and the model includes
the bubble, dispersed, slug, and plug flow patterns. The
equation for this model is:

0.4

k D.G
h, = (0.033) —1 ”1 M) <CP’“> (2.15)
Di tp k 1

In the separated model or split model, gas and liquid phases

have different velocities, and the model includes stratified,

annular, and wave flow patterns. Equation is:




k. /D. £G : :
h, = (0.06) —t (1g M) <——1> <_Cﬂ> (2.16)

1 D, My 38 k/y
where:
Cpy : Specific heat of liquid, BTU/1b-°F
Di : Tube inside diameter, ft
GMm : Total mass flow rate of the mixture per

unit of cross-sectional area, lb/ftz-hr
h : Two-phase heat transfer coefficient,
BTU/ft2-hr-OF

Thermal conductivity of the liquid,

1
BTU/ft-hr-°F
fg’gl : Gas and liquid densities, lb/ft3
rg’rl : Gas and liquid viscosity, 1lb/ft-hr
-1
f% : Two-phase fluid viscosity, | éi + l—:—g] R
P g I
1b/ft-hr .
m
E : Gas mass fraction,-m——é—ﬁ—, dimensionless

1 8
These two equations are developed from the investigations of
Cocurrent steam and water flow systems. Average operating
conditions for these systems are listed in Table 2.3. Similar

as the liquid holdup and pressure drop correlations, there

are numerous other correlations (e.g., Berge(Z), Baker(3),

(12) (13)

Johnson-Abou Sabe(7), Fried(S), Kurdika , Groothuis

(14)

Hewitt » etc.) which have been developed for heat transfer

coefficients corresponding to particular flow conditions;
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these correlations involve one or more empirically determined

constants.

2.3 Equilibrium Flash Calculations

When a large amount of heat is added to a gas-liquid
flow system, mass transfer between these two phases will be
significant. By assuming that the entire system is in
equilibrium and local temperature and total pressure are
unchanged, the relative amount of gas and liquid at any
location along the tube can be estimated by isothermal flash
calculation. The application of this method requires K-values
of the components to proceed a trial-and-error solution.

Rachford-Rice(ls)

presented a calculational procedure which

is illustrated in Table 2.4 when K-values are independent of
composition so that local flow rates of the flowing streams

corresponding to temperature and pressure are computed.

(16) also éstablished a similar method to apply to the

Treybal
ideal systems. In the latter method, K-values are determined
by the ratio of vapor pressure of components to total pressure
of the system.

Flash calculations can be applied for air-water flow
system. However, a simpler method was developed by Keenan
and Keyes(17). By neglecting the amount of air absorbed by

water and assuming the ideal gas mixture (for water vapor and

air), mole fraction of water vapor in the gas phase is:




Table 2.4. Procedure of Flash Calculations When K-Values Are Independent of
Compositions(ZB)
(1) 2) (3) (4) (5) (?)/
Comp. # Moles  Overall F Mole %
# Entering  Mole % Y B2 Mle % in the Gas in the
at at F Phase at z Liquid
2z z z Phase
(Mole/hr) (%) at z
Z,(1 - K) z
1 Fle 212 ! Yy = s - X = Yy/K
1+‘i’(|<1-1) 1+¥K - 1)
Zo(1 - K)) Z,K,
2 Foz 292 Y= X = /%
1+¥(K -1 1+‘Y(K2-1)
Z,(1 - K,) Z.K
3 Fip 23, ——— Yy - —23 Xy = Y3/K;
i ) 1+ ¥R, - 1) L+ ¥Ey -1
' : z,01 -K,) T zk. '
j F z, U M Y, =— 33 X, = Y./K,
Iz Iz L+ YK - 1) J L+ ¥R - 1) AR
: Z ('1-|gn) o ZK
n F vA _n n | L — =Y /K
nz nz L+ YK -1) Tola Yk - 1) % = Yo'
n ’ z (1 -KJ) n n
F-SF. 1.0 £ = Z =0 'Z Y. = 1.0 X,
J=1 h] J

Note: Columns (2) and (3) are the molar feed rates and compositions of the
components in the feed. The iteration is started by guessing a value
for ¥ (0<¥<1) which is defined as the ratio of the molar gas flow rate
in an equilibrium state at z. New value of ¥ must be guessed until
finally £(¥) in Column (4) is equal to zero. Use the last value of Y
to compute Y's in Column (5) and use Y's and K-values to find X's.
Molar flow rates of the gas phase, F__, and of the liquid phase, Fls
are determined by: gz z

F = YFZ

gz
Fizg = Fp - Fyp
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12 P
Y = ¥ = —= exp [ T(e))] (2.17)
t t
{th 3
. f 1*.6750806C-es)+.18746(9C-65)
T(es) = -7.4691(ic - 1>, 5
es L 1+0.81642(Gc- s _,
(2.18)
where:
Pc : Critical pressure of water, psia
Pt : Total pressure of system, psia
Pg Vapor pressure of water, psia
- Normalized critical temperature, TC/Tb:
T.(K) and Ty, (K) are critical and boiling
temperature of water
eg : Gas phase normalized temperature, T/Tb:

T (K) and Tb (K) are temperature of water and

boiling water temperature

2.4 Heat Transfer

Basic equations and properties required for heat

transfer calculations such as enthalpy of components, gases,

(18,19,20)

and liquids are available in the literature Radia-

tion heat transfer and tube wall temperature estimations are

(18)

illustrated by McCabe and Smith These latter aspects are

detailed in the next sections.
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2.5 Physical Properties Data for Illustrative Flow Systems

Several air-water flows and a multicomponent system
of hydrogen, nitrogen, heptane, and decane are utilized for
demonstration of the code application. Physical properties
such as density, viscosity, thermal conductivity, latent
heat, specific heat, etc. of the components are required to
support the calculations. Fortunately, many of these proper-
ties are described as functions of temperature or pressure
available in the literature. Other properties, for example
K-values and density, are more likely to be presented by

(21,22) because they are sensitive

diagramming or tabularizing
to both temperature and pressure.

Since data for K-values of hydrogen and nitrogen
are not sufficiently available in the literature, following
method is frequently employed to estimate the new values.
For example, at 250°F and 500 psia, K-values of N, and

n-decane are 20 and .013 respectively. Their ratio is:

Ky. /Kn_c = 20/0.013. At 250°F and 20 psia, K-value
2 7710

of N-decame is .14, K-value of N, at this condition is

estimated by: Ky = (20/0.013)(0.14) = 215. K-values
2

of hydrogen and nitrogen for some conditions are available in the
literature(ZB) . Physical properties data of the components used in
illustrative systems are listed in Table C.1 to Table C.6 in

Appendix C.

29


https://20/0.013)(0.14

2.6 Literature Survey Data

Some experimental data of air-water flows and a
multicomponent, gas-liquid flow are used for demonstration
of the code application. In Table 2.5 data of 6 runs of
air-water are presented. The first two runs were performed
by Johnson and Abou-Sabe(7). Air and water flowing through
a horizontal 15.7 ft. length, 1-in. 16 gage drawn-brass tube
were heated by a steam jacket. In the jacket, internal
baffling was arranged so that the condensate formed by
external heat loss was withdraw separately. Pressure was
measured at two ends and at the middle of the tube, and tube
wall temperature was observed by means of 24 thermocouples
located spirally along the tube. It was inferred that the
thermocouple lead wires caused irregular condensate flow and
so produced the variation observed. Measurements of tube
wall temperature might have a deviation as much as + 10°F.
Temperature or pressure of steam and condensate in the steam
jacket were not provided, pressure drop was taken between
inlet and outlet, flow patterns were visually observed,
liquid holdup was calculated (from flow-patterns factors and
effective hydraulic diameters), and heat flux rate was
evaluated by assuming saturation of air throughout and
considered as a function of single-phase heat transfer
coefficients of both phases. A similar experiment was

performed in.&xlNodﬂ24); however a 15 ft. length, 0.736 in.
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I.D. copper pipe was used. The last three runs were made by
Fried(s). The tube is a horizontal 0.737 in. I.D. copper
with a length of 15.7 ft. Air-water mixtures were also
heated by a steam jacket, but both temperature and pressure
of steam entering the jacket were not provided. Neither tube
wall temperature or flow patterns were recorded, and the two-
phase heat transfer coefficient was computed from heat loss
of the steam in the jacket. For all six runs in Table 2.5,
both air and water streams were turbulent and the flows
were separated model. Outlet flow rates were not provided;
consequently mass exchanges between phases are not available.
Since experimental data for two-phase, multi-
component, gas-liquid flow were not found in the open
literature, a system of hydrogen, nitrogen, heptane, and
decane is constructed. Operating conditions of this system
(e.g., feed rates, tube size, heating medium temperature,
etc.) are selected similarly, relatively to those of the air-
water flows. Also, due to the difficulty of collecting all
data required to support the calculations, some data (for
example, K-values in some specified temperature, thermal
conductivity of hydrogen and nitrogen in the liquid phase)
are empirically estimated. Physical property data for both

air-water and multicomponent systems are listed in Appendix C.




3. MODEL DEVELOPMENT

3.1 Assumptions and Restrictions

A mixture of volatile, organic components is heated
in the presence of small particles (ground coal) and certain
"permanent' gases, such as hydrogen, from an initial tempera-
ture to a final temperature in a tubular heater. A certain
amount of vaporization will take place during the heating
process, so the compositions of the phases will change and the
system pressure will decrease due to frictional losses as the
materials flow down the tube. The following set of assump-
tions and restrictions is proposed in order to simplify the
problem, yet retain a reasonably good description of the
physical process, and in order to determine the set of
equations (i.e., match the number of equations with the number
of unknowns).
A. Neglect the presence of the solid particles so that
the system becomes a two-phase gas-liquid flow
B. Steady state
C. One-dimensional system (eg., flow in the axial
z-direction only)
D. Transport within the tube is by convection only
(axial dispersion is neglected)
E. Negligible chemical reaction (in certain applica-
tions, there will be some reaction such as hydro-
genation of unsaturated oils and such as cracking

of some hydrocarbons)
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F. Equilibrium is approached locally between the gas
and liquid phases

G. The two-phase flow characteristics, such as the
pressure drop and the liquid holdup, can be pre-
dicted by use of correlations developed from data
obtained from cold flow experiments

H. The liquid phase is essentially ideal so that the
heats of mixing are negligiable

I. The tube is located in a horizontal plane

J. The gas phase is also essentially ideal

The governing conservation equations with the use of

these assumptions and restrictions take the forms as outlined

in the following sections.

3.2 Mass Balances

Consider two-phase gas-liquid flow in a section of a
horizontal tube as shown in Figure 3.1. the mass flow rates
of the gas and liquid phases at z are hg and hl’ respectivelly.

The n components constituting the system are distributed

between the phases, such that:




z zZ+A 2Z

'\\\\\\\\\\\\\\\\\\.\\\\\\\\\\\ NN\N

R Cﬁ—-ap St

L1qu1d N z+ Az

z - —

L\\\\\ \\\\:\ AANNANNN \\\ AN

Pz’ Tz Pz+ Az’ Tz+ Az

Figure 3.1. Two-Phase Gas-Liquid Flow in a Section of a
Horizontal Tube
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where m_ and fnl are the mass flow rates of component j in
] j
the gas and liquid phases respectively. The total mass

exchange rates between phases (by vaporation or dissolution)

is ﬁ\t in an element of tube volume, AV. The overall and

component mass balances for the two phases may now be

developed.

3.2.1 Overall Mass Balances for a Section of the Tube

Refer to Figure 3.1, the liquid phase balances around
the elemental volume AV of length A2z and cross-sectional area
A; may be written as:
= + m_AV

m
z 1 z2+ Az t 1

my (3.3)

Expressing the liquid volume AV, in term of the liquid holdup
fraction, Rl’ dividing by Az and let Az - "small', we obtain

the following first order differential equation for the

overall, local mass balance on the liquid phase:

= - mR,A, (3.4)
dz t'li
where rhl : Liquid mass flow rate, lb/hr
rht Local net mass transfer rate between gas
and liquid phase per unit liquid volume,
1b/hr-ft3
R, Liquid holdup, dimensionless, R, = AV]_/ AV
A, : Cross-sectional area of the tube based
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on tube inside diameter, ft2

Di : Tube inside diameter, ft
Similarly, for the gas phase:
dm

:Efi = m.R/A; (3.5)

Equations (3.4) and (3.5) show that the mass lost by
the liquid phase is gained by the gas phase. If these two
equations are added and the resulting equation integrated,
the result is that the total mass flow rate down the tube

is constant, consistent with Assumption B above.

3.2.2 Component, Local Mass Balances

By a procedure similar to that above, we obtain the
local, component mass balances for the two phases:
dm

..?15 - r'nthlAi j=1,2,3,...n (3.6)
Z

_d.ll - _,i,thlAi j=1,2,3,...n (3.7)
Z

where m, , mjlz Mass flow rate of component j in the gas
and liquid phases, lb/hr
mjt : Local net mass transfer rate of component
j between the gas and liquid phase per unit
liquid volume, 1b/sec-ft3

The problem at this point is that we do not have

mass transfer correlations for exchange between phases in
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two-phase flow in the tube. As a consequence, the hjt are

unknown as well as the ﬁjg and the ﬁjl' Equations (3.6) and
(3.7) therefore constitute a set of 2n equations containing
3n unknowns, a situation which is clearly indeterminant.

The only way we have of proceeding is to invoke Assumption
F, local equilibrium between phases. With this assumption,
we can relate the local phase compositions for each component,
j, and therefore relate the respective flow rates in each
phase. The number of unknown mass flow rates is reduced by
n, but as equilibrium is temperature and pressure dependant,
two additional unknowns temperature and pressure are intro-
duced. The result is that we have 2n equations and 2n+2
unknowns. A minimum of two additional independent equations
must therefore be written. One equation is the enthalpy
balance, another is the Lockhart-Martinelli equation for
computing total pressure of the system at location z, given

the inlet pressure and the flow rates.

3.2.3 Exchange of Mass Between the Phases

Equilibrium data for hydrocarbon systems, for example,
are frequently reported in terms of "K-value", defined as

the ratio of the equilibrium mole fraction in the gas phase,

Yy, to that in the liquid phase, x, at a given temperature

and pressure(ls’zo’ZS). For a component j,




K, = 3 (3.8)

o]
Y. P
KJ. = 4 - (3.9)
xj Pt

where Pg is vapor pressure and Pt is total pressure of the
system. Based on this definition of K-value, flash calcula-
tion is employed to compute the stream flow rates for a
section of the tube and the procedure is described as
following.

Consider a cell from z to z + Az as shown in Figure
3.2. The flow system is steady and no chemical reaction
involved. Under these conditions, total number of mole of
components entering the cell at z and leaving the cell at
z + Az will be the same. Total number of moles in both gas

and liquid phases at z, Fz, is give by:

F_ = Fg + Fy (3.10)
z z
n
ith F = F. (3.11)
" g, - 2 Tig,
o1
J
n
F, = Fjl (3.12)
z : z
j=1
where Fg s Fl Molar flow rates of the gas and liquid
z z
phases at z, # mole/hr
F. , F. Molar flow rates of component j in the
jg,’ ik,

39




z z+ Az

k\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ NN\N

F _D\ Gas - . \%% P
glz - @ i - gIz+Az

L =F

Fl [Z -__l _ L1qu1d - - - 1 2e Az
QQQ\\3§§$3§53QQQQ\ QQQQQQ\\Q\ NN
TZ Tz+ Az
PZ Pz+ Az

Figure 3.2. Molar Flow Rates of Gas and Liquid Phases for
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gas and liquid phases at z, # mole/hr
F : Total molar flow rate of the mixture
at z, # mole/hr
The two-phase flow mixture is assumed to be in
equilibrium at z where temperature is Tz and total pressure
is P , all molar flow rates at z can be determined by flash
calculation, a procedure which involves a trial-and-error
solution as described step by step in Table 2.4.
With M. as molecular weight of component j, after

mole fractions, xj and yj are calculated, we have:

m, = M,F. = M,y. F (3.13)
jg, i, i, &,
and
mg = MF.o o = Mx,F (3.14)
il, i, 73,1,
where M, . .
j Molecular weight of component j,
1b/1b mol
m, , m, Gas mass flow rates of component j in
jg,> il
the gas and liquid phases at z, lb/hr
xj s yj : Mole fractions of component j in the
z z

liquid and gas phases at z, dimension-
less
The same procedure is applied at z +Az of the cell;

similarly we obtain:

r'n. = M.F, = M.y. F (3.15)
JBz+ Az 1 182, Az 3 Ize 8z Bz+ Az
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and

m. = M.F, = M.y. F (3.16)
oy Az J le+Az 3, Az lz+Az

Recall Equations (3.1) to (3.7); total mass flow
rates and net mass transfer between phases now can be deter-
mined. By repeatedly applying this calculation procedure
from cell to cell, mass flow rates of the streams at any

location along the tube will be determined.

3.3 Local Enthalpy Balances

After the local flow rates (based on iterating
temperature and pressure, details are described in Sections
4.1 and 4.2) are found, enthalpy balances for the flow
system can be developed so that a temperature profile of
the mixture of the entire tube length will be introduced.
Consider a section of the tube from z to z +Az as shown in
Figure 3.3 where temperature, pressure, and flow rates of
the inlet and outlet streams are known (e.g., after itera-
tion), the local enthalpy balance in the absence of chemical

reaction may be written as:

c% (hHy + BH) = Dig (3.17)
where D, : Tube inside diameter, ft
dz : Length of a small tube section, ft
Hg’ H1 Average enthalpy of the gas and liquid
phases, BTU/1b
mg, ﬁl : Mass flow rates of the gas and liquid
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phases at z and z+ Az, lb/hr
éw : Heat flux trough the tube wall,
BTU/£t *~hr
Using Assumption G, heat mixing is negligiable, H in

Equation (3.17) can be determined as:

n
= x'.H. .
H, j§1 M (3.18)
and
n [4
= H. .
Hy jgl Y iHiq (3.19)
x3, y3, and Hj are mass fractions and enthalpy of component

j in the liquid and gas phases respectively.

Using Assumption F (local equilibrium), the only
difference between the gas phase and liquid phase enthalpy
is the latent heat, hj. For a given component j, we have:

H. H.. + N\, 3.20
ig L 0y ( )

Equation (3.19) becomes:
a 4
H = y' Ho -) (3-21)
g j§1 LRSI

where the liquid phase enthalpy of component Js Hjl’ may be
written, neglecting the pressure contribution to the enthalpy

as:

- H‘J? +f C_. dT (3.22)




or

where

C_.
PJ

PJ

.

Tr

0 ———
Hj + ij (T - Tr) (3.23)

Specific heat of component j in the liquid
phase BTU/1b - °F

Average specific heat of component j in the
liquid phase, BTU/1b - °F

Enthalpy of component j in the liquid phase
at reference temperature T, BTU/1b

o

Reference temperature, F

The amount of evaporation from z to z + Az is given

by:

or

where

mtAzAi (3.24)

m -m = m - m (3.25)
1‘2 l|z+A‘z g z+ Az gz

Tube inside cross sectional area, ft2
Mass flow rates of gas and liquid streams,
1b/hr

Local net mass transfer rate between gas and
liquid phases per unit liquid volume,
1b/hr-ft>

Net mass transfer between gas and liquid

phases in a tube section of length Az, lb/hr
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Az : Length of the section of the tube, ft
Hence, the average latent heat is empirically approximated

as:

. Am
AHp oo = —2— ( )\z + )\z+Az) (3.26)

From Equations (3.20) and (3.23), the heat added to this

evaporated amount is:

AHé = amCp; (T,, A, - T,) +AH oo (3.27)
where
651 : Average specific heat of the liquid
phase, BTU/1b-°F
AH .ont ° Latent heat given by Equation (3.26)
ﬁbl and Cﬁé are average specific heat of the liquid

and gas streams. These properties are computed from mass

fraction and specific heat of the components in each phase.

We have
noyy o+ y}
z z+ Az -
Ty - Z( ) %y (3.28)
j=1 2
n xs + x3
=— - 2 zZ+ Az Tp. 3.29
Cpy Z( ) le ( )
i=1 2

The total enthalpy change of the liquid phase is:

AH, = f.H - f.H (3.30)
1 1 1|z+Az 1 1|Z

Equation (3.30) can be approximated by using average liquid




flow rate and specific heat. We have

AH, = mCp; (T

1 Tz) (3.31)

z+A z
Without including the amount of evaporated liquid,
the average enthalpy difference in the gas phase is:

AH = m (H - H ) (3.32)
g gz gz+A z gz

By using the average specific heat, Equation (3.32) becomes:

AH,Z = m Cpg (T - Tz) (3.33)

g g, z+Az

Total enthalpy change of the system is:

AH = AH +AH’ +4H (3.34)

total g g 1
Use of Equations (3.18) to (3.34) in Equation (3.17)
results in an equation in terms of the flow rates and local

temperature of the fluid as following:

AHiotal = mgz CPg (Toonz = Tp) +am Cpy Ty pn, - T
+ AH +m Cp. (T - T.)
latent 1avg P1 ‘"z+ Az p

= ‘ICDiAz q, (3.35)

The heat flux to the fluid, dw’ may be written in
terms of the difference between the temperature of the
heating medium, Tg’ and the local bulk temperature of the
fluid, Tz, as driving force (logarithmic mean temperature

difference, AT ) and the overall local heat transfer

LMTD

coefficient, U, according to:

qQ, = U;AT ym (3.36)



https://CPl'^z.Az

When radiant heat transfer to the tube is considered,
with hC and hr as convective and radiation heat transfer
coefficients and the tube surface assumed to be black

surface, dw is given by:

q, = (hC + hr) (Tg - Tw) (3.37)
If the heat flux by radiation is ér’ then hr is(18):
q
h, = ——— (3.38)
r (T_-T )
g w

In terms of the view factor and for gray surfaces dr is given
(18)
y L]

b

a = «'F(Tg- T2) (3.39)
where

¥ : Overall interchange factor, dimensionless

¢ : Stefan-Boltzmann constant, 0.1713 x 1078

BTU/ftz—hr—R4

Overall heat transfer coefficient, U;, in Equation (3.36) is:

Uy = = +__1W+—i]-1 (3.40)
hi D kw Doho
and
T - T
AT -__2tAz z (3.41)

LMTD




where

D;, D, : Tube inside and outside diameters, ft

D : Log mean diameter, [DO - Di/LN(Do - D),
ft

hi : Two phase fluid heat transfer coefficient,
BTU/ft2-hr-°F

ho : Outside film heat transfer coefficient,
BTU/ft %~hr-CF

kw : Tube wall thermal conductivity,
BTU/ft-hr-°F

Tg : Heating medium temperature, °F

Tz : Fluid temperature, °F

x, : Tuhe wall thickness, ft

In Equation (3.40) above, ho is estimated from the
heating system outside the tube (fired heater, steam jacket,
etc.) or from Equation (3.37) for combination of both ho

(10,11) correla-

and hr’ h; is calculated by Davis and David
tions (Equations (2.15) and (2.16), pages 23 and 24).
Obviously, the use of Equations (2.15) and (2.16) requires
an ascertainment of the flow model, separated or homogeneous,

which is directly connected to the study of flow patterns

introduced in Section 2.2.1.

