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ABSTRACT 

A simple steady state heat transfer model and conputer 

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. 

Ihe 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 207o. Heat transfer coeffi 

cients in this range are still within the expermental data 

scatter. 
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For the air-water system, the calculated pressure 

drops agreed within 5.77o 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 subject 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 . 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 
(O)

flow, stratified flow, slug flow, etc.) , most investiga 

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 Ob jective 

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 Oo.l) 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, 

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=l) where m and m, are the 
So -"-o 

feed rates of gas and liquid streams at z=0, and T and P are 
o o 

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 Ib/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. In 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. 



Table 2.1. Typical Ranges of Operating Conditions of 

(1)
Fired Preheater 

Coil Diameter 

Coil Length 

Temperature, °F 

Inlet 

Outlet 

Inlet Pressure, psia 

Total 

H2 Partial Pressure 

Wt "L Coal in Feed Slurry 

Flow Rates of Feed Streams, Ib/hr 

Coal 

Solvent (Oils) 

H2 Cas 

1-2 inches 

400 - 700 ft 

115 - 155 

770 - 885 

1720 - 2410 

1460 - 2050 

30 - 50 

246 - 560 

600 - 11000 

100 - 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 

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^^\ 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. 
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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)^^^ 

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 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)^^^, 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^^^ introduced some empirical correla-
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Figure 2.2. Flow Pattern Diagram Proposed by Baker(3) 
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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 m^ and nij^. The frictional pressure drop in a 

section Az is denoted by (AP/A2)^p. 

- A single gas phase flow in the same tube with mass 

flow rate equal to m . The frictional pressure drop 

is then denoted by (Ap/Az) 
g 

- A single liquid phase flow in the same tube with 

mass flow rate equal to m^^. The frictional pressure 

drop is then denoted by (AP/Az)j^. 

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 according to: 

(AP/A z) 
tpJ0r' (2.1) 

g (AP/A z) 
g 
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(AP/A z) 
tp 

(2.2) 

( Ap/A z) 

and to correlate the experimental data with the parameter 

defined according to: 

02 ( A P/A z) 
(2.3) 

0, (AP/ Az) 
g 

The correlations between SS and 0, versus X are presented in 
s 

Figure 2.5. These curves can be approximated by the 

(2).equations 

2 ^c ^ 
(2.4) 

0^ = 1 + 0^ + X' (2.5) 
g c 

where 0^ is a constant corresponding to the flow regimes. 

With: 

0^ = 20 for turbulent-turbulent flow 

0 = 12 for viscous-turbulent flow 
c 

0 = 10 for turbulent-viscous flow 
c 

0^ = 5 for viscous-viscous flow 

Equations to calculate single-phase pressure drop 

corresponding to flow regimes are: 

2(4)^ C M m^""" 
, APs ^ g ^g g (2.6) 

1 g ®c 
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,A1) 
(2.7)^ Az^l 

?i g1 ^ 1 ®c 

where C^, C^, m, n: Constants corresponding to flow regimes, 

given in Table 2.2, dimensionless 

Br Newton's law proportionality factor, 

32.174 ft-lb/lbf-sec^ 

m m. Mass flow rates of gas and liquid streams, 
S 

Ib/hr 

fg> ?i Average gas and liquid density, lb/ft^ 

Average gas and liquid viscosity,^g'/^1 
lb/ft-sec 

Two-phase pressure drop therefore is computed by Equations 

(2.1) or (2.2). These pressure drop correlations, according 
(8)to Fried , 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 

.2 /m,\ 1.8 0.2 
tt (2.8)

■g/ (ft) 
viscous-turbulent 

2 Re "• 8 
(2.9)•'^Vt 16 2S i (ft)( ^1 

g 
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Table 2.2. Flow Regiroe Constants for the Lockhart-Martinelli 

Single-Phase Pressure Drop Correlations 

Flow Regime Constants 
Liquid-Gas m n Co Cl 

Turbulent-Turbulent 0.2 0.2 0.046 0.046 

Viscous-^rbulent 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 

^g/V^i/Vfg/ 

viscous-viscous 

= © (^)(^)
g 1 'g 

where Re^ = 4 and Re^^ = 4 are Reynold 

numbers of the gas and liquid phases. 

Similar as pressure drop, Lockhart and Martinelli^^^ 

represented holdup fractions, R^, 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 

(2)follow equation : 

^ (2.12) 
+ 205C + 1 

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

correlation for holdup. 

By using the same procedure to develop the correla 

tions for holdup fraction and pressure drop of Lockhart and 

Msrtinelli, Johnson and Abou—Sabe^^^ developed correlations 
for turbulent-turbulent, nonisothermal, air-water flows. 

/ Q \ 

Contrary to the conclusion of Fried , Johnson and Abou-Sabe 

showed that pressure drop in a nonisothermal flow system is 

higher than that in an isothermal system. Comparisions 

19 



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: 

(2.13) 

(1.20 - 0.002X) + 20pC + 1 

and 

0- = [1 + — 9] (1.25 - 0.0025 DC) (2.14)
3:2 

Operating conditions for both investigations of 

Lockhart-Martinelli and Johnson-Abou Sabe are listed in Table 

2.3. 

(2 8 9)
Several other correlations '' 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 

20 
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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 introduced a correlation for 

calculating the coefficients for the system with high gas mass 

fractions (^10%). 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: 

h. .(0.033) h (2.15) 

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: 
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TV 9 .28 (0.4 

h. = (0.06) —t (2.16) 
D. (t) ra).,1 

where: 

Cp^ Specific heat of liquid, BTU/Ib-°F 

D. Tube inside diameter, ft 
1 

'M Total mass flow rate of the mixture per 

unit of cross-sectional area, lb/ft^-hr 

Two-phase heat transfer coefficient,"i 

BTU/ft^-hr-°F 

Thermal conductivity of the liquid, 

BTU/ft-hr-°F 

fg.Sl Gas and liquid densities, Ib/ft^ 

Gas and liquid viscosity, Ib/ft-hri'g-ri 

Two-phase fluid viscosity, [4p 
Ib/ft-hr ® ^ 

m 

Gas mass fraction,-jjj—^ ̂  , dimensionless 
ti, +TT 
1 

...
g 

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^^\ Baker 

Johnson-Abou Sabe^^\ Fried Kurdika^^^^, Groothuis^ ^, 
Hewitt(14),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^ ^ 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. 

Treybal^^^^ also established a similar method to apply to the 
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^^^^. 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: 
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Table 2.4. Procedure of Flash Calculations When K-Values Are Independent of 

Compositions 

(1) (2) (3) (4) (5) (6) 

Ccmp. # Moles Overall F Mole X 

# Entering Mole 7. in the^ fiz Mole X in the Gas 

at at F Phase at z Liquid 
z 

z z Phase 

at z(MoleAir) (7.) 

Zj^d - K^) 
Y1 ■^iz Iz 

1 + - 1) ^ 1 + - 1) 
= 

Zjd - K2) hh2 F 7
'^2z ^2z -yh

1 + - 1) ^ l+f(K2- 1) 

Zjd - K3) 
3 Ft Y ^3'^3 X3

3z 3z - h'h
1 + flKj - 1) ^ 1 - 1) 

- Z.K. 
Z. *^1' Y J J X. = Y./K.
jz J J J1 + fCKj - 1) J 1 + 'i'(K, - 1) 

Z K
Y n n 'S, = ^n/l^n1 + T(K^ - 1) " 1 + - 1) 

~n 
II ^ Z,(l - K.) r— r— 

= y F. 1.0 fCf) = > —J J—, 0 ) Y. = 1.0 > X, = 1.0 
1 + i'(K - 1) ^ I— i

j=l j 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 T (0<Y.tl) which is defined as the ratio of the molar gas flow rate 
in an equilibrium state at z. New value ofY must be guessed until 
finally f(Y) in Column (4) is equal to zero. Use the last value of f 
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, F^ , 
are determined by: 

F = TF 
gz z 

F, = F -
Iz z gz 
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w exp [ )] (2.17) 
w 

with 3-1 
i-.67508(-e -e )+.i8746(e-e ) 

c s c s 

7'(-e-,)
s 

= -7.4691 

Vo-
I 

L 
1+0.81642(0 -0^) 

c s 

2.18; 

where 

Critical pressure of water, psia 

Total pressure of system, psia
t 

o 
Vapor pressure of water, psia 

w 

Normalized critical temperature, 

T^(K) and (K) are critical and boiling 

temperature of water 

Gas phase normalized temperature, T/l^: 

T (K) and Tj^ (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 201and 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)diagramming or tabularizing ' because they are sensitive 

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 N2 and 
n-decane are 20 and .013 respectively. Their ratio is: 

/^n r = 20/0.013. At 250°F and 20 psia, K-valueN2 n-C^Q 

of N-decame is .14, K-value of N2 at this condition is 

estimated by: K„ = (20/0.013)(0.14) = 215. K-values
W2 

of hydrogen and nitrogen for some conditions are available in the 

(23)literature . Physical properties data of the components used in 

illustrative systems are listed in Table C.l to Table C.6 in 

Appendix C. 
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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^^^ 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 Run No.3^^^^; 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(8). 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 ̂ pendix C. 
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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 m and m,, respectivelly, 
O ^ 

The n components constituting the system are distributed 

between the phases, such that; 

n 

m y • (3.1)
g A Jg 

n 

mi = X m. (3.2)
j=l ^1 
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z+A z 

m 

g 

GhS o o 

= -(X)-- z+ Az 

m. 

Liquid _ Z+ AZ 

P , T , T
Z' z z+ Az' z+ Az 

Figure 3.1. Two-Phase Gas-Liquid Flow in a Section of a 
Horizontal Tube 
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where m end m, 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 m^ 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 lengthAz and cross-sectional area 

may be written as: 

m. = m, j + m AV, (3.3) 
'z+Az ^ 

Expressing the liquid volume in term of the liquid holdup 

fraction, dividing byAz and let Az "small", we obtain 

the following first order differential equation for the 

overall, local mass balance on the liquid phase: 

dm. 

= - m^R,A. (3.4)
tildz 

where m. Liquid mass flow rate, Ib/hr 

m^ Local net mass transfer rate between gas 

and liquid phase per unit liquid volume, 

Ib/hr-ft^ 

Liquid holdup, dimensionless, R^ = AV^/ AV 

Cross-sectional area of the tube based 
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on tube inside diameter, ft' 

D. : Tube inside diameter, ft 
1 

Similarly, for the gas phase: 

dm 

= m R A. (3.5)
dz til 

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 

— = m. R,A, j — 1,2,3,...n (3.6)
dz 1 ̂  

dm 

Jli = -m_R,A. j = 1,2,3,...n (3.7)
dz 1 

where ™jg» "'ji' Mass flow rate of component j in the gas 

and liquid phases, Ib/hr 

: Local net mass transfer rate of component 

j between the gas and liquid phase per unit 
3 

liquid volume, Ib/sec-ft 

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 m are 

unknown as well as the and the 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, 

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

and pressure^ ^. For a component j. 
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� 

y 
K (3.8) 

and if component j is an ideal solution, 

T^O 

K (3.9) 
X. 

J 

where is vapor pressure and 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, F , is give by: 
z 

F,
2 

= F 
g,
'z 

+ F,
1 

(3.10) 

n 

with = V 
^ 

F. 
Jg. 

(3.11) 

n 

(3.12)

5 
where F , F, Molar flow rates of the gas and liquid

g^ 1 

phases at z, # mole/hr 

F. , F Molar flow rates of component j in the 
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Figure 3.2. Molar Flow Rates of Gas and Liquid Phases for 
Mass Balance Development 
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gas and liquid phases at z, # mole/hr 

^2 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 T and total pressure 
z 

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 Mj as molecular weight of component j, after 

mole fractions, x. and y. are calculated, we have: 
J 

m = M.F., = M.y. F (3.13)jg. J Jl. J Jz Sz 

and 

m M.F.. M.x. F, (3.14)jl. J Jl. J J, 1. 

where M. 
J : Molecular weight of component j, 

lb/lb mol 

m m : Gas mass flow rates of component j in 
jg, jl. 

the gas and liquid phases at z, Ib/hr 

: Mole fractions of component j in the""j'^jJz ■'z 
liquid and gas phases at z, dimension-

less 

The same procedure is applied at z +Az of the cell; 

similarly we obtain: 

m. = M .F , = M .y . F (3.15)
J°Z+ Az ■^®z+ Az ^z+ Az ®z+ Az 
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and 

= M.F., M .y . (3.16)■"ji."z+ Az ^ ^ z+ Az J J2+ ^2 z+ 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: 

^ (m,H, + m H ) = D. q„ (3.17)
dz 11 Kg kg 1 W 

where D. 
1 

Tube inside diameter, ft 

dz Length of a small tube section, ft 

Hg, H, Average enthalpy of the gas and liquid 

phases, BTU/lb 

Mass flow rates of the gas and liquid 
g-
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Hg,H^: Enthalpy of the streams, BTU/lb 

Figure 3.3. Enthalpy Balance for a Section of the Tube 
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phases at z and z+Az, Ib/hr 

: Heat flux trough the tube wall, 

BTU/ft^-hr 

Using Assumption G, heat mixing is negligiable, H in 

Equation (3.17) can be determined as: 

j=l 

n 

H, y x'.H„
jti J (3.18) 

and 

n 

H (3.19) 

Xj, y^, and are mass fractions and enthalpy of component 

j in the liquid and gas phases respectively. 

Using Assumption F (local equilibrium), the only 

^iffsrsnce between the gas phase and liquid phase enthalpy 

is the latent heat, For a given component j, we have: 

(3.20)"jg -
Equation (3.19) becomes: 

H (3.21)
g |i ''j '«ji ^ 

where the liquid phase enthalpy of component j, may be 

written, neglecting the pressure contribution to the enthalpy 

as: 

dT (3.22)
T PJ 
r 
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or 

(3.23)"jl = "j ^ =Pj - ^r' 
where 

C . Specific heat of component j in the liquid 
PJ 

phase BTU/lb - °F 

Average specific heat of component j in the 
PJ 

liquid phase, BTU/lb - °F 

H° Enthalpy of component j in the liquid phase 

at reference temperature T^, BTU/lb 

T^ : Reference temperature, °F 

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

by: 

Am = m^AzA^ (3.24) 

or 

Am = I - m = m^ - m (3.25) 
••5 z+ Az ^'z+ Az ® 

where 

2 
A. ; Tube inside cross sectional area, ft 
1 

nig, riij^: Mass flow rates of gas and liquid streams, 

Ib/hr 

m. Local net mass transfer rate between gas and 

liquid phases per unit liquid volume, 

Ib/hr-ft^ 

Am Net mass transfer between gas and liquid 

phases in a tube section of length Az, Ib/hr 
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Az : Length of the section of the tube, ft 

Hence, the average latent heat is empirically approximated 

as: 

Am
AH ( + A. . ) (3.26)Latent z z+Az 

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

evaporated amount is: 

AH^ .AihCp^ - T^) (3.27) 

where 

^ : Average specific heat of the liquid 

phase, BTU/lb-°F 

^^Latent * latent heat given by Equation (3.26) 

Cpj^ and Cpg 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 

/y^ + y. \ 
z _~Z+Az] — 

/ Cp (3.28)= Z(-
'gj=l 

n . X. + X. 

>5, I(-^—) (3.29) 

The total enthalpy change of the liquid phase is: 

AHj^ = I - m,H, (3.30) 
z+Az z 

Equation (3.30) can be approximated by using average liquid 
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flow rate and specific heat. We have 

- T^) (3.31) 

Without including the amount of evaporated liquid, 

the average enthalpy difference in the gas phase is; 

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

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

AH„ = A Cp„ (T,^.,- T,) (3.33)
g g2 g 2+Az z 

Total enthalpy change of the system is: 

AH^ ̂  = AH +Ah' +Ah (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: 

^"total = *g CPl'^z.Az - T,) 

^^"latent ̂  ">1 CPi ("^z+Az""^z^ 
avg 

= %D.A z q (3.35)
1 ^w 

The heat flux to the fluid, q^, may be written in 

terms of the difference between the temperature of the 

heating medium, T , and the local bulk temperature of the 
g 

fluid, T , as driving force (logarithmic mean temperature 
z 

difference, AT,.^r.) and the overall local heat transfer 
' LMTD 

coefficient, U^, according to: 

- U^ATj^j^^p (3.36) 
^w 
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When radiant heat transfer to the tube is considered. 

with h and h as convective and radiation heat transfer 
c r 

coefficients and the tube surface assumed to be black 

surface, is given by: 

q = (h + h ) (T - T ) (3.37)
c r g w 

If the heat flux by radiation is q^, then h^ is(18) 

h = — (3.38) 
^ (T -T ) 

g w 

In terms of the view factor and for gray surfaces q is given 

by 

T^) (3.39) 

where 

: Overall interchange factor, dimensionless 

: Stefan-Boltzmann constant, 0.1713 x 10-8 

BTU/ft^-hr-R^ 

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

1 D.x, D. 
U. = [- (3.40) 

h. D k„ D h^ 
1 w oo 

and 

T A - T 
z+Az z 

AT (3.41)
LMTD 

rT - T 
.i LLN 

T - T 
" g z+A z 
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where 

D., D 
1' o 

Tube Inside and outside diameters, ft 

D Log mean diameter, [D^ - D^/LN(D^ - D^), 

ft 

Two phase fluid heat transfer coefficient 

BTU/ft^-hr-°F 

Outside film heat transfer coefficient, 

BTU/ft^-hr-°F 

Tube wall thermal conductivity, 
w 

BTU/ft-hr-°F 

Heating medium temperature, °F 
g 

Fluid temperature, °F 

Tube wall thickness, ft 
w 

In Equation (3.40) above, h^ is estimated from the 

heating system outside the tube (fired heater, steam jacket, 

etc.) or from Equation (3.37) for combination of both h 
o 

and h^, h^ is calculated by Davis and David correla 

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 

AT AT, AT 

~7~ = = ; — (3.42)1/U. 1/h. (x^/k^)(D./D) 

where 

AT : Average temperature difference between the 

heating medium temperature and the fluid 

temperature, °F 

A Tj^ : Temperature drop through the inside two-phase 

fluid, °F 

AT^ : Temperature drop through the wall, °F 

After the individual resistances [each term in Equation 

(3.42)] are estimated neglecting the tube wall resistance^ 

(x^/k^) (D^/D). 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. 

AT, 1 
AT (3.43) 

h. 
1 

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

resistance terms gives 

1/h, 
AT. AT (3.44) 

1 
1/h. + D./D h 

1 1 o o 

with 

T + T 
z z+ Az 

AT = T - (3.45) 
g 

where T is the heating medium temperature, T and T 
g ° ^ ' z z+ AZ 

are inlet and outlet stream temperature. The wall tempera 

ture. The wall temperature T^^ is then obtained by the 

following equation 

T = T + at. (3.46) 
w 1 

where T is average fluid temperature given by: 

T + T 
„ z z+ Az 

(3.47: 

3.5 Flow Patterns and Flow Models 

Flow patterns are determined by the Mandhane correla-

tions^^^ as shown in Figure 2.4. Superficial velocities of 

the gas stream is given by: 

m /3600 
(3.48) 

g ? A. 
g 1 
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and for the liquid stream: 

mj^/3600 
V. (3.49) 

where 

Tube inside cross-sectional area, ft 

m _ j in^ Mass flow rates of gas and liquid streams, 
g 

Ib/hr 

V , V, Superficial velocities of the gas and 
g 1 

liquid stream, ft/sec 

Densities of gas and liquid streams,^^1g 

Ib/ft^ 

In order to apply the Davis-David^ ^ 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. 
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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^^^. 

For the gas stream in a circular tube, Reynold nxamber is 

given by: 

4 m 

Re (3.50)
S llD.r 

1 g 

and for the liquid phase 

4 m. 

Re. (3.51) 

where 

D. : Tube inside diameter, ft 
1 

m , m, Mass flow rates of the gas and liquid 
g 1 

streams, Ib/hr 

RSg, Rej^: Reynold number of the gas and liquid 

stream, dimensionless 

f*g' Tl ' Viscosity of the gas and liquid streams, 
Ib/ft-hr 

53 



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 :3C is ccnputed 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: 

A? "AP 

(3.52) 

Az
^tp g 

or 

"a?" "AP" 
(3.53)^1 

-Az _ .Az _
bp 

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. 

54 



 

 

 

 

T
a
b
l
e
 
3
.
1
.
 

F
u
n
d
a
m
e
n
t
a
l
 
E
q
u
a
t
i
o
n
s
 
a
n
d
 
C
o
r
r
e
l
a
t
i
o
n
s
 
I
n
 
t
h
e
 
M
o
d
e
l
 
D
e
v
e
l
o
p
m
e
n
t
 

S
u
b
j
e
c
t
s
 

C
o
m
p
o
n
e
n
t
 
j
 

C
a
s
 (
t
i
a
s
e
 

L
i
q
u
i
d
 
P
h
a
s
e
 

n
 

M
a
s
s
 
f
l
o
w
 
r
a
t
e
s
 

ih
j -

Mj
Fj

 (
3.

13
-3

.1
7)

 
m
 
-
y
 m
.
 

(3
.1
) 

(
3
.
2
)
 

M
a
s
s
 

f
r
o
m
 
f
l
a
s
h
 

® 
J-

l 
Jg 8
 

B
a
l
a
n
c
e
 

c
a
l
c
u
l
a
t
i
o
n
 

Dl
ff

. 
eq

t.
 o
f
 

d
m
 

d
n
.
 

m
a
s
s
 f
o
r
 
s
m
a
l
l
 

mj
,V
^ 

(3
.6

-3
.7

) 
—
^
-

m.
R,

A,
 (
3.
5)
 

-
-

m
 
R
.
A
.
 

(
3
.
4
)
 

A
z
 

d
z
 

^
 ̂
 

d
z
 

En
tl

ta
lp
y 

Hj
 -
"j

i+
Xj

 <
3.