3.4 Tube Wall Temperature

In the problems of heat transfer to fluid flows,
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tube wall temperature is always of interest because of its
connection to the calculation of heat transfer coefficient
and evaluation of fluid viscosity at the wall. Usually,
tube wall temperature is measured by several thermocouples
located along the tube, eventhough deviation of the mean
temperature is very large due to the technical and operating
problems. The following method is introduced to compute
tube wall temperature, T after fluid temperature is found.
The estimate of the wall temperature requires a calculation

based on the resistance equation given in McCable and

Smith(18):
. .’ (3.42)
1/u; 1/hy (x,/k ) (D, /D)
where
AT : Average temperature difference between the
heating medium temperature and the fluid
temperature, °f
z&Ti : Temperature drop through the inside two-phase
fluid, °F
AT, : Temperature drop through the wall, OF

After the individual resistances [each term in Equation
(3.42)] are estimated neglecting the tube wall resistance,
(xw/kw) (Di/ﬁ). The total temperature drop, AT, can be

split into the individual temperature drops by the use of
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Equation (3.42). We have:

U,
i

h.
i

Il

AT, AT (3.43)

Substitute U, from Equation (3.34) and neglecting the wall-

resistance terms gives

1/hi
1/h. + D./D h

i i"“o o

with
T + T
z 2+ Az
AT = T - (3.45)

g 2

where T 1is the heating medium temperature, T_ and T
g z zZ+ AZ

are inlet and outlet stream temperature. The wall tempera-
ture. The wall temperature T, is then obtained by the
following equation

Tw = T+A.Ti (3.46)

where T is average fluid temperature given by:
T + T

T -2 z+ Lz (3.47)
2

3.5 Flow Patterns and Flow Models

Flow patterns are determined by the Mandhane correla-

5)

tions( as shown in Figure 2.4. Superficial velocities of

the gas stream is given by:

m_/3600
Vg =—28 (3.48)
ngi




and for the liquid stream:

h1/3600

v, = '-—§T;:__ (3.49)

171
where

Ai : Tube inside cross-sectional area, ft2

hg, m; : Mass flow rates of gas and liquid streams,
1b/hr

Vg’ v, Superficial velocities of the gas and
liquid stream, ft/sec

?g’ (ST Densities of gas and liquid streams,
1b/ft3

In order to apply the Davis-David(lo’ll) correla-

tions, the flow patterns are categorized and classified into
one of two flow models. The homogeneous flow model consists
of patterns in which the gas and liquid phases have the same
velocities such as plug, bubble, and dispersed flows, and
the separated flow model consists of patterns in which the
gas and liquid phases have different velocities, such as
wavy, annular, and stratified flows. Flow patterns may
change along the tube due to frictional pressure drop and

heat transfer to the fluid. In this case, we have a transi-

tion between the flow patterns or flow models.




3.6 Liquid Holdup Fraction and Pressure Drop

Four types of flow regimes, both liquid and gas
phases are turbulent, liquid phase is viscous and gas phase
is turbulent, liquid phase is turbulent and gas phase is
viscous, and both liquid and gas phases are viscous,
can exist simultaneously with several flow patterns during
the flow of gas and liquid in a horizontal tube. The stream
is viscous when its Reynold number is less than 1000 and
turbulent when its Renynold number is larger than 2000(6).
For the gas stream in a circular tube, Reynold number is

given by:

.

4 m
Re = ——8_ (3.50)
g |\.Dir‘g

and for the liquid phase

4 my
WDirl
where
Di : Tube inside diameter, ft
ﬁg, hl Mass flow rates of the gas and liquid
streams, lb/hr
Reg, Re,: Reynold number of the gas and liquid
stream, dimensionless
s : Viscosity of the gas and liquid streams,
res P y : q

1b/ft-hr
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As previously mentioned in Section 2.2.2, single phase
pressure drop given by Equations (2.6) and (2.7) corresponding to the
flow regimes. Similarly, parameter %X is computed by Equations (2.8) to
(2.11). Liquid holdup is then established by Figures 2.5
or 2.6. Finally, two-phase pressure drop is computed by
correlations in the same figures and Equations (2.1) and

(2.2) as following:

B

A A
z'!tp zZg
or
AP 2 AP
Az tp Az 1

3.7 Model Development Summary

Flow rates, compositions, pressure, and temperature
of the outlet streams are calculated by the equations
resulted from mass balances, heat balances, and pressure
drop correlations. Table 3.1 lists the fundamental equations
of the model development. Application of these equations

are introduced in the next section.
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4. COMPUTER CODE DEVELOPMENT

4.1 Calculational Procedure

Assume that the tube is divided into a series of k
local equilibrium cells, each cell of length Az=L/k, where
L is the heater tube length. The input to the first cell (at
2=0) is the set of specified inlet conditions on temperature,
pressure, compositions of both streams, and their flow rates.
The heating medium is also specified (i.e., film coefficient
ho) and temperature is measured. The tube and its cells are
illustrated in Figure 4.1. The heat flux to the cell, q,s is
determined according to Equation (3.35), page 47. The streams from
the cells are "forced" to equilibrium by the flash calcula-
tion, the composition being dependent on the temperature and
pressure at the end of the cell (at z+ Az). As these two
variables are not known at the outset, we can proceed by
guessing a value for each, and then iterating until the
material and energy balance equations are satisfied at the
outlet from the cell. The problem is one of the double
iteration type to achieve an acceptable level of convergence.
The computational procedure includes the following steps:

A. Specify the stream inlet (at zk=0) and operating

conditions: To’ Po’ and mass flow rates

B. Provide the first estimate of the stream tempera-

ture leaving the cell equal to temperature of

entering streams, T_ =T
B
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Figure 4.1. Tube and Cells for the Model Development

57



. Provide the first estimate of the stream pressure

leaving the cell equal to pressure of the entering

streams, P = P
S P W

. Calculate the flow rates of inlet and outlet

streams of the cell by flash calculation [Table 2.4
and Equations (3.10) to (3.16)]. Average flow
rates of the cell are taken from the inlet and

outlet streams

- Find the Reynold number of the streams by Equations

(3.50) and (3.51). Therefore flow regime is

determined

- Using Lockhart-Martinelli correlations, Equations

(2.4) to (2.14), (3.52), (3.53) and Figures 2.5 to 2.7

to find liquid holdup and pressure drop along the
cell

Compare the estimated pressure drop

(APtp)est. =P, - Pyt az) from Step C

and the calculated pressure drop (given by Step F).
If the difference between these two values is
larger than 0.2% (pressure convergence criteria),
estimate another value for pressure (e.g.,

P = (Py1q + P ) /2), and return to Step C.

new calc.

Find the velocities of the streams which leads to
the determination of flow patterns and flow models

(the Mandhane flow pattern diagram, Figure 2.4)

. Calculate the heat flux to the cell, dw’ by
58




Equations (3.36) to (3.38), page 47)

J. Use c';w to find T, ,, by trial-and-error in Equation
(3.35), page 47. Compare Tz+£>z with estimated a
outlet streams temperature in Step B. If the
difference between these two values is larger than
0.3% (temperature convergence criterion), estimate
another value for outlet stream temperature

) / 2) and return to

(e.g., T = (Told + T

new calc.

Step B.

K. Find tube wall temperature by Equations (3.42) to
(3.45) , pages 50 and 51

L. The conditions of the outlet stream of this cell
are the conditions of the inlet stream of the next
cell down the tube. Return to Step B and the cell
by cell procedure is continued until the specified
outlet temperature is reached. The tube length
required to produce this temperature is then given
by kaz (k is total number of cells in the system),
summations of temperature increase, pressure drop,
and net mass exchange between plases in each cell
are the total changes in the system.

The overall block diagram to present these steps is

illustrated in Figure 4.2.
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Step A: Specify inlet stream
and operating conditions

{Start with the first cell, k=1

Step B: Estimate outlet k = k+l
stream temperature of cell k

Outer iterating loop, TLOOP=1

Step C: Estimate outlet
stream pressure of cell k

mner iterating loop, PLOOP=1

Steps D to F: Find flow rates,

flow regime liquid holdup, and

pressure drop in cell k. Outlet
stream pressure is:

Prraz =Pz~ Pip

i

Step G: Is the difference
between calculated and estimated
outlet stream pressure less than

the selected pressure convergence{ No New estimate for outlet
criterion? stream pressure: .
Yes Prew = #Feale.* Foud

Steps H to I: Determine flow
pattern and flow model. Compute
Lkgat flux rate to cell k

Step J: Calculate outlet stream
temperature based on heat flux
rate and enthalpy difference of

the streams in cell k. Is the

difference between calculated %o New estimate for outlet
and estimated temperature less stream%temperature:
than the selected temperature T = 3(T +T..)
convergence criterion? new cale. old

es
Step K: Find tube wall tempera-

ture

l

{Step L: Iskez =L ? i
?es

Print out the results. STOP

Figure 4.2. Overall Block Diagram of the Calculational Procedure
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4.2 Computer Code

Referring to the calculational procedure established,
Figure 4.1, FORTRAN IV Programs are developed for the design
of a tubular heater for a two-phase, multicomponent, gas-
liquid stream. The code is written for the use with the DEC
10 computer at the University of Tennessee, so that modifica-
tions may be required for use with other equipment. All
equations used in the programs are described in Section 3 and

the programs follow the design procedure outlined therein.

4.2.1 Organization

The computer code consists of a main program and
several subprograms. The main program organizes and performs
the calculations of pressure drop, temperature increase, mass
exchange between phases, and flow rates for each cell and the
entire system. It has two built-in iterating loops, the inner
loop is for pressure computation and the outer loop is for
temperature. Information such as K-values, physical property,
heat of evaporation, ect. are supplied by the subprograms.
Block diagram of the code is illustrated in Figure 4.3, and
the programs and their functions are shown by Figure 4.4.

Except the first cell, the conditions of streams
leaving one cell will be the conditions of the streams enter-
ing the next cell down the tube. Start from the first cell,
temperature, pressure, and flow rates of the flow mixture

are calculated from cell to cell. Both temperature and
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Specify the stream inlet conditioms: 1’°, P flow rates,
ard conpositions. Also specify operating coditions: T,

s
Dl' Do' hc' kv' z, ard rumber of cells
Fun the calculation with cell #1, ket Kokt
i First estimate cutlet stream tempersture of cell k: Tk =T ]
First oster {terating loop, TLOOP«l
TLOOR=TLOOP+1

S

[ First estimate outlet stream pressure of cell k: P = Pk-l j

First irner iterating loop, PLOOPal
PLOOP=P100P+1

Use suhprogram RATES and KVALLE to find flow rstes st the

iniet ard outlet of cell k. Also, find the average flow

rates in cell k

Use suhprogram PHYSIC and LATENT to fird physical property
and heat of evaporation for the mixture at inlet and cutlet
of cell k

Use Lockhart-Hartinelli correlations to find perameter X
ard §. liquid holdup and pressure drop are determined by
the Lockhart-Martinelll or Johnsan-Abou Sabe correlations.

Outlet stream pressure is given as: Pk - Pk-l - l’tp
TNew estimate for outlet
P - R No | stream pressure:
1s calc. est, 0.7% (pressure convergence limit) 1r
[ A LIRS
*eale. new cale.  ¥old
Yes

[Uu subprogram FPMUDEL to fird flow pattern and flow model I

|

Use the Davis-David correlations for two-phase heat transfer
coefficient corresponding to the flow model

D, {
Horogoreous : "1'°'°”%} [—;?:] o
or Vi D, 0.3
Separsted: hlﬂ.mt—#}{—%]

1

0.28

3

[&tf.b

k

Find Ty, U, & 4,

- - - )

- lTk Tk_‘illnl (‘I" Tk”“[ Tk-\ ]
- (—L . —-——D|xv . -—-E—D‘ ) -1

t hl DLkv l)o -]

& - Yalym

STy
v

Calculate T, by trial-and-error fram equation:

OH - DIAz L

(Details gtven by Equation (3.35) in Section 3.3

New estimate for outlet
Ko | Stream Temperature:

- M1, o T )
e criterion) 1 km kcnlc. k

old
l Yes

T, T,

1s —salc, __est: 0.7 (tempersture convergence T
T,
u

1s kaz = L ?

]ves

RESULTS

Figure 4.). Block Diagram of the Computational Procedure
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MAIN PROGRAM

Introduction

To calculate outlet
stream pressure,
temperature, flow
rates, and composi-
tions for each cell
and the entire flow
system

Results

SUBPROGRAM RATES

To compute flow
rates of the flowing
mixtures

SUBPROGRAM KVALUE

—| To provide data
of K-values of
the components

SUBPROGRAM PHYSIC

To provide physiscal
properties of the
components

SUBPROGRAM LATENT

To provide heat of
evaporation of the

components

SUBPROGRAM FMODEL

To find the flow
model of the fluid

Figure 4.4.

Main Program and Subprograms




pressure iterating loops are converged when the differences
between the estimated and calculated values are 0.3% and G.2%,
respectively. This may lead to an average error between 1 and
5%. For example, a deviation of 10°F may be imposed on a
calculated outlet stream temperature of 200°F. It is desired
to keep these criterion as small as we can, eventhought the
results are slightly different when these limits are changed
(due to some errors are cancelled out during the accumulating
calculation from cell to cell). These problems will be
reviewed and illustrated when the code application is demon-
strated in the next section.

Several subprograms are developed in order to support
the calculation. In subprogram RATES, equilibrium flash
calculations are employed. Figure 4.5 illustrates a block
diagram of flash calculation procedure with K-values of the
components independent of the compositions. K-values are
supplied by subprogram KVALUE, which uses interpolation of
pressure and temperature to approximate these values.

Physical properties such as density, viscosity, specific heat,
thermal conductivity, etc. are provided by subprogram PHYSIC.
Except some properties which can be obtained by simple expres-
sions (e.g., viscosity, specific heat), the others are
obtained by using interpolations of the data corresponding to
pressure and temperature. Heat of evaporation for components
is given by subprogram LATENT. Depend on how accurate and

convenient to supply the data to the calculations, we can
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Input feed rate, overall
mole fractions of components,
and K-values correponding
to temperature and pressure

Start the iterating loop, i=1

Estimate: Y(i) = FG/F
0 <y 1
Find: \_n_ 21(1 - Ki)
f¥) = TV ®. - D
J=1 j
New estimate of Y:
i No
Is £(¥) = 0 ? Y(ia1) = ¥(1) -3
dafvy)
Yes dy
F = F¥(i)
F, = F-Fg
xj = Iz<j/[1 +‘i’(i)](Kj - 1)
Y570

STOP

Figure 4.5. Block Diagram of Equilibrium Flash Calculation Procedure
(Refer to Table 3.1)
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develop subprograms KVALUE, PHYSIC, and LATENT in proper maners.
Subprogram FMODEL is used to determine the flow model by using the Mandhane
map. In this program, the curves are divided into small lines and

each line is presented by an equation in terms of gas and liquid

superficial velocities.

4.2.2 Application

As data are not available the open literature against which
the two phase, multicomponent model can be checked , a simlified version
is constructed in order to provide results which can be checked against
the limited amount of experimental data which has been published for
the air-water system. Two programs are written for illustration of the
developed calculation procedure. Following the steps as outlined in
block diagrams, Figures 4.3 to 4.5, program FLOW1.FOR is utilized for
a two-phase, two-component, air-water flow systems, and program
FLOW1.FOR 1is developed for a two-phase, multicomponent,
gas-liquid flow system. Details of these programs are
provided in Appendix D (for both systems). Discussion
of the results and the limits are introduced in the next
section.

In program FLOW1.FOR, instead of using flash calcula-
tion we use a simple method by assuming ideal has for the air-
water vapor and the correlation of Keenan and Keyes(17) as
described by Equafion 2.17, page 28. Most of the physical property
data are provided by approximated correlations with temperature

and pressure. Some others are obtained by interpolation
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method. Physical properties of the components and their
approximated equations are listed in Table C.1 to Table C.6

in Appendix C. Program FLOW1.FOR is applied to some experi-
mental data available in the literature. Limits of the appli-

cation are based on the literature used to develop the calcu-

lational procedure (e.g., Lockhart-Martinelli, Johnson- Abou

Sabe, and Davis-David as shown in Table 2.3, page 25).
Program FLOW2.FOR is developed for a two-phase,

multicomponent gas-liquid flow system. The operating condi-

tions are constructed as following:

Gas feed: 200 1b/hr with 70% of hydrogen and 30%
of nitrogen, mass fraction basis
- Liquid feed: 2500 lb/hr with 60% of heptane and
40% of decane, mass fraction basis
- Inlet temperature 120°F and pressure 50 psia
- Heating medium temperature is 230°F, neglect heat
transfer by radiation, and outside film heat
transfer coefficient ho = 2000 BTU/ftz—hr—oF
- Tube is made of brass, tube inside diameter
Di = 0.0725 ft, outside diameter Do = 0.0833 ft
Although the gas mass fraction in the feed (€ =0.074)
is less than 0.1, under equilibrium conditions this ratio will
be higher 0.1 due to the high volatility of the liquids.
In both program FLOW1.FOR and FLOW2.FOR, the first
estimated temperature and pressure of the outlet streams of

each cell are equal to those of inlet streams. Both pressure
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and temperature iterating loops are converged when the
differences between calculated and estimated values are less
than the specified criterion. Details are provided along the

constructed program bodies in Appendix D .
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5. RESULTS AND INTERPRETATION

5.1 Air-Water Flow System

The first test of the model and computer code is made
against the experimental data provided by Johnson-Abou

Sabe(7), Fried '8 (24)

, and Ebin for the air water system.

As not all experimental parameters required for a reasonably
complete test of the model were published by these investi-
gators, it is necessary to estimate certain values, using
literature as a guide. In 6 runs of air and water in Table 2.5, page
31, air-water mixtures were heated by the steam jackets.
However, neither temperature nor pressure of steam in the
jackets were given, consequently we have to estimate the
steam temperature and outside film heat transfer coefficient,
h . The effect of ho is displayed in Figure 5.1 by using
Run No. 2 with the tube being divided into 10 cells and the
convergence criteria for pressure and temperature iterating
loops are 0.2% and 0.3% (these approaches are discussed
latter). When h  increases from 1000 to 3000 BTU/ftz-hr—oF,
the range of values reported for dropwise condensation by

(18)

McCabe and Smith » the outlet stream temperature increases

from 163 to 173°F. This effect is considered small compared
to the wide range of ho‘ It is clear that the outside film
is not controlling the heat transfer rate and therefore little

error is introduced by the use of a value of 2000.0
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Figure 5.1. Effect of ho Estimation on the Outlet
Stream Temperature of Run No. 2
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BTU/ftZ—hr—oF. This value of h_, of course, can be used for
the other 5 runs because their operating conditions are
similar,

As the steam side film coefficients are relatively large
and as the average temperature of the tube walls were mea-
sured in some cases, these wall temperatures may by used as
a guide in estimating temperature ranges for the steam, Tg’
for use in Equations (3.42) to (3.47), pages 50 and 51.

In view of the incompleteness of the experimental data,
two approaches are therefore taken in an attempt to test the
heat transfer model and corresponding computer code. First,
values of the steam temperature are searched for which the
procedure air-water outlet temperature which corresponding
approximately to the experimental values reported in Table 2.5, page
31, The average tube wall temperatures are computed and
compared with the reported experimental wall temperatures.

A reasonably close agreement between the computed wall
temperature and the measurements would lend credibility to
the model.

The second approach used to test the model is to search
for steam temperatures which yield average values of the
tube wall temperature which corresponds reasonably closely
to the wall temperature measurements. In this approach,
close agreement between the computed outlet two-phase mixture
temperature and the measured values lends credibility to the

model.
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Another problem encountered here is how long a cell
should be in order to obtain acceptable convergence to exper-
imental results. In Figure 5.2, temperature profiles of the
mixture along the tube, and in Figure 5.3 outlet mixture
temperature of Run No. 2 corresponding to number of cell in
tube are indicated (in these calculations, ho = 2000
BTU/ftz—hr—oF, convergence criteria for pressure iteration
is .2%, and for temperature is 0.3%). Both Figures 5.2 and
5.3 show that the outlet mixture temperatures (of cell and
entire system) reach a consistent degree when number of cell
varies from 5 to 20 cells (equivalent to the cell lengths
of 0.8 to 3 feet). Out of this range, the results tend to
have higher error due to the inaccuracy of taking average of
flow properties in a long cell or accumulation of a large
number of iterating loops (of pressure and temperature) if
the cell is short. Based upon these results, we establish
a ten-cell tube (cell length of 1.57ft in this case) as a
standard in this series of calculations, relative errors of
the other systems comparing to this selected are illustrated
in Figure 5.4.

A range is values for convergence criteria for both
temperature and pressure were explored. The range explored
for temperature is from 30% down to 0.03% and for pressure,

from 0.2% down to 0.01%. As can be seen from the results
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shown in Figure 5.5, values on temperature convergence in
the range of 0.5% - 0.03%, for pressure convergence criteria
in the the above range affect the outlet temperature by less
than about 2 - 3°F, which is expected to be within the
experimental measurment of the data reported in Table 2.5, page 31.
Therefore in order to minimize computer time, and still
provide adequate accuracy. The following value of the

convergence criteria were selected:

0.3%

Temperature, Cti

0.2%

0

Pressure, Cpi
From the above discussion, calculations for all 6 runs
of air and water are performed (using h, = 2000 BTU/ftz-hr-oF,
10-cell tube, 0.2% and 0.3% for pressure and temperature
convergence criteria, respectively). Heat transfer by
radiation to the outer tube wall in these cases is negligible.
Physical property data supporting the calculation are given
in Appendix C. In all air-water runs, temperatures of steam
are taken as the heating medium temperature Tg' Since both
the steam jacket pressure and temperature were not published,
values of Tg are estimated for each run and assumed adequate
when calculated outlet temperature became equal to the
experimental temperature. Both Lockhart-Martinelli and
Johnson-Abou Sabe correlations of liquid holdup and pressure

drop are used and their results are separately presented

in Table 5.1 and Table 5.2. A review of the values in
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Table 5.1 shows that calculated pressure drop (given by the
differential pressure of the inlet and outlet streams) is
higher and liquid holdup is lower than the experimental
values. Results computed by the Johnson-Abou Sabe correla-
tions in Table 5.2 are in a better agreement with experi-
ments. Obviously, mass exchanges between phases and changes
in fluid properties due to the amount of heat added to the
system play an important role in the determination of liquid
holdup and pressure drop.

All six air-water runs have the same flow regimes
(both gas and liquid are turbulent) and models (separated).
The two-phase heat transfer coefficients, hi’ given by the

(10,11) show that heat transfer is

Davis-David correlations
controlled by the inside film. However, these values are
low comparing to the experimental values as shown in Table
2.4. The high values of h; in the literature may be due to
the fact that they are computed from measurement of heat
loss of steam in the jacket(7’8). Similarly, the high heat
flux rate of the experiments can be explained by the same
manner.

The other experimental measurement we can use to
compare with our results is the tube wall temperature. Even
with a large deviation in the mean of literature tube wall
temperature(7), the calculated values are still higher by

about 20 to 30°F. An examination of the flow rates in
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Table 5.1 and Table 5.2 show that the calculated wall temper-
ature tends to be high when both flow rate and gas mass
fraction are low (Run No. 1, 4, and 6). As previously
mentioned, tube wall temperature is a dependent variable

of the inside heat transfer coefficient, and the Davis-David
correlations(lo’ll) for this coefficient are based on the
systems which have high gas mass fraction and flow rates.
Higher error in the calculated tube wall temperatures of

Runs No. 1, 4, and 6 (comparing to Runs No. 2, 3, and 5) may
be due to these flow conditions.

Also, there is some uncertainty in the literature
value of the liquid holdup of Run No. 2 (which was
calculated by the authors), eventhough the air rate of Run
No. 2 is higher than that of Run No.1 by a factor of 1.5, liquid
holdup of Run No. 2 is unlikely equal to a half the liquid
holdup of Run No. 1.

In the other approach we search for a temperature
of steam in the jacket such that the average tube wall
temperature would have been matched. Calculated results
based on this approach are listed in Table 5.3 and Table 5.4.
The heating medium temperatures of Run No. 1 and Run No. 2
are very low (hot water instead of steam in the jacket).
Even with the assumption of maximum tube wall temperature

y (7)

(from the deviance of * 10°F , the calculated outlet fluid

temperatures are still much lower than experimental values,
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being as much as 40°F too low using the Lockhart-Martinelli
correlations (Table 5.3) and as 30°F too low, using the
Johnson-Abou Sabe correlations {Table 5.4).

The consequence is that the model, using the estab-
lished correlations and corresponding computer code, predicts
a longer tube required to heat the two phase mixture to a
given outlet temperature then is achieved experimentally,
clearly an inconsistency. It is therefore necessary to
examine the assumptions in which the model is based in an
effort to determine the principal cause of this inconsistency.

O0f the assumptions listed in Section 4.1, Assumption
F, that local equilibrium is achieved between the gas and
liquid phases, is the one assumption under these experimental
conditions in which we have least confidence. This assump-
tion implies that there is negligible transfer resistance
for heat and mass between phases. Therefore one would expect
should this be true, the model would underpredict the tube
length required to heat the mixture to a specified outlet
temperature, contrary to the actual result. It is therefore
unlikely that the short coming in the model is due to
Assumption F (local equilibrium).

Another possible source of the discrepancy between
the model predictions and the experimental results for the
air-water system is that the controlling heat transfer

coefficient, the inner two-phase coefficient hi’ is too low.
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Davis and David(lo’ll)

suggested that the error band on their
correlations, Equations (2.15) and (2.16), page 24, may be as much as
+10 to 30%, due to data scatter, which is not suprising in
wiew of the fact that data scatter in establishing single-
phase film heat transfer coefficients frequently is as high
as* 20°F. It is therefore of interest to test whether or not
an increase of about 20% in the two-phase heat transfer hi

is sufficient to produce better agreement between the model
results and experimental results. An increase in hi of this
magnitude is still within the error limits of the correla-
tions, Equations (2.15) and (2.16), as suggested by Davis

and David. Calculations were therefore repeated for Run

No. 1 to 3, Table 2.5, using hi=1'2hi’ where hi is computed
according to Equations (2.15) and (2.16). The results are
compared with the experimental data in Table 2.5, page 31, using

the Johnson-Abou Sabe holdup and pressure drop correlations,
and in Figure 5.6 for Run No. 2. These calculations were
performed using only the Johnson-Abou Sabe correlations, as
these equations have generally provided predictions in closer
agreement with the experimental measurements than have been
achieved by use of the Lockhart-Martinelli correlations.

The approach taken in these calculations was to rearch for

a steam temperature such that the computed average tube wall
temperature, Tw’ agreed approximately with the average

measured wall temperatures.
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Figure 5.6. Mixture Temperature of Run No. 2 for Air-

Water Flows Computed by the Johnson-Abou Sabe
Correlations for Liquid Holdup and Pressure
Drop-Matching Tube Wall Temperature Model
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On comparing the calculated results and the experi-
mental measurements, Table 5.5, one sees reasonable good
agreement between the outlet steam temperature for Runs
NO. 2 and 3 and for the outlet pressure in all these runs.
The maximum error between calculated and measured outlet
pressure is about 5.7% for Run No. 2. The largest dis-
crepancy between calculated and experimental values is for
the mixture outlet temperature for Run No. 1, the calculated
value of 162°F being 17.6°F lower than the experimental
value of 179.6°F. This difference may not be due entirely
to weakness in the model (flow rate and gas mass faction
ranges of the Davis-David correlation), as the experimental
value of 179.6°F seems inconsistantly high, when the experi-
mentally determined average tube wall temperature are
compared. For example, the wall temperature of 194°F for
Run No. 1 is only two degrees higher than for Run No. 2,
yet the mixture outlet temperature is 8.6°F higher for this
run than for Run No. 2.

Figure 5.6 shows the axial temperature profiles for
Run No. 2. Two stream temperature profiles are provided,
one using h, as computed from Equations (2.15) and (2.16),
the other computed using hi=1'2hi' Here one sees that the
stream temperature approaches to within 1°F of the experi-
mentally determined temperature at the tube outlet for this

run when the higher value of the inner film coefficient is
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used, in contrast to the result for the case when the lower
value of hi is used. Also, the calculated tube wall temper-
ature generally falls within the error band on the measured
average tube wall temperatures. These results lead to the
conclusion that the heat transfer model developed in this
work provides results in reasonably good agreement with
experimental data for the air water system, when the Johnson-
Abou Sabe pressure drop and holdup correlations and the
Davis-David two-phase heat transfer correlations modified

by a factor of 1.2 are used for the film coefficient hi’
this value is within the error band on hi'

The further details of the flowing mixtures corre-
sponding to the axial positions on the tube are illustrated
by using Run No.2 of air-water flow. The liquid holdup and
pressure drop correlations of Lockhart-Martinelli and Johnson-
Abou Sabe are used in both models of searching for the steam
jacket temperatures in order to match the outlet stream
temperatures and the average tube wall temperatures (hi
increases by a factor of 1.2 for the latter model). Compari-
sons and results of these calculations are presented in
Appendix B. Also, some results of Run No.l and Run No.3 with

their corresponding modified factors are shown in this appendix.

5.2 Gas-Hydrocarbon System

In order to progress to a further application of the

developed procedure to the flow of gas and slurry in the
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preheater in coal liquefaction process, several modification,
must be established (e.g., correlations for non-Newtonian
liquids, coal properties, holdup, pressure drop, flow
patterns, flow regimes, etc.). Due to the insufficient data
for such systems available in the open literature, a complex
system of multicomponent, high volatility, gas-hydrocarbon
liquid system is instituted in the view of restrictions and
assumptions described in Section 3.1. Intentionally, several
conditions such as flow rates, heating medium temperature,

h_, tube sizes, cell length, etc. are chosen from the

o’
examinations of air-water flows developed earlier. Details
of this complex system as inlet flow rates, compositions,
temperature, pressure,and operating conditions as tube size,
jacket steam temperature, etc. are given in Table 5.6.
With physical property data of the components are provided
in Appendix C, pressure and temperatﬁre convergence criteria
are 0.2% and 0.3%, respectively, calculated results of this
multicomponent system are presented in Table 5.7 and Table
5.8 corresponding to the pressure drop and liquid holdup
correlations of Lockhart-Martinelli and Johnson-Abou Sabe.
More details of this calculation are presented in Appendix D.
The gas mass fraction in the feed is low (7.4%),
however when equilibrium is presumed, a large amount of
liquid becomes vapor in the gas phase, and consequently

average gas mass fraction of the first cell rises up to
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14.2% and 14.4% as show in Tables 5.7 and 5.8. The average
two-phase heat transfer coefficient for this system is
between 4000 - 5000 BTU/ftz-hr-oF, and the average overall
heat transfer coefficient, U, is between 1200 to 1300
BTU/ftz—hr—oF. In this calculation, obviously outside film
coefficient h (2000 BTU/ftz-hr—oF) is in stronger controll-
ing the heat transfer rate. The fact that we have high value
of heat transfer coefficient is due to the fluid properties
and high velocity (average 20 - 80 ft/sec) of the turbulent-
turbulent, separated flow of the mixture. Since both heptane
and decane are highly volatile liquids, the increase of mass
in the gas phase down the tube attributes a high decrease
in liquid holdup fraction. Plots of total pressure, temper-
ature, and liquid holdup of the mixture corresponding to
tube position are illustrated in Figure 5.7 and Figure 5.8.
Similar as air-water system, the Lockhart-Martinelli
correlations for liquid holdup and pressure drop result in
a lower pressure drop and liquid holdup fraction in the
system comparing to those given by the Johnson-Abou Sabe
correlations. Figure 5.7 indicates a good agreement in the
fluid temperatures given by these correlations due to the
fact that outside tube film is controlling the heat transfer
rate. Total pressure of the mixture corresponding to the
axial tube positions is shown in Figure 5.8.(a), pressure

tends to decrease faster down the tube due to more liquid
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Figure 5.8 Pressure and Liquid Holdup Profiles for the
Multicomponent Mixture
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Mixture, (b) Liquid Holdup Profile for the
Multicomponent Mixture
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becomes vapor. Liquid holdup is illustrated in Figure 5.8(b).
Because the system consists of highly volatile liquids (C7H16
and C10H22), liquid holdup resulted from these correlations

is significantly different and fastly decreased from the very
beginning of the first cell.

Since mass transfer between phases in this system is
very important, and due to the fact that heat transfer rate is
controlling by the outside film heat transfer coefficient, it
is expected that this calculation results in a shorter tube.
Verification of this conclusion can be performed by comparing
to the experimental data. Unfortunately, such data are not
currently available in the literature. Also, for this multi-
component, gas-liquid flow, the calculation with h; = 1.2 hi
(or other modification) is not necessary here since we cannot
perform any comparision between the calculated results to the
experimental values. Evaluation of the assumptions such as
equilibrium between phases, ideal gas and liquid, etc. using
in this calculation can be establised, and the calculational

procedure can be modified once such comparision becomes

available.




6. SUMMARY AND CONCLUSIONS

A steady state heat transfer model, a calculational
procedure, and a computer code have been developed for the
design of a horizontal tubular heater for two-phase, multi-
component, gas-liquid flow. The code determines the length
of the tube required to produce a specified fluid outlet
temperature, for given values of the inlet phase flow rates,
their compositions, and the temperature of the heating medium
(e.g., steam temperature, or temperature of the gases in a
fired preheater). The code employs established correlations
in the literature for calculating the pressure drop, the
liquid holdup, and the two-phase heat transfer film coeffi-
cient. Equilibrium ratios (K-values) are required for each
of the volatile components in the liquid phase as a function
of temperature and pressure. Principle assumptions on
which the model is based include:

. Equilibrium is approached locally between the

gas and liquid phases

. Both liquid and gas phases are ideal

. Liquid phase is Newtonian

The model and code have been at least partially
validated by comparing computed values with a limited
quantity of experimental data in the literature for the air-

water system. A validation for multicomponent systems has
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not been made at this time because of the lack of experimental
data for comparision. However, the use of the code has been
illustrated for a binary, hydrocarbon liquid mixture
(heptane and decane) - gas (hydrogen and nitrogen) system.
the code can be readily extended to apply to non-Newtonian

liquid-gas systems when correlations become available for

the pressure drop, liquid holdup, and heat transfer coeffi-
cients for these systems.

The following conclusions are made, based on the

results of this study:

1. The computer codes are successful for both the
air-water system and the gas-liquid hydrocarbon
system in that the iteration procedures converge
for a relatively wide range of values of the
specified convergence parameters.

2. The Johnson - Abou Sabe two-phase liquid holdup
and pressure drop correlations yield results
which are in better agreement with the experimental
data for the air-water system than those of
Lockhart - Martinelli. This result is not
unexpected, since the Lockhart and Martinelli
correlations are based on isothermal flow.

3. The Davis and David two-phase heat transfer
correlation gives values for the film coefficient

which appear to be about 20% too low. This result,
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however, is not unreasonable in view of the fact
that the stated error range on the correlation is
20 to 30%.

Reasonably good agreement between calculated
results and experimental results are obtained for
the air-water system when the Johnson-Abou Sabe
two-phase flow correlations are incorporated in the
computer code and when the Davis-David two-phase
heat transfer coefficient correlation is increased
by 20%. With the code modified in this way,
calculated values of the pressure drop agree within
5.7% of experimental values, the calculated two-
phase fluid outlet temperatures agree within one
degree Fahrenheit (except for one run where the
calculated value is 17.6°F too low), and the
calculated and experimental average tube wall
temperatures are within about 3 to 5°F of one another
in all three experimental runs for which these data
are available. The extent of the agreement between
the computed results and experiment for this system
is therefore considered sufficient to provide at
least a tentative validation of the heat transfer

model and calculation of procedure.
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5. The literature contain insufficient data for
complete validation of the model for both binary
and multicomponent systems at this time.

In view of the fact that the two-phase flow heat
transfer model presented here has not been fully validated at

this time, caution must be exercised in its use, especially

outside the range of the experimental conditions of the
available data. These ranges are summarized as follows:
Inlet Stream
Temperature 65 - 96°F
Pressure 27 - 48 psia

Outlet Stream

Temperature 171 - 183°F
Pressure 21 - 31 psia
Flow Rates
Gas 134 - 203 1b/hr
(32,500-64,500 T2z )
Liquid 975 - 2000 1lb/hr
(115000-635000 L2 ;)

Liquid Holdup Fraction (estimated):
0.04 - 0.12
Finally, the experimental correlations which gave best results
(the Johnson-Abou Sabe pressure drop and liquid holdup
correlations, and the modified Davis-David heat transfer

correlations) were developed from a very limited data base.
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The air-water-steam system provides the sole data for the
Johnson-Abou Sabe correlation; the Davis-David correlation is
based only on data for the steam-water system. Although this
latter correlation has been reported to be valid for a
limited number of other systems, it is not known to what

extent these correlations apply in general.
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7. RECOMMENDATIONS FOR FUTURE WORK

The limited amount of data in the literature for
the air-water system provide a tentative validation of the
model and corresponding computer code developed in this
work.

It is recommended that additional experimental data
be obtained in order to provide a rigorous test of the model
over a wider range of the operating conditions such as gas
and liquid flow rates and liquid holdup fraction. It is
suggested that experiments be performed on two systems.
Additional data for the air-water system shall be of value in
testing the two-phase heat transfer correlation of Davis
and David. However this system probably is not adequate
for testing one of the fundamental assumptions, that of local
gas-liquid equilibrium, used in this model. The reason for
this is that the mass transfer from one phase to the other is
somewhat limited. Heat transfer data for a gas-multi-
component liquid system would be more appropriate for this
test, where at least one of the components has a high
relative volatility in the accessible experimental tempera-
ture range. Candidate systems may be found in a homologous
series of hydrocarbons, although precautions must be taken

to ensure safety when working with such systems.
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LIST OF SYMBOLS AND SUBSCRIPTS




LIST OF SYMBOLS

A Tube inside cross-sectional area, ftz

Cg’ C1 Constants depend on phase and flow-type,
dimensionless

Cp Specific heat, BTU/1b-°F

Cpi Pressure convergence criterion, .2%,
dimensionless

Eb Average specific heat, BTU/1b-°F

Cti Temperature convergence criterion, .3%,
dimensionless

Di Tube inside diameter, ft

Do Tube outside diameter, ft

D Logarithmic mean diameter, ft

F Total molar feed rate, mole/hr

Fg Molar flow rate of the gas phase in a equilib-
rium mixture, mole/hr

Fy Molar flow rate of the liquid phase in an
equilibrium mixture, mole/hr

Gy Total mass flux rate, lb/hr—ft2

8 Newton's law proportionality factor,
32.174 1b-ft/1bf-sec?

H Enthalpy, BTU/1lb

Hj Enthalpy of component j, BTU/1lb

H? Enthalpy of component j at reference state,

BTU/1b




h, Two-phase heat transfer coefficient,
BTU/ft-hr-CF

h Outside film heat transfer coefficient,
BTU/£t2hr-CF

h Radiation heat transfer coefficient,

BTU/£t 2~hr-°F

Kj K value of component j, dimensionless
k Total number of cells in the tube
ky Thermal conductivity of the liquid,

BTU/ft-hr-°F
k Thermal conductivity of the tube wall,

BTU/ft-hr-°F

L Tube length, ft
Mj Molecular weight of component j, 1b/1b mole
m Flow type constant, dimensionless
m Mass flow rate, lb/hr
ﬁt Average net mass exchange between phase
per unit liquid volume, 1b/ft>-hr
n Flow type constant, dimensionless
P, Pt Total pressure, psia
Pg Vapor pressure of component j, psia
Prl Prandtl number of the liquid phase,
dimensionless
’éw Heat flux rate to the system, BTU/hr—ft2
Re Reynold number, dimensionless
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Gas holdup fraction, dimensionless
Liquid holdup fraction, dimensionless

O

Temperature of the heating medium, “F

o

Reference temperature, °F

OF

Tube wall temperature,

Local fluid temperature, °F

Overall heat transfer coefficient, inside
diameter basis, BTU/ftz—hr—oF

Superficial velocity of the gas phase, ft/hr

Superficial velocity of the liquid phase,
ft/hr

Lockhart and Martinelli parameter,
dimensionless

Mole fraction of component j in the liquid
phase, dimensionless

Mass fraction of component j in the liquid
phase, dimensionless

Tube wall thickness, ft

Mole fraction of component j in the gas
phase, dimensionless

Mass fraction of component j in the gas
phase, dimensionless

Cartesian coordinate direction, dimensionless

Cartesian index along the tube length,

dimensionless
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z . Overall mole fraction of component j in the
feed, dimensionless

Greek Symbols

AH Enthalpy difference between inlet and outlet
streams BTU/hr

Total enthalpy difference between inlet and

total
outlet streams, BTU/hr
AXHé Total heat added to the evaporated amount of
liquid between inlet and outlet, BTU/hr
Am Total mass exchange between phase, lb/hr
AP Pressure drop in a section (or entire) of
the tube, psi
AAPtp Two-phase flow pressure drop in a section
(or entire) of the tube, psi
(APﬁSz)g Single gas flow pressure drop per unit
length of the tube, psi/ft
(APﬁﬁz)l Single liquid flow pressure drop per unit
length of the tube, psi/ft
(APﬂﬁz)tp Two-phase flow pressure drop per unit
length of the tube, psi/ft
ZXTLMTD Logarithmic mean temperature difference, °F
AV Elemental volume, ft3
Az Sectional length of the tube, ft
€y Emissivity of the surface, dimensionless
A Latent heat, BTU/1lb
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"Ean

Viscosity, 1b/ft-hr

Two-phase fluid viscosity, 1b/ft-hr

Density, 1b/ft3

Square root ratio of two-phase flow pressure
drop to single-phase flow pressure drop
per unit length of the tube, dimensionless

Constant of the flow type, dimensionless

Gas mass fraction, dimensionless

Molar fraction of gas flow rate in the feed

to the total feed, dimensionless




SUBSCRIPTS

Gas phase

Index for component j

Liquid phase

Both liquid and gas phases are turbulent

Liquid phase is turbulent and gas phase is
viscous

Liquid phase is viscous and gas phase is
turbulent

Both liquid and gas phases are viscous

Tube wall

Index of location on the tube

Location index along the tube

Component index

Cell index
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DETAILS OF CALCULATED
RESULTS OF RUN NO.2

FOR AIR-WATER SYSTEM




DETAILS OF CALCULATED RESULTS
OF RUN NO.2 FOR AIR-WATER SYSTEM

Using both Lockhart-Martinelli and Johnson-Abou Sabe
correlations for liquid holdup and pressure drop, results
of Run No. 2 obtained by searching for steam jacket
temperature to match the outlet mixture temperature to the
experimental values are listed in Table B.1l. Comparing
these values to the experimental measurements, obviously
the calculation based on the Johnson-Abou Sabe correlations
results in a better agreement. However, average tube wall
temperatures are still too high comparing to the experimen-
tal measurements. When the increase of inner film heat
transfer coefficient by a factor of 1.2 is employed, Table
B.2, the calculated tube wall temperature, outlet stream
temperature, and pressure drop appear to be in a much better
agreement with the experimental measurements. Figures B.1
and B.3 present the mixture temperatures, tube wall tempera-
tures, and steam jacket temperatures corresponding to axial
tube positions for different calculational models. The
verification of the calculational procedure developed in
this study can be well established here if the literature
data are provided. 1In Figures B.2 and B.4, liquid holdup,

total mixture pressure, and heat transfer coefficient are

plotted against axial tube position. Even the tube wall




temperatures can be as much different as 20°F (Figure B.3),
the mixture pressure and liquid holdup given by the Johnson-
Abou Sabe correlations are consistent as shown in Figure
B.4. This is due to the fact that mass exchange between
phase is not very significant in this flow system.