21
) 

(
3
.
1
9
)

H 
-
f

y'
H,

 (
3.
20
)

K 
p
i
 

Jg
%
 
'
V
'
V

"-
2^

' 

i
-
n
 

l
a
t
e
n
t
 
h
e
a
t
 

^
H,

 ,
,
.-
4^

(X
 

♦ X
 
.
) 

(
3
.
2
7
)

l
a
t
e
n
t
 

2
 

Z
'
 
Z
4
^
 

i
_
n
 

H
e
a
t
 a
d
d
e
d
 
t
o
 e
v
a
p
o
r
a
t
e
d
 

A
H
*
 

-A
ii
iC
. ^P
l (

T
 

(
3
.
2
8
)

*^
"u

.c
en

t
E
n
t
h
a
l
p
y
 

E
h
t
h
a
l
p
y
 

ll
ff

il
d 

B
a
l
a
n
c
e
s
 

c
h
a
n
g
e
s
 

E
n
t
h
a
l
p
y
 c
h
a
n
g
e
 I
n
 l
i
q
u
i
d
 

A
H
i
 

.
 m
,
C
 

(
T
 
^
 
-
T
 )
 

(
3
.
3
2
)

1 
P|

^ 
z«
Az
 

z
p
h
a
s
e
 

E
n
t
h
a
l
p
y
 c
h
a
n
g
e
 I
n
 g
a
s
 

A
H
 

-
m
 
C
 

(
T
 

-
T
 )
 

(
3
.
3
4
)
 

g
 

g
^
 

Z<
AZ

 
z

p
h
a
s
e
 

O
v
e
r
a
l
l
 

A
H
 

-
m
 
C
 

(
T
 

-
T
 )

♦A
iiC

 
(T i

 
T
 
)
 

t
o
t
a
l
 

z
<
i
s
z
 

z
gj

 P
g 

z«
AZ

 
z 

p^
 

+ A
H

, 
.. 

.. 
+m

, 
(T

 
. 

-
T

)
la

te
n

t 
1

 
p

, 
z
tA

z
 

z
av

g 
' 1

 
-T

ID
^A

z 
q^

 
(3

.3
6)

 

O
v
e

ra
ll 

U, 
-

(1
/h,

 ♦
 D

.x 
/D 

it 
t D

,/D
 h 

)"^
 

(3
.3

9
)

1 
1 

I 
w

 
w

 
l

o
o

 

H
e

a
t 

T
ra

n
s
fe

r 
h^ 

. 
.03

3 
(k^

/D
^) 

( D
^G

f^^
p) 

(C
p^

lt) 
.4

 
(2

.1
5

) 
C

o
e

ff
ic

ie
n

t 
D

av
ls

-O
av

id
 E

(|t
s.

 
h^ 

-.
06 

(Ic^
/D^

) (
D^ 

V/
2^

)-"
 (P

^/P
 ) 

(2
.1

6
) 

Li
qu

id
 H

ol
du

p 
Ca

lcu
lat

e 
pa

ram
ete

r ^
 a

nd
 A

 
p 

^ E
qu

ati
on

s 
(2

.8
)-(

2.
11

)^
 (2

.4)
-2

.6)
) 

(V
es

su
re

 D
ro

p 
(AP

/Az
) 

-?
l^(A

P;A
z) 

(3.
48

) 
or

 (
AP

i\z
) 

=> 0
?(A

P/A
z),

 
(3.

49
)

tP
 

g 
g 

'^P
 

^ 
\ 



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 A2=L/k, where 

L is the heater tube length. The input to the first cell (at 

z=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 

h^) and temperature is measured. The tube and its cells are 

illustrated in Figure 4.1. The heat flux to the cell, q^, 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 and operating 

conditions: T^, P^, 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 
^k ^k-1 
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Figure 4.1. Tube and Cells for the Model Development 
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C. Provide the first estimate of the stream pressure 

leaving the cell equal to pressure of the entering 

streams, P = P 
^k-1 

D. 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 

E. Find the Reynold number of the streams by Equations 

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

determined 

F. 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 

G. Compare the estimated pressure drop 

(AP ) = P - (P )tp est. z z+ 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?o (pressure convergence criteria), 

estimate another value for pressure (e.g., 

^new ~ ^^old ^ ̂ calc.^ j and return to Step C. 
H. 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) 

I. Calculate the heat flux to the cell, q , by 
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Equations (3.36) to (3.38), page 47) 

J. Use to find by trial-and-error in Equation 

(3.35), page 47. Compare with estimated a 

outlet streams temperature in Step B. If the 

difference between these two values is larger than 

0.3/o (temperature convergence criterion), estimate 

another value for outlet stream temperature 

"^new = ^^old "^calc.^ ^ return to 
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 ceil. k=l 

k = k+1Step B: Estimate outlet 
stream tentaerature of cell k 

puter iterating loop, TLOOP=1 

Step C: Estimate outlet 
stream pressure of cell k 

Inner iterating loop, P1jOOP=1 

Steps D to F: Find flow rates, 
flow regime liquid holdup, and 
pressure drop in cell k. Outlet 
stream pressure is: 

P = P - P,.„Z+AZ Z tp 

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

New estimate for outletthe selected pressure convergence No 
stream pressure:criterion? III 

Pf--- - ""old'newyes 

Steps H to I: Determine flow 
pattern and flow model. Confute 
heat 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 New estimate for outlet 

and estimated temperature less No stream temperature: 

than the selected temperature ^new" ̂ ^^calc.'*' ^old' 

yes 

Step K: Find tube wall tenfjera-
ture 

No
Step L: Is kuz = L ? 

^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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the siiyrogram RATES and KVAIDE to find flow rates at the 

Inlet atd outlet of cell k. Also, find the a^wrage flow 

rates in cell k . 

Use subprogram fWSlC and LATETT to find physical property 

and heat of evaporation for the ndxturc at Inlat and outlet 

of cell k 

Use Lockhart-Hirtlnelli correlationa to find paiameter X 

and Liquid holdup and pressure drop are determined by 
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coefficient corresponding to the flow model 
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Figure 4.3. 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 PHYSIC 

To provide physiscal 
properties of the 
conponents 

SUBPROGRAM LATENI 

To provide heat of 
evaporation of the 
components 

SUBPROGRAM FMODEL 

To find the flow 

model of the fluid 

SUBPROGRAM RVALUE 

To provide data 
of K-values of 

the components 

Figure 4.4. Main Program and Subprograms 
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pressure iterating loops are converged when the differences 

between the estimated and calculated values are 0.3% and 0.27o, 

respectively. This may lead to an average error between 1 and 

57.. 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 conponents, 
and K-values correponding 
to tenperature and pressure 

Start the iterating loop, i=l 

Estimate: ^(i) = F^/F 
0 <!i'(i)< 1 

Find; 
n z.(1 - K.) 

-J J-
f(f) = 1 + y(i)(K. - i: 

j=l 

New estimate of f"-
No 

f(Y) 
Is fm = 0 ? ^(i+1) = 'i'ii) -

dm) 

df 
Yes 

= F^(i) 

1)X. = zy[i +y{i)](Kj -
y. = K.X. 

J J 

STOP 

Figure 4.5. Block Diagram of Equilibrium Flash Calculation Procedure 
(Refer to Table 3.1) 
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develop subprograms KVAUJE, PHYSIC, and LATENT in proper maners. 

Subprogram FMDIELis 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 opjen literature against which 

the two phase, multiconponent 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. TVjo 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 FLDWl.FOR is utilized for 

a two-phase, two-conponent, air-water flow systems, and program 

FLOWl.FOR is 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 FLOWl.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^ ^ as 
described by Equation 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.l to Table C.6 

in Appendix C. Program FLOWl.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 FL0W2.F0R is developed for a two-phase, 

multicomponent gas-liquid flow system. The operating condi 

tions are constructed as following: 

- Gas feed: 200 Ib/hr with 707o of hydrogen and 307o 

of nitrogen, mass fraction basis 

- Liquid feed: 2500 Ib/hr with 607o of heptane and 

407o 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 h = 2000 BTU/ft^-hr-°F 
o 

- Tube is made of brass, tube inside diameter 

D. = 0.0725 ft, outside diameter D = 0.0833 ft 
1 ' o 

Although the gas mass fraction in the feed (f =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 FLOWl.FOR and FL0W2.F0R, 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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tGmpGTTature itGrating loops arG convGirgGd whGn thG 

ffsrsi^cGs bGtwGGn calculatGd and GstimatGd valuGS arG Igss 

than thG spGcifiGd criterion. Details are provided along the 

constructed program bodies in Appendix D . 
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5. RESULTS AND INIERPREIATia^ 

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 ^5 Fried^ 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. 

The effect of h^ 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 0.27o and 0.37o (these approaches are discussed 

latter). When h^ increases from 1000 to 3000 BTU/ft^-hr-°F, 
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 h^. 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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Stream Temperature of Run No. 2 
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BTU/ft -hr-°F. 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, T , 

for use in Equations (3.42) to (3.47), pages 50 and 51. 

In view of the incOTpleteness 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, h^ = 2000 

BTU/ft^-hr-°F, convergence criteria for pressure iteration 

is .27o, and for temperature is 0.37o). 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 307o down to 0.037o and for pressure, 

from 0.27o down to 0.017c. As can be seen from the results 
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shown in Figure 5.5, values on temperature convergence in 

the range of 0.57o - 0.037o, 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: 

Temperature, = 0.37o 

Pressure, C . = 0.27o 
pi 

From the above discussion, calculations for all 6 runs 

of air and water are performed (using h^ = 2000 BTU/ft^-hr-°F, 
10-cell tube, 0.27o and 0.37o 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 T^. Since both 
the steam jacket pressure and temperature were not published, 

values of T are estimated for each run and assumed adequate 
o 

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, h^, given by the 

Davis-David correlations^ show that heat transfer is 

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 

(7 8)loss of steam in the jacket » . 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^^\ 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 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 higgler 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 

(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. 

Of 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 h^, is too low. 
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Davis and David suggested that the error band on their 

correlations, Equations (2.15) and (2.16), page 24, may be as nuch as 

-10 to 304, 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 h^ 

is sufficient to produce better agreement between the model 

results and experimental results. An increase in h^ 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 h^=1.2h^, where h^ 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, T^, agreed approximately with the average 

measured wall temperatures. 
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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 5.77. 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 h!=1.2hj^. 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 

87 



   

Ta
bl

e 
5.

5.
 
Co

np
ar

is
io

n 
of

 E
xp

er
im

en
ta

l 
Ca

lc
ul

at
ed

 R
es
ul
ts
 f
or
 A
ir

-W
at

er
 S
ys

te
ms

 B
as

ed
 o
n 
th
e 

Li
qu
id
 H
ol
du
p 
an
d 
Pr

es
su

re
 D
ro
p 
Co

rr
el

at
io

ns
 o
f 
Jo

hn
so

n-
Ab

ou
 S
ab
e'
^'
 -

Ma
tc

hi
ng

 A
ve

ra
ge

 
Tu

be
 Wc

il
l 
Te
np
er
at
ur
e 
Mo

de
l 

eui
d 

(G
iv

en
 t
y 
th
e 
Da

vi
s-

Da
vi

d^
^'

''
^^

' 
Co

rr
el

at
io

ns
) 

In
cr
ea
se
s 
b
y
 a
 F
ac

to
r 
o
f
 1
.
2
 

O
p

Ou
tl
et
 S
tr

ea
m 
Te
np
.,
°F
 

O
u
t
l
e
t
 S
t
r
e
a
m
 P
r
e
s
s
.
,
 p
s
i
a
 

A
v
g
.

R
u
n
 N
o
.
 

A
v
g
.
 G
a
s
 

O
p

C
i
d
c
.
 

E
x
p
t
.
 

C
a
l
c
.

C
a
l
c
.
 

E
x
p
t
.

M
a
s
s
 F
r
a
c
t
i
o
n
 

E
x
p
t
.
 

2
0
.
7
 

2
1
.
5
 

1
9
6
 
t
1
0
 

2
0
6
.
0
 

2
2
2
 

1
7
9
.
6
 

1
6
2
 

0
0
 

1
 

.
1
2
7
5
 

2
2
.
9
 

2
4
.
2
 

1
9
4
 i
l
O
 

2
0
3
.
7
 

2
2
2
 

0
0
 

1
7
1
.
0
 

1
7
0

2
 

.
1
8
3
0
 

1
7
8
 

2
8
.
0
 

2
8
.
3
 

2
0
2
 -

1
0
 

2
0
7
.
3
 

2
3
2

1
7
8
.
0

3
 

.
1
2
8
4
 

N
o
t
e
:
 
R
u
n
 N
o
.
l
 h
a
s
 l
o
w
 f
l
o
w
 r
a
t
e
s
 



used, in contrast to the result for the case when the lower 

value of h^ 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 h., 
1' 

this value is within the error band on h.. 
1 

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 (h^ 

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 mediiim temperature, 

h^, tube sizes, cell length, etc. are chosen from the 

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 temperature convergence criteria 

are 0.27o and 0.37o, 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 (7.47.), 

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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14.27o and 14.47o as show in Tables 5.7 and 5.8. The average 

two-phase heat transfer coefficient for this system is 

between 4000 - 5000 BTU/ft^-hr-°F, and the average overall 

heat transfer coefficient, is between 1200 to 1300 

BTU/ft^-hr-°F. In this calculation, obviously outside film 

coefficient h^ (2000 BTU/ft^-hr-°F) 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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becomes vapor. Liquid holdup is illustrated in Figure 5.8(b). 

Because the system consists of highly volatile liquids 

and C^qH22)j 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-
I 

component, gas-liquid flow, the calculation with h^^ = 1.2 h^ 

(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. 
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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 esqierimental 

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 207o 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%. 

4. 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 207o. 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"^? 

Pressure 27 - 48 psia 

Outlet Stream 

Temperature 171 - 183°F 

Pressure 21 - 31 psia 

Flow Rates 

Gas 134 - 203 Ib/hr 

(32,500-64,500 
lb 

Liquid 975 - 2000 Ib/hr 

lb(115000-635000 ̂ ^^2^ 

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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APPENDIXES 



APPENDIX A 

LIST OF SYMBOLS AND SUBSCRIPTS 



 

 

 

LIST OF SYMBOLS 

Tube inside cross-sectional area, ft
O 

Cg, Constants depend on phase and flow—type, 

dimensionless 

Cp Specific heat, BTU/lb-°F 

Cp^ Pressure convergence criterion, .27o, 

dimensionless 

Cp Average specific heat, BTU/lb-°F 

C^^ Temperature convergence criterion, .37o, 

dimensionless 

Tube inside diameter, ft 

Dq 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 

Molar flow rate of the liquid phase in an 

equilibrium mixture, mole/hr 

Total mass flux rate, Ib/hr-ft^ 

g(, Newton's law proportionality factor, 

32.174 Ib-ft/lbf-sec^ 

H Enthalpy, BTU/lb 

Hj Enthalpy of component j, BTU/lb 

Hj Enthalpy of component j at reference state, 

BTU/lb 
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K. 
J 

k 

k. 

w 

M. 
J 

m 

f 

m 

n 

P P 

P° 

Re 

Two-phase heat transfer coefficient, 

BTU/ft^-hr-°F 

Outside film heat transfer coefficient, 

BTU/ft-hr-°F 

Radiation heat transfer coefficient, 

BTU/ft^-hr-°F 

K value of component j, dimensionless 

Total number of cells in the tube 

Thermal conductivity of the liquid, 

BTU/ft-hr-°F 

Thermal conductivity of the tube wall, 

BTU/ft-hr-°F 

Tube length, ft 

Molecular weight of component j, lb/lb mole 

Flow type constant, dimensionless 

Mass flow rate, Ib/hr 

Average net mass exchange between phase 

per unit liquid volume, lb/ft^-hr 

Flow type constant, dimensionless 

Total pressure, psia 

Vapor pressure of component j, psia 

Prandtl number of the liquid phase, 

dimensionless 

Heat flux rate to the system, BTU/hr-ft^ 

Reynold number, dimensionless 
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Rg Gas holdup fraction, dimensionless 

Rj^ Liquid holdup fraction, dimensionless 

Tg Temperature of the heating medium, °F 

Reference temperature, °F 

Tube wall temperature, °F 

T^ Local fluid temperature, °F 

Overall heat transfer coefficient, inside 

diameter basis, BTU/ft^-hr-°F 

Vg Superficial velocity of the gas phase, ft/hr 

Superficial velocity of the liquid phase, 

ft/hr 

^ Lockhart and Martinelli parameter, 

dimensionless 

Xj Mole fraction of component j in the liquid 

phase, dimensionless 

Xj Mass fraction of component j in the liquid 

phase, dimensionless 

\ Tube wall thickness, ft 

Yj Mole fraction of component j in the gas 

phase, dimensionless 

Yj Mass fraction of component j in the gas 

phase, dimensionless 

Z Cartesian coordinate direction, dimensionless 

z Cartesian index along the tube length, 

dimensionless 
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z. 

J 

Greek Symbols 

AH 

AH 
total 

AH' 
g 

A m 

AP 

AP^ 
tp 

(AP/Az) 
I 

(AP/Az) 

(AP/Az) 
tp 

AT 
LMTD 

AV 

Az 

^w 

K 

Overall mole fraction of component j in the 

feed, dimensionless 

Enthalpy difference between inlet and outlet 

streams BTU/hr 

Total enthalpy difference between inlet and 

outlet streams, BTU/hr 

Total heat added to the evaporated amount of 

liquid between inlet and outlet, BTU/hr 

Total mass exchange between phase, Ib/hr 

Pressure drop in a section (or entire) of 

the tube, psi 

Two-phase flow pressure drop in a section 

(or entire) of the tube, psi 

Single gas flow pressure drop per unit 

length of the tube, psi/ft 

Single liquid flow pressure drop per unit 

length of the tube, psi/ft 

Two-phase flow pressure drop per unit 

length of the tube, psi/ft 

Logarithmic mean temperature difference, °F 
3 

Elemental volume, ft 

Sectional length of the tube, ft 

Emissivity of the surface, dimensionless 

Latent heat, BTU/lb 

114 



ftp 
? 

Viscosity, Ib/ft-hr 

Two-phase fluid viscosity, Ib/ft-hr 

Density, Ib/ft^ 

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 
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SUBSCRIPTS 

g Gas phase 

j Index for component j 

1 Liquid phase 

t-t Both liquid and gas phases are turbulent 

t-v Liquid phase is turbulent and gas phase is 

viscous 

v-t Liquid phase is viscous and gas phase is 

turbulent 

v-v Both liquid and gas phases are viscous 

w Tube wall 

z Index of location on the tube 

0, 1, 2,... Location index along the tube 

1, 2, 3,...n Component index 

1, 2, 3j...k Cell index 
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APPENDIX B 

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.l. 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.l 

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. In 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 
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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.l 

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.l 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.l. Density of Liquidsr lb/ft 

Press Ccn{) Tenperature Reference 
psia 

80 150 200 250 300 

Water 62.22 61.19 60.11 58.80 57.31 (26) 
H2 3.91 2.08 1.56 1.25 1.04 (25) 

14.7 N2
C7H 

15.61 

42.32 

8.32 

40.20 

6.24 

38.70 

5.00 

36.96 

4.16 

34.96 

(25) 
(22) 

10":L 45.31 43.46 42.1 40.68 39.25 (22) 

Water 62.22 61.19 60.11 58.80 57.31 (26) 

"2 3.99 2.12 1.60 1.28 1.06 (25) 
30 N2 15.95 8.50 6.38 5.11 4.25 (25) 

CjHi
6 42.33 40.21 38.70 37.06 34.98 (22) 

CloH22 45.49 45.50 42.17 40.72 39.29 (22) 

Water 62.72 61.19 60.11 58.80 57.31 (26) 
Ho 4.38 2.33 1.78 1.41 1.17 (25) 

100 N2 17.50 9.33 7.02 5.62 4.68 (25) 
CvHi6 42.35 40.23 38.72 37.02 35.05 (22) 

CloH22 45.53 43.68 42.32 40.90 39.47 (22) 

Note: Hydrogen and nitrogen liquid densities are roughly estinated 

130 



Table c.2. Density of Gases and Vapors, Ib/ft-

Press, Coinp. Taqperature Reference 
psia 

80 150 200 250 300 

Air .0735 .0648 .0602 .056 .051 (21) 

14.7 

Water 

H2 
N2 

.0016 

.000348 

.071134 

.0100 

.000308 

.063 

.0297 

.0042 

.0582 

.0352 

.0039 

.0544 

.033 

.0036 

.0505 

(26) 
(27) 
(27) 

.2186 .2024 .1862 .17 .16 (22) 

n0®22 .2405 .2226 .2050 .187 .176 (22) 

Air .225 .19 .165 .140 .115 (21) 

30 

Water 

H2 
N2 

.0016 

.01008 

.1050 

.01 

.0231 

.12843 

.0297 

.0079 

.0840 

.071 

.0074 

.0935 

.068 

.0068 

.1030 

(26) 
(27) 
(27) 

.492 .4554 .4189 .3825 .360 (22) 

n0®22 .5410 .5009 .4609 .4208 .400 (22) 

Air .5083 .435 .383 .331 .279 (21) 

100 

Water 

H2 
N2 

.0016 

.0347 

.4844 

.010 

.0307 

.4280 

.0297 

.0284 

.3858 

.071 

.0264 

.3645 

.155 

.0247 

.3431 

(26) 
(27) 
(27) 

1.107 1.025 .9426 .8606 .730 (22) 

n0®22 1.218 1.130 1.037 .9467 .904 (22) 

Note: Water is assumed to be saturated 
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'Cable C.3. Approximated Correlations for Specific Heat of the 

Conponents 

Conponent Ihase 

Air Gas 

Vapor 
Water 

Liquid 

Gas 

Hydrogen 
Liquid 

Gas 

Nitrogren 
Liquid 

Vapor 
Heptane 

Liquid 

Vapor 
Decane 

Liquid 

Note: T is in Fahrenheit. 
roughly estimated 

Specific Heat, BTU/lb-®F Reference 

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

.40 + .00008(T - 50) (18) 

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

3.5 for 50 T 300°F (18) 

7 for 50 T 300°? (25) 

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

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

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

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

.210 + .00014{T - 50) (22) 

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

Liquids of hydrogen and nitrogen are 
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Table C.4. Approximated Correlations for Ihermal Conductivity of 

Corrponents in the Liquid Phase 

Ccirponent Thermal Ccxxiictivityf BTtJ/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 vadues 
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Table C.5. ^^roxiinated Correlations for Visoosities of the Conponents 

Con|x>nent Phase Viscosity, cp Reference 

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

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

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

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) 
Hq>tane 

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

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

Liquid Exp(558.61(l/r(OK) - 1/277.8) (22) 

Note: T is in Fahrenheit. Liquids of hydrogen and nitrogen are 
roughly estimated 
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Table C.6. ^sproximated Correlations for Latent Heat 

Conixxients Latent Heatr HHJ/lb Reference 

Water 910 + .552(T - 80) (26) 

H' 1800 + 3.50(T - 80) (29) 

N- 237 + .264(T - 80) (29) 

162 + .2364(T - 80) (22) 

162 + .1955(T - 80) (22)^10^22 

Note: T is in Fahrenheit 
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APPENDIX D 

COMPUTER CODES 



Programs FLOWl.FOR and FL0W2.F0R are developed for 

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

ly. Some important symbols in these programs are listed 

below: 

ACROSS 

AGO 

AGMFR 

AGV 

AHEAT 

AIRR 

ALD 

ALMFR 

ALV 

CCFP 

CCFT 

GPL 

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 
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N, N-1 Number of cell 

NC Number of component 

P Total pressure of the mixture 

PHIL Parameter 0 

PLOOP Pressure loop code 

PI Inlet stream pressure 

PO Outlet stream pressure 

PRL Prandtl number 

PX Parameter "X 

PI Inlet stream pressure 

REGAS Reynold number of the gas phase 

RELIQ Reynold number of the liquid phase 

RL Liquid holdup fraction 

SLPPD Single liquid phase pressure drop 

SPHG Specific heat of the gas phase 

SPHL Specific heat of the liquid phase 

T Temperature 

TCL Thermal conductivity of the liquid 

TG Heating medium temperature 

TI Inlet stream temperature 

TLM Log mean temperature difference 

TLOOP Temperature loop code 

TO Outlet stream temperature 

TPDROP Two-phase pressure drop 

TW Tube wall temperature 

Tl Inlet stream temperature 



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 
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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 FLOWl.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 FLOWl.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. 
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00010 

CCC2C 

C3030 

CU040 

C0050 

00060 

00070 

0OO80 

COOOO 

COlOO 

COllO 

0012C 

C012C 

00140 

C015C 

C016C 

00170 

00180 

C0190 

00200 

C021C 

00220 

00220 

00240 

C0250 

002tC 

00270 

00280 

00290 

C0300 

00310 

00320 

00330 

00340 

00360 

00360 

00370 

C03U0 

00390 

C04LO 

00410 

C042C 

00430 

C044C 

C0450 

00460 

0047C 

00480 

CC490 

00600 

00510 

00620 

00530 

C0540 

00650 

C05c0 

00570 

0068C 

C0590 

C0600 

FLOkl.PDR»»»»»♦♦»♦»»»»♦*»♦»»»♦*♦♦♦»♦♦ 

INTRODUCTICN 

THIS PROGRAM IS 
THE TUBULAR HEATER FOR A 
GIVEN THE FLOh RATES OF 
MEDIUM TEMPERATURE , HCH 
RAISE THE UUTLET STREAMS 

DEVELOPED FCR USE IN THE DESIGN UF 
ThC-PHASEi AIR-HATER FLOK. BRIEFLY, 

THE INLET STREAMS AND THE HEATING 
LCNG MUST THE TUBE BE IN CRDER TU 
TC A DESIRED TEMPERATURE. 

««««««****«**«!**«*** IN PROGRAM»«»»♦»♦♦»♦♦• ♦♦♦♦♦»»»♦♦»»♦♦»*♦<■• 

THE MAIN PROGRAM CONSISTS DF TWO ITERATING LOCPS , THE 
INNER LCOP AND THE CUTER LOUP, TC DETERMINE PRESSURE AND 
TEMPERATURE CF THE CUTLET STREAM. 

THE CALCULATION OF PRESSURE DROP IS BASED CN LOCKHARI 
AND MARTINELLI METHOD AND THE TEMPERATURE IS OETERMINEU BASED 
CN DAVIS AND DAVID CORRELATIONS AND CCNSERVATICN PRINCIPAL 
CF ENERGY. 

REAL MFRLl.MF RL 2, MFR V 1, HFRV2 , LA T ENT , KM, MYAl ,M YA2 , M Y HI , M Y <i2, 
« LPD1,LPL2,LPD3,L,KLIQ,LAHDA1,LAMDA2,LTH 

C SPECIFIED INLET STREAM AND OPERATING CONDITIONS 
C HEATING MEDIUM. TEMPERATURE, OUTSIDE FILM HEAT TRANSFER 
C 
(, 

CCtFFICIENT, THERMAL CONDUCTIVITY 
OUTSIDE AND INSIDE DIAMETERS 

OF TUBE HALL, AND TUBE 

C 
DATA 
HEED 

TG,HC,KH ,DC,DI/20e.0,2000.,64.,.08333,.07250/ 
RATES CF AIR C HATER AND INLET TEMP. 8 PRESSURE 

DATA AIRR ,WAT ERR,T1,P1/201.100,0975.,65.0,30.600/ 
C CELL LENGTH AND NUMBER CF CELLS 

DATA DZ,N/1.57,10/ 
C PRINT OLT THE SPECIFIED INFORMATION GIVEN ABOVE 

AIRRH = AIRR/(bO.A.074965) 
HRITE(21,2) 

2 FURMATI2X,'♦♦♦♦♦♦♦♦♦♦♦♦INLET CCNOIT IONS♦♦♦♦♦♦♦♦♦♦♦♦♦') 
HRITEI21,4) HA TERR 

4 F0RMAH//,2X,'HATER FEEC RATE = •,F9.2,' LBS/HR') 
HRITE(21,6) AIRR,AIRR» 

6 FCkMAH2X,'AIR feed RATE= ',89.2,' LBS/HR, I UR •,F8.2, 
H • S.C.F.M.I'} 

HRITE(2I.B) T1 
a F0RMAT(2X,'INLET 

HBITEI21,10) PI 
10 F0RMAT(2X,'INLET 

HRnE(21,12) 1G 

STREAM TEMPERATURE - ',F9.2,' (F)'l 

STREAM PRESSURE = ',F9.2,' (PSIA)') 

12 FCRKATI2X,'JALKEI STEAM TEMPERTURE = 
HRITE(21,14) HO 

14 FURMAT(2X,'CUTSIDC FILM HEAT TRANSFER 
« Flo.2,' IBTU/SCFT-HR-F)') 

HRIIE(22,20) 
hRITEI21,20) 
HRITEI23,20) 

',F9.2,' CFI'I 

COEFFICIENT = ', 

20 F0RM.AI(//,2X,'♦♦♦♦♦♦♦♦♦CALCULATED RESULTSAaaaaaaaa') 
HR1TE(22,21) 

21 FURMATI 1X,'CELL « TH FLCH MCDEL ') 
HR1TE121,25) 
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00610 25 
CJ62C 

C063C 

C06A0 

C0660 27 
0066C 

00670 

00680 

00690 28 
C0700 

00710 C 
00720 

00730 

007^0 

00750 
C00760 

00770 

00780 C 
C079C C 

00800 

00810 
QC0820 

00330 
C00890 

C0J5C 29 

00860 C 

008 10 

C088C 
C00890 

CC9C0 C 

00910 30 
C0920 

00930 

C0990 C 

C095C 
C00960 

C097C 

00980 

00990 C 
01000 C 

01010 

01020 

01030 
C01090 

01050 

01060 C 
01070 

01080 

01090 C 

01 100 

01 110 32 
01120 33 
01130 C 

(,01190 

C1150 39 

01160 

01170 

01180 

01190 C 
C12C0 

FORMAT!//,IX,'CELL « ML I MGI MLO MOD TI 
K PI TO PO RL HI 01 LATENT 
t C/A') 

hKiTE(21,27) 

F0RMAT12X,' LB/hR LB/HR LB/HR LB/HR F PSIA 
« F PSIA BTU/SQFT-Hh-F BTO/SQFT-HR-F BTU/HR 
» BTL/SQFT') 

k«RnE(23,28) 

FCRMATI2X,»CELL # OML OTP VTP UL UG 
« OTP TLM ALD AGO ALV AGV) 

CHANGE UNIT ITEMP. IN KELVIN ANO PRESSURE IN ATM.l 
TKl = l(Tl-32.)/l.8)*273.0 
PAl = Pl/19.7 
STW = C.C 

SRLC = 0.0 
START TFE CALCULATION FROM CELL #1 TO CELL #N 
CO 600 K == 1,N 
FIRST ESTIMATE FUR CUTLET STREAM TEMPERATURE AND PRESSURE 
CP CELL UK 

TK2 = TKl 

PA2 = PAl 
START TFE TEMPERATURE ITERATING LOOP (OUTER LOOP) 
K2 = 1 
START TFE PRESSURE ITERATING LOOP (INNER LOOP! 
K1 = 1 
FFEO RATES IN LB/SEC 
ARATE = AIKR/3600.0 

FRATE = NATEPR/3600.0
USE SUBFRCGPAM RATES TO DETERMINE THE COMPOSITIONS AND FLOW 
RATES IN CELL »K 

CALL RATES!TKl,TK2,PAl,PA2,WRATE,ARATE,MrRLl,HFRL2,MFRVl,MFRV2,
U MYAl,MYA2,MtWl,Mlrh2,hVl,WV2» 

AMOUNT CF EVAPORATED LIQUID IN CELL #K 
CML = J600.»(MFRL1-MFRL2) 
AVERAGE FLOW RATES CF THE STREAMS IN CELL #K, LB/SEC 
ALMFR = (MFRL1+MFRL2)/2. 
AGMFR = (MFRV1+MFRV2I/2. 
USE SUBPROGRAM PHYSIC TO DETERMINE THE PHYSICAL PROPERTIES OF 
THE STREAMS 
CALL PHYSIC(TKl,IK2,PA 1,PA2,MYA1,MYA2,MYW1,MYW2,AGO,ALO,AGVE, 

H ALVE,KLIU,CPA1,CPA2,CPW1,CPW2,CPWV1,CPWV2,WV1,WV2) 

AVERAGE LIQUID SPECIFIC HEAT (BTU/LB-FI 
CPL = 0.5W(CPW1»CPW2) 
REYNOLD NUBER OF THE GAS AND LIQUID PHASES 
REGAS = 9.0»AGMFR/(3.1915927»DI«AGVE) 
RELIO = 9.C«ALHFR/(3.1915927»DI*ALVEI 
FIND THE FLOW MECHANISMS CF THE SYSTEM 
IF(REGAS-2000.0» 32,32,33 

IF(«ELIC-2000.0) 39,39,35 
IF(KELIC-2000.0) 36,36,37 
FIND THE LOCKHART-MARTI NELL I PARAMETER X CURUESPONLING TO THE 
flow MECHANISMS 

MECHAN = 1 
PXI = (ALHFR/AGMFRI*(AGO/ALDI 
PX2 = ALVE/AGVE 
PX = (PX1»PX2)»»0.5 

PARAMETER "PHI" OF THE LIQUID PHASE 
PHIL = (1.0*5.0/PXH.O/(PX»»2.0n**.5 
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01210 CCNSTN = 1.0 

C1220 Gb 10 39 

C1230 35 MEGHAN = 2 

012^0 PXl = .002e75«(RELIC«»0.e)»(AGC/ALDI 

01250 PX2 « (ALMFR/AGMFR)»(ALVF/AGVE) 

C126C FX = «PX1«PX2)»«0.5 

01270 C PARAMETER "PHI" OF THE LIGUID PHASE 

C1280 PFIL = (l.C>lC.C/PX+l.C/IPX**2.0n««.5 

01290 CCNSTN - 0.2 

01300 GC TO 39 

C131C 36 MEGHAN = 3 

01320 PXl = 397.e26087#IREGAS«»-C.e)«IAGD/ALD) 

C1330 PX2 - IALMFR/AGMFR)«(ALVE/AGVE) 

C13AC FX = IPX1«PX2I»»0.5 

01350 C PARAMETER "PHI" OF THE LIQUID PHASE 

C1360 PHIL = I 1.0*12.0/PX*1.C/(PX»«2.))*«.5 

01370 CCNSTN = 1.0 

01300 GC 10 39 

01390 37 MEGHAN * A 

ClACO PXl » IlAEMFR/AGMFR)»«l.a)*IAGD/ALO) 

ClAIO PX2 * (ALVE/AGVCI»«0.2 

CIA20 PX » (P>1»PX2)*«0.5 

01A30 G PARAMETER "PHI" OF THE LIQUID PHASE 

OIAaO G GCUKEGTION FACTOR OF JOHNSON AND ABGU-SAOE 

01A50 AJF = 1.25-.0C25«PX 

01A60 FJA = 1.2-.002«PX 

C1A70 PHIL = III.*(20./PX)*I1./IPX»"2.)))♦♦.5)*AJF 
C1A80 CCNSTN = 0.2 
01A90 G LOGKHART'S AND PARTINELLI CORRELATION FOR LIGUID HOLOUP 
OlbCC G FRACTION 
01510 39 RLG - IPX/I IPX««2.)♦20.»PX♦1.)♦♦.5)/FJA 
01520 G LOGKHARl AND PARTINELLI GCRBELATIONS FOR TWO-PHASE PRESSURE 
01530 C DPCP 
C15A0 LPDl « 0.092»((A.O/3. 1A15927I«*I2.0-GCNSTNI J 
01550 LPD2 = IALVE«»CCNSTNr*IALPrR#«I2.0-G0NSTN)) 
C156C LP03 = IDI««I5.0-G0NSTN)l*ALD»32.17A 
C1570 G SINGLE LIQUID PHASE PRESSURE DROP PER UNIT LENGTH OF THE TUBE, 
CI5UC G psi/rr 
01590 SLPPU = ILPD1»LPD2I/ILP03»1AA.0» 
016C0 G TWO-PHASE PRESSLRE DROP IN CELL «K, PSI 
C161C TPDRCP « IPH1L*"2.0)»SLPPD»C2 
0162C G CALCULATED CUTLET STREAM PRESSURE, ATM 
C163C P2N « PAl-ITPOROP/lA.T) 
016AC G ERROR OF PRESSURE ESTIMATICN 
C165C CCFP = ABSIP2N-PA2I/PA2 
01660 C PRESSURE GONVERGENGE CRITERION 
01670 IFICOFP.LE.0.0021 GC TO AO 
01680 G NEW ESTIMATE FOR OUTLET STREAM PRESSURE 
C1690 PA2 = IPA2«P2NI/2.0 
01 700 K1 = Kl + I 
01710 IFIKl.EC. 1001 GC TO 625 
01720 C RETURN FCR ANOTHER PRESSURE ITERATING LOOP 
01730 GO TU 30 
017A0 G USE SUBPROGRAM LATENT TO FIND LATENT HEAT OF THE STREAMS 
01750 AO GALL LATENT I TX1 , TK2 , PA1,PA2,LAMDA1.LAMDA2) 
01760 G 
C177C G AVERAGE LATENT HEAT 
01780 LTH > .5*ILAHUAULAHDA2)«0ML 
0179C C AVERAGE GAS MASS FRACTION IN CELL «K 
OlbCC GASFRA « AGMFK/IAGMFK>ALMFR) 
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OIHIO C OROSS-SEtllONAL AREA OF THE TUBEt SOFT 

C1820 ACROSS = ((01/2.0)»»2.a»»3.1915927 
0183G C SUPERFICIAL VELCCITIES CF THE STREAMS, FT/SEC 
0184U GV = aGMFR/(ACROSS»AGDl 

01850 Gt = ALMFR/(ACROSS^ALO) 
C1860 C SUOPKOGKAM FMCOEL TO DETERMINE THE FLCH MOUEL IN THE CELL 
01870 CALL FHCDELlGVtGL,TYPE) 

01880 

01890 C VELCCITY OF THE STREAMS, FT/SEC 

C19C0 LG = GV/(1.0-RLC) 

01910 UL = OL/HLC 

01920 C AVERAGE THC-PHASE STREAM VELOCITY, FT/SEC 
01930 UTP = l.C/((GASFRA/UG)*t(l.O-GASFRAJ/ULl) 
01990 C AVERAGE TWO-PHASE STREAM DENSITY, LB/CUFT 
01950 DTP = 1.0/nGASFRA/AGD)+((1.0-GASFRA)/ALU)) 
C1960 C AVERAGE TWO-PHASE STREAM VISCCSITY, LB/FT-SEC 
01970 AVIP * 1.0/t(GASFRA/4GVE)+((l.O-GASFRAl/ALVE)I 
01980 IF(TYPE.EG.1.0) GO TO 100 

01990 C TWO-PHASE HEAT TRANSFER OOEFFlCltNT GIVEN BY DAVIS-DAVIC 
02000 C CCRRELATION 

02010 C fcR a SEPARATED FLOW MODEL 

02020 Hhll = 0.06A(KL1G/Dn*((ALD/AGD)»40.28) 
02030 HH12 = (D1«GASFRA»UTP*CTP/ALVE)«90.87 
02090 PRLl = (CPL»ALVE93600./KLIQ)«»0.9 
02050 C TWO-PHASE HEAT IRANSFER COEFFICIENT, HI, BTL/SQFT-HR-F 
020tC HI = HH11«HH12»PRL1 

02070 GC TO 200 

02080 C FCR A HCMCGENECUS FLOW MODEL 
02090 ILO FH21 = (KLIC/QI)»0.033 
C21C0 HH22 = (DI»LTP»0TP/AVTP)«»0.87 
02110 PRL2 = (CPL«ALVE93600.0/KL1C)**0.9 
C2120 C IWO-PHASE HEAT IRANSFER COEFFICIENT, H, 0TU/SQFT-HR-F 
02130 HI = FH21«HH22#PKL2 

02190 L HEAT FLLX AREA CF CELL #K 

C2150 200 AHCAT = C1»D2»3.1915927 
C216C C TEMPERATURE IN FAREINHcIT 
02170 TBl = (trKl-273.1«1.8)+32.C 

02180 162 = nTK2-273.)91.8)*32.G 

02190 1F(K2.EC.1) GCTC 250 

C22C0 C lCG mean temperature DIFFERENCE, F 

02210 1F(TBl.EQ.TG) GC TO 300 

02220 ILM = (Te2-TBll/tAL0C((TG-TBl)/(TG-TB2))) 
02230 GC TO 300 

02290 C FIRST ESTIMATION OF LOG MEAN TEMPERATURE DIFFERENCE, F 
02250 250 TLM = TG-TBl 
02260 t LCG MEAN DIAMEIER, FT 
02270 

02280 

3C0 
I 

DLM = (DC-01)/(AL0G(D0/D1)) 
ItUE WALL THICKNESS, FT 

02290 Xn = 10C-Dl)/2.0 

02300 t OVERALL MEAT TRANSFER COEFFICIENT, TUBE INSIDE DIAMETER BAalS. 
02310 C BIU/SGFT-HR-F 

02320 LII = (I.O/HII+lDl/IDCMHC)1 
02330 UI2 = (DI/DLM)WIXW/KWI 
02390 

02350 Q 
UI = l./aiUU12) 
TCTAL HEAT ADDED TO CELL »K, BTU/HR 

02360 HEAT = UMAHEAI*TLM 

02370 Q HEAI FLUX RATE TO CELL »K, BTU/SCFT-HR 

02380 HHLUX = HEAT/AHEAT 

02390 

02900 

(, 
C 

OUTLET STREAM TEMPERATURE CALCULATION BASED ON ENTHALPY 
difference CF INLET AND CUTLET STREAMS AND TOTAL HEAT ADDED 
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C 

C242C 40O 

02430 460 

02440 

02450 

024C0 

C247C 

C24ti0 

02490 0 

02500 

02510 

02520 

02530 

02540 /J 

02550 

02560 

02570 

025S0 

C2590 75 

02600 

02610 

02620 

02630 

02640 

02650 500 

02660 

02670 

02660 

02690 

02700 

02/10 

02720 

02730 

02740 

02/50 

02760 

02770 

02760 C 
0279C 

C26CC 

02610 

02820 510 
02830 

02840 515 
0285C 517 
02360 525 
028/0 

C206O 530 
02890 

02900 540 
02910 560 
C2920 

02930 

02940 

C295C 600 
02960 
02970 C 
C2900 625 
02990 620 
03000 

-It CtLL #K 

T2N = 7B1 

Ff I = HEAT-Lrh-(0.5^(CPAUCPA2)»ARATE^3600.»(72N-TB1)) 
FF2 .5*ltPhl+CPW2)«(T2N-T81)»3600.«<.5«(hVH-ViV2I♦ALMFR) 
OFF 1 .5«(CPAl*CPA2)^ARATE«360C. 

DrF2 .5*(CPHl»CPW2)^3600.»(.5*(ViVl+WV2)+ALHFR) 

DfF -0FFI-UFF2 

72Na T2N 

CALCULATED CUTLET STREAM TEMPERATURE, F 
T2N T2K-((FF1-FF21/CFF) 

IF((AHS(T2N-T2NC)/T2NOI.LE.C.OOC1) GO TO 470 

GC TO 460 

tRRUR OF TEMPERATURE ESTIMATICN 

CCFI = ABS(T2N-TB2)/Te2 

TkMPERATUkE CCNVERGENCC CRITEBICN 

IFICCFT.LE.0.003) GO TO 500 

NCh ESTIMATE TOR OUTLET STREAM TEMPERATURE, F 
182 = (T2N*rB2)/2.0 

IK2 = 1(r02-32.01/1.8)+273.0 

K2 = K2+1 

1F(K2.GE.20C) GC TO 650 

RETURN FOR ANCTEER TEMPERATURE ITERATING LOOP 

GC TO 29 

RESULTS PRIMED CUT 

PSIAl = PA1«14.7 

PSIA2 = PA2+14.7 

211 = AVTP»3600. 