Figure B.5 and Figure B.6 show the results of Run No.1l
and Run No.3 of air-water flow listed in Table 2.5. The
Johnson-Abou Sabe correlations for liquid holdup and pressure
drop are used in these calculations. In order to obtain a
good agreement between calculated and experimental values,
modified factor for the heat transfer coefficient is 1.7 for
Run No.1 and 1.1 for Run No.3. This may be due to the fact
that both gas mass fraction and total flow rate of Run No.l
are low. Based on these results, the modification of two-
phase heat transfer coefficient given by Davis and David
seems to be functioned by the total mass flow rate and gas

mass fraction of the system.
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APPENDIX C

PHYSICAL PROPERTIES DATA FOR
USE IN THE COMPUTER CODES




Table C.1. Density of Liquids, lb/ft3

Press. Comp. Temperature, °F Reference
psia
80 150 200 250 300
Water 62.22 61.19 60.11 58.80 57.31 (26)
Hy 3.91 2.08 1.56 1.25 1.04 (25)
14.7 Ny 15.61 8.32 6.24 5.00 4.16 (25)
C7H 6 42.32 40.20 38.70 36.96 34.96 (22)
Clolpy 45.31  43.46 421  40.68 39.25 (22)
Water 62.22 61.19 60.11 58.80 57.31 (26)
Hy 3.99 2.12 1.60 1.28 1.06 (25)
30 Ny 15.95 8.50 6.38 5.11 4.25 (25)
C7H 6 42.33 40.21 38.70 37.06 34.98 (22)
Cl 22 45.49 45.50 42.17 40.72 39.29 (22)
Water 62.72 61.19 60.11 58.80 57.31 (26)
Hy 4.38 2.33 1.78 1.41 1.17 (25)
100 Ny 17.50 9.33 7.02 5.62 4.68 (25)
CyH 6 42.35 40,23 38.72 37.02 35.05 (22)
Clofy; 45.53  43.68  42.32 40.90 39.47 (22)

Note: Hydrogen and nitrogen liquid densities are roughly estimated

130




Density of Gases and Vapors, lb/ft3

Table C.2.
Press. Comp. Temperature, °F Reference
psia
80 150 200 250 300
Air .0735 .0648 .0602 .056 .051 (21)
Water .0016 .0100 .0297 .0352 .033 (26)
H, .000348 .000308 .0042 .0039 ,.0036 (27)
14.7 Ny .071134 .063 .0582 .0544 .0505 (27)
CoH 6 2186 2024 .1862 17 .16 (22)
¢ 22 2405 «2226 2050 .187 176 (22)
Air «225 .19 .165 .140 115 (21)
Water .0016 .01 .0297 071 .068 (26)
Hy .01008 .0231 .0079 .0074 .0068 (27)
C7H 6 .492 .4554 .4189 3825 .360 (22)
Cl 22 .5410 5009 .4609 .4208 .400 (22)
Air .5083 .435 .383 331 279 (21)
Water .0016 .010 .0297 .071 .155 (26)
H, .0347 .0307 .0284 .0264 .0247 (27)
100 Ny .4844 .4280 .3858 .3645 .3431 (27)
CoH 6 1.107 1.025 «9426 .8606 .730 (22)
¢ 22 1.218 1.130 1.037 .9467 .904 (22)
Note: Water is assumed to be saturated




Table C.3. Approximated Correlations for Specific Heat of the

Components
Component Phase Specific Heat, BTU/1b-°F Reference

Air Gas .25 + .00004(T - 50) (18)

Vapor .40 + ,00008(T - 50) (18)
Water

Liquid 1.0 - .0004(T - 50) (18)

Gas 3.5 for 50 T 300°F : (18)
Hydrogen

Liquid 7 for 50 T 300°F (25)

Gas .25 + .00002(T - 50) (18)
Nitrogren

Liquid .25 + .00002(T - 50) (25)

Vapor .248 + .00039(T - 50) (22)
Heptane

Liquid .375 + .00058(T - 50) (22)

Vapor .210 + .00014(T - 50) (22)
Decane

Liquid .400 + .00058(T - 50) (22)

Note: T is in Fahrenheit. Liquids of hydrogen and nitrogen are
roughly estimated
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Table C.4. Approximated Correlations for Thermal Conductivity of

Components in the Liquid Phase

Component Thermal Conductivity, BTU/ft-hr-°F Reference
Water 0.333 + .000252(T - 50) (18)
Hydrogen 3167.2 + 4.0383(T - 80.6) (25)
Nitrogen 448.3 + .65382(T - 80.6) (25)
Heptane 1.39 - .000741(T - 86) (22)
Decane 1.45 - .000556 (T - 86) (22)

Note: Rough estimate for hydrogen and nitrogen values




Table C.5. Approximated Correlations for Viscosities of the Components

Component Phase Viscosity, cp Reference

Air Gas .017 + .000024(T ~ 50) (18)

Vapor .0095 + .000018(T -~ 50) (18)
Water

Liquid 1.27 - .00456(T - 50) (18)

Gas .0085 + .0001042(T - 60) (18)
Hydrogen

Liquid .0010 + .0000004167(T - 60) {25)

Gas .1070 + .000025(T - 60) (18)
Nitrogren

Liquid .0020 + .001042(T - 60) (25)

Vapor .0600 + .001042(T - 60) (22)
Heptane

Liquid Exp(436.73(1/T(°K) - 1/232.53) (22)

Vapor .0500 + .00008333(T - 60) (22)
Decane

Liquid Exp(558.61(1/T(°K) - 1/277.8) (22)

Note: T is in Fahrenheit. Liquids of hydrogen and nitrogen are
roughly estimated



https://1/232.53

Table C.6. Approximated Correlations for Latent Heat

Components Latent Heat, BTU/1lb Reference
Water 910 + .552(T - 80) (26)
H, 1800 + 3.50(T - 80) (29)
N, 237 + .264(T - 80) (29)
CoH 6 162 + .2364(T - 80) (22)
Cy0H22 162 + .1955(T - 80) (22)

Note: T is in Fahrenheit
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APPENDIX D

COMPUTER CODES




Programs FLOW1.FOR and FLOW2.FOR are developed for

the air-water and multicomponent gas-liquid flows, respective-

ly. Some important symbols in these programs are listed

below:
ACROSS
AGD
AGMFR
AGV
AHEAT
AIRR
ALD
ALMFR
ALV
CCFP
CCFT
CPL
DI
DLM
DLIQ
DML
DO
DTP
DVAP

DZ

EXCHM

Cross-Sectional Area of the Tube
Average gas density

Average gas mass flow rate
Average gas viscosity

Heat transfer surface

Air feed rate

Average liquid density

Average liquid mass flow rate
Average liquid viscosity

Pressure convergence criterion
Temperature convergence criterion
Specific heat of the liquid phase
Tube inside diameter

Log mean diameter

Density of the liquid phase

Mass transfer between phase

Tube outside diameter

Two-phase fluid density

Density of the gas phase

Cell length

Mass exchange between phases




N, N-1

NC

PHIL
PLOOP
PI

PO
PRL
PX

P1
REGAS
RELIQ
RL
SLPPD
SPHG

SPHL

TCL

TG

TI

TLM
TLOOP
TO
TPDROP
TW

T1

Number of cell

Number of component

Total pressure of the mixture
Parameter @

Pressure loop code

Inlet stream pressure

Outlet stream pressure

Prandtl number

Parameter X

Inlet stream pressure

Reynold number of the gas phase
Reynold number of the liquid phase
Liquid holdup fraction

Single liquid phase pressure drop
Specific heat of the gas phase
Specific heat of the liquid phase
Temperature

Thermal conductivity of the liquid
Heating medium temperature

Inlet stream temperature

Log mean temperature difference
Temperature loop code

Qutlet stream temperature
Two-phase pressure drop

Tube wall temperature

Inlet stream temperature
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GASDEN
GASFRA
GAVIS
GF
GFRATE
GL

GV
HEAT
HFLUX
HI

HO
KLIQ
KV

KW
LAMDA
LFRATE
LIQDEN
LPDROP
LTHEAT
LVIS
MGI
MGO
MLI
MLO

Density of the gas phase

Gas mass fraction

Viscosity of the gas phase

Gas feed rate

Gas flow rate

Liquid feed rate or superficial liquid
velocity

Superficial gas velocity

Heat added to the system

Heat flux rate

Two-phase heat transfer coefficient

Outside film heat transfer coefficient

Thermal conductivity of the liquid phase

K-values

Thermal conductivity of the tube wall

Heat of vaporization

Flow rate of the liquid phase

Density of the liquid phase

Single liquid phase pressure drop

Latent heat

Viscosity of the liquid phase

Inlet gas flow rate

Outlet gas flow rate

Inlet liquid flow rate

Outlet liquid flow rate




UG Gas phase velocity
UI Overall heat transfer coefficient,

tube inside diameter basis

UL Liquid phase velocity

UTP Two-phase fluid velocity

VTP Two-phase fluid viscosity

WATERR Water feed rate

XP Molar fraction in the liquid phase
XW Tube wall thickness

XX Mass fraction in the liquid phase
YP Molar fraction in the gas phase

YY Mass fraction in the gas phase

D.1 Computer Code for the Air-Water System

Program FLOW1.FOR is developed for the air-water
flow. Run No.2 of air-water in Table 2.5 is used for
illustration of the application of FLOW1.FOR. Interpretation
are provided along the program structure. In this program
the Johnson-Abou Sabe correlations for liquid holdup and
pressure drop are used, and the calculation model is to match

the outlet stream temperature without modification of the

two-phase heat transfer coefficient given by Davis and David.




00010 ek etk bR b kI LNt o 6 2PROGRAN FLOW] FORZX&$ 2045242442550 XX ELBAEX
€ccec * *
€J030 * *
Cou40 * INTRODUCTICN *
C0G50 * *
0060 * THIS PRCGRAM IS DEVELOPED FCR USE IN THE DESICN UF *
00070 * THE TUBULAR HEATER FOR A& TwC-~PHASE, AlR-WATER FLOW. BRIEFLY, #
yuuso * GIVEN THE FLOW RATES OF THE INLET STREAMS AND THE HEATING 4
€0090 * MEDIUM TEMPERATURE , HCW LCNG MUST THE TUBE BE IN GRDER TU *
gol100 * RAISE THE OUTLET STREAMS TC A DESIRED TEMPERATURE. 4
Gol1lg * ®
00L2C VXX A REE ARV A XK EEMAIN PROGRAMEEXE XX XS A E AKX LR A SR EEXREX LY
co12¢ * ‘ *
Cul40 * THE MAIN PRGGRAM CONSISIS OF TWC ITERATING LOCPS , THE *
Col5¢C * INNER LCOP ANC THE CUTER LOCP, TC DETERMINE PRESSURE AND ®
ColeC * TEMPERATURE GF THE CUTLET STREAV. *
GoL 70 % THE CALCULATIUGN OF PRESSURE DRGP IS BASED CK LGCKHART =
00180 * AND MARTINELLI METHOD AND THE TEMPERATURE IS DETERMINED BASED®
colsg ® CN DAVIS ANU DAVID CORRELATIONS AND CCANSERVATICN PRINCIFAL *
00200 * CF ENERCY. *
cu21cC * *
00220 EXRBIXERRLEARRRN R R ERRBRAASRRRB T XS BA SR AR AR LR R EXZEXARREEBREE XX KRR XX T XA AL
ov22¢C *

Cu240 hd

C0250 KEAL MFRLLyMFRL2yMFRVL MFRV2oLATENT yKinyMYAL MYA24MYh1 oMY 2,
oveec ¥ LPDL,LPL2,LPD3,LyKLIQ,LAMDAL,LANDAZ,LTH

Cu2170 C-——==—=SPECIFIED INLET STREAM AND OPERATING CONDITIONS

00280 (-—===———HEATING MEDIUM TEMPERATLRE, OUTSIDE FILM HEAT TRANSFER

00299 (==-——=CCEFFICIENT, THERMAL CUNDUCTIVITY OF TUBE WALL, AND TUBE

Co0300 (=== OUTSIDE AND INSIDE CIAMETERS

00310 DATA TG4HC ) KnysDC,DI1/208.09200041964.+.08333,.07250/

€u320 C—---———FEED RATES CF AJR € WATER AND INLET TEMP. & PRESSURE

C0330 DATA AIRR,WATERR,T1,P1/2C1410C,0975.+65.0,3C.00C/

Cu 340 C-—-———-=CELL LENGTIH AND NUMBER CF CELLS

00350 LATA DZ.N/1.57,1C/

00360 C-—————=PRINT OLT THE SPECIFIED INFORFATIUON GIVEN ABOVE

IVER IV AlRKn = AJRR/(06C.%.UT4965)

€03480 WRITEL2142) )

00350 2 FURMAT(2X "o tntseessxx INLET CCADITIONS#s2ssxs00k23%x?)

€04LC WRITE(2194) WATERR

0u410 4 FORMAT(//42Xy *WATER FEELC RATE = *,F9.2,' LBS/HR')

Cao42¢C WRITE(2146) AIRR,AIRRn

Cu41C 6 FCRMAT(2X,*AIR FEED RATE= *yF9.2+" LBS/HRy | UR '"4FB.2,

CO44C # ' S.C.FeValY)

C0450 WRITE(21,8) T1

00460 8 FORMAT(2Xo* INLET STREAM TEMPERATURE = '4F9.2," (F)*)

C0417C RRITE(21,10) Pl

00480 10 FORMAT(2X,*INLET STREAM PRESSURE = *yF9.2,* (P51A}*)

(C4S0 WRITE(21,12) 16

gusSuu 12 FCRMAT(2X,*JALKET STEAM TEMPERTURE = ',F9.2,' (F)")

C0510 WRITE(21,14) FO

cos52¢0 14 FURMAT(2X,*CUTSIDL FILM HEAT TRANSFER COEFFICIENT = *,

00530 # FlU.2,' (BTU/SCFTI-HR-F)')

€0540 WRITE(22,20)

€0550 wRITE(21,20)

Cu5460 WRITE(22,20)

00570 20 FORMAT(// 42Xy " #ss2ess2s(ALCULATED RESULTS#*#s%244x31)

0058C WRITE(22,21)

€0590 21 FURMATLLIX*CELL # TH FLCW MCDEL *)

Co0600 WRITE(21425)
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go6l0
Cue62c
Cgo63¢C
C064C
€0650
0066C
Goe1cC
C068C
€0690
co700
vorl1o0
00720
00730
0C1740
00750
00760
Qo710
00780
Cu1sC
c0800
gudlo
C0820
00830
0084V
C0435C
00860
gcaio
C086C
00850
ccsco
0C3910
€0920
00930
€6940
C095C
te9ed
C09%1¢C
0vs80
c099¢C
010¢0
olulc
01620
01030
01040
closo
CioecC
c1070
[pRVE-IV
Clesc
clico
clilo
Cll120
01130
01140
cL150
ol16C
cl1170
cL18C
0119¢
Cc12€0

25 FCRMAT(// 41X "CELL ¥ MLI MG I MLO MGO Tl
¥ Pl 10 PO RL HI Ul LATENT
[] C/7a%)
WRITE{21,27)
27 FORMAT(2X,! LB/HR LB/HR LB/HR LB/HR F PS1A
] F PSIA BTU/SQF 1-HK-F BTU/SQF T-HR-F BTU/HR
¥ BTUL/SQFT*)
WRITE(22,28)
28 FCRMAT(2Xs*CELL # DML otP vip uL uG
# utp TLM ALD AGD ALYV AGV*)
(—=——- CHANGE UNLT (TEMP. IN KELVIN AND PRESSURE IN ATM.}
TK1 = ({T1-32.)/1.8)+273.0
PAl = Pl/14.7
STW = (G
SRLC = 0.0
C——mm- START THE CALCULATICN FROM CELL #1 TO CELL #N
CC 6C0O0 K = 14N
R FIKST CSTIMATE FUR CUTLET STREAM TEMPERATURE AND PRESSURE
Co=omm- GF CELL #K
1K2 = 1Kl
Pa2 = PAl
C———==——=—START THE TEMPERATURE ITERATING LOOP (OUTER LUOP)
K2 =1
C---—==-START THFE PRESSURE ITERATING LCCP (INNER LCGOP!
29 Kl =1
Creem——- FEED RATES I[N LB/SEC
ARATE = AIRR/36C0.0
WRATE = WATERR/3600.0
C——=——=USE SUBFRCGRAM RATES TGO DETERMINE THE CUMPOSITICNS AND FLOW
C—mmmm RATES IM CELL #K
30 CALL RATES(TK14TK2,PAL4PA2, WRATE,ARATE ¢MFRLLyMFRL2¢MFRVLMFRV?,
B MYAL,MYA2 ,MYWLl MYN2,hV]1 hV2)
(=== -
C--=~=—=—AMCUNT CF EVAFORATED LIQUID IN CELL #K
cML = 3600.*%(MFRL1-MFRL2)
C-——-——<-AVERAGE FLGW RATES CF THE STREAMS IN CELL #K, LB/SEL
ALMFR = (MFRLL+MFRL2)/2.
AGMFR = {MFRVL+MFRV2}/2.
C——-——=USE SUBPROGRAM PHYSIC TO DETERMINE THE PHYSICAL PROPERTIES OF
C(-——==-=~THE STREANMS
CALL PHYSIC(TKL gTK2y)PAL,PA2 MYAL,MYA2,MYNLl,MYN2,AGD+ALDASVE,
# ALVEXLIUsCPAL,CPA2,CPHLyCPW2yCPWVLCPHV21hVLlshV2)
C -
C-——---=--AVERAGE LIQUID SPECIFIC HEAT {BTU/LB-F)
cPL = 0.5%(CPhL+CPNW2)
C—m=m- REYNCLD NUBER OF THE GAS AND LIQUID PHASES
REGAS = 4,0%AGMFR/(3.1415927+01%AGVE)
RELIQ = 4.C*ALMFR/(3.1415927#DI*ALVE)
[ FINO THE FLCw MECHANISMS CF THE SYSTEM
IF(REGAS-2000.0) 32,432,33
32 IF(RELIG-20C0.0) 34434435
33 1F(RELIC-2000.0) 36,326,437
C———=—- FIND THE LOCKHART-MARTINMELLI PARAMETER X CORRESPONLING TO THE
(-—=====FLOW MECHANISMS
34 MECHAN =1
Pxl = (ALMFR/AGMFR)*(AGD/ALD)
PXx2 = ALVE/AGVE
PX = (PXL#PX2)*%0.5
C—————=PARAMETER "PHI" OF THE LIQUIC PFASE
PHIL = (1.,0¢5.,0/PX+1.0/(PX*¥%2,0))*¢.5
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clL210 CCNSTN = 1.0

Cl220 GU 10 3%

C123¢ 35 MECHAN = 2

Cl240 Pxl = LU02E75*(RELIC*#0.8)*(AGC/ALD)

c12s pPx2 = (ALMFR/AGMFR)*(ALVF/AGVE)

Cl26¢ PX = (PXx1*PX2)**0.5

oL2170 C-==o—- PARAMETER "PHI"™ OUF THE LIQUID PHASE

cl1280 PRIL = (1.C*1C.C/PX+1.C/(PXx*%2,0))#**.5

01250 . CCNSTN = 0.2

013c¢e GC 10 3§

ci131c¢ 36 MECEAN =3

01320 PXL = 347.8206087¢(REGAS**-C.8)*{AGD/ALD)
Cl1320 PXx2 = (ALMFR/AGMFR)*(ALVE/AGVE)

01346 EX = (PX1#PX2)8%0,5

C135¢C C-—=-==—-=PARAMETER "PHI*" Of THE LIQUIC PFASE

Cl3e0 PHIL = (1U®12.C/PX+1.C/(PX*%2,) ) %% .5

oL3170 CONSIN = 1.0

ol3aec GC Tu 3§

Cl39¢C 37 MECHAN x 4

cl4ce Pxl = ((ALMFR/AGMFR}**1.8)*{AGD/ALD)

Cl4l0 PXx2 = (ALVE/AGVEC)**C.2

Cl420 PX = (PX1*PX2)%%*0.5

0143¢C C-==~-=-PARAMCTER "PHI"™ CF THE LIQUID PHASE

Ql440 Com—mm—— CORKECT ION FACTCR UF JOHNSCN ANC ABCU-SACE

GlL45Q AUf = 1.25-.0C25¢PX

01460 FJA = le2-.002¢PX

Cls1Q PHIL = ((le#{20./PX)¢[1./7(PX%*%2.)) )% .5)%AJF
Cl480 CCNSTN = 0.2

01490 (== LOCKHART*S AND MARTINELLI CORRELATION FOR LIQUID HOLDUP
al1scc (e FRACTION

Cl151¢ 3y RLC = (PX/U(PX%%2,)¢20.3PX41.)%*,5)}/FJA
01520 (-==-—=L0CKHAR1 AND MARTINELLI CCRRELATICNS FOR TWO-PHASE PRESSURE
Cl530 (======<DRCP

Cl540 LPD1L = 0.052%{(4.0/3.1415527)%*(2.0-CCNSTN))
01550 LPD2 = (ALVES®*CCNSTN)I#(ALMFRe*x{2,0-CONSTN))
Cl56C LPD3 = (DI*#(5,0-CONSTN))*aLD*32,.174

Cls10 Cre=e- SINGLE LIQUID PHASE PRESSURE DROP PER UNIT LENGTH OF THE TUBE,
c158¢C Crmmmom- PSI/FT

c15s0 SLPPD = (LPDL*LPD2)/(LPD3I*144.0)

C16C0O C-————-TWU-PHASE PRESSLREt CROP IN CELL #K, PSI

ClelC TPORCP = (PHIL®*2,0)*SLPPD*C.

gle2c C-======CALLULATED CUTLET STREAM PRESSURE, ATN

Cle3C P2N = PAL-(TPDROP/14.7)

0l64cC == ERRUR UF PRESSURE ESTIMATICN

Clo5¢C CCFP = ABSIP2N-PA2)/PA2

Cl166C R PRESSURE CUNVERCENCE CRITERICN

cle1c IF{CLFP.LE.0.002) GC TO 40

0lodcC Commmem— NEW ESTIMATE FUR QUILET STREAM PRESSURE

(1650 PA2 = (PA2+P2N)/2.0

ulLrcce Kl = Kl+¢]

c1710 IF{K1.EC.10Q0) GC TO 625

Gl/720 Cm===—== RETURN FCR ANCTHER PRESSURE ITERATING LOGP

Cl172¢ GG Tu 3C

01740 C-====~-USE SUBPROGRAM LATENT TO FIND LATENT REAT OF THE STREAMS
0175¢ 4y CALL LATENTUTKL ¢TK2,PAL4PA2,LAMDAL,LAMDA2)

Cl7¢0 C—- ——— ——

c1i1cC C-—~=—==AVERAGE LATENT FHEAT

017890 LIH = (5% (LAMDAL+LAMDA2)*DML

ot79¢C C—=-=—-AVERAGE GAS MASS FRACTION IN CELL #K

glscCcC GASFRA = AGMFR/(AGMFR+ALMFR)




g1810 C=--=-——=CROSS-SECTIONAL AREA OF THE TUBE, SCFT

c1820 ACRCSS = ({(01/2.0)%%2,0)%3,1415927

0183¢ C-——-———=SUPERFICIAL VELCCITIES CF THE STREAMS, FT/SEC

01840 Gv = AGMFR/UACROSS#*#AGD)

olaso GL = ALNFR/(ACRGSS#*ALD)

cleeo e SUBPROGRAM FMCDEL TO DETERMINE THE FLCW MOUEL IN THE CELL
c1810 CALL FMCDEL(GVyCGLyTYPE)

G1880 C-—- -
CL1890 (o= VELCCITY GF THE STREAMS, FT/SEC

clsce LG = GV/{(1.0-RLC)

gi910 UL = GL/RLC

0132C C-——-———AVERAGE TWO-PHASE STREAM VELOCITY, FT/SEC

01930 ute = 1.C/((GASFRA/UG)+{(1.0-GASFRA)I/UL])

0194C C~—==——=AVERAGE TWC-PHASE STREAM DENSITY, LB/CUFT

01350 oyp = 1.0/((GASFRA/AGD)+{(1.0-GASFRA)/ALV))

Cl9¢0 C—=-—- AVERAGE TWC-PHASE STREAM VISCCSITY, LB/FT-SEC

gL131¢ AVIP = 14C/{{GASFRA/AGVE)+({1.0-GASFRA)/ALVE)})
01580 IF{TYPE.ECQ.1.0) GO YO 100

gr9s¢ (-=———--TLO-PHASE HEAT TRANSFER COEFFICIENT GIVEN BY DAVIS-DAVIC
020G0 (—---—-=—CCRRELATICON

czolc === FCR A SEPARATED FLCw MUDEL

02020 Hh11 = 0.,06%(KLIG/DI)*((ALD/AGD)**0.28)

02030 HH12 = (DI®*GASFRASUTPSCTP/ALVE)**0.87

Cc2C40 PRL1 = (CPL*ALVE*3600./KLIQ)*%0.4

02050 C---———TWO-PHASE HEAT TRANSFER CCEFFICIENT, HI, BIL/SQFT—HR-F
020V¢€C HI = hHL1#HHL2*PRL]

0201¢ GC 10 2€0

C208¢0 C---—=-—FCR A MCMOGENECUS FLCWw MOCEL

02090 1.0 FH21 = (KLIC/DI)*0.C33

C21C0 HH22 = (DI*LTP*DTP/AVIP)**0.87

02110 PRL2 = {CPL*ALVE#3600.0/KLIC)**0.4

c212C C—-———ThC—-PHASE HEAT ITRANSFER COEFFICIENT, Hy BTU/SQFT-HR-F
02130 HI = Fh21%HH22*#PRL2

02140 L(—-=-——-HEAT FLLX AREA CF CELL #K

c2150 2C0 AHCAT = CI*DZ*3.1415527

c21¢écC (o= TEMPERATURE IN FAREINHEITY

021170 el = ((IK1-273.)#%#1.8)+32.C

c2180 182 = {{TKz-273.)%1.8)+32.0

c2190 IF(K2.ECs 1} GCTC 250

c22cce (mm———- LCG MEAM TEMPERATURE DIFFERENCE, F

02210 IF{TB1.EQ.TC) GC TO 300

c22290 TLM = (1@2-1BLl}/(ALQCC(TG-TBL)/{TG-TB2))}

02230 GG 10 3C0

02240 C———=——=FIRST ESTIMATIGN OF LOG MEAN TEMPERATURE DIFFERENCE, F
C225Q 250 M = 1G-T81

C22¢¢ (—--——=LLG MCAN DIANEIER, FT

02270 3¢0 DLM = (DC-DL)/(ALGG(DO/DI))