222 =■ UG*3600. 
233 = CL»3600. 
244 = LIP+3600. 
255 = ALVE+36C0. 
266 = AGVE#3600. 
FCH = MFRL1*3600. 
FCE2 » MFRL2*3600. 
FCAl = MFPV1»3600. 
FaA2 = MFRV2»36C0. 
TEA = C.5«(IBl+rB21 
TUBE hALL TEMPERATURE 
TV> » TFA+(TG-TFA)»( (l./m/(( l./Hn+UDI/DOI»(l./HO) m 
IF(TYPE.EU.2.0> GO TC 515 
nRlTEI22,5ia) K.Tn 
F0RMAT(2X,13,2X,Fa.3,3X,'HOMOGENEOUS FLCH MCDEL'l 
GC TO 525 
HRlTE(22,5171 K,TW 
F0RMAT(2X,13,2X,FB.3,3X,'SEPARATED ILCW HODEL'l 
KRITE(21,530) K,FOF1 ,FaA1,FOF2,FCA2,T81,PS 1A1,TB2,PSIA2, 
KLC,Hl,ll,LTHiHFLU'X 
FaRMAI(2X,13,4F6.2,4F8.2,2X,F5.4,3F12.2,4X,F12.2I 
WRITE (2 3. 540) K ,I)ML , 0 IP , Z 11 ,2 22 ,2 33 ,244 , T LH, AGO, AL 0,255 , 266 
FCRMAT(2X,13,3X,E7.4,2r7.4,3Fl0.2,F8.2,4F9.4) 
TKl = 1K2 
PAl = PA2 
Slw =STt«+Th 
SRLC = SRLO+RLC 
CCNT INUE 
GC TO 695 
ERROR MESSAGE 
WKlTE(21,b2C) 
FCRMAT(2X,'ICC MANY PRESSURE LOOPS 1! 1 !•!!•! 1 ••!!!•'I 
GC TO 695 
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C3U10 

03U20 

03030 

C304C 

03050 

C306C 

C3U7C 

03080 

C30SC 

01100 

U3I10 

03120 

03130 

03140 

03150 

03160 

03170 

03160 

03190 

032CO 

03210 

C322C 

C323C 

03240 

C3250 

03260 

03270 

C328C 

03290 

03300 

03310 

03320 

03330 

C334C 

03350 

0336C 

03370 

C3380 

C3390 

C34C0 

03410 

C342C 

03430 

03440 

03450 

03460 

C347C 

C3480 

C34S0 

03500 

C3510 

03520 

03530 

03540 

C3550 

03560 

03570 

G356C 

C3590 

036CC 

650 taRITE(21t651) 

651 FLRMAT12X.•TOO RANY TEMPERATURE LOOPS !!!!!1!1!!!!!!!') 
695 RLC = SRLC/N 

TV> = STW/N 

WR1TC(23,7001 RLC 

700 FORMAT(//f2*i'AVERAGE LIQUID FCLCUP IN THE TUBE = 
l>RITE(22> 750t Tk 

750 F0KMAT(//i2Xt'AVERAGE TUBE WALL TEMPERATURE = 'fFB.2f' IFl') 
STOP 

C— ENU OF THE MAIN PROGRAM 

END 

C 

C 
NSUBPROGRAH raTES» 

* 

* IN THIS SUBPROGRAM FLOW RATES OF GAS AND LICUID PHASES 
* AT THE ENDS CF THE CELL ARE DETERMINED BY FLASH CALCULATIONS. 
* THE APPLICATION OF THIS CALCULATION REQUIRES THE DATA OF 
* K-VALUES CF THE COMPONENTS AS INDEPENDENT VARIABLES OF THE 
* CLMPOSIIIONS-
* 

*«* **************************************************************** 

C 

c 

SUBRCUTINE RATES I TKI,TK21PA I,PA2,WRATE,ARATEtMFRLI,MFRL2, 
MFRVltMFRV2fMYAl,MYA2tMYRl,MYW2fWVlfRV2) 
REAL HFRLl.HFRL2,MFRVl,MFRV2,NM,LRlfLR2,MYA1,HYA2,MYWI,MYV.2 
-USE SUBPRCGPAM RVALUE TO CALCULATE CCMPCSIUNS IN THE STREAMS 
CALL KVALUE(IK1,TK2.TAUI,TAU2I 

—MOLE FRACTICNS CF THE GAS STREAMS AT INLET AND OUTLET OF CELL #K 
YIW - (217.6/PA1)»(EXP(TAU1)I 

Y2W = (217.6/PA21#(EXP(TAU2)) 
YIA = 1.0-YlW 

Y2A = 1.0-Y2h 

C- ■TLTAL NUMBER CF MCLES IN THE FEED 
NM = (WRATE/18.01»lARATt/2B.96) 

c- —TOIAL NUMBER LF MOLE IN THE GAS PHASE AT INLET ANU CUTLET 
VRl = (ARATE/2B.96I/YIA 
VR2 = (APATE/2B.961/Y2A
TOTAL NLMBER CF MOLE IN THE LIQUID PHASE AT INLET ANU OUTLETc-

LRl = NM-VRl 
LR2 = NM-VR2 
MASS FLCH RATES CF THE STREAMS AT INLET AND OUTLET, LB/SECc-

MFRVl = YlW*iB.»VRUYlA»28.96»VRl 
MfRV2 = Y2«« lB.«VR2+Y2A»2B.9e«VR2 
MFRLI = LRl^lO.O 
MFRL2 = LR2#1B.0 

C RAIER VAPOR AT INLET AND CUTLET, LB/SEC 
HVl = YlW^IB.^VRl 
kV2 = Y2W*1B.*VR2 

C MASS FRACTION IN THE STREAMS AT INLET AND OUTLET 
MYAl = Y1A*28.96«VR1/MFRVI 
HYA2 = Y2A»2B.96»VR2/MFRV2 
MYWl = l.C-MYAl 
MYW2 = 1.0-MYA2 

L RETURN TO THE MAIN PROGRAM 
RETURN 
END 
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C3610 

03620 

C3C3C 

036'«0 

03650 

03660 

03670 

03680 

C36SC 

C37C0 

03710 

C3720 

C373C 

03740 

0375C 

03760 

03770 

03780 

03740 

03800 

03810 

0382C 

03830 

03840 

03850 

C306C 

CJ87C 

03880 

03890 

03900 

03910 

03920 

03930 

03940 

03950 

03960 

C397C 

03980 

C399C 

C4C0C 

04010 

04020 

C403C 

04040 

04050 

04060 

04070 

04060 
04090 

041C0 

04110 

04120 

04130 

04140 

04150 

C416C 

04170 

04180 

0419C 

04200 

►SUBPROGRAM ♦♦♦♦♦*♦♦ 

THIS IS A DATA SUBPROGRAM. INTERPCLATICN IS APPLIED TO 
DETERMINE K-VALUES OF THE COMPONENTS AT APPROXIMATE TEMPERATURE 
AND PRESSURE 

SUBROUT INE KVALOE ITK11TK21TAU11TAU2) 

--FRAZIER'S AND CHANG'S CDRRELATILNS TO FIND COMPOSITION IN 
— AN AIR-RATER SYSTEM 
—NORMALIZED CRITICAL TEMPERATURE 

PC (374.3 + 273.)/( 100.*273.) 
—NCRMAL IZED TEMPERATURE CF INLET AND CUTLET STREAMS 

PSl IKl/(100.+273.) 
PS2 tK2/(100.+273.) 

—FUNCIlUN TAL 
TAUA -7.46914((PC/PSl)-l.)/(1. + .816424(PC-PS 1)1 
lAUb 1.+.675084(PC-PS 1)+. 1874 64((PC-PSl)44 3.) 
TAUC -7.46914((PC/PS21-1.l/(l.+.816424(PC-PS2)I 
TAUD l.+.e750e4(PC-PS2)+.187464((PC-PS21443.) 
TAUl 1ALA4TAUe 
TAU2 TALC4TAUD 

C —RETURN TO SU8PRCGRAM RATE 
RETURN 
END 

C 
C 

««*****«**««*««<c««SUBPROGRAM PHVSIC44#4#»»4#♦♦»44««»###4♦♦♦♦4##4 
* 

♦ THIS SUBPROGRAM IS USED TO FIND THE PHYSICAL CONSTANTS 
* OF THE CCMPCNEN7S AT APPROXIMATE TEMPERATURE AND PRESSURE 
* 

**************************************************** *** 

c 

SUBROUTINE PHYSIC(TK1, TK2»PA1,PA2»MYA 11MYA2iMYH11MYW21AGD.ALl),
A AGVE,ALVE,KLlC.CPAl,CPA2,CPWlfCPh2.CPRVl,CPRV2) 

REAL NMRl ,NMW2iMFRVl»MFRV2tMFRLl»SVVR(76)fSVLH(76)fTP(76)f
A LAMDA2»MFRL2iMYA1,MYA21 MYR1fMYR2iLR1» LR2|KL IQ1»KLIC2fKLIGi
A TK(ll)fTL0(ll)fSH(5f9),APt5)#AT(9)fDENSI5.9),TCL{ll)iAPSHl(9),
A APSH219),APCEN1(9),APDEN2(9) 

C PRESSURE RANGE FOR DENSITY AND SPECIFIC HEAT OF AIRt ATM 
CATA AP/l.f2.f3.t5.t7./
lEMPERATURE RANGE FOR DENS.CSPEC1FIC HEAT OF AIRf KC 
DATA AI/2a0.t29C.i300.»320.t340.t360.#380.t400.t450./
CATA FOP AIR SPECIFIC HEAT, 8TU/LB-FC 
DATA SH/29.II,29.I7,29.22t29.34,29.45f29.I2f29.I7,?9.?2,29.32,29.42,29. 13,29. 18,29.22,29.31 ,29.40,29.16,29.20,29.24,29.32,
29.40,29.19,29.22,29.26,29.33,29.40,29.22,29.25,29.28,29.34,
29.41,29.25,29.28,29.31,29.36,29.42,29.28,29.31,29.34,29.38, 
29.43,29.36,29.38,29.39,29.43,29.47/ 

C -DATA FUP AIR CENSHY, LB/CUFT
DATA UENS/22965.,11477.,7648.,4584.,3271.,23788.,11889.,7923., 
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04210 » 4750.,3391.,2'%610.,12302.,B19<i.,4916.,3410.,26255.,13126., 
04220 A 8749.,5248.,3748.,27900.,13949.,9299.,5580.,3986.,29543., 

04230 n 14773.,9849.,5911.,4223.,31187.,15596.,10398.,6241.,4459., 

04240 A 32830.,16418.,1C947.,6571.,4695.,36937.,18474.,12319.,7396., 
C425C A 528t./ 

04260 c •OfllA FUR hAIER VAPCR DENSITY, LB/CUFT 

04270 DATA SVVK/1207.6,1129.2,1056.5,989.1,926.5,868.4,814.3, 
04280 A 764.1,717.4,673.9,633.3,595.5,560.3,527.5,496.8,468.1,441.3, 

04290 A 416.3,392.9,370.9,350.4,331.1,313.1,296.18,280.3,265.39, 

04300 A 251.38,238.22,225.85,241.21,203.36,192.95,183.24,174.09, 

04310 A 165.47,157.33,149.66,142.41,135.57,129.11,123.00,117.22, 

04320 A 111.76,106.59,101.70,97.07,92.68,88.52,84.57,80.83,77.29,73.92, 

04330 A 70.72,67.60,64.80,62.06,59.45,56.97,54.61,52.36,50.22,48.189, 

04340 A 46.249,44.40,42.638,40.957,39.354,37.824,36.364,34.97,33.639, 

04350 A 32.395,31.151,30.015,28.878,27.839/ 

C4360 c -DATA FCP RATER CENSITY, LB/CUFT 

04370 DATA SVLW/.016033,.016036,.016039,.016043,.016046,.016050, 

04380 A .016054,.016058,.016063,.016067,.016072,.016077,.016082, 

04390 A .C16007,.016093,.016099,.016105,.016111,.016117,.016123, 

04400 A .0161JO,.016137,.016144,.016151,.C16158,.016165,.016173, 

04410 A .016180,.016188,.016196,.016204,.016213,.016221,.016229, 

04420 A .016238,.016247,.016256,.016265,.016274,.016284,.016293, 

04430 A .016303,.016313,.016322,.016332,.016343,.016353,.016363, 

C4440 A .016374,.016384,.016395,.016406,.016417,.016428,.016440, 

04450 A .016451,.016463,.016474,.016486,.C16498,.016510,.016522, 

04460 A .016534,.016547,.016559,.016572,.016585,.016598,.016611, 

04470 A .016624,.016637,.016651,.016664,.016678,.016691,.016705/ 

04400 c -TEMPERATURE RANGE FOR RATER THERMAL CONDUCTIVITY DATA, K 

C44S0 DATA TK/288.56,294.11,299.67,305.22,310.78,321.89,333.00, 
04500 A 344.11,355.22,366.33,377.44/ 

C451C c -THERMAL CONDUCTIVITY DATA FOR RATER, BTU/FT-HR-F 
04520 DATA TCL/.34,.346,.352,.358,.362,.371,.378,.384,.388,.392,.394/ 
04530 c ■TEMPERATURE RANGE FCR RATER VAPCR AND RATER DENSITY DATA 
C4540 TPllI 60.0 

04550 DC 10 1 1,75 
04560 TP( 1 + lJ TP(1)*2.0 

04570 10 CONTINUE 
04580 DC 30 1 = 1,76 
04590 IP( 1 1 = {(TP(I)-32.01/1.81+273.0 
046C0 30 CONTINUE 
04610 c -INTERPOLATICN PROCESSES 
04620 CC 60 1 = 1,76 
04630 IF(TP( 1 1-TKll 60,60,50 
04640 50 TPTIE (1P(11-TP(1-111/(TP(11-TK11 
04650 SVLRl SVLR(11-(SVLR(I1-SVLR(1-111/TPT1E 
04660 SVVRl SVVR(11-(SVVR(I1-SVVR(1-111/TPTIE 
0467C GO TC 70 
04680 60 CUNTINUE 

04690 70 CC 90 1 = 1,76 
047CC IFlIPd 1-TK21 90,90,80 
04710 80 TPTIE = ITPIIl-TFl 1-11 1/1TP( 11-TK21 
04720 SVLR2 = SVLR(I1-(SVLR(I1-SVLR(I-111/IPT1E 
04730 SVVR2 = SVVWlll-lSVVRlI1-SVVR(1-111/TPTlE 
C4740 GU TC 100 
04750 90 CCNTINUE 
04760 100 CO 105 1 = 1,5 
04770 1I(AP(H-PA11 105, 105,95 
04780 95 PITIE = (APlll-APCl-lD/lAPl 11-PAll 
04790 CC 98 J = 1,9 
04800 APSHKJl = SHlI,Jl-(SHn,Jl-SH( 1-1, Jll/PITIE 
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04810 

04820 

C483G 

C4B40 

C4850 

04860 

04870 

04880 

04890 

C49C0 

04910 

C4920 

04930 

04940 

04950 

C4960 

04970 

C4980 

04990 

05000 

05010 

03U20 

05030 

C5U40 

05050 

05060 

0507C 

05080 

05090 

05100 

05110 

05120 

05130 

05140 

C515C 

05160 

05170 

05180 

05190 

052CC 

05210 

05220 

05230 

05240 

05250 

05260 

05270 

05280 

05290 

05300 

L5310 

05320 

05330 

C534C 

05350 

05360 

05370 

05380 

05390 

C54C0 

98 

1C5 

110 

120 

200 

210 

220 

230 

300 

C 

310 

320 

400 

410 

450 

500 

510 

550 

600 

C 

610 

c 

C 

c 

C 

t 

c 

APDENKJ»= DENSCIfJ)-«DENS(1,J)-DENS(I-1,J))/PlTIE 
CCM INUE 

GO TO 110 

CLM INUE 

DO 2C0 I = IfS 
IFIATin-TKI) 2C0f200fl20 

TITIE « (Aim-ATII-l)I/(AT( n-TKl) 
CtAIRI = APSHin)-(APSHHn-APSHl(I-m/TlTlE 
DCAIRl = APOENKD-IAPOENK I l-APDENin-1)»/TlTIE 
GO TO 210 

CCNTINUE 

CO 300 I lf5 
lFIAP(n-PA2» 3CC,30Cf220 

P2T1L = (AFln-APll-1))/(API1)-PA2) 
DC 230 J = IfS 

APSH21J) = SH(I,JI-(SH(I,JI-SH(I-1,JH/P2TIE 
APDEN2(J»= CENSC IfJ)-(DENSll f J1-DENS(1-lfJn/P2TIE 
CCMINUE 

GC TO 310 

CCNTINUE 

-RETURN TO TFE MAIN PROGRAM 

CO 'fOO I = IfS 

IFIATII I-TK21 4C0f^OOf32O 

T2TIE = (AT(H-ATII-1)I/(ATII)-TK2» 
CCAIR2 = APSH2m-IAPSH2(II-APSH2(I-1))/T2TIE 
0UAIR2 = APDEN21H-IAP0EN2(I)-APDEN2II-l)I/T2TIE 
GC TO 110 

CONT INUE 

DC SCO I = Ifll 
IFITKII 1-TKl) SCCfSQOflSO 

TKTlEl ITKt I )-TK(I-m/(TKI I »-TKl 1 
TGHn-ITtLin-TCLIl-in/TKTlElKLICl 

GC TO 510 

CCMINUE 

CO too I = Ifll 

IFITKII )-TK2) 6CCf600f550 

TKTIE2 = ITKII)-TKII-in/ITKII)-TK2I 
KLia2 = TCLI n-ITCLI N-TCL(I-in/TKTIC2 
GC TC 610 

CONT INUE 

DENSITY OF WATER VAPORf LB/CUFT 
DVWl = 1.0/SVVWl 

DVV.2 = 1.0/SVVW2 

-DENSITY OF WATERf LB/CUFT 

DLkl = l.C/SVLhl 

0LW2 = 1.C/SVLW2 
-SPECIFIC HEAT CF AlRf BTU/LB-F 
CAIRl = CGAIRl/I2B.'J6#1.ie7) 
CAIR2 = CCAIR2/I28.96^1.187) 

-DENSITY OF AIRf LB/CUFT 

CAIRl = 1810.2372C3/CCAIR1 
0AIR2 = 1810.237203/ODAIR2 

-EQUATIONS TC ESTIMATE SPECIFIC FEAT CF WATER VAPOR AND WATER, 
-BIC/LD-f 

SHLR - II.06-0.991/1371.8<5-288.56) 
CPWl = IITK1-288.56)ASHLR)*C.99 
CPW2 = H IK2-288.56)»SHLR)*C.99 
CPWVI - II.5-.45)/I700.-283.))#TK14.15 
CPWV2 = II.5-.451/1700.-2£3.))»TKU.45 

-EQUATIONS TC ESTIMATE VISCOSITY 
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Oi^lO 

05^^20 

05'« 30 

054A0 

C5450 

C5-!.60 

05^70 

C546C 

c5«yo 

05600 

05510 

05520 

05530 

OSb'iO 

C5550 

05560 

05570 

05580 

C55S0 

0560C 

0561C 

05620 

Obo3C 

056^0 

05650 

05660 

C567C 

0568C 

0569C 

05700 

05710 

05720 

0573C 

057A0 

05750 

05760 

05770 

05780 

05790 

05800 

05810 

05820 

05830 

058-^0 

05850 

05860 

05870 

05880 

05890 

05900 

05910 

05920 

05930 

C59'i0 

C595C 

05960 

C597C 

05980 

C599C 

06000 

WVVR = (0.0125-0.00931/(371.89-268.56) 
hVVlSl = ( ( TK1-288.56)»V>VVR)»0.0093 

WVV1S2 = ((TK2-288.56MWVVR)*0.0093 

AVR = (0.021-0.01751/(371.69-288.561 

AVISI = 1(TK1-268.561»AVP1+0.0175 

AVIS2 = I(TK2-288.561«AVR)+0.0175 

ChVR = (0.AA5-0.'i5)/(37l.89-288.561 
ChVl = ((TK1-288.561«C1«VR1+C.445 

CWV2. = ((TK2-28a.56)»CWVR1+0.445 
hLVISl = 10.0*»(65a.25*((l./TKl)-(l./283.161 1 1 
ULVIS2 = 10.C«»(658.25«((l./IK21-(l./283.161 1 1 
AGDl = KVAl^DAIRl+HYHl^CVKl 

AGD2 = l'YA2*DAIR2+HYh2»DVVi2 

--AVERAGE DENSITY CF THE GAS PHASE, LB/CUFT 

AGO = C.5«(AGD1+AG021 
C —AVERAGE DENSITY OF THE LICOID PHASE, LO/CUFT 

ALO = 0.5*(0Lm + DLW21 
AGVl = RYA1»AV1 Sl + MYhl*V«VVl S 1 
AGV2 = RYA2»AV1S2»MYW2»HVVIS2 

—AVERAGE VISCCSITY CF THE GAS PHASE, LB/FT-SEC 
AGVfc = C.5#(AGV1+AGV21*C.CCC67197 

■AVERAGE VISCCSITY OF THE LIQUID PHASE, LB/FT-SEC 
ALVE = U.5»(V,LVIS1 + V»LV1S21»C.00067197 

-AVERAGE THERMAL CONDUCTIVITY CF THE LIQUID PHASE, BTU/FT-H-F 

KLIC = .5»(KL1C1+KL1C21 
-RETURN TO THE MAIN PROGRAM 
RETURN 
E6U 

C 
C 

***«**«SUGPROGRAM ******************** ********* 

* * 

* THIS SUBPROGRAM IS USED TO FIND THE HEAT OF EVAPORATICN* 
* CF THE COMPONENTS AT APPROXIMATE TEMPERATURE AND PRESSURE ♦ 
* ♦ 

SUBROUTINE LA TENT(TK1,1K2 ,PA1,PA2,LAMOAl,LAMDA21 

REAL LAMDAl,LAMCA2,LAMDA(761,TP(761 
DATA OF LATENT HEAT, BIO/LB 

rtAyi.-\co c inco C 1 ,1055.2,1054.0,1052.9, 
.1,10'»5.0, 1043.9, 109 2.7, 
.9,1034.8,1033.6,1032.5, 
.6,1024.5,1023.3,1022.2, 
.2,1014.0,1012.9,1011.7, 
6, 100 3.4, 1002.2 ,1001 .0, 
6,991.4,990.2,989.0, 
4,979.1,977.9,976.6, 

,971.5/ 
-TEMPERATURE RANGE 

TP( 11 60.0 
OL 10 I = 1,75 
TP(l+ll TP(I1+2.0 
CUNTINUE 
DC 30 I = 1, 76 
TP( I 1 ((TP(I)-32.01/1.81+273.0 
CCNTINUE 
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06010 C 

0602C 

06030 

06040 50 

06050 

06060 

06070 60 

06080 70 

060S0 

06100 80 

06II0 

06120 

06130 90 

06140 C—— 

06150 ICU 

06I6C 

06I7C c 

C6I80 c 

06190 

C62CC * 

06210 ♦ 

06220 * 

06230 

06240 * 

06250 * 

06260 * 

06270 * 

06280 * 

06290 

C63CC 

C6310 c 

06320 C 

06330 C— 

06340 

06350 

06360 c— 

06370 

06380 

06390 

06400 

064IC 50 

06420 

06430 60 

06',40 

06450 

06460 70 

06470 

06480 80 

C649C 

06500 200 

06510 

06520 300 

06530 c— 

06540 4C0 

06550 

-INIERPOLATICN PROCESSES 

DC 60 I = It76 

IFdPdl-TKl) 6C>60,50 

TPIIE = (TF( H-TP(I-l))/(TP( n-TKl) 

LAMDAl = LAPDA(H-(LAMDA(I)-LAMDA(I-U )/TPTIE 

GC TC 7C 

CCNT INUE 

DC SO I = lt76 
IFITPd )-TK2) SC«S0»80 

TPdE = dP< d-TPd-d)/dPd I-TK2) 

LAMUA2 = LAHCA(d-(LAROAd)-LAMDAd-l)J/TPTIE 
GG TO 100 

CCNdNUE 

-RETURN TO TFE MAIN PROGRAM 

RETLRN 

END 

fSUBPROGRAM FHODEL 

THIS SUBPROGRAM IS USED TO FIND THE FLCR MODEL EASED ON 

THE FLOR-PATTERN MAP OF MANHANCE ET AL. THERE ARE TV.0 FLUW 

model: 

HOMOGENEOUS MODEL RHICH INCLUDES SLUG, DISPERSEC,AND 

BUBBLE FLOWS. 

SEPARATED MODEL WHICH INCLUDES STRATIFIED, WAVE, AND 

ANNULAR FLCWS. 

SLBROCTINE FMCDEL(GV,GL,TYPE) 

-SUPERFICIAL VELOCITY, M/SEC 

VSG = CV»0.3CA£ 

VSL = GL»0.30A8 

-SIMPLIFIED MANDFANE'S FLOW PATTERN MAP 

IFIVSG.LE.I.B) GC TO 50 

IF(VSG.LE.2.31 GC TO 60 

IF(VSG.LE.12.0) GO TO 70 

IF(VSG.LE.90.0) GO TO SO 

IF(VSL.LL.0.5 I GC TO 300 

GC 10 200 

HCR7 = -0.3»VSG*I.04 
IF(VSL.Lt.HR/) GO TC 300 

GC TC 2C0 

IF(VSL.LE.0.35) GU TC 300 

GC TC 2C0 

HCRZ = 0.1 IWVSGK.OS; 
IF(VSL.lt.HCR/l GC TO 300 

TYPE = I.C 

GC TC AOO 

TYPE = 2.0 

-PEILRN TO THE MAIN PROGRAM 

RETURN 

END 
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D.2 Computer Code for the Multicomponent, Gas-Liquid System 

Program FL0W2.F0R 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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♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦ 

UOOlO 

C002C 

00030 

00040 

00050 

COObO 

00070 

00080 

C0090 

CUlOO 

00110 

00120 

00130 

00140 

00150 

OOlbO 

C0170 

00180 

00190 

00200 

00210 

00220 

00230 

00240 

00250 

00260 

00270 

00280 

C0290 

00300 

00310 

00320 

00330 

CC340 

00350 

00360 

00370 

00380 

C0390 

00400 

00410 

00420 

00430 

00440 

00450 

CC460 

00470 

00480 

00490 

C05C0 

00510 

00520 

00530 

00540 

00550 

00560 

00570 

00580 

C059C 

00600 

♦♦♦♦♦PROGRAM FL0ki2.F0R»» 

INIRDDUCTION 
THIS PKCGRAM IS DEVELGPEO FOR USE IH THE DESIGN OF 

THE TUBULAR HEATER FOR A TWO-PHASEt MULTICCMPONENTSf GAS-LIQUID 
STREAK. BKIEFLYi GIVEN THE COMPOSITIONS OF THE INLET STREAMS 
AND THE HEAT FLUX RATE TO THE FLOW SYSTEM, HOW LONG MUST 
THE TUBE BE IN ORDER 10 RAISE THE OUTLET STREAM TO A DESIRED 
TEMPERATURE. 

NMAIN program♦♦♦»♦»»♦♦♦♦♦«'♦♦♦♦♦♦♦♦ ♦♦♦♦♦♦♦♦♦ 

THE MAIN PROGRAM CONSIST OF TWO ITERATING LOOPS THE 

INNER LOOP AND THE CUTER LOOP, TO DETERMINE PRESSURE AND 
TEMPERATURE OF THE OUTLET STREAM. 

THE CALCULATION OF PRESSURE DROP IS BASED CN LDCKHART 
AND KARTINELLI METHOD. THE ITERATION OF THE PRESSURE LOOP IS 
CONVERGED WHEN THE DIFFERENCE BETWEEN THE ESTIMATED AND 
CALCULATED PRESSURE DROPS IS LESS THAN 2S. 

THE OUTER LOOP IS THE TEMPERATURE ITERATING LOOP. THE 
CONVERGENCE OF THIS LOOP IS BASED ON THE CCNSEVATICN OF ENERGY. 

INTEGER PLOOP,TLOOP,TYPE 
REAL LFR.PI50)f TI50,lOOl,XPI4I,YP14),VG14),VL(4I,CPLI41,CPGI4), 

« UVAPI4) ,DLIC(4),TCL14I,LFRATEI50),GFRATEI50),GASDEN(50),TZ(50), 
« LldDENl 50),KLIQI50),GASVISI50) ,LI'JVIS150),SPHGI50I,SPHH50I , 
It REGASIbO) ,RELIQI50I , L AMDA 14 ), L THE AT , LPDI ,LPD2 , LPD3, SHVI 50), 
It LPDRCP,H0VI50) ,KW,CCFT,LPD4,YV(4) 

C- SPECIFIED INFORMATION 
L- TUBE WALL THERMAL CONDUCTIV ITY,CUTS IDE TUBE HEAT TRANSFER 
C- COEFFICIENT, AND HEATING MEDIUM TEMPERATURE 

DATA KW,HO,TG/b4.0,2000.0,230.0/ 
C- INLET TEMPERAIURE AND PRESSURE 

C-
DATA TI 1, 1) ,PI1 1/80.0,60.0/
NUMBER OF COMPONENTS, INSIDE AND OUTSIDE TUBE DIAMETERS 
DAIA NC,Dl,DG/4,0.0725,0.083333/ 

C- CELL LENGTH, NUMBER OF CELL-1 
DATA U2,N/1.57,11/ 
II = 1 
STARTING VALUES FOR THE SUMMATION OF PRESSURE DROP AND 
INTERPHASE MASS TRANSFER 
DELTAP 0.0 
TLXCHM C.C 
SPLC 0.0 
STh C.C 
PRINT OUT THE SPECIFIED INFORMATION 
WRlTEI23,1) 
F0RHATt2X,'SPECIFIED CONDITIONS AND INFORMATION') 
WBITEI23,2) NC 
F(JBMATI2X,'NUMBER OF COMPONENTS IN THE SYSTEM = ',12) 
ViRITEI23,4) OI,CO,D2 
FCRMA1(2X,'INSIDE TUBE DIAMETER = •,F7.5,' (FT), OUTSIDE TUBE 

DIAMETER = ',F7.5,' (FT), CELL LENGTH = ',F7.2,' (FT)') 
NUMC = N-1 
hRIIE(23,5) NUMC 
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C0610 

0U62C 

C0630 

0064C 

0065C 

C0660 

C067C 

cjoao 

00690 

00700 

00710 

00720 

00730 

00740 

00750 

00760 

C0770 

00780 

007S0 

00300 

00810 

00820 

00830 

00840 

00850 

00860 

00870 

00880 

00890 

C0900 

CC9I0 

C092C 

C093C 

C0940 

00950 

CU96C 

C0970 

00980 

00990 

01000 

01010 

01020 

01030 

01040 

01050 

01060 

01070 

C1080 

01090 

01100 

OHIO 

01120 

01130 

01140 

01150 

01160 

Oil70 

01180 

01190 

01200 

5 FQkMAT(2X,'NUl'DER OF CELLS IN Tt-E TUBE =»tI3) 
hRlIE(23,6l T(l,n«P(l) 

6 FUBMAT(2Xi'INPUT STREAM TEMPERATURE = ».F7.2,' IFI, INPUT STREAM 
H PRESSURE = >,F7,2,' IPSIA)') 

WRITEI23,3) TO 

a FURHATI2X,'AVERAGE TEMPERATURE OF THE HEATING MEDIUM = •,F7.2, 
# • (FI'I 

ViRITb(23,10) HO 

10 F0RHaT(2X,'tUTSIDE TUBE HEAT TRANSFER COEFFICIENT = •,F10.2t 
0 • (BTU/SCFT-HR)'I 

HRITEI23,12) KW 

12 FORMAT!2X,■TUBE ta ALL THERMAL CONDUCTIVITY = •,F6.2, 
H • (BTU/FT-H-F)•J 

30 
31 

HRITEI23.31) II 
FORMAT!//,2X,'LCCATI0N ON THE TUBE Z!',I2,')') 
IF! II.GT.I) GO TO 35 

32 
« 

t<RlTEI23, 32) 11 , T! 11,11 ,1 I • P! 11 > 
FCRMAT!2X,'TEMPERATURE AT Z!',I2,') = ',F7.2i' 
PRESSURE AT Z!'.I2,') = ',F6.2,' IPSIA)') 

!F), AMD 

35 TLCCP = 1 
3d PLOCP = 1 
40 TEMP = T!II ,TLOCPJ 

PRESS = PHI 1 
USE SUBPROGRAM BATES TO DETERMINE THE COMPOSITION OF THE EMUS 
OF TFE CELL. 
CALL RATES!NC,I I,TEHP,PRESS,LFR.GFR,XP,YP) 

MASS FLOW RATE OF THE CAS PHASE !LBS/HR) 
GFRATE! ID = GFR 
MASS FLCW RATE CF THE LIQUID PHASE ILBS/HR) 
LFRATE! 11) = LFR 

C- USE SUBPROGRAM PHYSIC TO DETERMINE THE PHYSICAL PROPERTIES OF 
c- THE COMPONENTS. 

CALL PHYSICINCf TEMP,PRESS,VG,VL,CPG,CPL,DVAP,DLIQ,TCL) 
c-
c- —FIND THE PHYSICAL PROPERTIES OF THE STREAM AT THE ENDS CF THE 

c- —CELL BY USING THE MASS FRACTIONS OF THE COMPONENTS 
LIQVIS! in O.C 
GASVIS!11) O.C 
GASOEM II ) 0.0 
LIQDEN! II) O.C 
KLICHl ) O.C 
SPHGHI ) 0.0 

SPHLH I ) 0.C 
DC 50 13 1.NC 

GASOEHH H = GASDEN!I I)+DVAP!I3)AYP! 13) 
LICDENHH^ LICDEN!I I)*DLIQ! 13)*XP( 13) 
KLIQHI) = 
GASVISII H-

KLIQ!IH»TCL!I3)»XPin) 
GASVIS! H )+VGH3)»YP ( I 3) 

L1CVIS!1I)= 
SPHGHI) = 
SPHL(Il) = 

LICVIS! I)*VLI I3)»XPH3) 
SPFG!H )+CPG!I3)»YP!13) 
SPHLI II )»CPL! I3)»XPH3) 

5C CONTINUE 
C --REYNOLD NUMBER CF THE GAS PHASE 

C 
REGASI11)= 4.0#GFRATE!II)/!7.6»GASVISII I)) 

—REYNOLD NUMBER OF THE LIQUID PHASE 

C 
REL ig(I I)= 4.0«LFkATE(I I)/!T.E^LIQVISIH))

—SUBPROGRAM LATENT TO DETERMINE LATENT HEAT CF THE COMPONENTS 
CALL LATENT!NC,TEMP,LAMOA) 

c—-
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01210 HCVIII) = 0.0 

C1220 DO 95 12 « 1,NC 

01230 HCVlin = XP(13)»LAMDA(I3)+HCvm I 

CIZ^O 95 CCNllNUE 

01250 IF(ll.EC.l) GC TO 399 

C12bO C AVERAGE GAS DENSITY IN THE CELL ILB/CUFT) 
0127C AGD = C.5»(GASDEM m*GASDEN(I 1-1 I) 

01260 C AVERAGE LIGCIU DENSITY IN THE CELL (LB/CUFT) 
01290 ALD = 0.5«(L1CDEN( 11)+LlCDEN(I I-IH 

(, AVERAGE LIOCID THERMAL CONDUCTIVITY IN THE CELL (BTU/FT-HR-FI01300 

C1310 AKLIQ = C.5*(KLIG11I)»KLIQ1II-D) 
01320 C AVERAGE GAS VISCOSITY IN THE CELL (CP! 
C133C AGVIS = C.5»(GASVIS(11)*GASVIStI1-1)) 

01390 C AVERAGE LICLIO VISCOSITY IN THE CELL ICP) 
01350 ALVIS » 0.5»aiQVISm)+LICVIS(II-l)) 

U136C C AVERAGE SPECIFIC HEAT OF GAS IN THE CELL IBTJ/SGFT-HR-F) 

01370 ASPHG = 0.5»(SPHG{in*SPHGtI l-l)) 
t AVERAGE SPECIFIC HEAT OF LICUID IN THE CELL 1BTU/SQFT-HR-F)01380 

01390 ASPHL = C.5»(SPHLm )*SPHL( 1 I-l)) 
L19CU (, AVERAGE GAS MASS FLCW RATE IN TEE CELL (LB/HR) 

01910 AGER = 0.5«(GFRATE(II)+GFRATE(II-1)) 

01920 C AVERAGE LIQCID MASS FLOW RATE IN THE CELL (LB/HR) 

01930 ALFR = C.5»(LFRATE(1I)+LFRATE(II-1)) 

01990 C INTERPHASE MASS TRANSFER IN TEE CELL (LB/HR) 
01950 EXCHM ® LFPATE(11-1)-LFRATE(ID 

C AVERAGE REYNOLD NUMBER OF THE GAS PHASE IN THE CELL01960 

01970 AREGAS = C.5»(REGAS(II)+REGAS(11-1)) 

01980 C AVERAGE REYNOLD NUMBER OF THE LIQUID PHASE IN THE CELL 

C1990 ARCLIC = C.5«(P.EL1C(II)+RELIG(II-D) 
01500 C GAS MASS FRACTION 

01510 GASFRA =■ AGFR/(AGFR + ALFR) 
01520 C FIND TEE FLOW MECHANISM OF THE SYSTEM 
C1530 120 IF(AREGAS-2000.0) I39il39,135 
01590 139 1E(AKEL IU-2C0C.C) 190,190,192 
01550 135 IFIAREL (0-2000.0) 199,199, 196 
01560 C LCCKHART ANC MARTINELLI PARAMETER X CORRESPONDING TC FLOW 
01570 C MECEAN ISMS 
01580 190 MEGHAN = 1.0 
01590 PXl = (ALFH/AGFR)«(AGD/ALD) 
01600 PX2 = ALVIS/AGVIS 
C161C PX = (PX1*PX2)*«0.5 
01620 C PARAMATER "PHI" LF THE LIQUID PHASE 
C1630 PHIL (1.C + 5.0/PX+1.0/(PX»»2.0) )**.5 
01690 CCNSTN 1.0 
0165C GC TO 199 
01660 192 MEGHAN = 2 
01670 PXl .002e75W(ARELIC'+O.BI^IAGD/ALD) 
01680 PX2 (ALFR/AGFR)»(ALVIS/AGVIS) 
C16SC PX (PXDPX2 )W»0.5 
017CC C PARAMETER "PHI" OF THE LIQUID PHASE 
01710 PHIL (1.0*10.0/PX + 1.0/(PXA«2.0)I»<'.5 
01720 CCNSTN 0.2 
01730 GO 10 199 
01790 199 MEGHAN = 3 
01750 PXl = 397.e26087»(AREGASA«-0.B)«(AGO/ALU) 
01760 PX2 « (ALFR/AGFR)»(ALV1S/AGVIS) 
01 770 PX = (FX1»PX2)*»0.5 
01780 -PARAMETER •PHI" OF THE LICUID PHASE 
C1790 PHIL = (( 1.0H2.0/PX+1.0/(PX»*2. ) 
GIBCO CCNSTN = 1.0 
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01810 

01820 

01830 

OlO'iO 

01850 

01860 

01870 

0188C 

oiaso 

01<7C0 

01910 

01920 

01930 

019^0 

C1950 

C1960 

01970 

01980 

C1990 

020C0 

02010 

02020 

02030 

020'«0 

02050 

C2060 

02070 

02080 

02090 

02100 

021IC 

02120 

02130 

C21<i0 

0215O 

02160 

02170 

02180 

02190 

02200 

02210 

02220 

02230 

02240 

02250 

02260 

02270 

022B0 

02290 

02300 

02310 

02320 

02330 

02340 

0235C 

02360 

02370 

02380 

C23S0 

02400 

GO TO 149 

146 MEGHAN « 4 
PXl = ((ALFR/AGFR)»»1.8)A(AGD/ALD1 

PX2 « (ALVIS/AGVIS)*»0.2 
PX = (PX1»PX2)««0.5 

-PARAMETER "PHI" OF THE LIQUID PHASE 
C 

C 

-CCRRECTION FACTORS BASED CN JOHNSON AND ADOU-SABE 
AJF = 1.25-0.0C25»PX 
FJA = 1.2-.002«PX 
PHIL = 1{l.C+20./PXHl./lPX»«2.)I^^O.Sl^AJF 
CCNSTN s 0.2 

C -AVERAGE LIQUID HOLDUP FRACTION 

149 RLC = (PX/(IPX»«2.|H2C.»PX+1.»»*.5)/FJA 
C -DETERMINE PRESSURE DROP IN THE CELL BY LOCKHART AND MARTINELLI 
C— -CCRRELATIONS 

LPOl = 0.092*tl4./3.1415927)*»(2.0-CONSTN)) 
LPD2 = t(ALVIS«.00067197l*»C0NSTN) 
LPD3 = (ALFR/3o00.)«»t2.0-CCNSTN) 
LPD4 = (Dl^^IS.O-CONSTNl)»ALD«32.174 
LPDKCP = (LPD1«LPD2ALPD3)/(LPD4»144.0) 
TPDROP = (PHIL»»2.0)»LPORCP*D2 

-COMPARE ESTIMATED AND CALCULATED OUTLET STREAM PRESSURE 
P2N = PI II-1)-TP0RCP 
CCFP = ABStF2N-PtII)l/Pnn 

C PRESSURE CONVERGENCE CRIT. 

IFICCFP.LE.C.0021 GO TO 160 
P(II) = (P(m+P2N)/2.0 

PLCCP = PLCOP+1 
IF(PLaOP.EQ.3Cl GO TO 500 

-RETURN FOR A NEN PRESSURE ITERATING LOOP 
GO TO 4C 

160 P(II) = P2N 

C -CROSS-SECTIONAL AREA OF THE TUBE (SOFT) 
ACROSS = ((DI/2)«*2.0)»3.1415927 

C —SUPERFICIAL GAS VELOCITYt (FT/HR) 
GV = AGFR/IACRCSS«AGDJ 

c —SUPERFICIAL LIQUID VELOCITY, (FT/HRJ 
GL = ALFR/(ACROSS»ALD) 

--SUOPROGRAH FMCDEL TC FIND FLOH MODEL 
CALL FMCDELTGV.GL,TYPEI 

c 

c 
c —GAS VELCCITY BASED ON HOLDUP FRACTION IFT/HR) 

DC = GV/(1.-RLC1 

c —LIQUID VELOCITY BASED ON HOLDUP FRACTION (FT/HR) 
UL = GL/RLC 

c —ThO-PHASE STREAM VELOCITY (FT/HR) 
OTP = 1.0/{(GASFRA/UG)+Ill.-GASFRA)/UL)) 

c—- —ThO-PHASE STREAM DENSITY (LB/CUFT) 
OTP = 1.0/((GASFRA/AGD)*((l.-GASFRA)/ALD)) 

c -TWO-PHASE STREAM VISCOSITY (CP) 
VTP = 1.0/((GASFRA/AGVIS)♦((l.-GASFRA)/ALVIS)) 

c —LATENT FEAT 
LTHEAT « .5»(H0V(II)+HOV(II-1))»(LFRATE(IT-1)-LFRATE(IT))

—DAVIS AND DAVID CORRELATIONS TO DETERMINE T«0-PHASE HEATc 
— TRANSFER COEFFICIENT 

1F(TYPE.EQ.2) GC TO 300 
c 

—two-phase GAS-LIQUID HEAT TRANSFER COEFFICIENT (BTU/SQFT-HR-F)c 
c— —FCR HOMCGENEOLS FLOW MODEL 

HI = IAKLIQ/DI)«0.033 
H2 = ((DI*UTP«DTP)/(VTP*2.419092))»«0.87 
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02<ilU 

C2430 

02440 

C2450 

02460 

02470 

C2480 

02490 

021)00 

02510 

C252C 

02530 

02540 

02550 

02560 

02570 

02500 

02550 

C260C 

02610 

02620 

02630 

C2640 

02650 

02o6C 

0267C 

02600 

02690 

027O0 

02710 

02720 

02730 

02740 

02750 

02 JtO 

02770 

02780 

02790 

C23CC 

02810 

02820 

C2830 

02840 

C285C 

02860 

02870 

02880 

02890 

C27CU 

02910 

02920 

02930 

02940 

02950 

C296C 

02970 

02980 

C2990 

C30CG 

PRL = ((ASPHL»ALVIS»2.419C92)/AKL1QJ««0.4 

HI = H4H24PRL 

GO 10 320 

C GAS MASS FRACTICN GREATER THAN 0-1 

200 IF(TYPt.EQ.2) GC TO 300 

C TWO-PHASE GAS-LIOUID HF.AI TRANSFER COEFFICIENT 1 BTU/SOFT-HR-F) 
C FOK HUMCGENECLS FLOh MOUEL 

HI (AKL IQ/Ot »«0.033 

H2 ((01 ♦UIP»UTP) / ( VTP*2.419092H**0.87 
PRL I (ASRHL*ALVlS»2.4190 32)/AKLICU«*a.4 
HI H1»H2APRL 
GC TO 320 

C— -FOR SCPARATLD FLOW MODEL 

C— -TWO-PHASE GAS-LIGUID HEAT TRANSFER COEFFICIENT (BTU/SOFT-HR-F) 

3C0 HI .06«IAKLIC/0I)»((AL0/AGJ»»4.2e» 
H2 ((DI*GASFRA»UTP#OTP)/(ALVIS*2.419092»(♦♦0.87 
PRL ((ASFHL*ALVIS»2.419092)/AKL 10J«»0.4 
HI H«H2»PRL 

C TOTAL HEAT FLUX AREA OF THE CELL (SOFU 
320 AHEAT = 01*02♦3. 14 15927 

1F{TLOOF.EO.l ) GO TO 330 
C LCG MEAN TEMPERAIURE DIFFERENCE (FJ 

TLMl = T t II .TLUQPl-TSTART 
1F(rLMl.EO.C.CJ GO TU 335 
TLM2 = ALCG((TG-TSTART)/(TG-T(11,TL0CP))1 
TLM = 1LM1/ILM2 
GC TU 340 

C LOG MEAN DIAMETER OF THE TUBE (FT) 
330 TLM = TG-TSTART 

GC TO 340 
35 TLM = O.C 
40 OLM = (DC-Cl)/(ALUG(DC/Dni 

TLUE WALL THICKNESS (FT! 