2280 (o= TUBE WALL THICKNESS, FT

€2250 Xn = (DC-CI})/2.0

0230C (——=-———=GVERALL HEAT TRANSFER COEFFICIENY, TUBE INSIDE DIAMETER BASIS.
02310 Commm—= BIU/SQF T-HR-F

021320 LIt = (1.0/HI1)+(DI1/(DC*HC))

02330 ul2 = (DI/OLM)S({XW/Kh)

2340 ui = leo/(LIN¢UL2)

023=0 L= TCTAL HEAT ADDEC TO CELL #K, BTU/HR

€2360 HEAT = UI*AFEATHTLM

02370 C~-=-=——=HEAT FLUX RATE TO CELL WK, BTU/SQFT-HR

C238¢ FFLUX = FEAT/AHEAT

02399 (=—==—==0ULTLET STREAM TEMPERATURE CALCULATICN BASED ON ENTHALPY

024C0 (o= UIFFERENCE CF INLET AND CUTLET STREAMS AND TOTAL HEAT ADODED




02410
c242C
02430
02440
02450
024¢€0
C241¢C
C24480
C2490
c25cCa
025190
€2520
€253¢0
€2540
c2scu
02560
€251
C2580
€25%0
c26CC
G201C
0262C
€2612¢
£264C
02650
C206C
G2610
C268¢C
C265C
€21700
c21!1¢
g212¢
02730
02740
c215¢C
C27¢C
c2770
02178¢
0279C
c28CC
02410
028240
02420
C24840
0285¢C
02360
ca28lc¢
c2880
C289¢C
C29Gy
c291¢
c292¢C
€2930
C294Q
C295¢C
C2960C
€2970
c2980

2990
G¢3¢Co

Co~—====TC CELL #K
4c0 12N = 7181
469 FF1 = REAT-LTh={0.5%(CPAL+CPA2)*ARATE®3600.%(T12N-TB1))
FF2 = 5% {CPRI+CPH2)*{T2N-TBL) #3000 *{.5%(WV1+nWV2)+ALMFR)
CTF1 = S50{CPAL+CPA2)*ARATE®*360C,
DFF2 = JS5%{CPHLICPH2)*3600.#(.5%(WV1+nV2)+ALMFR)
CFF = -0FFL-DFF2
12NG = 12N
(======<-CALCULATED CUTLET STREAM TEMPERATURE, F
12N = T2N=((FFL1-FF2)/CFF)
LFC(ABS{T2N-T2NC)/T2NC)«LE.C.COCL) GO TO 470
GL 10 4¢0
C=—=====tRRUOR UF TEMPCRATURE CSTIMATICN
410 CCFT = ABS(T2N-TB2) /782
(e TEMPERATURE CUNVERGENCC CRITERICN
IFICCFT.LE.C.Q03) GO 10 500
(-==—====NCw ESTIMATE FOR QUTLET STREAM TEMPERATURE, F
182 = (T2N+TB2)/2.0
415 TK2 = (1IB2-32.0)1/1.8)+273.0
K2 = K2+1
IF(K2.GE.20C) GC TO 650
[ RETURN FOR ANCTKFER TEMPERATURE ITERATING LOOP
GC TQ 2s
(e RESULTS PRINIED LUT
5C0 PSIAL = PAL® 4.7
PSIA2 = PA2¢14.7
11 = AVIP*3600.
122 = LUG*3600.
133 = LL#*3600.
144 = LIP*3600.
155 = ALVE#36C0.
260 = AGVE*3000.
FCHL = MFRL1%*3600.
FCF2 = MFRL2%3600.
FCal = MFRVI1#*3600.
FOA2 = MFRV2%*36C0.
TrA = Co5*%(18Ll¢rB2)
C-==~=——TUBE WALL TEMPERATURE
Tw = TFA#{TG-TFA)*L(L./F1)/(L/HIYH((DI/DOI*(2./7HOY)))

IF{TYPE.EU.Z2.C) GG TG 515
WRITE(2Z+510) KyTm

510 FORMAT{2X 9 1342X4FB8.3¢3X, *HUMOGENEQUS FLCW MCDEL®)
GC TU 525
515 WRITE(22,517) K, T
517 FORMAT(2Xy 1392X ¢+ Ba3,3X, ' SEPARATLD FFLGW MOUDELY)
525 WRITE(21+4530) KyFOF14FOALWFOF2,FCA2,T78B1,PSTAL,TR2,PSTA2,
# RLCWHIZUI LTEHFLUX
530 FORMAT(2Xy1344FE.294FB.292X9F5.443F12.244X4F12.2)
WRITE(23954C) KoDMLDTP92114222423392449TLMyAGDALD 22554266
540 FORMAT(2X 9 1393XyFTe492FT74493F10.2yF8.2¢4FT.4)
5¢0 TK1 = TK2
PaAlL = PA2
Sk = SThtlh
SKRLC = SRLC+RLC
64J0 CCNTINUE
GC TO 655
C———— ERRCR MESSAGE
625 WRITE(21402Q)
620 FCHRMAT(2X,'TCC MANY PRESSURE LOCPS tfrrtrstetteeeryee)
GC 10 655
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c3o010
Q3020
03030
C304C
03059
C306C
c3uic
039080
c3gscC
Gilce
g3t1¢
g3l120
0313¢C
03140
031s5¢C
03160
031170
c3160
03199
032¢0
03210
€322¢C
c322¢
03240
3250
3260
€3210
C328C
03290
U3300
0331¢
03320
03330
C134C
C3350
0336C
03370
c338¢cC
€339C
€34C0
63410
C342C
C3430
03440
Cl450
034¢0
C341¢
C3480
G3450
c35C0
¢is10
€c3520
€353¢
03540
€3550
C3560
c3is510
0356¢C
€3590

650 WRITE(21,651)

651 FURMAT(2X,*TOC MANY TEMPERATURE LOOPS fiitrgrerrrestt)
€55 RLC = SRLC/N
Th = STh/N
WRITE(23,700) RLL
100 FURMATU(// 22X YAVERAGE LIQUID FCLCUP IN THE TUBE = *,F9.5}
WRITE(22,75G) Tw
750 FGRMAT(//42X%y *AVERAGE TUBE WALL TEMPERATURE = *,FB8.24"' (F}')
s10P
(=—=————END CF THE MAIN PROGRAM
END
C
C
X0 RR B ERsx R ESUBPROGRAM RATES* 32 &4 2205222225 o A& bR EERELRE
* . *
* IN THIS SUBPRUGRAM FLCW RATES GF GAS AND LIQUID PHASES ¢
* AT THE ENDS CF THE CELL ARE DETERMINED BY FLASH CALCULATICONS. *
® THE APPLICATICN UF THIS CALCULATIUN REQUIRES THE DATA OF *
* K-VALUES GF THE CUMPONENTS AS INDEPENDENT VARIABLES OF THE *
* CCMPOSITIONS. *
* L 4
LR EAREEEARRRERBEXRRRSERLERRXRE KR ERRRKEXREEBEREASEB AR SRR EIRAXA XX EET R
C
C

SUBRCUTINE RATESITKL,TK24PALl,PA2,WRATE,ARATE MFRL1,sMFRL2,
# MFRVI,MFRV2,MYAL MYA2,MYW1,MYh24hV]lshV2)
REAL MFRLLoMFRLZyMFRVL,MFRV2,NMyLRLyLR2yMYAL MYAZ ,MYRL ,MYN2
(—--——-USt SUBPRCGRAM KVALUE TC CALCULATE CCMPCSIUNS IN THE STREAMS
CALL KVALUE(TKL,TK2,TAUL,TAU2)

c-——--——————————_-———— ———————————————
C-==-=—=—=MCLE FRACTICNS CF THE GAS STRCAMS AT INLET AND OUTLET OF CELL #K
Ylh = (217.6/PAL)*(EXP(TAUL))
Y2HW = (217.6/PA2)%(EXP(TAUZ2))
Y1A = leC~Ylh
Y2A = 1l.0-Y2h
(== TCTAL NUMBER CF MCLES IN THE FEED
NM = (WRATE/18.0)¢(ARATE/28.96)
(-—-———=TOUFAL NUMBER LF MCLE IN THE GAS PHASE AT INLET AND CUTLET
VR1 = (ARATE/28.9¢)/Y1A
VR2 = (ARATE/2B8.56)/Y2A
(-——-—--—TCTAL NUMBER GF MOLE IN THE LIQUID PHASE AT INLET AND OQUITLET
LRrR1 = NV-VR]
LR2 = NM-VRZ2
C-=mm MASS FLCW RATES CF THE STREAMS AT INLET AND UUTLET, LB/SEC
MFRVI] = YIh*[8.%VRL+YLA#28.96*VR]
MFRV2 = Y2n*1B8.%VR2+Y2A*28,.G€%VR2
MFRLL = LR1*18.0
MERL2 = LR2#18.0
C-—-—-—<—hATER VAPCR AT - INLET AND GUTLET, LB/SEC
Kvl = Ylh#]18.%VR1
nv2 = Y2w¥18,.%VR2
-~ MASS FRACTICN IN THE STREAPS AT INLET ANC QUTLET
MYAL = YLA%28.96%VRL/MFRV]
MYA2 = Y2A*28,.96*VR2/MFRY2
MYwl = 1.C-MYAL
MYw2 = 1.0-MYA2
Lemmm RETURN TO THE MAIN PROGRAM
RETURN
END
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C3e610
03620 964 osh 228229228 SUBPROGRAM KVALUER SRR 2X XX ¢ A44SR E 442022 KES

C3063¢C * *
0364¢C * THIS IS A DATA SUBPROGRAM, INTERPCLATICN IS APPLIED TO*
03650 * DETERMINE K-VALUES OF THE CCMPONENTS AT APPROXIMATE TEMPERATURE=*
c36¢el * AND PKESSURE %
C361¢ * *
03680 S REESE "".“‘.‘*“"*."“.““‘“"*"’“‘.“““"*‘*“"““‘*‘**#“
C3escC C

c37ccC C

0371¢ SUBRUUT INE KVALUEITK]L,TK2,TAUL,TAU2Z)

c3720 C

G373¢C C

C3740 C————=FRAZIER'S AND CHANG'S CORRELATICNS TG FIND COMPOSITIGON IN

0375¢C [ AN AIR-WATER SYSTEM

c376C (=== NGRMALIZED CRITICAL TEMPERATURE

037170 PC = (374.34272.)/71100.4273.)

0378¢C [ NCRMALIZED TEMPERATURE CF INLET AND GQUTLET STREAMS

037490 PSSl = TK1/(100.4273.)

c3euc PS2 = TK2/1{100.4273.)

¢3iglc (== FUNCTIUN TAL

0382C TAUA = =7.4691%({PC/PS1)-1.)/(1.4+.81642%(PC-PSL]))

0383C JAuUB = 1eto6T508%(PC-PSL)+.18T746%{(PC-PSL)*%*].)

03840 TAUC = =7.46912((PC/PS2)-1.)/11.4.81642%(PC-P52))

033¢C TAUD = 1e4e€ET50B%(PC-PS2) +.18746%((PL-PS2)%23,)

¢i86C TAU1 = JAULA*TAUB

c387¢C TAU2 = TAULC*TAUD

03880 [ RETURN TO SUBPRCGRAM RATE

€38sc RETURN

03960 END

C39lcC C

€3920 ("

03930 $AXXEAR SRR EE 0028 22X SUBPROGRAM PHYSlc*““‘.‘.““.‘.""‘"““#’*
03940 * %
03954 * THIS SURPROGRAM 1S USED TO FIND THE PHYSICAL CUNSTANTS *
3960 * OF THE CCMPCNENTS AT APPROXIMATE TEMPERATURE AND PRESSURE %
C3sic * *
03980 ‘*“““‘t*"*‘“.‘““‘.“'."‘..‘.“"“.“‘*..#*““‘t##“““‘*“‘#‘
C355¢C C

€4COC C

Q4u1L0 SUBROUUT INE PHYSIC(IKI.TKZ.PAI.PAZ.HYA[-MYAZ.MYHI'MYHZ.AGD.ALD,
04020 # AGVE:ALVE'KLICoCPAl'CPAZrCPkllCPHZvCPth'CPhVZ)

C403C c

04040 C

04050 REAL NMhl,N”HZ'PFRVlyMFRVZ.HFRLl'SVVN(76)vSVLH(76’oTP(?é,t

04U6C # LANUAZ'PFRLZ.HYﬁly"YAZpMthtHYhZvLRchRZ'KLlleKLlQZlKLle

040170 ¥ IK(ll)g‘LC(ll"SH(5'9,1AP(5)05T(9)pDENS(Svg,'TCL(ll,'APSHl(9)'
C40EQ 4 APSH2(Y),APCENL(9)APDEN2(S)

04090 C-—————PRESSURE RANGE FOR DENSITY AND SPECIFIC KLEAT OF AIR, ATM

04lcCO CATA AP/les2e93005001./

g4llc C=~-———-T1EMPERATURE RANCE FOR DENS.ESPECIFIC HEAT OF AIRy K

04120 DATA A'/ZGU-'ch.p30°o'32001340-'360o9380-.400-,450-/

g413C C-——————CATA FUR AIR SPECIFIC HEAT, BIU/LD-F

04140 DATA SH/29.ll129.17929.22.29.34.29.45.29.12'29-17'?9.72'29.32'
C4150 [ 29-42.29.13'29.18'29.22p29a31'29.40'29-16129020’29.24'29.321
C4alé€C L} 29.40129019029.22029-26129-33’29.40'29.22129.25'29o28'29-34'
C4l70 [} 29.41'25.25129.28'29.31729.36'29-42p2§.28'29.31'29.34129.38'
C4180 [ 29-43'29-36129.38129-39129.43129.47/

U4l19cC C—-~~—=DATA FUF AIR CENSITY, LB/CUFT

042060 DATA DEAS/22965..11477..7648..4584..3271..23788..11889..7923.,
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04210
04220
0423C
C4240
C425¢C
042¢€0
04210
C42EC
C4290
€4 3C0
C431C
C4320
C4330
04 340
04350
C4360
C437C
C4380
C429C
C4400
04410
C4420
Q4420
C4440
04450
04460
C447¢0
04480
C44S0
04500
GaslcC
C452C
0453C
€4540
04550
C4560
V45176
C458¢C
C4590
Q46CL
C4610
0462C
0463C
Q4640
0465C
0406¢6C
C461C
04068C
046SC
0417GC
0471C
041720
04730
Ce 740
041750
Cal6C
047170
04780
04790
04800

# 4750093291.924610.+12302.48195.94916.93410.+26255.413126.,

# B8749.952648493748.427900.513949.99297.+5580.93986.9255434,

¥ 14773.,6849.,5911.94223,,31187.415596.¢10398.46241.94459.,

# 32830e916418491C947496571094655.936937.,18474.412316.+7396.,

# S528€./
C-----——-=DATA FOR WATER VAPGR DENSITY, LEB/LUFT

DATA SVVW/1207.691129.24105€459589611920.5+1868.40814.3,

¥ 76401471 7049673.99633.3,595.595€043952725+456484468.14941.3,

# 416439392.99370.9+435044¢331.1,313.1+256.18,280.3,2€5.39,

# 251e3892384229225.85¢241.219203.364192.95,183.244174.09,

# 165.47y157.33,149.669142.41,135.574125.11,123.004117.22,

# 111.76,10645941C1.70,97.07492.68,88.52,84.57480.83,77.29,73.92,

B 106720671468964.80962.06155.45956.97954.61952036950.22+4E.189,

¥ 4642645,46.90942.638940.957439¢354,37.824+36.304,34.97,33.639,

¥ 32.395931.15193C.015,28.878,27.839/
Commmee DATA FCR WATER CENSITY, LB/CUFT
CATA SVLW/.Cl&033,.0160364.016039,.016043,.016046,.016050,
«016054,.016058,.016063,.0L6067,.0160724.016077,.016082,
«C16087,.C16C93,.016C99,.0161C54.016111,4.016117,.016123,
«0161309401613744016144,.016151,.016158,.0161654.016173,
eCl61B044016188,.0161964+0162C44.016213,.01€6221,.016229,
«0162384.0162479.0162564.016265,.C162744.01€284,.016253,
«(16303,.016313,.016322,.016332,.016343,.016353,.01¢€3¢3,
eU16374,.0163849.016395,.0164C6,.016417,.016428,.016440,
016451 900164634.016474,.016486,.016498,.016510+.0106522,
e0165344.01€65474.016559,.016572,.0165854.01€598,.016611,
«016624,.016637,.016651,.016664,.016678,.016691,.016705/
(=== TEMPERATURE RANGE FOR WATER THERMAL CONDUCTIVITY DATA, K

DAYA TK/288.56+4294411¢299.679305.22,310.78,321.89,333.00,
# 344.11,355.22,366.232,3717.44/

TR TERRIT®

C———-——-ThERMAL CCNCUCTIVITY DATA FOR WATER, BTU/FT-HR-F
DATA TCL/e3493464.3521.3584.362¢.37194378,.384,.3889.39524.394/
(--—=—=-TEMPERATURE RANGE FCR WATEK VAPCK AND WATER DENSITY DATA
TPLL) = 60.0
DC 10 I = 1475
TP(l+1) = TP(1)+2.0
10 CCNTINUE
CC 20 1 = 1,176
1P(1) = ((TP(1)=-32.0)/1.8}+¢273.0
30 CCNTINUE
(-==—-==-INTERPOLATICN PROCESSES

CC 60 1 = 14176
IFLTPII)-TKL) 60460450

SC TPTIE = (1P(D)-TPLI-1})/LTPLT)-TKL])
SviLwl = SVLw{L)=(SVLW{I)=-SVLalI=-1))/TPTIE
SVVinl = SVVH(I)=(SVVA(I)-Svvn(I-1))/TPTIE
GL 1C 7€

1Y) CUNTINUE

70 CC 90 1 = 1,176

IF(IP(1)-TK2) 9C,490,80

8¢ TPTIE = (TPLI)-TFLI-1)}/UTP(L1)=-TK2)
SVL w2 = SVLW(I)=(SvLw(I)-SVLmlI-1})/TPTIE
SvVh2 = SYVWII)=(SVVWII)-Svva(I-1))/TPTIE
GL TC 1C0O

50 CONTINUE

100 0O 105 1 = 145

It (AP(I)-PAL) 1C541C5,455

S5 PITIE = [(AP{1)-AP(I-1))/1AP(I)-PAL)
CL 98 J = 1,45
APSHL{J) = SHII4J)=(SH{I1,J)-SH{I-1,J}}/PLTIE




04810
0482¢C
C4830
C4840
4850
C48¢60
04870
G4880
04890
€45CC
04910
G492¢C
04530
C4940
04950
C4960
C491C
€4980
C4596C
050GC
05010
05020
0503C
C5040
G5050
050¢C
0501C
05080
05090
05100
0511¢
05120
c513¢
0514C
C515¢
0516C
Q51170
051¢€0
05190
052¢C
0521¢
05220
05230
05240
05250
052640
052170
c528¢
€5290
053C0
L5310
052z¢C
C533C
€534C
C5350
C5360
05370
05380
€5360
€54C0

APDENL(J)= DENSI{I,J)-(DENS{I,J)-DENS(I-1,J))}/PLTIE
SE CCNVINUE

Co 10 110

1¢5 CUNTINUE

110 0O 260 I = 1,5
IFLAT(I)-TKL) 2G0,200,120

120 TITIE = (ATUL)=-ATUI-1))/(ATLI)-TKL)
CCAIRL = APSHI{I)=(APSHl(I}-APSHLI{I-1))/TITIE
DCAIRL = APUENL(I)-(APOENL(I)-APDENLII-1))/TLITIE
GG TG 210

2C0 CCNTINUE

210 CU 300 I = 1,8

IF{AP{1)-PA2) 3CC,30C,220

220 P2TIt = (AF(I)-AP(I-1))/1AP(]1)-PA2])
CC 230 J = 1,5
APSH2(J) = SHIL4J)=(SHUL+J)-SHUI-14J))/P2TIE

APDENZ2(J)= CENS{IyJ)-(DENSII,J)-DENS(I-14J})/P2TIE
230 CCATINUE )

GC 71O 310
300 CCONTINUE
Covmmrm RETURN TO0 THE MAIN PROGRAM
310 CU 400 I = 1.9

IF(AT(I)-TK2) 4C0,400,320

320 12T1E = (ATCL)-AT(I-1))/(AY(I)=-TK2)
CCA LR = APSH2(1)-(APSH2(1)-APSH2(I-1)}/T2TIE
DUVAIR2 = APDEN2(1)-(APDEN2(I)-APDEN2(I-1))/T2TIE
GC 1C «10
400 CUNTINUE
4190 DC S5CO0 I = 1411
IF(TK(I)-TKL) 5CC+500+450
450 IKTIEL = (TRUDI=TKUT=-1) )/ (TKLT)=TKL)
KLIGQL = TCLOE)=(TCLUI)-TCLUI-1))/TKTIEL
GC 10 510
500 CUNTINUE
510 CO €¢CO 1 = 1,11
IF(YK(I)~-TK2) 6CC+600,550
550 TKTIE2 = (TKEDI)-TKOI-1D )/ 0TKR(T)-TK2)
KLIQ2 = TCLUD)=(TCLT)-TLLAI-1})/TKTIE2
GC I¥IC 610
6U0 CONTINUE
Commmmmm DENSITY OF WATER VAPOR, LB8/CUFT
610 Dvnl = 1.0/5vVvnl
Dvhk2 = 1«0/5VVh2
C—=m—- DENSITY UF wATER, LB/CUFT
DLkl = 1.C/SVLml
OLW2 = 1.C/SVLN2
C-—--=--——SPECIFIC HEAT CF AIR, BTU/LB-F
CAIR1 = CCAIRL/(28.96%4.1817)
CAIR2 = CCAIR2/128.96%4.181)
Lo OLNSITY OF AIR, LB/CUFT
CAIR1 = 1810.2372C3/CCAIRIL
BAIRZ2 = 1810.227203/00A1R2
(-—-———-EQUATIONS TC ESTIMATE SPECIFIC FEAT GF WATER VAPOR AND WATER,
(-=—====-BTL/LB-F
SHLR = (1.06~0.99)/(371.86-288.56)
Chwl = ((TK1-288.56)*SHLR)+C.99
CPw2 = ((TK2-288.56)*%SHLR}+G.99
CPth = ((.5--45)/(700.-283.))"’Kl*.‘cS
CPwv2 = {{o5=.45)/1700.-2€2.))%TK1+.45
C—==w-- EQUATIONS TC ESTIMATE VvISCOSITY



https://700.-2�3.))�TKU.45
https://II.5-.45)/I700.-283.))#TK14.15
https://IK2-288.56)�SHLR)*C.99
https://IITK1-288.56)ASHLR)*C.99
https://II.06-0.991/1371.8<5-288.56

05410
0542C
05430
05440
€5450
C5460
05410
€548C
€5490
05500
05510
€5520
€55130
05540
€5550
05560
€55170
gs58¢
C55%0
0560C
0561C
C50620
C562¢C
5640
05650
0506C
C561C
0568¢C
0569¢C
05704
05710
us720
0573¢C
05740
0575¢C
05764
gs5110
gs5780
05799
C54060
05410
05820
05430
05840
g58¢C
05860
058174
05480
Us8s0
059C0
05910
05920
€593y
€5940
G595¢C
05960
€5917¢C
05980
€555C
060C0

hVVR = (0.0125-0.0093)/(371.89-268.56)
wvvISl = ((TK1-28B8.56)*WVVR}+(0.0093
Wvvis2 = ((TK2-288.56)*4VVR)+(Q.0063
AVR = (0.021-0.0175)/(371.689-288.56)
AviSl = ((TK1-2€8.56)%AVR)+0.0175
AVIS2 = L(TK2-288.56)%AVR) +0.0175
ChVR = (0e445-0.45)/(371.86-28B.56)
Chvl = ((TK1-288.56)*ChVR)+C.445
Chv2. = ({(1K2-288.56)*ChVR)+0.445
WiLVISL = 10.0%%(658.25%((1./TK1)-(1./283.16)1)
WivIS2 = 10.C*¥#(658.25%((1./TK2)-(1./283.16)1))
AGD1 = MYBAL*DAIRL+MYWLI*CVhI '
AGD2 = MYA2#DAIR2+MYn2%DVh2
C-mmmme AVERAGE DENSITY CF THE GAS PHASE, LB/CUFT
AGD = Ce5%(AGD1+AGD2)
oo AVERAGE CENSITY OF THE LICQUID PHASE, LB/CUFT
ALD = 0.5¢{0Lwl+0L0w2)
AGV1 = MYAL$AVISI+MYWI*WVVISL
AGV2 = MYA2*AVIS2*MYh2*WVVIS2
Coommom— AVERAGE VISCCSITY CF THE GAS PHASE, LB/FT-SEC
AGVE = 058 (AGVI+AGV2)*C.CCLET197
Co—mmm= AVERAGE VISCGSITY OFf THE LIQUID PHASE, LB/FT-SEC
ALVE = US®(MLVISI+WLVIS2)*C.00067197
(-—-——=AVERAGE THERMAL CONCUCTIVITY CF THE LIQUID PHASE, BTU/FT-H-F
KLIG = JS5#(KLICLI+KLIC2)
C-=---——-RETURN TG0 THE MAIN PROGRANM
RETURN
EAND
C
C
LSRR AL XA 239N RESULPRUOGRAM LATENT X225 20222040855 5%20¢ 0400 CkRRR
* *
* THIS SUBPKRCGRAMN [S USED TO FIND THE HEAY OF EVAPGRATICN=®
* CF THE CCMPUNENTS AT APPRGXIMATE TEMPERATURE AND PRESSURE *
* *
XXX AR S ER SRR IR ORALHLARCER AL AR IR RIRLREREER LSRR XECEREBSABRRGRRBTRLEAE
c
C
SUBRCUTINE LATENT(TKL,1K2,PALl,PA2,LAMDAL,LAMDA2)
C
C

REAL LAMDAL,LAMCA2,LAMDA(T6),TP(T6)
C-—~=———-=CATA OF LATENT FEAT, BTU/LB
DATA LANDA/1059.5791058.591057.44105643,1055.2,1054.0,1052.9,
1U51.84105C.741C49.5y1048.491047.3,1046.1,1045.041043.9,1042.7,
1041.651040.591039.3,10384241C37.141035.5+1034.8,1033.6,1032.5,
1031.4,1030.241029¢141027.991026.8,1025.6,1024.5,1C23.3,1022.2,
1021.041015.8,1C18.741017.541C16.441015.2,1014.0,1012.9,1011.7,
1C10.541009+3,1C08.2,1007.0,1C05.8,1004.€641003.4,1002.2,1001.3C,
999489958469997249996€6291995.0,953.89552.69551.49950.2+989.0,
GETe899€6459985237984.1+982.85981.64980449979.1+977.9,4976.6,
975.44916.14572.849171.5/
C—--—=-TEMPERATURE RANCE
TP(L) ¢C.C
ot 10 I 1.75
TP(I+1) TP(11+2.0
10 CUNTIRUE
oc 16 I
TPLID)
30 CCONTINUE

= W W W W W W I

1,16
((1P(1)-32.0)/1.8)+273.0




06010
0602C
0603¢
06040
06050
06060
06C17C
06080
got90
06100
06110
06l12¢
06130
G6l40
c615¢C
O06léEC
06117C
€6180
06190
Co2CC
06210
U6220
€6213C
06240
06256
006260
06270
06280
0629¢C
C63CC
c6310
to320
06330
0634C
06350
0636C
C631C
06380
06390
064C0
vo4all
06420
C64131C
06440
€C6450
064¢C
064170
C6480
C649C
C65CC
06510
C6520
06530
Qo540
C655C

C-—=====INTERPOLATICN PROCESSES
BG 60 I = 1y1706
IF{TPLI)-TK1} 6C,60,450

5C TPT1E = (TF(I)=TPLI-1))/(TP(])=-TK1)
LAMDAL = LAMDA(I)-{LAMDA(I)-LAMCA(I-1)}/TPTIE
GC TC 7¢
60 CCNTINUE
¢ DC SO I = 1,16
IF(TP(I)-TK2) SC4y90,80
80 TPIIE = (TPLI)-TPUI-L)D)/7LTP(I)-TK2)
LAMUA2 = LAMCA(I)-(LAMDA(I)-LAMBALI-1})/TPTIE
¢C 10 1cCO
SQ CCNTIENUE
(- RETURN TQ THE MAIN PROGRAM
160 RETLRN
END
C
SEESERE AR FESARRNR 24392032 ASUUPROGRAM FUODEL O340 2883000k ba0 btk dtn
* *
* THIS SUBPROGRAM IS USED TO FIND THE FLCW MUDEL PASED ON#
* THE FLOW-PATTERN MAP QOF MANHANCE ET AL. THERE ARE ThO FLUW ¢
* MCOEL: *
* HOMCGENEOUS MODEL WHICH INCLUDES SLUG, CISPERSEC,AND *
* BUBBLE FLONWS. *
* SEPARATED MODEL WHICH IANCLUDES STRATIFIEDy WAVE, AND *
* ANNULAR FLCHS. *
» *
SRR ERR BRI A LR X R ARL SRR R B AR ERIEERE IS H SRR R KR KBS EEED R AR ER SRR R KRR AKX EE XK
SUBRQUTINE FMCDELIGV,.GL,TYPE)
C
C
(———-——SUPERFICIAL VELCCITY, M/SEC
VSG = CV*U.3C4E
vSL = GL*0.3048
(====—~SIMPLIFI1ED MANDHANE'S FLOW PATTERN MAP
IF{vSG.LE.Ll.8) CC TO S0
IF{VSGaLEe2.3) GC TO 60
IF{VSG.LE.12.0) GO 70 70
IF(VSG.LE.90.0}) GO TO 80
5¢ IF{vSL.LE.O.5) GG TC 300
GL 10 2C0
60 HCRZ = -0.3*Y¥5G+1.04
IFUVSL.LELHRZ) CO TC 300
GC TC 2C0
1C IF(VSL.LE.0.35) GU TG 300
GL TC 2C0
80 HCRZ = 0.11%vSG+C.0G7
IF{VSL.LE.HCRZ} GC TQ 3CO
200 TYPE = l.C
GC 1C 4G0O
300 TYPE = 2.0
e REILRN 10 THE MAIN PROGRAM
4C0 RETURN
ENC
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D.2 Computer Code for the Multicomponent, Gas-Liquid System

Program FLOW2.FOR is developed for the multicomponent,
gas-hydrocarbon liquids system. Operating conditions of this
run are listed in Table 5.6 (page 91). Interpretation are
provided along the code structure. The results given by this
program are based on the Johnson-Abou Sabe correlations for

liquid holdup and pressure drop.
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00010
cgo2c
00030
00040
00050
Coue60
00070
couso
€a0so
cul00
Qullgo
00120
00130
g014C
0Ul50
00160
col170
00180
001940
03200
ou210
06220
00230
00240
00250
GO2¢0
6270
00280
€0250
C0o3Cu
Qu3lo0
00329
00330
CCl40
00350
0360
£o310
00380
C03s0
00400
Qo410
00420
00430
0044C
Qo450
CG460
Q041G
00480
00490
Cusca
Co510
00520
00530
00540
00550
00560
go570
co580
cg59¢C
0060C

SRERREEXE AR RN SRIR S0 $2PROGRAM  FLOW2 FORSSRAASEEFEARAFRENERESERERE R KD

*

*

INTRODUCTION *

THIS PRGGRAM [S DEVELCPEU FOR USE IN THE DESIGN OF ®

THE TUBULAP HEATER FOR A TWO-PHASE, MULTICCMPONENTS, GAS-LIQUID*

STREAM. PBRIEFLYy GIVEN THE COMPOSITIONS OF THE INLET STREAMS
AND THE HEAT FLULX RATE TO THE FLUW SYSTEM, HOW LONG MUST

THE TUBE BE IN CRDER TO RAISE THE OUTLET STREAM TO A DESIRED

TEMPERATURE.

SRR GAREERRDEEE B RE RN R RS EXEMA N PROGRAMEF SR EREXELARLERIELARIC X2 2K TSR

THE MAIN PROGRAM CCNSIST OF TWO ITERATING LCOPS , THE
INNER LCOP AND THE CUTER LOCP, TO DETERMINE PRESSURE AND
TEMPERATURE OF THE OQUTLET STREAM,

THE CALCULATION OF PRESSURE DROP [S BASED CN LOCKHART
AND MARTINELLI METHND. THE ITERATION OF THE PRESSURE LOOP 1S
CCNVERGED WHEN THE ODIFFERENCE BETWEEN THE ESTIMATED AND
CALCULATED PRESSURE DRGOPS IS LESS THAN 2%.

THE OUTER LOOP 1S THE TEMPERATURE ITERATING LOUP. THE #=
CCNVERGENCE OF THIS LOUP 1S BASED ON THE CCNSEVATICN OF ENERGY.*

*

LI I IR B IR IR S O B O BE K BE K BE K B IR 2N J
E 2 BE B R B OBE AR R SR BE SE B K BN 2

ESXFLRRAZ AR ERY R AKX SR S ARSI X E R AL XX EREF AR KX RS R R KX CE R AR XXX FELX SRS E R %R
%*
*
INTEGER PLOCPTLOGP,TYPE
REAL LFR,P({S0O)sT(504100),XP(4)sYPL4)sVGL4),VL(4),CPLI4},CPGI4]),
# UVAP(4),DLICL4),TCL{4) 4LFRATE(S50)GFRATE(S0),GASDEN(50),TZ2(50),
# LIQDEN(SO),KLIQU50),GASVIS(50),LIQVIS{50)sSPHGISC)SPHLI50),
# REGAS(50) 4RELIQ(50)LAMDA(4),LTHEAT,LPD]1,LPD2,LPD3,SHVI50]),
# LPURCP,hOV(S0)yKnyCCFToLPD4,YV(4)

(== SPECIFIED INFCRMATION
(———-—-TUBE WALL THERMAL CONDUCTIVITY,CUTSIDE TUBE HEAT TRANSFER
C-—-——-CUEFFICIENT, ANC HEATING MECIUM TEMPERATURE
CATA KhoyHO3TG/64.0,2000.09230.0/
C———==—<INLET TEMPERAIURE AND PRESSURE
DATA T(1,1),P(1}/80a0,0V.0/
C-===-=-NUMBER CF COMPCNENTS, INSIDE AND QUTSIDE TUBE DIAMETERS
DATA NC,D1,DC/4,0.0725,0.083323/
{—-——==CELL LENGTH, NUFMBER CF CELL-1
DATA DZWN/1.57,1L11/
11 =1
C---——=STAKTING VALUES FOR THE SUMMATICN OF PRESSURE OROP AND
C(—====—=~|NTERPHASE MASS TRANSFER
DELTAP = 0.0
TEXCHM = C.C
SRLC = 0.0
STh = C.C
Cr=———- PRINT OUT THE SPECIFIED INFORMATION
WRITEL23,1)
1 FORMAT(2X,'SPECIFIED CONDITIONS AND INFORMATION®)
WRITE(232,2) NC
2 FURMAT(2X,*NUMBER OF CUMPONENTS IN THE SYSTEM = *,12)
WRITE(23,4) DI,C0,D2
4 FCRMAT(2X,"INSIDE TUBE DIAMETER = ',FT7.5,*' (FT), GUTSIDE TUBE
# DIAMETER = ',F7.54" (FT)y CELL LENGTH = *4F7.24* (FT)*)
NUMC = N-1

WRITE(23,5) NUMC




cuéla 5 FOKMAT(2X,*ANUMBER OF CELLS IN THE TUBE =',13)

0062C WRITE(22,06) TUl,1),PLL)

C0630 6 FURMAT(2X, ' INPUT STREAM TEMPERATURE = ",F7.2,' (F), INPUT STREAM
0064C # PRESSURE = ',F7.2," (PSIA)')

0065C WRITE(22,3) TG

Gu660 8 FURMAT (2X, Y AVERAGE TEMPERATURE GOF THE HEATING MEDIUM = ',F7.2,
CoelcC gt (F)*)

cJo80 WRITE(23,10) HO

00650 10 FORMAT(2X,"CUTSIDE TUBE HEAT TRANSFER COEFFICIENT = *,F10.2,
00700 # ' (BTU/SQFT-HRI')

00710 WRITE(23,12) KW

QU720 12 FCRMATL2X,"TUBE wALL THERMAL CONDUCTIVITY = ',F6.2,

00730 # ' (BTU/FT-H-F)"')

00740 3¢ WRITE(23,31) 11

00750 31 FORMAT(// 42Xy *LCCATIGN ON THE TUBE = ('4124'))

00760 IF(I1.GT.1) GO 1O 35

cgi10 WRITE(23,32) I1,TUIL,1),11,PLILY

00780 32 FCRMAT(2X, ' TEMPERATURE AT ZIL'y12,') = "4FT.23"' (F), AND
007s0 ¥ PRESSURE AT Z{'s12,%) = '4F6.2+' (PSIA)*)

0043¢0 35 TLCCP =1

Gosig 34 pLOCP =1

Loaz20 40 TEMP = T(Il,TLOCP)

00830 PRESS = P(II)

0uB840 (=== USE SUBPROGRAM RATES TU DETERMINE THE COMPOSITION CF THE ENDS
cusso C(——--—=GF TFE CELL.

G860 CALL RATESINCyII,TEMP,PRESS)LFRGFR¢XP,YP)

00870 (———————— o

c088¢0 {-—~————=MASS FLCW RATE CF THE GAS PHASE (LBS/HR)

Q0u90 GFRATELI1) = GFR

C0900 (——-==——=MASS FLCW RATE CF THE LIQUID PHASE (LBS/HR)

GC910 LFRATE(II) = LFR

cc9zc (—-—-—=USE SUBPRGGRAM PHYSIC TO CETERMINE THE PHYSICAL PROPERTIES OF
Cus3C C—-—-—=TFE COMFGNENTS.

€0940 CALL PHYSICUNC, TEMP ,PRESSyVGyVL 4LPG,CPL,OVAP,DLIQ,TCL)

00950 L ettt -
¢gse6c C-——-—=F IND THE PHYSICAL PROPERTIES CF THE STREAM AT THE END5 CF THE
€09%170 [ CELL BY USING THE MASS FRACTICNS OF THE COMPONENTS

00980 LIQvIS(II) = 0.C

C09%0 GASVIS(I]) = 0.C

01000 GASDEN(I1) = 0.0

c1010 LIGOEN(II) = C.C

01920 KLIGIIT) = 0.C

01039 SPHGULT) = 0.0

0lu40 SPHLUIL) = 0.C

0100 DC 50 113 = 14NC

Cluog GASDEN(TI)= GASDEN{ILl)+DVAPLI3)*YP(I3)

cLo70 LIGDEN(LI)= LIGCDEN{IT)+DLIQUI3}*xXP(I3)

Cilusu KLIQUIT) = KLIQUEIT)I+TCLUI3)&XP(I3)

01090 GASVIS{II)= GASVIS(IL)+VG(I3)*YP(13)

0l11G0 LIGVISUIT)= LIQVIS(ITI+VLII3)*XxP{I3)

Q1110 SPRGITII) = SPHGUII)I+CPGLI3)*YP(I3)

c1120 SPHL(II) = SPHLITII}+CPL{I3)*XP(I3)

01130 5C CONTINUE

ol14cC (——-——-REYNOLD NUMBER CF THE GAS PHASE

01150 REGASIII)= 4.0%GFRATELII)/{T.6%GASVISIILI)

g1l16C C-~----——REYNULD NUMBER OF THE LIQUID PHASE

o1L70 RELIQUII)= 4. 0%LFRATE(IT)I/(T7.6%LIQVIS(IT))

glL180 (——-—=-——SUBPRUGRAM LATENT FTO DETERMINE LATENT HEAT CF THE CGMPONENTS
01190 CALL LATENTINC,TEMP,LAMOA)

0L200 Cc-—- - -
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01210
cL220
Q1230
€l1240
Q1250
ci2e0
gl2icC
c1280
01250
oL3co
Cl1310
01320
C133C
01340
01350
0136C
1370
0138¢
gl13s0
Cl4Gu
Clalo
Cl420
01430
01440
CL4E0
01460
Cla7¢
glL480
1490
01500
01510
01520
¢i152C
01540
01550
01560
C1517¢
ciseo
L156C
glecce
ClelcC
Cl620
Clo3v
0l64¢C
uléesce
01660
glelC
gled80
Cl69¢C
ol17€C
01710
ot720
01730
01740
olL720
Cl760
Cl/170
0L178C
Cl790
cLacc

HCVLIT)
DO S5 I2
HCVIII)
CCNTINUE
IF(L1I.EC
L= AVERAGE
AGD
(—=mm=—- AVERAGE
ALD

C—-————<AVELRAGE
ALVIS

ASPHG
(-—--—-—AVERAGE
ASPHL
(—~--——-=AVERAGE
AGHR
C—=-===<AVERAGE
ALFR
C—————INTERPHA
EXCHM
C-—=——=<AVERAGE
AREGAS
C—==-——=AVERAGE
ARELIC
C-======(GAS MASS
GASFRA
C———=-==FIND TFt
120 IFLAREGA
134 IH{ARELT
135 IFLARELT
C——==——===LLCCKHART
(=—=—=——=MECHANIS
140 MEChAN
PX1
Px2
PX
(-=~=——=—=PARAMATE
PHIL
CCNSTN
GL TU 14
MECHAN
Pxl
Px2
PX
Covmmm——- PARAMETE
PHIL
CCASTN
GO 10 14
MECHAN
PXx1
Px2
PX
C—-—===PARAMETE
PHIL
CCNSTN

142

144

0.0
140C
XP{I3)eLAMDA(I2)+HCVLII)

«1) GC TO 394
GAS DENSITY IN THE CELL (LB/CUFT)
= Ce5*(GASDENIIT)#GASDEN(II~1))
LIGLID CENSITY IN THE CELL (LB/CUFT)
= CoeS*(LICDEN{TII+LICDEN(TIT-1})
LIQUID THERMAL CONDUCTIVITY IN THE CELL (BTU/FT-HR-F)
= C.5¢(KLIGUIN)eKLIQ(II-1))
GAS VISCCSITY IN THE CELL (CP)
= CoS*(GASVIS{IT)I+CASVISIII=1))
LIGLIC VISCCSITY IN THE CELL (CP)
= CeS5*(LIQVISIIII+LICVISITITI-1}) .
SPLCIFIC HEAT OF GAS IN THE CELL (BTU/SQF T-HR-F)
= 0.5*(SPHG{11)+SPHG(II-11})
SPECIFIC HEAT UF LIQUID IN THE CELL (BTU/SQFT—-HR-F)
= G.5%(SPHLITT)+SPHLITI-1))
GAS MASS FLCw RATE IN THE CELL (LB/HR)
= U.5«(GFRATE(II)+GFRATE(LI-1))
LIQUID MASS FLOW RATE IN THE CELL (LB/HR)
= 0.5 (LFRATE(IL)+LFRATE(II-1))
SE MASS TRANSFER [N THE CELL (LB/HR)
= LFRATF(II-L)-LFRATE(II)
REYNGLD NUMBER OF THE GAS PHASE IN THE CELL
= C.5*{REGAS(IT)+RECASIII-1))
REYNCLD NUMBER OF THE LIQUID PHASE IN THE CELL
= C.S*(RELICCIII+RELICIII-1))
FRACTICN
= AGFR/(AGFR+ALFR)
FLCW MECHANISM OF THE SYSTEM
$-2C00.0) 124,134,135
Q-2C0C.C) 140,140,142
C-200C.0) 144,144,146 :

ANG MARTINELLI PARAMETER X CORRESPUNDING TC FLOW
MS
= 1.0
= (ALFR/AGFR)*(AGD/ALD)
= ALVIS/AGVIS
= (PXx13PX2)%%0.5

R "PHI" LF THE LIQUIC PHASE
= (1C45.0/PX+1.0/(PX%%2,0))%*,5
= l.o
9
2

«002E875% (ARELIC*+0.8)%*(AGD/ALD)
(ALFR/AGFR)I*(ALVIS/AGVIS)
(PXx1*PX2)%%0,.5

R "PHI" GF THE LIQUID PFASE
(1.0410.,0/PX+41.0/(PX%%2,0))%*.5
0.2

9

3

347.€82608T*{ AREGASt*-0,8)*(ACGD/ALD)
(ALFR/AGFR)*(ALVIS/AGVIS)
(FX1#PX2)%%0.5

R "PHI™ UF THE LIQUID PHASE
((1.0+12.0/PX+1.0/7(PX2X2,) )%%,5)
1.C
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ol1810 GO 10 L49

0182¢ 146 MECHAN = 4

01830 PXx1 = ({ALFR/AGFR)**1.8)#(AGD/ALD)

01840 Px2 = (ALVIS/AGVIS)*#0.2

01850 PX = (PXL*PX2)#*%0,.5

01860 C——m—- PARAMETER "PHI"™ CF THE LIQUID PRASE

018170 C—-——=CCRRECTION FACTORS BASED CN JCHNSON AND ABOU-SABE

grs88c AJF = 1.25-0.0025%PX

01860 FJA =z le2-.002%PX

gi9cCo PHIL = ({(LeC+20./PX+1o/(PXE$2,)})%%0.5)*$AJF

01910 CCNSTN = C.2

01920 C----—-AVERAGE LIQUIO HOLDUP FRACTION

01930 149 RLC = (PX/UIPX®32,)+2C.*PX+1.)*%,5)/FJA

01940 C—-——=DETERMINE PRESSLRE DROP IN THE CELL BY LOCKHART AND MARTINELLI
Cl9%0 C-—wmo— CCRRELATIONS

C1960 LPO1 = 0.092%((4./3.1415927)%%(2.0-CONSTN} )