XW = (00-011/2.0 
OVERALL HEAT TRANSFER COEFFICIENT 5ASE0 CN TUBE INSIDE DIAMETER 
(BIL/SQFT-HR-Fl 

U1 = l./((l./H!)+(Cl/(DC«HO))4((DI»XWI/(DLM^KWn1
lOTAL HEAT REOUIREO TO RAISE THE STREAM TEMPERATURE TC THE 

OUTLET STREAM TEMPERATURE. 
HEAIFL = UMTLH 
HEAt = HEATFL»AHEAT 
AOJUST ESTIMATED OUTLET STREAM TEMPERATURE BY HEAT BALANCES OF 
THE SYSTEM 
IJ = II-l 
T2N = TSfART 

350 FFl = HEAI-LTHEAf 
FF2 = SPHGI m»GFRATLl I1)«T2N-SPHGI 1I-IMGFRATE(II-1)»TSTART 
FF3 = 0.5*(SFHL(mYSPHLm-l))»(T2N-TSTART) 
Fr4 = 0.5»(LFRATE(infLFRATE(II-l)l»LF«ATEm-ll-LFRATE(Ill 
FFb = FF3AFF4 
DFl = -SPHGI1 H ♦GFRATEII I 1 
DF2 = -C.5»(SPHL(III>SPHL(II-1))»FF4 
I2N0 = T2N 
I2N = T2N-((FFI-FF2-FF5)/(CF1*0F2) ) 
IFIABSI(T2N-T2N01/T2Na).LE.C.OOCl) GO TO 390 
GU TC 350 

C TEMPERATURE CCNVHRGENCE CRITERICN 
390 CLFI = AUS(T2N-T(ll,TLnUP))/Tm,TLCCP) 

IFICCFT.LE.0.003) GO TC 393 
TLQOP = TLCOP * 1 
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03010 

C3020 

03030 

03040 

03050 

03060 

03070 

c3oeo 

03090 

03100 

03110 

03120 

03130 

03140 

03150 

03160 

03170 

C3180 

03190 

032C0 

03210 

03220 

03230 

03240 

03250 

03260 

03270 

03280 

03290 

03300 

03310 

03320 

03330 

03340 

03350 

03360 

03370 

03380 

03390 

03400 

03410 

03420 

03430 

C3440 

03450 

03460 

03470 

03480 

03490 

03500 

03510 

03520 

03530 

03540 

03550 

03560 

03570 

03580 

03590 

03600 

C 

C 

C 

C 

393 

C 

394 

395 

396 

401 

402 

403 

405 

406 

408 

409 

410 

411 

413 

414 

415 

417 

419 

421 

423 

1F(TLUUP.GE.50) GU TO 600 
Tl I 11XLCOP)= (HIItTLOOP-1)♦T2N)/2.0 
GC TO 36 
PRINT OLT THE RESULTS ^ 
INLE) stream temperature (F) and PRESSURE (PSIA) OF THE NEXT 
CELL 
DETERMIAE temperature INCREASE THROUGH THE CELL 
TdlfTLCOP)^ T2N 
DTCELL = T( II ,TLOCP)-TSTART 
TUBE WALL TEMPERATURE 
TFA « 0.5«IT(IItTLOOP)+TSTART)
Tl, z IFA+(TG-TFA)«( tl./HI )/I ll./Hl )♦•( 101/D0)«< l./HOI ) ) ) 
TSTART = T(Il.TLOOP) 
PSTART « Pill) 
IF( lI.EC.l) GC TO 396 
WRIT£12 3,395) II,TSTART,I I,PS TART 
FCRMAT(2X,'TEMPERATURE AT Z(',I2,*) = ',F7.2,* IF), AND 

« PRESSURE AT 2(',I2,') = •,F6.2,' IPSIA)') 
WRITE(23,401) II 
F0RMATI2X,'SYSTEM AT ZI«,I2,«) IS ASSUMED TO BE IN EQUILIBRIUM 
STATE' ) 
OC 403 15=1,NC 

WRITE(23,4t2) 15,VP 115),XP11 5)
FORMAT(2X,'MASS FRACTION CF COMPONENT ,11,' IN THE GAS 

•,F6.5)PHASE = ',F6.5,' IN THE LIQUID PHASE = 
CCNTINUE 
CO 406 16=1,NC 

WRITE123,405) I6,DVAP(I6),DLIQ(I6)
FORMAT(2X,'DENSITY OF COMPONENT ',11,' IN TH E GAS PHASE = ' 

ILB/CUFT)')F8.5,' IN THE LIQUID PHASE = ',FB.5,' 
CONTINUE 
00 409 17=1,NC 
WRIIE(23,408) I7,TCL(I7)
FORMAT I2X,'THERMAL CONDUCTIVITY OF COMPONENT ',11,' IN THE 

LIQUID PHASE = ',F9.4,' IBTU/FT-H-F)') 
CCNTINUE 
DO 411 18=1,NC 
hRITEI23,410) IB,VGI18),VLI18)
F0RMATI2X,'VISCOSITY OF CCMPCNENT ',12,' IN THE GAS PHASE = ', 

(CP)')F7.4,' AND IN THE LIQUID PHASE =',F7.4,' 
CCNTINUE 
DO 414 19=1,NC 

WRITE(23,413) 19,CPGI 19),CPL119)
F0RMAT(2X,'SPECIFIC HEAT CF COMPONENT ',11,' IN THE GAS 
PHASE = ',F6.3,' IN THE LIQUID PHASE = ',F6.3,' IBTU/LB-F)') 

CCNTINUE 
WRIIE(23,415) CASDENIII),LIQDEN(II)
FCRMAT(2X,'AVERAGE DENSITY OF GAS = ',F8.5,' LIQUID = ', 
F6.3,' (LB/CUFT)'I
WRITE(23,417) GASVIS(II),L1QVIS(II)
F0RMAT(2X,'AVERAGE VISCOSITY OF GAS = ',F8.5,' LIQUID = ', 
F8.5,' CCP)')
WKITE(23,419) KLIQIII) . „ c 
FORMAT!2X,'AVERAGE THERMAL CONDUCTIVITY OF LIQUID = ',F8.5, 
' (BTU/FT-H-F)')
WR1TE(23,421) SPHG(11),SPHL111)
F0RMAT{2X,'AVERAGE SPECIFIC HEAT OF GAS = ',F6.3,' AND CF 
LIQUID = ',76.3,' (BTU/LB-F)')
WRIT LI 23,423) REGASI1I),RELIQ(II)
FORMAT(2X,'AVERAGE REYNOLD NUMBER OF GAS = ',F10.2,' AND 
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04210 

04220 454 

0423C 

04240 455 

04250 

0426C 450 

04270 459 

04280 460 

04290 

04300 461 

04310 

04320 462 

04330 463 

04340 470 

04350 472 

04360 

04370 

04380 484 

04390 

04400 

U4410 485 

04420 

04430 

04440 486 

04450 

04460 

04470 487 

04480 

C4490 

04500 488 

04510 

04520 

04530 448 

04540 

04550 C 

04560 495 

04570 C 

04580 

04590 

04600 

04610 

04620 

04630 

C464C 

04650 

04660 

046/0 

04680 

04690 C— 

C47C0 500 

04710 550 

04720 

04 730 600 

04740 650 

04750 

04760 C~ 

04770 670 

04780 

04790 671 

C48C0 

GC TO 460 

lFIHECH3N.EC.4i GO TO 458 

ViBnE(23t4551 
FCRMAT(2Xt'VISCOUS-TURBULENT FLOW MECHANISM') 

GC TC 460 

WRITE123,459) 

FURMAT(2X,'TURBULENT-TURBULENT FLOW MECHANISM') 

IF(TYPE.Eg.2) GO TO 462 

MRITE(23.461) 

FORMAT!2X,'HGMGG1:NECUS FLCk MODEL') 
GC TO 470 

hiRlTE(23>463) 
FCRHAT(2X,'SEPERATE0 FLCH MODEL') 

hRlTE(23,472) UG.ULtUTP 
FUBMAT(2X,'VELOCITY OF THE GAS PHASE = '.FS.Zt' OF THE LIQUtO 

PHASE = •,F9.2f' AND OF THE Tt>0-PHASE FLOW = ',F9.2,' (FT/HR)') 
)iRITE(23«484) DIPtVTP 
FCRMAr(2X,'ThO-PHASE FLUID DENSITY = '.FT.S,' (LB/CU. FT), 

TWO-PHASE FLUID VISCOSITY = ',F7.3,' (CP)') 

WRlTE(23,485) TW,AHEAT 

FCRMAT(2X,'TUBE WALL TEMPERATURE = ',F8.2f' IF) HEAT FLUX 
AREA OF THE CELL = ',F7.2,' ISC. FT)') 

hRITE(23,486) TLM,OLM 

FCRMAT(2X,'L0G MEAN TEMPERATURE DIFFERENCE = ',F7.2,' (F) LOG 
MEAN DIAMETER = '.FT.Z,' (FT)') 

WBITE(23,4b7) HI.UI 

FORMATI2X,'IWC-PHASE HEAT TRANSFER COEFFICIENT = •,F7.2,' 

UI BASED ON TUBE INSIDE DIAMETER = •,F7.2,' IBTU/SQFT-HR-F)') 
WRITE(23,4aa) HEATFL 

FCRMAI(2X,'CALCULATED HEAT FLUX TO THE CELL = ',F10.2, 

'(BTU/SQFT-hR)') 

WRITE(23,44e) IJ,HEAT 

FCRMAT(2X,'CALCULATED HEAT RECUIRED IN CELL # ',12,' = 'fF9.2, 

'(BTU/HR)') 

-TOTAL PRESSURE DROP ALONG THE TUBE (PSIA) 

CELTAP = CELTAP+TPDROP 

-TOTAL MASS TRANSFERRED BETWEEN PHASES (LB/HR) 

TEXCHM TEXCHM ♦ EXCHM 
TOTAL HEAT ADDED TO THE ENTIRE SYSTEM (BTU/HR) 

SUMC SUMC+HEAT 

T(II+l,1)= T(II,TLCDP) 

PI II+l) = P(I I) 

T2(1I) = TIlItTLGOP) 

II = II♦( 
SIW =STw+TW 
SRLC = SRIC+RLC 
IF!II.LE.N) GC TO 30 
GC TO 670 
PRINT OUT THE ERROR IN THE CALCULATION 
WRITE(23f550) 
FaRMAr(2X,'NC CCKVERGENCE FCR THE PRESSURE LOOP') 
GC TO 7C0 
WRITE(23,65C) 
FCRMATI2X,' NO CONVERGENCE FCR THE TEMPERATURE LOOP') 
CC TC 7C0 
TOTAL TUBE LENGTH (FT) 
TUBEL = D2«(N-1) 
WKITE(23,671) TUBEL 
FCRHAT(2X,'TCIAL TUBE LENGTH = ',F7.2,' (FT)') 
WRITt(23,674) SUMC 
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O'lBlO 

C48?C 

C<<a3C 

C48'tO 

0^850 

04860 

04870 

04880 

.4890 

49C0 

4910 

4920 

^ 4930 

4940 

>950 

I 496C 

0^970 

0 '80 

0'>990 

05 00 

05 10 

05 20 

05 30 

05 <0 

03. 50 

O5l)60 

05C7C 

05080 

05090 

C510C 

05110 

05120 

05130 

05140 

05150 

05160 

05170 

05180 

05190 

05200 

05210 

0522C 

05230 

0524C 

C5250 

05260 

0527C 

052QC 

C5290 

O53C0 

05310 

0532C 

053J0 

05340 

05350 

05360 

05370 

05380 

0539C 

05400 

674 FCRMAT12X,'TOTAL HEAT ADDED TC THE ENTIRE SYSTEM = •,F10-2, 
* • (BTU/FR)') 

OELTAT = TSTABT-T(1,11 

V«RlTE(23t675) DELTAP 

675 F0RMAT(2X,*T0IAL PRESSURE DROP ALONG THE TUBE = 'tF8.3, 
« • IPSl/TUEE LENGTH! •! 

WBlTE(23it7e) OELTAT 
678 FCRMAT(2X,•TOTAL TEMPERATURE INCREASE « SFS.Sf' (F)') 

hRITE(23,69CI TEXCHM 

690 FURMAT(2X,'TOTAL MASS TRANSFERRED BETWEEN PHASES IN THE ENTIRE 

» SYSTEM = ',F7.2,' (LB/HR)') 
WRITE(23t6aC) 

680 FLRMAT(2X,'COMPLETE CALCULATICN') 

hRlTE(23t695) 
695 FCRMAT(2X,'TEMPERATURE PRESSURE GAS MASS FLOW RATE 

# LIQUID MASS FLOW RATE') 

700 CO 800 J2=1.N 

WRITE!23,720) TZ(J2),P(J21,GFRATE(J2),LFRATEtJ21 
720 FORMAT(2X,f9.2,5X,F9.2f11X,F9.2,11X,F9.2) 
800 CONTINUE 

STW = STW/(N-1) 

SRLC = SRLC/(N-1) 

WR1TE(23,820) STa 

820 FORMAT!//,2X,'AVERAGE TUBE WALL TEMPERATURE = ',F8.2,' !F)'l 
WRlTE!23f850) SPLC 

850 F0RHAT(2X,'AVERAGE LIQUID HOLDUP FRACTION = ',F10-4) 

STOP 

C END CF THE MAIN PROGRAM 

END 

»*«***4*4*44*4*SUBPROGRAM RATES***4******44444444444444444444444 

IN THIS SUBPROGRAM FLOW RATES OF GAS AND LIQUID PHASES 

AT THE ENDS OF THE CELL ARE DETERMINED BY FLASH CALCULATIONS. 

THE APPLICATICN OF THIS CALCULATION REQUIRES THE DATA OF 

K-VALUES OF TFE COMPONENTS AS INDEPENDENT VARIABLES OF THE 

CCMPOSITIONS. 

SUBRUUT INE RATES!NC,I I,TEMP,PRESS,LFR,GFR,XP,YP) 

REAL MW,K,L,LF,LMr,LFR 

DIMENSICN YY!A),XXI4),Y!A,50),X!A,50),Z(A),XP!A),YP!A),K!A), 

H MW!A),L!50)fGI5C),FCIA).PHI!5C) 
C MOL. WT. OF THE COMPONENTS !LB/L0MOLE) 

DATA MW/2.,28.,I00.,IA2./ 

C MASS FLCW RATES CF THE FEED ILB/HR) 

DATA GF,LF/200.f2A00./ 

C MASS FRACTIONS IN THE LIQID FEED 

DATA XX/0.,C.,.6,.A/ 

C MASS FRACTIONS IN THE GAS FEED 

DATA YY/.7,.3,0.,0./ 

C PRINT OCI THE CCMPCSITIONS IN THE FEED 

IFIII.GE.2I GO TO 9 

00 8 10 = I,NC 

WRITE!23,5) 10,YY!101,XX!10) 
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05tl0 

05420 

05430 

05440 

05450 

C5460 

05470 

C548C 

05450 

05500 

05510 

05520 

05530 

05540 

05550 

05560 

05570 

05580 

05550 

05600 

05610 

05620 

05630 

05640 

0565C 

05660 

05670 

05680 

056SO 

057CC 

05710 

05720 

05730 

05740 

05750 

05760 

05770 

05780 

05790 

05800 

05810 

05820 

05830 

05840 

05850 

05860 

05870 

05880 

05890 

05900 

05910 

05920 

05930 

05940 

05950 

05960 

05970 

05980 

05990 

C60C0 

FORMAT(2Xt'MASS FRACTION CF COMPONENT '.III* IN THE GAS FEED 
A = •fF4.3,' IN THE LIQUID FEED = SFA.S) 

8 CCNTINUE 

C— FIND OVERALL MCLE FRACTIONS IN THE FEED 

9 FEED 0.0 

00 10 II If NC 

FCIII) (YYH1)»GF+XX(IUALF)/MH(II) 

FEED FEED+FCIIl) 

10 CCNTINUE 

DC 20 12 IfNC 

2(12) FC(I2)/FEED 

IF(II.GE.2) GO TO 20 

»>RITE(23f 15) 12,2112) 
15 FORMAT(2X,'OVERALL MOLE FRACTION OF COMPONENTS IN THE 

FEED - •,F6.5) 

20 CCNTINUE 

C —USE SUBPRCGRAM RVALUE TO FIND K-VALUES CF THE COMPONENTS 

CALL RVALUEINCflEMP,PRESS,K) 

C START FLASH CALCULATION 

J = I 

PHKJ) = 0.5 

30 SUMF C.C 

OSLMF 0.0 

DO 40 14= 1,NC 

FPHI 2( I4)*(I.-KIIA)J/II.tPHUJ)«(Kn4)-l.)) 

OFPHI 2(I4)»((I.-Kn4))»»2.)/(1.»PHIIJ)«(K(I4)-= 2( I4)»((I.-Kn4))»»2.)/(l.+PHI I J)«(K(I4)-I.)J»#2, 

SUMF SUMF»FPHI 

DSUMF OSUMF+OFPHI 

40 CONTINUE 

C ERRCK FOR THE CONVERGENCE OF THE FLASH CALCULATIONS 

IFIABSISUMFI.LE.O.OQOI) GC TO SO 

J = J+I 

PHKJ) = PHI(J-1)-(SUMF/0SUMF) 

ERRPHI = ABSIPHK J)-PHI(J-I))/PHI(J) 

IF(ERRPHI.LE.0.0001) GO TO 50 

GO TO 30 

50 DC 60 15= I,NC 

C MOLE FRACTIONS IN THE LIQUID PHASE AT THE END OF THE CELL 

X(15,II)=2l I5)/(l.»PHIU)»(K(I5)-I.)) 
HOLE FRACTIONS IN THE GAS PHASE AT THE END CF THE CELL 

Y(I5,II)=K(I5)*XII5,II) 
60 CCNTINUE 

C— GAS MOLAR FLOW RATE 

GI I I) = PHKJ)»FEED 

C LIQUID MOLAR FLCR RATE 

L(II) = FEED-GIII) 

GFR = C.O 

LFR = C.O 

DO 70 16= l,NC 

C GAS MASS FLCW RATE AT THE END OF THE CELL (LB/HR) 

GFR = GFRi-YI I6,II)*G(II)*MM(I6) 

C LICUID MASS FLOVi RAIE AT THE END OF THE CELL ILB/HR) 

LFR = LFR»X(I6,II)*L(II)*MR(I6) 

70 CONTINUE 

00 80 17= I,NC 
C MASS FRACTIONS IN THE GAS PHASE AT THE END CF THE CELL 

YP(I7) = Y( I7,II)»cni)*MH(I7)/GFR 

C MASS FKACTICNS IN THE LIQUID PHASE AT THE END OF THE CELL 

XP(I7) = X( I7,II)»L(II)»MHII7)/LFR 

164 



 

06010 80 

06020 C 

C6C30 

060<i0 

06050 

06060 

06070 

060eC 

06090 

061C0 

06110 

06120 

06130 

061^0 

06150 

06160 

06170 

06180 

06190 

C62C0 

06210 

06220 

0623C 

06240 

06250 

06260 

06270 

06280 

06290 

06300 

06310 

06320 

06330 

06340 

06350 

06360 

06370 

06380 

06390 

06400 

06410 

06420 

06430 

06440 

06450 

06460 

0o470 

0o480 

06h90 

06500 

06510 

06520 

06530 

06540 

06550 t 
06560 

06570 

06580 10 
06590 

06600 

CCNTINCE 

RETLHN TO THE MAIN PROGRAM 

RETIRN 

END 

♦♦♦♦SOBPROGRAM 

THIS IS A DATA SUBPROGRAM. 
DETERMINE K-VALUES OF THE COMPONENTS 
AND PRESSURE 

SUBROUTINE KVALUE(NC,TEMP,PRESS.KI 

♦ 

INTERPOLATION IS APPLIED TO^ 
AT APPROXIMATE TEMPERATURE^ 

♦ 
♦ 

REAL KV(4,7,12),RP(7),RT(12),PK(4,12),K(4) 
—DATA SUPPORTED FOR THE CALCLLATION OF K-VALUES 
—PRESSURE RANGE OF THE DATA OF K-VALUES 

CAT A RP/14. 7,20.,25. ,30. ,4C.,60.,100./ 
—TEMPERATURE RANGE OF THE DATA OF K-VALUES 

DATA RT/do.,100.,120.,140.,160.,180.,200.,220.,240.,260.,280., 
3C0./ 

--DATA UF K-VALUES OF THE COMPONENTS 
DATA KV/566.,246.,.08,.0018,482.,214.,.058,.00145,376.,171,.048, 
.0013,346.,161. ,.04 5,.0012,254.,121.,.035,.0011,193.,94.,.025, 
.001, 1296.,64.3,.018,.0009,920.,400., . 13,.0037,788.,350...095, 
-nn7a-A*n_. ano oni. .nnja.aaa m. nrj7.aA.A. 7nn nan. 

.002,2246.,985.,.32,.013,2156.,958.,.26,.01,1415.,643.,.18, 

.0084, 1228. ,571.,. 16,.0075,869.,414.,.12,.0058,677., 330.,.088, 

.0046,458.,229.,.064,.0034,3255.,1415.,.46,.024,2736,1216.,.33< 
,.53nn_.iri-.n 3n._nia.i7Aa .n3i 3n..rin.iinn-.Aaa lo. 