Cl970 LPD2 = ((ALVIS*.,00067197)%*CONSTN)

01986 LPD3 = (ALFR/3000.)%*(2,0-CCNSTN)

Cl1990 LPD4 = (DI**(5,0-CUNSTN))*ALD*32.174

020C0 LPDRCP = (LPD1*LPD2#*LPD3)/{LPD4*144.0)

g2vl10 TPDROP = (PHIL*#2.,0)*LPORCP*DZ

0200 C——-———=COMPARE ESTIMATED AND CALCULATEQ OUTLET STREAM PRESSURE
020130 P2N = P(II-1)-TPDRCP

02040 CLFP = ABSUF2N-PLIL))}/PLLIT)

02050 (-——=-—=PRESSURE CONVERGENCE CRIL T

2060 IF(CCFP.LE.C.002) GG TO 160

02C70 pLIL) = (P(IT1)+P2N)/2.0

02080 PLGCP = PLCOP+1

C2vu90 IF(PLOOP.EQ.3C) GO TO 500

02100 C----—-RETURN FOR A NEW PRESSURE ITERATING LOOP

a211c¢ GC TO 4C

02120 160 PLLl) = P2N

02130 (—--——=CROSS-SECTIONAL AREA OF THE TUBE (SQFT)

Cc2140 ACROSS = ((DI/2)#*2.0)%3.1415527

02150 (——-—==——=SUPERFICIAL GAS VELOCITY, (FT/HR)

021¢0 GV = AGFR/(ACRCSS*AGD)

02170 C==—=——-=SUPERFICIAL LIQUID VELOCITY, (FT/HR)

2180 GL = ALFR/(ACROSS*ALD)

021S0 Crmmmm = SUBPRUGRAM FMCDEL TG FIND FLOW MODEL

02230 CALL FMCDEL(GV,GL,TYPE)

02210 c —— ————m—e e e e e —— s — oo s s m e
02220 C—--——GAS VELCCITY BASED ON HULDUP FRACTICN (FT/HR)

€223¢ LG = GV/(1.-RLC)

02240 C—-———-LIQUID VELOCITY BASED UN HGLDUP FRACTION (FT/HR)

02250 UL = GL/KLC

2260 C———-——TWhO-PHASE STREAM VELOCITY (FT/HR)

c22170 urp = 1.0/{(GASFRA/UG)+{ (1.—~GASFRA)I/UL))

02280 (=—-—-—=TWO-PHASE STREAM DENSITY (LB/CUFT)

02290 op = 1.0/ ((GASFRAZ/AGD)+({1.~GASFRA}/ALD))

023G0 C——-——---TWU-PHASE STREAM VISCOSITY (CP)

02310 vViP = 1.0/ ({GASFRAZ/AGVIS)I+{(1.~GASFRA)}/ALVISI})
2320 C——==—=—LATENT FEAT

02330 L THEAT = JS*(FOV(IT)#HOVIII-1))*{LFRATE(II-1)-LFRATE(IT1))
02340 C(—--—=DAVIS AND DAVID CORRELATICNS TO DETERMINE TwO-PHASE HEAT
c235¢C Lo TRANSFER COEFFICIENT

C2360 IF(TYPE.EQ.2) GC TO 300

02370 C-—=——=ThO-PHASE GAS-LIQUID HEAT TRANSFER COEFFICIENT {BTU/SQF T-HR-F)
02380 (—-——==FCR HUMCGENEQLS FLOW MODEL

C2350 H1 = (AKLIQ/D1)#%0.033

024C0 H2 = ((DISUTPHDTP)/(VTP#*2.419092))#%*%0.87
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02410
2420
C2430
02440
C2450
024¢0
0247¢
c2480
02490
C25C0
c2510
£252C
u2530

2540
025%0
025¢€0
$2510
G2580
€255C
C26CC
u2610
02620
C2634
C2640
02650
C206C
L26lc
C2630
€269¢C
g27u0
c2713
g2720
Q2730
021740
u21750
G21¢eC
0277V
02780
62790
€28C¢C
g2810
021420
c233Q
L2840
c285¢C
02960
0281¢
02380
02494
c23cy
0291u
C292C
027130
02340
€250
C26¢€Q
02979
02y80
C2990
C3ucCe

PRL = ({ASPHL*ALVIS#*2.419CS2)/AKLIQ)**0.4
HI = F1*H24PRL
GU Iy 320
C——==—-GAS MASS FRACTICN GREATER THAN Q.l
200 IF(TYPEL.Ed.2) GC TO 300
Crmmme TwO-PHASE GAS-LIQUID HEAT TRANSFER CGEFFICIENT (BTU/SQFT—HR-F)
Ce======F(UR HUMCGENECLS FLOW MOUEL
H1 = (AKLIQ/01)%0.033
H2 = ((DIeUTP*DTP)/(VIP#*2.419092))%%0.87
PRL = ((ASPHL*ALVIS®*2.419052)/AKLIQI**0.4
HI = hl*HZ2#*PRL
GC 10 320
Crvome—- FOUR SCPARATLD FLUW MODEL
C-======In0-PHASE GAS-LIGCUID HEAT TRANSFER COEFFICIENT (BTU/SQFT-HR-F)
3co Hl = JOE*{AKLIQ/DI)*{(ALD/AGU)®*,28)
H2 = ((CI+#GASFRA*®UTP*DTP)/(ALVIS*2,419092))1*%*0.87
PRL = ((ASFHL®ALVIS*2.419092)/AKLIQ)**0.4
HI = FU1sH2#PRL
(-======TCTAL HEAT FLUX AREA QF THE CELL (SQFT)
3eu AHEAT = Dl#DZ*3.14156217
IF(TLOOF.EC.1) CO TO 330
Ce======LCG MEAN TEMPERATURE DIFFERENCE (F)
TLM] = T(I1,TLUQP)-TSTART

IF{TLML .EQ.C.C) GG TU 335

TLM2 = ALCG((TG-TSTART)/(TG-T{1L,TLOCP) )]
TLM = JLML/ILM2
GC TU 340
C-=====-LCG MEAN DIAMETER OF THE TUBE (FT)
230 TLM = TG-TSTART
GC Y0 340
335 TLM = 0.C
340 oLM = (DC-Cl)7{ALQG(DC/DIN)
Ce—=====TULBE wALL THICKANESS (FT)
Xh = (DC-D1)/2.0
e UVERALL HEAT [IRANSFER COEFFICIENT BASED CN TUBE [INSIDE DIAMETECR
Commmmm- (BIL/SQFT-HR-F)
ul = Le/U{Le/HI)H(CLI/(DC*RO) )+ ((DI*XW)/ (DLM*K KW} ))
C-=~--=—-J0OTAL HEAT RCCQUIRED TC RAISE THE STREAM TEMPERATURE TC THE
Commmmm QUTLET STREAM TEMPERATURE.
HEATFL = UL*TLM
HIEAT = HEATFL*AHEAT
C-===—=<=AUJUST ESTIMATEC OUTLET STREAM TEMPERATURE BY HEAT BALANCES OF
Commmmme THE SYSTEM
1J = II-1
T2N = TSTART
3s0 FFlL = HEAT-LTHEAT
FE2 = SPHGUIL)*GFRATELIL)*T2N-SPHGIII-1)}8GFRATE(II-1)*TSTART
FF3 = 05%(SPHLUTT)#SPHLLTI-L))}*(T2N-TSTART)
b4 = 0J5%(LFRATE(IT)#LFRATE(ILI=1)})+LFRATEL{TII-1)-LFRATE(II)
FF5 = FFI*FF4
DFl = =SPHGIII)*GFRATE(ILI)
DF2 = =C.5%(SPHLII1)+SPHL{II-1))*FF4
12NG = T2N
12N = I2M-((FF1-FF2-FF5)/(CFL1+0F2))
[HCABSULT2N-T2NQ)/T2NO) .LE.C.COCL) GO TO 39C
GU TC 3%¢
o TEMPERATURE CCNVERGENCE CRITERICN
390 CLFT = AUSCT2N-T(I[,TLNOP)}/TC(IL,TLCCP)
IF(CCFT.LE.C.UV3) GO TC 393
TLauP = TLCOP + 1
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03010
G3020
63030
03040
03050
03060
03070
c3o08¢
03090
03100
Q3110
03120
03130
03140
03150
C3160
c3170
c3180
03190
032Co
03210
3220
03230
C3240
03250
C3260
03270
03280
¢329¢C
03300
€331¢
031320
C1330
03340
03350
033640
0337¢C
03380
03399
03400
C3410
013420
03430
€3440
03450
3460
034170
03480
U34S0
C3500
g3510
cas2c
€3530
03540
€3550
3560
03510
03580
C3590
03600

IF(TLUUP.GE.50) GO 1O 600
TULI,LTLCOP)= (T(II,TLOOP-1)¢T2N}/2.0

GC T0 3¢
C---—-—=PRINT DLT THE RESULTS
C—=-====INLET STREAM TEMPERATURE (F) AND PRESSURE (PSIA) UF THE NEXT
C—--——-CELL
C~-=--—--DETERMINE TEMPERATURE INCREASE THROUGH Tht CELL
393 T(II,TLCOP)= T2MN
DICELL = TUI1,TLOCP)-TSTART
C———-——TUBL WALL TEMPERATURE
1FA = 0,5%(T(II1,TLOOP)+TSTART)
Tw = TFA+(TG-TFA)*{(1./HFI)/((1/HI)+((D1/D0)*(1./HOI 1)
354 TSTART = T(11,TLOGP)
PSTART = P(II)

IF(11.EC.L} GC 1O 396
WRITE(224395) LI1,TSTART(II,PSTART

395 FGRMAT(2X,* TENPERATURE AT Z{',12,°%) = *4F7.2," (F),y AND
¥ PRESSURE AT ZU'4124%) = *,F6.2,"' (PSIA)")

336 WRITE(23,401) II

401 FURMAT(2X,"SYSTEM AT Z(%,12,*) 1S ASSUMED TC BE IN EQUILIBRIUA
# SIATE")

DC 403 15=1,NC
WRITE(23,402) IS5,YPULIS)yXP(IS)
402 FORMAT (2X, *MASS FRACTION CF COMPONENT *,I1,* IN THE GAS
# PHASE = 9,F6.54" IN THE LIQUID PHASE = ',F6.5)
403 CCNTINUE
CC 406 16=1,NC
WRITE(23,405) 16,DVvAP({16),DLIQ(]6)
405 FORMAT (2X, *DENSITY GF COMPONENT ¢,I1,' IN THE GAS PHASE =
F8.5¢* IN THE LIQUID PHASE = *,FB8.5," (LB/CUFI)*)
406 CCNTINUE
DO 4CS 17=1,NC
WRITE(23,408) I7,TCLILT)

408 FURMAT {2X, * THERMAL CCNDUCTIVITY OF COMPGNENT *,I1,* IN THE
" LICUID PHASE = '4F9.4," (BTU/FT-H-F)")
4C9 CCNTINUE

DO 411 I8=1,NC

wRITE(23,410) 18,VG(IA),VLIIB)
410 FORMAT (2X,*VISCOSITY OF CCMPCNENT *,12,% I[N THE GAS PHASE = *,
Fle4e" AND IN THE LIQUID PHASE =*,F7.4+* (CP)')
411 CCNTINUE

B0 414 19=1,sNC

WRITE{23,413) 19,CPGUIS)CPLIIS)
413 FORMAT (2X, *SPECIFIC HEAT GF CCMPONENT *o1l,* IN THFE GAS
PHASE = ',F6.3," IN THE LIQUID PHASE = "yFé€.34" (BTU/LB-F) ')
414 CCNTINUE

WRITE(22,415) GASDENCII) LIGDENCII)
415 FCRMAT(2X,* AVERAGE DENSITY OF GAS = *,F8.5,' LIQUID = ¢,
F6.3,' (LB/CUFTI*)
WRITE(22,417) GASVIS(IT),LIQVISCIL)
417 ECRMAT (2Xo *AVERAGE VISCCSITY GF GAS = ',F8.5,' LIQUID = i)

¥ F8.5,° (CP)*)

WRITE{22,419) KLIQI(II)
419 FORMAT( 2Xs*AVERAGE THERMAL CCADUCTIVITY OF LIQUID = *,F8.5,
* (BTU/FT-H-F)*)
WRITE({22,421) SPHG(II),SPHLLIT)
421 FORMAT(ZX,*AVERAGE SPECIFIC HEAT GF GAS = *,F6.3,* AND CF
LIQUID = *,F6.3,' (BTU/LB-F)')
WRITE(22,423) REGAS(II) RELIQ(II}
423 FCRMAT(2X,'AVERAGE REYNGLEC NUMBER OF GAS = 'oF10.2+" AND

*x
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03610
03620
€363¢C
03640
C365¢C
03660
03670
Ulete(C
03690
037co
0371¢
03120
0373C
0374C
€3750
3760
03710
03780
031750
03800
v3slo
c3820
c3830
03840
0385¢C
C3860
03870
03480
03890
63900
03910
03920
039130
€3940
0395¢C
C3960
C3970
03980
€330
04C00
C401C
04020
04030
04040
04050
04060
g407C
C4080
C4090
04100
g4ll0
04120
04130
04140
Q4150
04160
041170
04180
galscC
04200

424

425

427

429

431

432

433

434

435

437

439

441

442

443

445

447

449

450
451

452
453

LIOUID = *,F10.2)

IF(I1.EC.1) GC TO 495

WRITE(22,424) 1Jeld,ll

FORMAT(//42Xs"CELL #*913+* FROM Z("402,*) TO Z(*412,*'})')

RRITE(234425) AGD,ALD,1J

FORMAT (22X *AVERAGE DENSITY CF GAS = '",F7.5,' AND LIQUID = ¢,

FT.39* CF CELL # ",12,* (LB/CUFT)")

WRITEL23,427) AGVIS,ALVIS,1J

FURMAT{2X,*AVERAGE VISCOSITY OF GAS = *',F8.5,"' AND LIQUID =
*oFB.54" CF CELL # ",12,* (CP)?)

WRITE(23,425) [J,AKLIQ

FCRMAT(2X4*AVERAGE THERMAL CCAOUCTIVITY CF CELL # 'y12,' = ¢,

F7.5,* (BTU/FT-H~-F) ')

WR1TE(23,431) ASPHG, ASPHL,I1J

FOURMAT(2Xy*AVERAGE SPECIFIC HEAT OF GAS = '",F6.3,' ANC

LIGUID = ",F6.3," OF CELL # *,12,* (BTU/LB-F)*)

WRITE{23,432) AGFR,ALFR,1J

FORMATI(2X*AVERAGE GAS MASS FLOW RATE = '"4,F9.2,5X," AND LIQUID

MASS FLCW RATE = *,FG,2,"' OF CELL # *,124* (LB/HR)}*)

WRITE(23,433) AREGAS,ARELIQ,IJ

FURMAT(2X, *AVERAGE REYNDLD NUMBER OF GAS = ',F10.2+s* AND LIQUID

= "4F10.29" UF CELL ¥ *,12)

WRITE(22,434) 1J,GASFRA

FORMAT(2X9?"GAS MASS FRACTIGN IN CELL ¥ 5,124 = V,FT7.4)
IF(I1.EC.1) GO TO 495

WRITE(23,435) LPDRCP

FORMAT(2X,*SINGLE LIQUID PHASE PRESSURE DROP = ',FB8.6,

' (PSI/FT))

WRITE(23,437) 1J,PLTII-1),P(11)

FORMAT(2Xs'PRESSURE OF THE STREAM ENTERS CELL #',13," = " ,F6.2,

* AND EXITS = '",F6.24* (PSIA)')

WRITE(23,439) 1J,T1PDRQP

FORMAT(2Xo* TWO-PHASE PRESSURE DROP IN CELL # *,12,' = ' ,F8.6,

* (PSI/CELL LENGTH)')

CCFP = CLFP * 100.0

WRITE(23,441) 1J,CCFP,PLUOP

FCRMATI(2X4*ERRCR CF PRESSURE ORCP IN CELL # %,12,' = ',F6.2,

* %, TOTAL NUMBER CF PRESSURE ITERATING LOCP = *,13)

WRITE(23,442) RLC

FORMAT(2X,LICUID HOLDUP FRACTIUN = ',F9.4)

10LD = T{11,TLGEP)-DTCELL

WRITE(23,443) LJ,TOLD,T(II,TLCOP)

FCRMAT(2X,*TEFPERATURE CF THE STREAM ENTERING CELL # *,12," = ¢,

F6e2¢! AND LEAVING ',F6.2,4" (F)')

WRITE(23,445) [J,0TCELL

FORMAT(2X,* TENPERATURE INCREASEC IN CELL # *,12,* = *,F6.2,

¢ {(F)')

CCFT= CCFT*100.0

WRITE(23,447) 1J,CCFT,TLOOQP

FGRMAT(2X 9 *ERRCR OF TEMPERATURE [TERATING IN CELL N ',12,% = 9,

F6.2," 2, TCTAL NUMBER OF TEMPERATURE ITERATING LOOP = ',13)

WRITE(229449) I1JyEXCHM

FORMAT{2X, "MASS TRANSFERRED BETWEEN PHASES IN CELL # ', 12,

' = *,FS.3,' (LB/HR)}'}

IF{MECHAN-2) 450,452,454

WRITE(234451)

FCRMAT(2X,*VISCCUS-VISCOUS FLCW MECHANISM®)

GC TC 460 i

WRITE(22,4513)

FCRMAT [2Xs " TURBULENT-VISCOUS FLCW MECHANISM®)




04210
04220
0423C
04240
0425¢C
0426C
042170
G4280
C4290
043CQ
g431C
064320
04120
C4340
04350
C4360
C431Q
04380
C4390
04400
G4410
04420
G4430
C4440
0445C
4460
0441C
04480
C41490
04500
04510
C4520
045130
G4540
G4550
045¢0
ca510
C458C
€4590
g46CC
G461C
0462C
046130
C464C
046%0
C4060
046140
C468C
0469C
C47G0
04710
C4720
C41730
04740
04750
04176C
Calilc
C4780
041790
€48GC0

.GG 10 4¢0
454 IF(MECHAN.EC.4) GO IO 458
WRITE(22,455)
455 FORMAT(2X " VISCOUS~-TURBULENT FLCW MECHANISM')
GC TC 4¢0
458 WRITE(23,459)
459 FURMAT(2X, *TURBULENT-TURBULENT FLOW MECHANISM®)
4€Q IF(TYPE.EQ.2) GO TO 462
WRITE(23,461)
461 FCRMAT{ Xy *HOMGGENECUS FLCh MCDEL')
GC TO 4170
462 WRITELZ22,463)
463 FCRMAT (2Xy * SEPERATED FLCW MCDEL'*)
470 WRITE(224472) UG,UL,LTP
472 FURMAT(2X¢* VELOCITY CF THE GAS PHASE = *,F9.2,' OF THE LIQUID

# PFASE = '4FS.2,"' ANO OF THE TwO-PHASE FLCGW = *4F9.2,* (FT/HR)")
WRITE(22,484) DIP,VIP
484 FURMAT(2Xy* TWC—PHASE FLUID DENSITY = *,F7.3," {(LB/CU. FT),
ThO-PHASE FLUID VISCOSITY = *,F7.3,* (CP)*)
WRITE(22,485) Thw,AHEAT
485 FORMAT(2Xy* TUBE WwALL TEMPERATURE = ',FB.2+' (F) HEAT FLUX
AREA UF THE CELL = ',FT7.2,' (SC. FT) ")
WRITE(23,486) TLM,DLM
486 FCRMAT(2X,'LOG MEAN TEMPERATURE DIFFERENCE = '",FT.2,' (F} LOG
MEAN DIAMETER = "ZWF7.2,' (FT)")
WRITE(22,487) HI,UL
487 FORMAT(2X,"THG-PHASE HEAT TRANSFER COEFFICIENT = ', F7.2,"
Ul BASED ON TUBE INSIOE DIAMETER = *,F7.2,' (BTU/SQFT-HR-FI)}')
WRITE(23,488) HEATFL
488 FCRMAT(2X o *CALCULATED HEAT FLUX TO THE CELL = ',Fl10.2,
' (BTU/SQFT-hHR) ")
WRITE(234448) 1J,HEAT

=

=x

=

L 3

449 FORMATU(2X o' CALCULATED HEAT RECUIRED IN CELL # *'4,12,°' = *,F9.2,
# ' (BTU/HR}*)
(o TOTAL PRESSURE DPOP ALONG THE TUBE (PSIA)
495 CELTAP = CELTAP+TPDROP
C———- TUTAL MASS TRANSFERRED EBETWEEN PHASES (LB/HR)
TEXCHM = TEXCFM ¢+ EXCHM
C—-——-TOTAL HEAT ADDEC TO THE ENTIRE SYSTEM ({BTU/HR)
SUMC = SUNCHHEAT

TOII+le2)= TC(IL,TLGOP)
PLIT+L) = PLII)

TZi1n) = TUI1,TLGGCP)
@ = Il+l
STh = STw¢Th
SRLC = SRLC+RLC
IF(II.LE.N) GC 1O 30
GL 10 6170
C—-——=PRINT OUT THE ERRUR IN THE CALCULATIGN
500 WRITE(23,550)
550 FORMAT(2X,*NC CCANVERGENCE FCR THE PRESSURE LOGP*)
GC 10 7¢O
600 WRITE(23,65C)
€50 FURMAT(2X," NO CCNVERGENCE FOR THE TEMPERATURE LOUP')
¢cG 7C 1C€0
C-—-~--=—~TOTAL TUBE LENGTH (FT)
670 TUBEL = DL*(N-1)
WRITEL23,671) TULBEL
671 FCRMAT(2X,*TCTAL TUBE LENGTH = *,F7.2,' (FT)*)

WRITEL22,674) SUMQ
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04810 614 FGRMAT(2X, *TOTAL HEAT ADDED TC THE ENTIRE SYSTEM = *',Fl10.2,