6462.,2.1,.22,12020.,5342.,1.45,.153,9429.,4286.,1.2,.13,737; 
3429.,.96,. 11 , 5069., 2414. ,.7,.08,3690., 1800.,.4 a,.06,2642., 
1321.,.37,.04S,16B08.,8308.,2.7,.33,16578.,736a.,2.,.24,ll78l 
5357., 1.5,. 19,9215.,4286. ,1.2,. 16,6590.,3138.,.91,.I 3,4766., 
2325.,.62,.09,3286.,1643.,.46,.065,24771.,10770.,3.5,.46, 

H 19 89 5,8€4 2.,2. 4,.34, 15715.,7143.,2.,.28,12265.,5714.,1.6,.24, 
8545.,4C69.,l.ie,.18,5920.,2888.,.77,.12,3786.,1893.,.53,.08/ 

—INTERPULATICNIMFRPIII ATtrN Tn FIND K-\/AIMFaTO FIKH K-VALUES 
DO 200 Jl= 1,7 

IF(RPIJ1l-PRESS) 200,200,10 
PTIE = «RP( J1)-RP(J1-1U/(RPIJ1)-PRESS) 
CO 100 J2= 1,12 

DC 20 J3= 1,NC 

165 

https://8545.,4C69.,l.ie,.18,5920.,2888.,.77,.12,3786.,1893.,.53,.08
https://15715.,7143.,2.,.28,12265.,5714.,1.6,.24
https://2325.,.62,.09,3286.,1643.,.46,.065,24771.,10770.,3.5,.46
https://3429.,.96
https://KVALUE(NC,TEMP,PRESS.KI


 

 

 

C661C 

C662C 

Cbb3C 

C66AC 

0665C 

0666C 

C6670 

ObbSO 

C6690 

ObTOO 

06710 

C672C 

C673C 

C67'«C 

06750 

Cb76C 

C677C 

0b7«0 

0679C 

C6dC0 

C6eiC 

C6S20 

06830 

066A0 

06850 

C686U 

06870 

06880 

06890 

C69C0 

06910 

06920 

06930 

06940 

06950 

06960 

06970 

06980 

06990 

070C0 

07010 

07020 

07030 

07040 

07050 

07060 

07070 

070R0 

C709C 

C71C0 

07110 

07120 

07130 

07140 

C7150 

07160 

07170 

07180 

07190 

07200 

PK(J3,J2) = KV(J3,JltJ2)-(KV(J3tJliJ2)-KV(J3iJl-l,J2n/PTIE 
C C0NT16UE 

CO CONTINUE 

GO 10 300 

00 CCNTINUE 

00 DC 400 J4=l>12 

IF(RT(J4)-TEPP) 400t400f31Q 

10 THE = (RT(J4)-RT1J4-1J)/(RT«J4)-TEMP) 
00 350 J5=lfNC 
K-VALUtS OF COMPONENTS AT APPROXIMATE TEMPERATURE AND PRESSURE 

K(J5) = PKU5,J41-«PK(J5,J4)-PKIJ5,J4-l» )/rilE 
50 CCNTINUE 

GL IC 450 

00 CCNTINUE 

RETURN TO SUBPROGRAM RATES 

50 RETURN 

END 

►SUBPROGRAM phySIC*» 

THIS SUBPROGRAM IS USED TO FIND THE PHYSICAL CONSTANTS 
CF THE CCHPLNENTS AT APPROXIMATE TEMPERATURE AND PRESSURE 

************************************ 

SUBRUUT INE PHYS IC(NOtTEMP ,PRESStVGfVLtCPG,CPL,DVAP,DLIQ,ICL) 

DIMENSION TCL(4)fVG(4) tVL(4»fCPL(4ItCPGI4),DVAPI4l ,DLIQ(4l , 
tt 0V(4,3,5),DL(4,2,5),PP(3),TT(5I,PDV(4,5I,PDL(4,5» 

DATA SUPPLIED 
PRESSURE RANGE CF THE DATA 
DATA PP/l4.7t30.atICO.O/ 
TEMPERATURE RANGE CF THE DATA 
DATA TT/80..1SC.>2CC.,250.t3U0./ 
data of VAPCR densities of THE COMPONENTS 
DATA DV/.00C348f.071l34,.2186,.2405t.OlOOSt.105f492f.541t 
• 03466f ff ABAAt I* I07t1*2177 f*CC03081i•G6295t*2024t«2226ff 
.02307,.12843,.4554,.50001,.030694,.42802,1.025,1.13, 
.004182,.05818,.1862,.2050,.0079,.084,.41895,.4609,.02838, 
.38 58,.9426,1.03 7,.00389,.C5435,.17,.187,.00735,.0935,.3825,
.4208,.02638,.3645,.8606,.9467,.003632,.05051,.16,.176,.00686, 
.103,.36,.4,.024649,.3431,1.3,1.43/ 

C DATA OF LICUID DENSITIES CF THE COMPONENTS 
DATA DL/3.91, 15.61,42.32,45.31,3.99, 15.9 5,42. 33,4 5.49,4.38,
17.5,42.35,45.53,2.08,8.32,40.2,43.46,2.12,8.5,40.21,43.5, 
2.33,9. 33,40.23,43.68,1.56,6.24,38.7,42.1, 1.6,6.38,38.7, 
42.17,1.78,7.02,38.72,42.32,1.25,5.,36.96,40.68,1.28,5.II, 
3 7.06,4 0.72,1.41,5.62,3 7.02,40.9, 1.04,4.16, 34.96,39.2 5, 
1.06,4.25,34.98,39.29,1.17,4.68,35.05,39.47/ 

C INTERPOLATICN IC FIND DENSITIES CF THE COMPONENTS 
DC 100 J1 = 1,3 

IFIPPIJ1)-PRESS» 100,100,10 
10 PTIE = IPP(Jl»-PP(Jl-in/IPP( JII-PRESS) 

DO 50 J2= 1,5 
DO 40 J3=1,NC 
PJVlJ3,J2)=DV(J3,Jl,J2)-(DV(J3,J1,J2I-DV(J3,J1-1,J2»I/PTIE
PDL<J3,J2)=0LU3,Jl, J2I-(DL( J3,J1,J2)-0LIJ3, J1-1,J2))/PTIE 
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07210 

07220 

C7230 

072-^0 

07250 

0726C 

07270 

07280 

07290 

0/300 

07310 

07320 

07330 

073-510 

C7350 

07360 

C737C 

07300 

0/390 

07AC0 

07^10 

07<<20 

07^30 

07^-^0 

0/«t50 

07-^60 

07^/0 

07480 

07490 

07500 

07510 

07520 

07530 

07540 

07550 

C/560 

07570 

07580 

07590 

07600 

07610 

07620 

07630 

07640 

07650 

07660 

07670 

07680 

07690 

07700 

07710 

07720 

0/730 

07740 

07/50 

07/60 

07770 

07/80 

07790 

07800 

40 CONTINUE 

50 CCNTINLE 

GO TO 200 

100 CONTINUE 

200 CO 400 J4=l,5 
IFITTIJ4)-TEMP) 400t400,310 

310 TTIE = «TT(J41-IT(J4-1))/(TI(J4)-TEMPl 
00 350 J5=1,NC 
DVAPlJ5»=PDV(J5,J4»-(PDV(J5,J4)-P0V(J5fJ4-1IJ/TTIE 

DLIJI J5)=F0L(J5,J41-(PDHJ5,J4)-PDLU5fJ4-1)I/TTIE 
350 CCNTINLE 

GO TO 500 

400 CONTINUE 

C --E0UAT1ONS TC ESTIMATE THERMAL CCNOUCT IV ITIES OF THE COMPONENTS 
c— —IN THE LIQUID PFASE (BTC/FT-HR-FI 

500 TCL(l) = 3167.2+ITEHP-80.6)#4.0383 

TCL(2) « 448.30+1TEMP-80.61*.65382 

TCL(3) = 1.3900+ nEHP-80.6l»(-0.U007407407) 
TCL(4) = 1.4500+1TEMP-80.6I♦(-0.0005555556) 

-ECUATIUNS TO ESTIMATE VISCOSITIES OF THE COMPONENTS IN THE GAS 
-PHASE (CP) 
VG(1) = 0.00850+1TEMP-60.0)40.00010416/ 
VG(2) = C.0170+(IEMP-60.0)*0.000025 
VG(3) = C.C600+(TEMP-60.0)«0.001042 
VG(4) = 0.0500+1TEMP-60.01*0.00008333 

C~- EQUAT(CNS TC ESTIMATE VISCOSITY OF THE CCMPCNENTS IN THE LIQUID 

C PFASE (CP) 
VL(1) = 0.0010+(TEMP-60.01*0.0000004167 
VL(2) = 0.0020+1TEMP-60.01*0.001042 
TK = ((TEHP-32.01/1.81+2/3.0 
VL(3) = I0.0»*(436.73*((l./TK)-(1./232.53)1) 
VL(4) = 10.0**(558.6l*((l./TK)-(l./277.8))) 

C EQUATIONS TC ESTIMATED SPECIFIC HEAT CF THE COMPONENTS IN THE 
C GAS PHASE (filU/LB-F) 

CPGllI = 3.5 
CPG(2) = .25+(TEMP-50.01*0.00002 
CPG(3) = .2475+1TEMP-50.01*0.00039 
CPG(4) = .21+(TEMP-50.01*0.00014 

C ECUATIUNS TC ESTIMATED SPECIFIC HEAT OF THE COMPONENTS IN THE 
t LIQUID PHASE (BTU/LB-Fl 

CPL( 1) = 7.0 
CPL(2) = 0.5+(TEMP-5O.01*0.0004 
CPL(31 = 0. 375 + (TEMP-5C.01*0.00058 
CPL(4) = 0.40+(TEMP-50.01*O.OCC58 

C RETURN TO THE MAIN PROGRAM 
RETURN 
END 

■ ******»SUBPRCGRAM CAIE NT*♦♦♦♦*»»*♦•♦»»*♦»•»♦•»»•♦♦**♦ 
♦ 

THIS SUBPROGRAM IS USED TO FIND THE HEAT GF EVAPCRATIUN* 
OF THE CCMPCNENTS AT APPROXIMATE TEMPERATURE AND PRESSURE » 

« 

******************************************************************^** 

SUBROUTINE LAIENT(NC,TEMP,LAMDA1 
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0781U REAL LAfDAd) 

07820 EQUATIONS TO ESTIMATED LATENT HEAT OF THE CGMPCNENTS 

07830 LAMCA(1)=18C0.+lTEMP-80.)«3.5 

OrO'tO LAMDA(21=237.♦(TEMP-80.I♦.261 
07850 LAMDA(3 1=162.*(TEMP-a0.d.2361 
0786G LAMOAd 1=162. ♦( TEMP-80. )♦. 1955 
07870 RETLRN TO THE MAIN PROGRAM 
G7880 RETURN 
078S0 END 
079C0 

07910 

07920 ^SUBPROGRAM FMOOEL^^^^^^♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦ 
C7930 

07910 THIS SUBPROGRAM IS USED TO PINO THE FLOW MODEL BASED Of, 
0795G THE FLOW-PATTERN MAP OF HANHANCE ET AL. THERE ARE TWO FLOW 
C7960 MODEL: 
07970 HOMCGENECUS MODEL WHICH INCLUDES SLUGt DI SPERSED,AND 
C798C BUBBLE FLOWS. 
C7990 SEPARATED MODEL WHICH INCLUDES STRATIFIED. WAVE. AND 
08000 ANNULAR FLOWS. 
08010 

08020 

0803G 

OdOIC 

08030 SUOKUUT INE FMCDELIVG.VL.TYPE) 
08060 

0807C 

08080 INTEGER TYPE 
08090 SUPERFICIAL GAS VELCCITY (M/SECJ 
08100 VGG = I VG^C.30181/3600.0 
08110 SUPERFICIAL LICLID VELOCITY IM/SECl 
08120 VLL = IVL^C.30181/36C0. 
08130 SIMPLIFIED FLOW-PATTERN MAP CF MANDHANE ET AL 
08110 IF(VGG.LE.1.81 GO TC 50 
08150 IFIVGG.LE.2.31 GO TC 60 
0816G 1F(VGG.IE.12.I GO TC 70 
08170 IFIVGG.LE.90.1 GO TC 80 
08180 50 IFI VLL.LE.0.51 GO TO 300 
0819C GO TU 200 
08200 60 HCKZ = -0.3MVCG»1.01 
03210 IT(VLL.LE.HCP21 GO TC 300 
08220 GC TC 200 
08230 70 If(VLL.LE..351 GC TC 300 
08210 GC TO 200 
08250 80 HCRZ = C. 1MVGG + C.097 
08260 IF(VLL.LE.HCR21 GO TO 300 
08270 200 TYPE = 1 
08280 GO 10 100 
08290 300 TYPE = 2 
08300 C return TC THE MAIN PROGRAM 
08310 KJO RETURN 
08320 END 

168 



�

 

 

(
R
e
s
u
l
t
s
 o
f
 t
h
e
 
M
u
l
t
i
c
o
m
p
o
n
e
n
t
 S
y
s
t
e
m
)

C
L
^
J
I

l 
i
^
^
S
 
A
^
^
 
I
N
F
c
k
^
-
h
T
I
C
i
-
.
 

N
U
^
'
c
C
k
 

I
N
 
i
H
h
 
j
r
i
l
E
'
-
*
 
=
 

**
 

I
N
S
l
U
t
 
T
U
J
E
 
J
l
A
H
t
T
E
R
 
=
 
.
u
?
2
p
0
 
(
F
T
J
,
 
C
U
l
S
I
C
h
 
T
U
b
E
 

U
I
A
-
E
T
t
K
 
=
 
.
O
d
3
3
1
 
(
F
T
)
,
 
C
E
L
L
 
L
E
N
G
T
H
 
=
 

1
.
5
7
 
(
F
T
J
 

M
i
f
E
E
R
 
L
(
 
L
E
L
L
S
 
I
N
 
I
H
6
 
T
U
K
L
 
=
 
1
0
 

I
N
P
L
l
 
S
I
k
E
A
C
 
r
P
H
I
t
K
A
f
J
H
:
 
=
 

d
L
.
J
O
 
(
F
)
,
 
I
N
P
U
T
 
S
T
R
E
A
K
 

P
R
E
S
S
U
R
E
 
«
 

6
0
.
0
0
 
(
P
S
I
A
)
 

A
V
E
R
A
G
E
 
I
t
K
F
t
R
A
T
O
r
v
l
 
O
F
 
I
H
C
 
E
c
A
I
I
n
G
 
R
c
J
I
U
P
 
=
 

2
3
0
.
U
U
 
(
f
)
 

C
L
T
S
l
J
E
 
l
U
b
E
 
m
E
a
I
 
I
k
A
N
S
F
c
K
 
C
C
E
F
F
I
c
l
E
M
 
»
 

2
C
C
0
.
0
0
 
(
P
T
L
/
S
O
F
T
-
H
K
)
 

T
U
k
E
 
k
A
L
L
 
I
H
E
K
K
A
L
 
C
C
N
j
L
c
I
I
V
l
I
t
 
«
 

6
<
»
.
0
U
 
(
0
T
U
/
F
1
-
K
-
F
)
 

L
O
C
A
T
I
O
N
 
C
N
 
T
H
E
 
T
b
E
E
 
:
 

I
I
 
I
I
 

T
f
c
K
P
G
K
A
T
U
K
E
 
A
I
 
H
 
I
)
 
»
 

S
C
.
0
0
 
(
F
)
,
 

A
N
D
 

P
R
E
S
S
U
R
E
 
A
T
 
2
1
 
U
 
s
 
6
0
.
0
0
 
(
P
S
l
A
)
 

M
A
S
S
 
F
k
A
L
T
I
C
N
 
L
F
 
C
C
n
P
Q
N
E
N
T
 

I
 
I
N
 
T
H
E
 
G
A
S
 
F
E
E
D
 

=
 
.
7
0
0
 
I
N
 
T
E
E
 
L
l
y
U
l
O
 
F
E
E
D
 
«
 
•
0
0
0
 

M
A
S
S
 
F
k
A
L
T
I
L
N
 
C
E
 
L
C
H
P
U
N
E
n
I
 
Z
 
I
N
 
T
H
E
 
G
A
S
 
F
E
E
D
 

»
 
.
J
O
G
 
I
N
 
T
H
E
 
L
I
U
U
I
O
 
F
E
E
O
 

•
J
O
O
 

H
A
S
S
 
F
R
A
C
T
I
O
N
 
O
f
 
C
C
M
P
O
N
E
N
T
 
3
 
I
N
 
T
H
F
 
G
A
S
 
F
E
E
D
 

»
 
.
0
0
0
 
I
N
 
t
h
e
 
L
I
U
U
I
O
 
F
E
E
O
 
»
 
•
6
0
0
 

M
A
S
S
 
F
R
A
C
T
I
O
N
 
C
E
 
C
C
M
P
O
N
t
N
T
 
^
 
I
N
 
T
H
E
 
G
a
S
 
F
E
E
D
 

='
 .
C
O
O
 
I
N
 
T
H
E
 
L
I
U
C
I
C
 
F
E
E
O
 
«
 
•
A
G
O
 

U
V
C
R
A
L
L
 
M
U
L
E
 
F
R
A
C
T
I
O
N
 
C
E
 
C
C
H
P
C
N
F
N
T
S
 
I
 
I
N
 
T
H
E
 

F
E
E
D
 

»
 
.
T
5
0
2
<
»
 

o
v
e
r
a
l
l
 
K
O
L
E
 
F
R
A
u
T
l
L
f
^
 
C
F
 
C
L
J
^
P
O
N
G
N
T
S
 
2
 
I
N
 
T
H
E
 

F
E
E
C
 
=
 
.
0
2
2
9
7
 

O
V
E
R
A
L
L
 
M
U
L
E
 
F
K
A
L
I
I
C
N
 
(
F
 
C
L
M
P
C
N
t
N
T
S
 
3
 
I
N
 
T
H
E
 

F
E
E
D
 

»
 
.
1
5
A
3
A
 

o
v
e
r
a
l
l
 
m
o
l
e
 
f
r
a
c
t
i
o
n
 
C
F
 
C
C
M
P
C
N
t
N
i
S
 
^
 
I
N
 
T
H
E
 

F
t
f
c
O
 

»
 
•
0
7
2
^
0
 

S
r
S
T
E
M
 
A
T
 
2
1
 
1
)
 
I
S
 
A
S
S
L
H
E
O
 
T
O
 
O
b
 
I
N
 
E
^
U
l
L
I
b
K
l
U
M
 

S
T
A
T
E
 

M
A
S
S
 
E
R
A
L
T
I
u
N
 
C
F
 
C
O
M
P
O
N
E
N
T
 
I
 
I
N
 
T
n
E
 
G
A
S
 

p
h
a
s
e
 
-

.
^
3
1
0
2
 
I
N
 
T
H
E
 
L
I
Q
U
I
D
 
P
H
A
S
E
 

.
0
0
0
0
9
 

M
A
S
S
 
F
K
A
c
T
I
C
N
 
C
F
 
C
L
M
P
O
N
E
N
T
 
2
 
I
N
 
T
H
E
 
G
A
S
 

p
h
a
s
e
 
=
 
.
1
8
A
7
9
 
I
N
 
T
H
E
 
L
I
C
U
I
O
 
P
H
A
S
E
 

.
0
0
0
0
8
 

M
A
S
S
 
f
r
a
c
t
i
o
n
 
o
f
 
C
O
M
P
O
N
E
N
T
 
3
 
I
N
 
T
H
E
 
G
A
S
 

p
h
a
s
e
 
«
 
.
3
7
2
5
9
 
I
N
 
T
H
E
 
L
I
C
U
I
O
 
P
H
A
S
E
 

.
5
7
9
6
3
 

M
A
S
S
 
f
r
a
c
t
i
o
n
 
C
F
 
C
C
H
P
O
N
E
N
T
 
A
 
I
N
 
T
H
E
 
G
A
S
 

p
h
a
s
e
 
*
 
.
0
1
0
8
0
 
I
N
 
T
h
e
 
l
i
q
u
i
d
 
p
h
a
s
e
 

•
A
2
0
2
1
 

O
E
N
S
I
i
r
 
C
F
 
C
U
M
P
C
N
E
N
T
 
I
 
I
n
 
T
H
E
 
G
A
S
 
P
H
A
S
E
 

C
.
J
2
0
6
1
 
I
N
 
T
H
E
 
L
I
C
U
I
O
 
P
H
A
S
E
 

A
.
1
5
7
1
4
 
(
L
0
/
C
U
F
T
)
 

O
t
N
S
I
I
Y
 
C
F
 
C
O
M
P
O
N
E
N
T
 
2
 
I
N
 
T
H
E
 
G
A
S
 
p
h
a
s
e
 

0
.
2
6
7
6
U
 
I
N
 
T
H
E
 
L
I
Q
U
I
D
 
P
H
A
S
E
 

1
6
.
6
1
4
2
9
 
(
L
B
/
C
U
F
T
I
 

D
E
N
S
I
T
Y
 
C
F
 
C
U
M
P
C
N
E
N
T
 
3
 
I
N
 
T
h
e
 
g
a
s
 
p
h
a
s
e
 

(
J
.
7
5
5
5
7
 
I
N
 
T
H
E
 
L
I
Q
U
I
D
 
P
H
A
S
E
 

4
2
.
3
3
8
5
7
 
(
L
B
/
C
U
F
T
I
 

D
E
N
S
I
T
Y
 
C
F
 
C
C
i
M
P
O
N
t
N
T
 
^
 
I
N
 
T
H
E
 
G
a
S
 
p
h
a
s
e
 

0
.
3
3
1
0
1
 
I
N
 
T
h
£
 
L
I
Q
U
I
D
 
P
H
A
S
E
 

4
5
.
5
0
7
1
4
 
(
L
B
/
C
U
F
T
I
 

T
H
E
R
M
A
L
 
C
C
N
O
U
C
T
I
V
I
(
Y
 
O
F
 
C
O
M
P
O
N
E
N
T
 

I
 
I
N
 
T
H
E
 

L
I
Q
U
I
D
 
P
H
A
S
E
 

3
1
6
4
.
7
7
7
0
 
(
B
T
U
/
F
T
-
H
-
F
)
 

t
h
e
r
m
a
l
 
C
O
N
D
U
C
T
l
V
l
T
i
r
 
O
F
 
C
Q
M
P
C
n
E
N
T
 
2
 
I
N
 
T
H
E
 

L
 U
J
1
0
 
P
H
A
S
E
 

4
4
7
.
9
0
7
7
 
(
B
T
U
/
F
T
-
H
-
F
I
 

T
H
E
R
M
A
L
 
t
C
N
C
t
C
r
i
V
I
T
Y
 
O
f
 
C
O
M
P
O
N
E
N
T
 
3
 
I
N
 
T
H
E
 

l
i
q
u
i
d
 
P
H
A
S
E
 

L
.
3
S
0
4
 
(
f
l
T
U
/
F
T
-
M
-
F
I
 

T
H
E
R
M
A
L
 
C
Q
N
O
U
C
T
I
V
I
T
Y
 
U
f
 
C
u
M
P
C
N
G
N
T
 
h
 
I
N
 
T
H
E
 

L
I
U
U
I
O
 
P
H
A
S
E
 

1
.
h
5
0
3
 
(
d
T
U
/
F
T
-
H
-
F
I
 

V
I
S
C
C
S
I
I
Y
 
C
F
 
C
C
M
P
C
N
C
N
T
 

I
 
I
N
 
T
H
E
 
G
A
S
 
P
H
A
S
E
 
«
 

0
.
0
1
0
6
 
A
N
D
 
I
N
 
T
H
E
 
L
I
Q
U
I
D
 
p
h
a
s
e
 

0
.
0
0
1
0
 
(
C
P
I
 

V
I
S
C
C
S
M
T
 
C
F
 
C
C
M
P
L
N
E
N
T
 

2
 
I
N
 
T
H
E
 
G
A
S
 
P
H
A
S
E
 

.
0
1
7
5
 
A
N
D
 
I
N
 
T
H
E
 
L
I
Q
U
I
D
 
p
h
a
s
e
 

0
.
0
2
2
0
 
(
C
P
I
 

V
I
S
C
C
S
I
I
Y
 
C
F
 
C
O
M
P
O
N
E
N
T
 

3
 
I
N
 
T
H
E
 
G
A
S
 
P
h
a
s
e
 
>
 

0
.
0
8
0
3
 
A
N
U
 
I
N
 
T
H
E
 
L
I
Q
U
I
D
 
P
H
A
S
E
 

0
.
3
7
9
5
 
(
C
P
I
 

V
i
S
C
u
S
M
T
 
C
F
 
C
U
M
P
C
N
E
N
T
 

h
 
I
N
 
T
H
E
 
G
A
S
 
P
H
A
S
E
 
«
 

0
.
0
5
1
7
 
A
N
D
 
I
N
 
T
H
E
 
L
I
Q
U
I
D
 
P
H
A
S
E
 

0
.
7
1
3
3
 
(
C
P
I
 

S
P
E
C
I
F
I
C
 
H
E
A
T
 
C
F
 
C
Q
M
P
U
N
E
N
T
 

I
 
I
N
 
T
H
E
 
G
A
S
 

P
H
A
S
E
 
«
 

3
.
5
0
0
 
I
N
 
t
h
e
 
L
I
C
U
I
O
 
P
H
A
S
E
 

7
.
0
0
0
 
(
B
T
U
/
L
B
-
F
I
 

S
P
E
C
I
F
I
C
 
H
E
A
I
 
C
F
 
C
C
M
P
O
N
E
N
T
 
2
 
I
N
 
T
H
E
 
G
A
S
 

P
H
A
S
E
 

•=
 

0
.
2
5
1
 
I
N
 
T
H
E
 
L
I
Q
U
I
D
 
O
H
A
S
E
 

0
.
5
1
2
 
(
B
T
U
/
L
8
-
F
1
 

S
P
E
C
I
F
I
C
 
H
E
A
T
 
C
F
 
C
C
M
P
J
N
E
N
T
 
3
 
I
N
 
T
H
E
 
G
A
S
 

p
h
a
s
e
 
»
 