C482¢C ¥ * (BTU/ER)')
C482C DELTAT = TSTARTI-T(1,1)
C4840 WRITE(22,675) DELTAP
04850 615 FORMAT(ZX,*TOTAL PRESSURE DROP ALONG THE TUBE = ',FB8.3,
04860 # ' (PSI/TUBE LENGTH) )
048170 WRITE(23,€78) DELTAT
04880 618 FCRMAT{2X,*TOTAL TEMPERATURE INCREASE = ',F8.3,' (F)')
4390 WRITE(22,69C) TEXCHM
49C0 690 FORMAT(2X* TGTAL MASS TRANSFERRED BETWEEN PHASES IN THE ENTIRE
4910 # SYSTEM = *,F7.2,' (LB/HR)?)
‘4920 WRITE(23,68C)
t 4930 680 FURMAT(2X o *CCMPLETE CALCULATICN?')
- 4940 WRITE(22,695)
+350 695 FCRMAT(2X,* TENPERATURE PRESSURE GAS MASS FLOW RATE
1 496C # LIQUID MASS FLGW RATE')
C4910 700 CO 800 J2=1.N
0 80 WRITE(23,720) T2(J2),P(J2)+,GFRATE(J2),LFRATE(J2)
04990 720 FUORMAT (2XsF94295XsF 9251 1X4FGe2411X4F9.2)
05 GO 800 CCNTINUE
05 10 STh = STw/(N-1)
0v'2¢ SRLC = SRLC/(N-1)
05 3¢C nRITE(22,820) STa
05 %0 820 FGRMAT( /7 +2Xy"AVERAGE TUBE WALL TEMPERATURE = ',F8.24" (F)*)
05 50 WRITE(23,850) SRLC
05060 850 FORMAT(2X o*AVERAGE LIQUID HCLOUP FRACTIGN = ' ,Fl0.4)
05C7¢C s10P
050¢€¢ C————- END CF THE MAIN PROGRAM
05090 END
g51cC¢C *
05110 *
05120 R Rk 2002226 0 RS 2R SUBPROGRAM RATES* 242222 X 000 0SSR PR RS SRR R QAL
05130 . *
05140 * IN THIS SUBPROGRAM FLCW RATES OF GAS AND LIQUID PHASES *
05150 * AT THE ENDS OF THE CELL ARE DETERMINED BY FLASH CALCULATIUNS. =
05164 * THE APPLICAVICN OF THIS CALCULATION REQUIRES THE DATA OF *
051170 * K-VALUES OF THE COMPUNENTS AS INDEPENDENT VARITABLES QF THE *
U5180 * CCMPUSITICGNS. *
051S¢ * *
05200 L2t X 2R E 2 R R R R 2 R P E L2 223 22 2R RS0 SRE 2322232222233 ¢ 2 %4
05210 *
0522¢C *
05230 SUBRUUT INE RATESINC 11, TEMP +PRESS+LFRyGFR,XP,YP)
0524C *
€525¢0 *
05260 REAL MW KoL sLF,LMF,LFR
0521¢C CIMENSICN YY(4) XX {4) Y {4,50)¢X(4,50),2(4):XP(2),YP(4),K(4]},
0528C # Mnh(4a),L(50),G{5C)4FCL4),PHIL5C)
€5230 Cr===——-M(UL. wT. OF THE CUMPONENTS (LB/LBMOLE)
g53ce DATA Min/249284¢100.9142./
0513140 C——-——~—MASS FLCh RATES CF THE FEED (LB/HR)
0532¢C DATA GF4LF/200.92400./7
05330 C-———=—-MASS FRACTICNS IN THE LIQID FEED
05340 DATA XX/0e9Covabyod/
05350 C——=====MASS FRACTICNS IN THE GAS FEED
05360 DATA YY/eT0ed90es0./
C5310 C——-——-—PRINT OULT ThE CCMPCSITIONS IN THE FEED
05380 IF(I1.GE.2) GC 0 9
u539C DO 8 10 = 14MC
05400 WRITE(23,5) 10,YY(1Q),XX(10)
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05410
05420
05430
0544C
0545¢
€5460
05417C
C548¢C
C545C
C55C¢
05510
05520
05530
05540
65550
€5560
05570
05589
05590
C56C0
0561C
05620
€630
CS64C
0565¢C
056640
€561¢
U568C
G969C
057CC
Gs571¢0
gs5172¢C
05730
05740
05750
0516C
g571¢C
05780
05790
05800
05810
gs82u
05830
- 65840
054350
058é6C
G5874
€588¢C
05890
0590C0Q
05910
05920
05930
05940
0595C
C59¢0
059170
05380
05990
C6CCO

5 FORMAT (2X, *MASS FRACTIUN CF COMPQONENT ',I1,* IN THE GAS FEED

# = '3F4.3,' IN THE LIQUID FEED = *,F4.3)
8 CCNTINUE
Commm——— FIND OVERALL MCLE FRACTICNS IN THE FEED
9 FEED = C.C
0C 10 1l = 1oNC
FCUILl) = (YYUIL)*GF+XX{IL)*LF)/Mu(I1)
FEED = FEED+FC(IL)
10 CCNTINUE
0C 20 12 = 1oNC
012} = FC(I2)/FEED

IF(I1.CE.2) GO TO 20
WRITE(23,L15) [2,2(12)

15 FCRMAT (2Xy *CYERALL MOLE FRACTICN OF COMPONENTS *,1I1,' IN THE
) FEED = ',F6.5)
20 CCNTINUE
C—=~=—=USE SUBPRCGRAM KVALUE TO FIND K-VALUES CF THE COMPCNENTS
CALL KVALUE(NC 4TEMP,PRESS,K)
c—
C-—-——-START FLASH CALCULATION
Jd =1
PHI(J) = 0.5
3Q SUMF- = C.C
DSUMF = U.0
00 40 14= 1,NC
FPHI = Z(14)%(1.-K{T4) )/ 11 +PHLELJ)I*{KITG)-1.))
OFPHI = Z{T4)o((L.-K{I4))*$2,.)/(l.+PHILJI*(KIIL)-1.))%%2,
SUMF = SUMF#FPHI
DSUMF = LSUMF+DFPHI
40 CONTINLE
C—==——ERRCR FCR THE CCNVERGENCE OF THE FLASH CALCULATIONS
IF(ABS(SUMF).LE.Q0.0001) GC TO SO
J = J¢l
PHI(J) = PHI(J-1)-{SUMF/OSUMF)
ERRPHI = ABS(PHI(JI-PHI(J-1))/PHI(I)
[F(ERRPHI.LE.0.0001) GO TQ 50
G0 1O 20
50 DC 60 [5= 1,NC
C——--——MCQLE FRACTIUNS IN THE LIQUID PHASE AT THE END OF THE CELL
XUCESy I1)=2015)0 /(1 +PHI(J)®(K(IS)-1.))
C——-=——-MULE FRACTIGNS IN THE GAS PHASE AT THE END GF THE CELL
YOUS, I1)=K(1S)exUE5,11)
60 CCNTINLE
C-=-=—=GAS MOLAR FLOW RATE
G(1L) = PHIUJ)*FEED
Com—rm——m LIQUID MOLAR FLCW RATE
LeIn = FEED-G(II)
GFR = C.0
LFR = C.0
DO 70 16= Ll4AC
C———-—-GAS MASS FLCW RATE AT THE END OF THE CELL (LB/HR)
GFR = GFR*+Y(I16,11)*G(II)*MRn(16)
Cowomome— LICUID MASS FLNw RATE AT THE END OF THE CELL (LB/HR)
LFR = LFR+X({16,11)*L{LT)*Mu(16)
10 CONTINLE
D0 80 I7= 14NC
C-—~--——-MASS FRACTICNS IN THE GAS PHASE AT THE END CF THE CELL
YPUIT) = YCITH11)*G(IT)*MWILT7)/GFR
C——=—=MASS FRACTICNS IN THE LIQUID PHASE AT THE END UF THE CELL

XPULT) = XCI7,00)8L(IL)*MWLIT)/LFR
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06010
06020
c6C30
06040
C605C
C60060
060140
060EC
06090
061C0
gellg
66120
06130
c6l40
g6150
06160
c6174
cé6léG
G6190
c62C0
06210
Cb220
0623C
€C624C
06250
62¢0
06217¢C
0628C
C6290
c63CO
u6310
06320
u6330
06340
06350
U6360
U637V
06380
0639¢
06400
0641C
06420
06430
06440
06450
06460
Go470
00480
06490
065C0
ces51y
06520
06530
06540
06550
C6560
065170
c6580
06590
6600

8C CCNTINLE

C——————RETLRN 10 THE MAIN PROGRAM
RETURN
END

*
XL EX A EX XXX 22X XESUBPROGRAM KVALUES S X3S X220 22000 R R0 RS ES R xR
* *

* THIS IS A DATA SUBPROGRAM. INTERPGLATIGCN IS APPLIED TO*
* OETERMINE K-VALUES OF THE COMFCONENTS AT APPROXIMATE TEMPERATURE=®
* AND PRESSURE *
* *
FEEX SRR F AR AR R R BRIER XSRS SR REE R AR E LR IR C A RS SRR AR S SRR R RSN KR DKk
t
*

SUBROUTINE KVALUE(NC,TEMP,PRESS K]}
*
*

REAL KVI4y7912)4RPUT)RTUL2)4PK(4912)4K(4)
e DATA SUPPCRTED FUR THE CALCLLATION CF K-VALUES
C-—--—-PRESSURE RANGE CF THE DATA CF K-VALUES

DAIA RP/14.7120.'25..30.'4C-'60-'100./
C-=-——-TEMPERATURE RANCE CF THE DATA OF K-VALUES

DATA RT7/8Ce+100e9120¢914049160.9180292006522009240.+2604,280.,

# 3C0./ :

C-~—-—-—-DATA UF K-VALUES OF THE COMPONENTS

DATA KV/5664924649089¢00189482.921449+058,.001454376.,171,.048,
e00134346491614920459.0012+2544912109e035¢.001191934¢944+.025,
eCCly12960964239e01892000959920¢9400e9.139.0C37,788.+9350.9.095,
«0028+6€C2930009e0849.0025955949250094079.0C22¢5469200.4.058,
«001893C849150¢9049.00159200.9100.9.0289.001291486496464¢.21,
e0UT2¢124429553092159e005291021094649.9.139.0048¢9845.49393.4.11,
e00421615¢92932920859.0C344478.+233.9.0629.00279314.4157.4.044,
000292246¢95854193290131215649358090269e01914154964349.18,
eU0849122809571apel6ye0075¢86%¢¢414.9412,.0C584677.4330.,.088,
0046145829229 19.06479.003493255091415.92469.024927364121644.33,
eU15692200091CC001¢289«01591765.4821492239.C139138C49655.1.19,
e01193232145009el2¢e00749614¢930729.0869.005594525.9196S54v.6%9
«03893647.9162)14090e%4¢002793065.9139349.399.02442458.41143.,.32,
e02918L10ayB62eye25901791308.9638a9a179.012985849429.4.12,
eC09163€9e1276F090914060497509221101e69e042+14U085491857.4.52,
e038¢32250915C009e429.032¢1231649110329329.02691769.9863.4.23,
«e018912142¢9571e¢el69e014,8492.93692.91e29.1¢6881.¢305B.49.83,.07,
550009250Ce1e792069437709202649057912059325%9155Leye454.04,
2306¢9112509¢39e028915000975009e219002911323.94923.41.69.155,
912Ce94C53e9)lalpall9023009328609.9232099576009267929.159.074,
434540920692 406906233075.915CC0ve%920491875.9929¢+.264.C34148063,
6462492 ¢11022¢12020495342¢9010459015315429.94286091+29.13,7372.,
3"29.10963011'5069012414.'.1].08'3690.'18000'048'.06'26”2-'
1321090277045+ 168084983080 9079233916578 ¢736809209.249911785.,
5357e11059019¢9215942860910244169659049313809.919213947€64,
23250106290C09932866916430104694065924771e91CT770443.54.46,
168957864209 2%9e349415T15e¢9T143092.9428512265.95T1409leby.24,
8545494C69¢ 1L 018y elB89592C09288809e7791293786491893.+9.53,.08/
(- INTERPULATICN TO FIND K-VALUES
DC 200 Jl= 1.7

IF(RPUJLI-PRESS)} 200,200,410
10 PTI1E = (RP(JLI-RPLJI-1)I/LRP{JL)-PRESS)

CO 100 Jz= 1,12

DC 20 J3= 1,NC

W e W I W XTI MWW W ! TW T W WX
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C661C
662¢C
Cob3C
C664C
0665C
06066C
c6610
00680
06690
06700
067190
cer2¢C
co72C
06174C
06750
Co76C
c611C
0678Q
067SC
c638CC
c681C
06820
g68720
06840
068509
6860
06870
06380
C68SC
c65C0
06910
06920
0663C
06940
C6950
C656C
C691C
€6$60
€6SS0
07G6C0
c7010
07u20
Q7030
Q7u40
C7050
07060
Qr07¢
0T0RQ
C7u9¢Q
C71cCo0
or1io
c7120
67130
0714C
C715¢0
¢7160
c7117¢
grisc
C719%9
ar1200

PK(J3,32) = KVIJ34J19Jd2)=UKVIJ34J1,J2)-KV{J3yJ1=-1,J2))/PTIE
2C CONTINMUE

1¢0 CONT INLE
GO T0 300
20V CCNTINUE
300 DG 4CO Ja=1,12
IF(RT{J4)-TENP) 400,40G,310
310 TTIE = (RT(J4)-RT(J4-1})/{RT(J4)-TEMP)
00 350 J5=1,4NC .
C=——————=K-VALUES OF CCMPGNENTS AT APPROXIMATE TEMPERATUKE AND PRESSURE
K{JS) = PK(JS5J4)-(PK(JS5yJa)=PKLJIS5+J4-1})/TITIE
350 CONTINUE
GL IC 450
400 CCNTINUE
[ RETURN TO SUBPRCGRAM RATES
459 RETURN
END
*

SERERREERARSR AR S DA S8 224 RSUBPROGRAM PHYSICEXS SRR B IRXRLRRRRSRERAKRRRRL &

* *
* THIS SUPPROGRAM IS USED TO FIND THE PHYSICAL CONSTANTS *
* CF THE CCMPUNENTS AT APPRCXIMATE TEMPERATURE AND PRESSURE *
* *

AEEBRARSFRRFRERSABRARIRBEEROEIRAIIR XA RE SRR AR R AR RRSERRORER SR KX E AR SR KK TR
*
*

SUBRUUT INE PHYSICINC,TEMP,PRESS+VGyVL,CPG,CPL,OVAP,DLIQ,TCL)
*
*

DIMENSICN TCL{4)yVG{4)VL{4)oCPLI4)CPGL4),0VAPI4),DLIQL4),

# DVI4y395),0LLAs2,5)4PPL3)sTT(S)sPOVI445)4PCLL4G,S)

Commmmme CaTaA SUPPLIEC
C----——=PRESSURE RANGE CF THL DATA
CATA PP/1447,30.0,1C0.0/
C-———--—TEMPERATURE RANCE CF THE CATA
DATA TT1/80e¢915Ce32GCe92504,300.7/
Crmmm—- DATA OF VAPCR CENSITIES OF THE COMPONENTS

DATA DV/eU00C348,4.0711349.21869.24059.01008y105504929.541,
B 034664 +484491.10741.21774eCC03081,.06295+.2024++2226,
A <U2307,.12843,.4554,.500014.030694,.4280291.02591.13,
¥ .004182..05818..1862..205C..0079..084..41895..4609..02838.
# o3858,.542691e0379.003899.054359.179.18744CC735,.0935,.3825,
# 042084202638y .3645, e8606,4.9467, «003632,.05051,4. 1691764 .00686,
¥ el034e3€9049002646495e343191e341.43/
(-=—-——-DATA UF LIQUID CENSITIES CF THE CCMPCNENTS
CATA DL/3491915.61942.32945.31¢3.99915.95:42.33445.4%,4.38,
# 17.5142¢35945¢5292.08980321400294364692e12¢8.5140.211943.5,
# 203399¢23440023¢43.6891.5616424938.7942.191.606.38438.7,
B 4241791 e7877e02938072942.3211425954936496140.6841.28+5.11,
# 37.0604CeT725124175462937402940.991e049%4.16+34.96435.25,
L 1e0604¢25734e58¢3902991.1794.68¢35.035439.47/
Cmmo— INTERPUOLATICN TC FIND DENSITIES CF THE COMPCNENTS
CC 100 J1 = 1,3
IF(PPLJL}-PRESS}) 10C,1C0y10
10 PIT1E = (PPLJL)=PPLIL-1))/1PPLJL)-PRESS)
DO 5C J2= 1,5
DU 40 J3=14NC
POVIU3,421=DVIJ3,J14Jd2)-(0VIJ3,J1,4d2)-DVIJI34J1-1,J2))/PTIE
POLEJ3,J2)2DLJ3, 009 Jd2)=(DL(J39sJ19J2)-DLUEJ34J1-1,J2))/PTILE
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Q7210
Q7220
€7230
01240
Q725C
G126C
Q7210
c7280
0729¢G
01300
07310
07320
07330
C7340
€7350
C7360
C737¢
07380
c739¢C
074C0
07410
0742¢
07430
CT44C
07450
07460
Cl141C
C7480
g745C
€750C
c7510
€7520
€7530
C7540
071550
cils56Q
C7517¢
Q758¢C
c159¢C
€c76CC
C701C
07620
C7630
CT640
07650
C166C
Cl6410
076€C
C?1690
07700
c7171C
g772¢C
07730
071740
07150
gt1¢c
c77170
C718C
€779¢C
€73C0

40 : CONTINUE
50 CUNTINLE
GO 10 20C
160 CCNTINUE
200 CLC 4C0 Ja=1,5
IF(TT(J4)-TEMP) 400+40C,310
310 TTIE = (TT(J4)-TT(J4~1) )/ (TT(J4)-TEMP])

00 350 JS=14MNC
DVAP(J5)=PDV(J5,J4)-(PDVIJ5,J4)-PDV(J5+44~-1})/TTIE
DLIQUJS)=POL(J59J4)-(PDLUJIS+J4)-POLIJS¢Ja=1))/TTIE

350 CCATINLE
GG TO %00
4Q0 CUNTINUE
C-—==——=EQUATIONS TC ESTIMATE THERMAL CCNDUCTIVITIES OF THE COMPONENTS
C-—m——— IN THE LIQUIC PFASE (BTU/FT-HR-F)
500 TCL(D) = 316T.2¢(TEMP-8C.6)%4.0383

TcLe2) = 448.20+(TEMP-80.£)%,65382

TCL(3) = 1.39CO+{TEMP-B80.6)*(-0,0007407407)

TCL(4) = 1.45CGC+{ TEMP=-80.6)#*(-0.0005555556)
(-----—-EGQUATIUNS TU ESTIMATE VISCOSITIES OF THE COMPUNENTS IN THE GAS
C-—=--——=PHASE (CP)

veltl) = 0.C0850+(TEMP-60.0)%C.000104167

VGL2) = C.CL704{TEMP-60.0)20.000C25

VG (3) = C.C6C0+(TEMP=60.0)%0.0U1042

VGi4) = C.0500+{TEMP-60.0)#20.000C8333
(- EQUATICAS TC ESTIMATE VISCOSITY OF THE CGMPCNENTS IN THE LIQUID
C-————=PFASE (CP)

vL(1l) = 0.0010+(TEMP-60.0)%0.0000004167

vL(2) = 0.0020+(TEMP-60.0)%0.001042

TK = ((TEMP-32.0)/1.8)4273.0

vL(3) = 10.00%(436.73*((1./TK)=-(1./232.53)))

viL(4) = 10.0%%(558.61%((1./TK)=-({1.7277.8)})}
C====—=-FEQUATIUNS TC ESTIMATED SPECIFIC HEAT CF THE COMPONENTS IN THE
Ce==———=GAS PHASE (RTU/LB-F)

CPGIL1) = 3.5

CPGI2) = .25+(TEMP-50.0)%C.00002

CPG(3) = ,2475+(TEMP-50.0)%0.G0039

CPGL4a) = 21+ (TEMP-50.0)*0.00014
C——-——-EQUATIUNS TC ESTIMATED SPECIFIC HEAT OF THE COMPONENTS IN THE
(————=LIQUID PHASE (BTL/LB~F)

cPLIL) = 1.C

CPLI2) = 0.S5+(TEMP-50.0)#%0.0004

CPL{3) = 0.375+{TEMP-5C.C)*C.00058

cPL(4) = 0.404(TEMP-50.0)*0.0CC58
C-————- RETURN 10 THE MAIN PROGRAM

RETURN

END

EEBEEERRRRENERE SRR 28 X8 8. SUBPROGRAM LATENT #5253 480045 XXXEXRSES AR LD

* *
* THIS SUBPROGRAM IS USED TU FIND THE HEAT CF EVAPORATIUN®
* OF THE COMPCNENTS AT APPROXIMATE TEMPERATURE AND PRESSURE *
* &

EATERERERRRASELEARFRIR IR ERRRBRRR SRR LA D SRR RXRSAEF LB SRR ERALE XSRS $
*
*
SUBRUOUT INE LATENTINC,TEMP,LAMCA)
*
*
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078140
07820
a7820
Q7840
Qr8s0
0786C
07870
c1880
07850
079¢0
07910
07920
C7920
C7940
0795¢C
v7960
07970
G798¢
7930
084000
08010
0duy20
0803C
0uu4C
04950
08060
08Q7¢C
08048V
08090
081C0
03110
08120
ugl3o
Q8140
08150
08160
081L7C
08180
081scC
08200
03210
c8220
0823C
04240
C8250
08260
08270
08280
03290
08300
0831¢
0u32¢C

REAL LAMDAL4)

(-—-——=EQUATIONS TG ESTIMATED LATENT HEAT CF THE CCMPCNENTS
LAMCA(1)=18C0.+(TEMP-80.)¢3.5
LAMCA(2)=237.+{ TEMP-B0.)*.264
LAMDA(3)=162.+{1EMP-80.)*.2364
LAMDA(4)=162.+{ TEMP-B0.)*.1955

e RETURN 10 THE MAIN PRCGRAM

RETURN

END
]
*
2R EEREREE LA A4 E 3528502 SUBPRCLGRAM FMODEL*# 482542kt 432 0200400k SE
* 4
* THIS SUBPROGRAM IS USED TO FIND THE FLUW MCDEL BASED Oh*
* THE FLOW-PATTERN MAP GF MANHANCE ET AL. THERE ARE TwWC FLCHW .
* MCDEL: *
* HOMCGENECUS MODEL WHICH INCLUDES SLUG, DISPERSED,AND *
* BUBBLE FLChS. *
* SEPARATED MODEL WHICH INCLUBES STRATIFIED, mAVE, AND *
» ANNUL AR FLOMWS. *
* *
XXX S PR FXXXEXBESF AR SRR EBER SRR EARR XX AEERRE AR ESAREES SRR REKERERE KT
*
»

SUBRUUT INE FFMCDEL(VG,VL,TYPE)

»

INTEGER TYPE

C-——-——=-SUPERFICIAL GAS VELCCITY (M/SEC)

VGG = {(VG#*#C.3048)/736CC.0
C——~-—=SUPERFICIAL LICLID VELCCIIY (M/SEC)

vit = (VL#*(C.3048)/36C0.
Crmmm—— SIMPLIFIED FLOW-PATTERN MAP CF MANDHANE ET AL

IF{V6GG.LE.1.8) GC TC 50
IF(VGG.LE.2.3) GO TC 60
IF{VsGelEel2.) GC TC 70
IF{VGG.LE.9C.) GO TC 80

50 IF(VLL.LE.D0.5) GO YO 300
GC Tu 2C0

60 HCRZ = -043*VGG*L.04
IFIVLL.LE.HCRZ) GC TG 3C0
GC 1C 2C0

70 IF(VLL.LE.<35) GC TC 300
GC 10 2€0

ag HCLRZ = Call?VGG+C.097
IF(VLL.LE.HUORZ) GO TG 300

2C0 TYPE =1
GO 10 4CO

300 TYPE = 2

Crmmmom RETURN TC ThE MAIN PRCGRAM

4C0 RETURN
END
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