0
.
2
5
9
 
I
N
 
T
H
E
 
L
I
Q
U
I
D
 
O
H
A
S
b
 

0
.
3
9
2
 
(
B
T
U
/
L
b
-
F
I
 

S
P
t
C
i
E
I
C
 
H
E
A
T
 
C
F
 
C
C
M
P
U
N
f
c
N
T
 
A
 
I
N
 
T
H
E
 
G
A
S
 

P
H
A
S
E
 
»
 
0
.
2
1
4
 
I
N
 
T
H
E
 
L
I
Q
U
I
D
 
P
H
A
S
E
 

0
.
4
1
7
 
(
B
T
U
/
L
B
-
F
I
 

A
V
E
R
A
G
E
 
C
E
N
S
I
T
Y
 
C
F
 
O
A
S
•
 
0
.
3
A
8
d
5
 

L
I
Q
U
I
D
 
«
 
4
3
.
6
6
3
 
(
L
d
/
C
U
F
T
I
 

A
V
E
R
A
G
E
 
V
I
S
C
O
S
I
T
Y
 
C
F
 
G
A
S
 
»
 

O
.
C
3
8
A
0
 

L
I
Q
U
I
D
 

<
J
^
 

a
 
0
.
5
1
9
7
1
 
(
C
P
I
 

a
v
e
r
a
g
e
 
T
h
e
r
m
a
l
 
c
c
n
u
u
l
T
I
v
i
i
y
 
o
f
 
l
i
q
u
i
d
 
=
 

1
.
7
2
5
0
2
 
(
o
t
j
/
f
t
-
h
-
f
j
 

A
V
E
R
A
G
E
 
S
P
E
C
I
F
I
C
 
H
E
A
T
 
C
F
 
G
A
S
 
«
 

1
.
6
5
7
 
A
N
D
 
U
F
 

L
I
C
J
I
O
 
-

0
.
4
0
3
 
(
d
T
U
/
L
8
-
F
I
 

A
V
E
R
A
G
E
 
k
E
Y
N
C
L
U
 
N
U
M
B
E
R
 
U
F
 
G
A
S
 
«
 

4
4
2
7
.
9
2
 
A
N
D
 

L
I
Q
U
I
D
 
«
 

2
3
0
5
.
1
9
 

L
u
C
A
T
I
U
N
 
O
N
 
T
H
E
 
T
U
B
E
 
:
 

Z
(
 
2
1
 

T
E
M
P
E
R
A
T
U
R
E
 
A
T
 
2
(
 
2
l
 
«
 

1
0
3
.
8
5
 
(
F
)
,
 
A
N
D
 

P
R
E
S
S
U
R
E
 
A
T
 
Z
i
 
2
)
 

5
3
.
3
7
 
(
P
S
I
A
I
 

S
Y
S
T
E
-
I
 
A
I
 
7
(
 
2
1
 
l
5
 
A
S
S
L
M
F
D
 
I
C
 
E
E
 
I
N
 
c
U
U
l
L
I
B
R
I
U
M
 

S
T
A
T
E
 

M
A
S
S
 
F
R
A
C
T
I
O
N
 
C
F
 
C
C
M
P
U
N
E
N
T
 

I 
I
N
 
T
H
E
 
G
A
S
 

P
H
A
S
E
 
=
 
.
3
2
9
3
6
 
I
N
 
T
H
E
 
L
I
Q
U
I
D
 
p
h
a
s
e
 

.
0
0
0
0
5
 

M
A
S
S
 
F
R
A
C
I
I
C
N
 
c
r
 
C
L
M
P
C
N
E
N
T
 
2
 
I
N
 
t
h
e
 
g
a
s
 

p
h
a
s
e
 
=
 
.
1
4
1
0
4
 
I
N
 
T
H
E
 
l
i
q
u
i
d
 
P
H
A
S
E
 

.
0
0
0
0
4
 

M
A
S
S
 
F
R
A
u
T
I
L
N
 
C
F
 
C
C
M
P
O
N
E
N
T
 
3
 
I
N
 
T
H
E
 
G
A
S
 

P
H
A
S
E
 
=
 
.
5
1
h
1
7
 
i
n
 
T
H
E
 
L
 I
Q
U
I
J
 
p
h
a
s
e
 

.
5
j
1
5
9
 

M
A
S
S
 
F
R
A
U
f
l
C
N
 
C
F
 
L
C
M
P
U
N
E
M
 
4
 
I
N
 
T
h
t
 
G
A
j
 

p
h
a
s
e
 
=
 
.
0
1
5
4
3
 
I
N
 
I
H
E
 
L
I
Q
U
I
D
 
p
h
a
s
e
 

.
4
3
3
3
2
 

O
L
N
S
I
T
Y
 
l
F
 
L
L
M
P
u
N
t
M
 

I 
I
N
 
I
H
E
 
G
A
S
 
P
H
A
S
E
 

0
.
0
2
2
1
2
 
I
N
 
T
H
E
 
L
I
Q
U
I
D
 
P
H
A
S
E
 
=
 

3
.
4
8
3
5
1
 
(
L
B
/
C
U
F
T
I
 

U
u
N
S
l
l
Y
 
u
F
 
C
C
H
P
C
S
c
U
r
 
2
 
I
N
 
T
F
£
 
C
A
S
 
P
H
A
S
E
 

G
.
2
5
5
7
u
 
I
N
 
T
H
E
 
L
I
C
O
I
J
 
P
H
A
S
E
 
-

1
3
.
9
5
1
3
8
 
(
L
B
/
C
U
F
T
)
 

J
E
N
S
I
I
Y
 

LI
-
C
u
M
P
l
N
E
M
 
3
 
I
N
 
I
h
E
 
G
A
S
 
H
h
a
s
E
 

0
.
7
2
2
£
»
3
 
i
n
 
T
H
E
 
L
I
Q
U
I
D
 
P
H
A
S
E
 
s
 
4
1
.
6
1
6
7
6
 
(
L
3
/
C
U
F
T
I
 

U
E
N
S
I
T
Y
 
L
F
 
C
C
M
P
l
N
E
N
T
 
4
 
I
N
 
F
H
c
 
G
A
S
 
P
H
A
S
E
 

U
.
7
9
h
9
7
 
i
n
 
t
h
e
 
l
i
q
u
i
d
 
P
H
A
S
E
 
«
 
4
4
.
3
5
0
2
4
 
(
L
D
/
C
J
F
T
I
 



 

 

 

  

   

 

    

 

 

(
H
f
K
,
•
i
:
.
c
 
C
u
N
;
:
u
l
I
1
v
M
>
 

1
 
I
N
 

T
T
i
r
 

u
 U

J
(
)
 

a
s
£
 
-

> 
2 

aG
 •

 u
 

(F
T

J
/F

T
 —

H
—

F
) 

T 
h
£
 

L
L
 N
C
C
C
 T
 I

 V
 I
T
 y
 
C

f
 

2
 

I
H
L
 

L
I
G
G
I
J
 
P
h
a
s
e
 
=
 

S
o

?
.<

3
7

3
 

li
3

T
G

/F
[-

H
-F

i 
\
L
 
w
-
K
U
o
C
n

^
(
 l
Y
 

C
.
 M
P
^
r
.
C
-
.
T
 

J 
I
N
 
I
F
C
 

L
I
.
U
I
3
 

=
 

1
.3

7
3

S
 

Id
T

U
/F

T
-H

-F
) 

T
m
E
P
'
-
A
L
 
C
J
N
u
U
L
T
i
v
l
l
Y
 

w
J
H
P
G
u
t
n
l
 
s
 

1
^
1
 
T
H
E
 

L
i
u
U
l
J
 
P
H
A
S
C
 
=
 

l.
«

t3
7

l 
(b

T
U

/F
T

-h
-F

) 
V
I
 S
C
l
J
I
 T
V
 
L
E
 

I 
I
N
 
T
F
I
 
^
A
S
 
^
'
H
A
S
t
 

□ 
.i
U

3
1

 
A

M
) 

IN
 

rn
c
 

L
U

U
I'
.)

 
P

H
A

S
E

 
= 

C
.G

U
IO

 
(C

P
) 

V
 1

 S
C
l
j
I
 T

 I
 
C
E
 
C
C
H
P
j
N
t
i
'
«
T
 

3
 
I
N
 
t
f
g
 
g
a
s
 
P
h
a
s
e
 

^
.G

ia
i 

A
N

C
 

IN
 

T
H

E
 

L
U

U
IJ

 
P

H
A

S
E

 
-

C
i.
J
A

7
6

 
IC

P
J
 

V
I
 i
.
L
C
-
1
 l
Y
 
C
F
 
C
u
H
H
L
N
C
i
^
T
 

J
 
I
N
 
T
H
E
 
G
A
G
 
P
H
A
S
E
 

0
.1

0
5

6
 

A
N

D
 

IN
 

T
hE

 
L

iC
U

lO
 

P
H

A
S

E
 

® 
J
.3

2
9

A
 

IC
P

) 
V
I
S
C
C
>
1
T
Y
 
C
F
 
C
C
H
H
U
N
c
N
F
 

H
 
I
N
 
T
H
E
 
G
A
S
 
p
h
a
s
e
 

C
.0

S
3

fc
 

A
N

O
 

IN
 

TH
E

 
L

lg
U

lO
 

P
H

A
S

E
 

« 
0

.S
9

5
2

 
IC

P
I 

i
P
C
C
l
f
I
C
 
H
E
A
T
 
L
F
 
C
C
M
P
o
K
F
M
 

I
 
I
N
 
T
H
E
 
G
A
S
 

P
h
a
s
e
 

■=
 

J
.3

0
O

 
IN

 
T

H
E

 
L

lC
U

lO
 

P
H

A
S

E
 

-
7

.0
0

0
 

(O
IU

/L
B

-F
) 

S
P
L
C
I
F
I
L
 
m
e
a
t
 
C
F
 
L
U
M
P
U
K
E
N
I
 
2
 

IN
 

T
H

E
 

G
A

S
 

P
h

a
s
e

 
=

 
g

.2
5

1
 

IN
 

T
H

E
 

L
U

U
IO

 
P

H
A

S
E

 
=

 
C

.S
2

2
 

IP
T

U
/L

B
-f

»
 

i
P
E
C
U
l
L
 
h
C
A
T
 
C
F
 
C
C
P
P
C
N
e
N
T
 
3
 

IN
 

T
H

E
 

G
A

S
 

p
h

a
s
e

 
= 

C
.2

6
U

 
IN

 
T

H
E

 
L

IU
U

IU
 

P
H

A
S

E
 

-
C

.A
C

6
 

(B
T

U
/L

B
-F

) 
i
P
E
C
I
F
i
L
 
H
E
A
T
 
C
F
 
C
G
M
K
U
N
C
N
T
 

<i
 

IN
 

TH
E

" 
G

A
G

 
P

H
A

S
E

 
= 

0
.2

1
8

 
IN

 
T

H
E

 
L

IC
U

lO
 

P
H

A
S

E
 

«
 

0
.A

3
1

 
IQ

T
U

/L
B

-F
I 

A
V
E
R
A
G
E
 
U
E
^
S
l
T
y
 
C
F
 
G
A
S
 
=
 

u
.<

.2
7

1
tf

 
L

IU
U

IO
 

= 
A

3
.0

3
2

 
IL

b
/C

U
F

T
I 

A
v
E
K
A
G
E
 
V
l
S
t
C
S
l
T
Y
 
C
F
 
G
A
S
 

C
.C

g
IV

T
 

L
IU

C
IO

 
= 

O
.A

A
S

d
d

 
(g

P
I 

A
v
e

ra
g

e
 

th
e

rp
a

l 
c
g

n
o

u
C

ii
v
m

y
 

o
f 

li
c
o

io
 

» 
i.
5

6
s
a

7
 

id
tu

/f
t-

h
-
h

i 
A

V
E

R
A

G
E

 
S

P
E

C
IH

R
 

H
c
A

l 
F 

O
A

S
 

«
 

1
.3

3
0

 
A

N
O

 
C

F
 

L
IC

U
IU

 
*
 

0
.9

1
7

 
(d

T
O

/L
B

-F
I 

A
V

E
R

A
G

E
 

H
E

Y
N

O
LC

 
N

U
M

rt
E

K
 

U
H

 
g

A
S

 
« 

3
6

0
7

.4
8

 
A

N
O

 
L

IS
U

IO
 

« 
2

5
6

7
.0

4
 

C
E

L
L

 
• 

1 
F

R
O

N
 

2
( 

W
 

T
O

 
H

 
2

1
 

A
w

E
K

A
G

c 
C

E
N

S
IT

Y
 

L
F

 
G

A
S

 
* 

.3
6

8
0

1
 

A
N

O
 

L
IC

U
ID

 
« 

4
3

.3
4

9
 

C
F 

C
E

L
L

 
i 

1 
(L

B
/C

U
F

T
) 

A
V

E
R

A
G

E
 

V
iS

C
L

S
lI
r 

C
F 

G
A

S
 

» 
C

.C
5

U
2

3
 

A
N

O
 

L
IC

U
J
C

 
«

 
0

.4
8

2
7

S
 

O
F 

C
E

L
L

 
« 

I 
(C

P
) 

A
V

E
R

A
G

E
 

th
e

rp
a

l 
C

C
N

D
u

C
II

v
ll
Y

 
C

F
 

C
E

L
L

 
• 

I 
«

 
1

.6
4

7
4

4
 

(B
T

U
/F

T
-H

-F
) 

A
V

E
R

A
G

E
 

S
P

E
C

IF
IC

 
H

E
A

T
 

C
F 

G
A

S
 

«
 

1
.4

9
3

 
A

N
O

 
L

IQ
U

ID
 

»
 

0
.4

1
0

 
U

F
 

C
E

L
L

 
« 

1 
IB

T
U

/L
B

-F
) 

A
V

E
R

A
G

E
 

G
A

S
 

M
A

S
S

 
H

lC
a

 
R

A
T

E
 

« 
3

7
4

.2
6

 
A

N
D

 
L

IG
U

IO
 

M
A

S
S

 
F

L
O

R
 

R
A

T
E

 
» 

2
2

2
5

.7
4

 
O

F 
C

E
L

L
 

1 
C

L
B

/H
R

) 
a

v
e

ra
g

e
 

R
E

Y
N

C
L

O
 

n
u

m
b

e
r 

o
f 

g
a

s
 

« 
4

0
1

7
.7

0
 

A
N

O
 

L
lO

U
lD

 
« 

2
4

3
6

.4
1

 
C

F
 

C
E

L
L

 
# 

1 
G

A
S

 
P

A
S

S
 

F
K

A
C

T
IC

K
 

IN
 

C
E

L
L

 
$ 

1 
» 

0
.1

4
3

9
 

S
IN

G
L

E
 

L
ig

C
lC

 
P

H
A

S
E

 
P

R
E

S
S

U
R

E
 

O
P

C
P

 
»

 
.0

1
7

6
4

0
 

IP
S

I/
F

T
I 

P
R

E
S

S
U

R
E

 
O

F 
TH

E
 

S
T

R
E

A
M

 
E

N
T

E
R

S
 

C
E

L
L

 
« 

1 
« 

6
0

.0
0

 
A

N
C

 
E

X
IT

S
 

* 
5

8
.3

7
 

IP
S

IA
) 

T
a

C
-P

H
A

S
E

 
P

R
E

S
S

U
R

E
 

D
R

O
P

 
IN

 
C

E
L

L
 

• 
1 

»
 

1
.6

2
9

C
5

5
 

IP
S

I/
C

E
L

L
 

L
E

N
G

T
H

! 
E

R
R

C
R

 
C

F
 

P
R

E
S

S
C

R
E

 
C

R
O

P
 

IN
 

C
E

L
L

 
» 

1 
-

0
.0

1
 

T
O

T
A

L
 

N
U

M
B

E
R

 
O

F 
P

R
E

S
S

U
R

E
 

IT
E

R
A

T
IN

G
 

LO
O

P
 

«
 

L
IC

L
IJ

 
h

C
L

C
U

P
 

F
R

A
L

II
C

N
 

»
 

C
.I

3
5

8
 

T
E

P
P

E
R

A
T

J
K

E
 

C
F 

T
H

E
 

S
T

R
E

A
M

 
E

N
T

E
R

IN
G

 
C

E
L

L
 

f 
L 

«
 

8
0

.0
0

 
A

N
O

 
L

E
A

V
IN

G
 

1
0

3
.8

5
 

C
F

) 
T

E
H

P
E

R
A

IC
R

E
 

IN
C

h
E

A
S

E
J
 

IN
 

C
E

L
L

 
« 

1 
*
 

2
3

.8
3

 
IF

) 
o

 
E

R
R

O
R

 
O

F
 

T
E

M
P

E
R

A
IU

K
E

 
IT

E
R

A
T

IN
G

 
IN

 
C

E
L

L
 

* 
1 

*
 

0
.0

9
 

X
, 

T
O

T
A

L
 

N
U

M
B

E
R

 
C

F
 

T
E

M
P

E
R

A
T

U
R

E
 

IT
E

R
A

T
IN

G
 

LO
O

P
 

M
A

S
S

 
T

R
A

N
S

F
E

R
H

E
C

 
E

E
T

k
E

IN
 

P
H

A
S

E
S

 
IN

 
C

E
L

L
 

M 
1 

« 
1

0
1

.0
1

2
 

(L
3

/H
R

) 
lU

R
fi
C

L
E

M
-T

U
R

d
U

L
E

N
I 

F
L

C
a

 
M

E
C

H
A

N
IS

M
 

S
c
P

E
R

A
T

E
C

 
F

L
C

k*
 

P
L

C
E

L
 

V
E

L
C

C
IT

V
 

U
F

 
T

h
e

 
o

A
S

 
P

h
a

s
e

 
* 

2
7

0
3

5
2

.1
3

 
C

F
 

T
H

E
 

L
IO

U
IC

 
P

H
A

S
E

 
» 

9
1

6
0

9
.8

7
 

A
N

O
 

O
F 

T
H

E
 

Ia
O

-P
H

A
$

E
 

F
L

O
r 

1
0

1
2

4
5

 .
2

4
 

(F
T

/H
R

) 
T

R
C

-P
H

A
S

e
 

F
L

U
IO

 
d

e
n

s
it
y
 

= 
2

.5
5

9
 

(L
0

/C
U

. 
F

T
),

 
IR

C
-P

H
A

S
E

 
F

L
U

ID
 

V
IS

C
O

S
IT

Y
 

« 
0

.2
1

6
 

(C
P

! 
T

U
B

E
 

R
A

L
L

 
T

E
M

P
E

R
A

T
L

R
E

 
» 

1
5

6
.2

5
 

IF
! 

H
E

A
T

 
F

L
U

X
 

A
R

E
A

 
O

F 
T

H
E

 
C

E
L

L
 
-

0
.3

6
 

(S
O

. 
F

T
) 

LC
G

 
M

E
A

N
 

T
E

M
P

E
R

A
IU

R
E

 
U

IF
F

E
R

E
N

C
E

 
* 

1
3

7
.7

8
 

(F
J
 

LO
G

 
M

E
A

N
 

C
IA

M
E

T
E

R
 
*
 

0
.0

8
 

(F
T

) 
T

rC
'P

h
a

S
E

 
H

E
A

T 
T

aA
N

dE
E

R
 

C
O

E
F

F
IC

IE
N

T
 

> 
2

6
3

5
.5

4
 

U
l 

H
A

S
cO

 
O

N
 

T
U

B
E

 
IN

S
ID

E
 

D
IA

M
E

T
E

R
 
' 

1
1

1
9

.4
4

 
(B

T
U

/S
D

F
T

-H
K

-F
I 

C
A

L
C

L
L

A
IF

O
 

m
E

A
I 

F
LL

X
 

TC
 

TH
E

 
C

E
L

L
 

= 
1

5
4

2
3

9
.1

7
 

IB
T

U
/S

C
F

T
-H

R
 I

 
C

A
L

C
U

L
A

T
E

D
 

H
E

A
T

 
R

E
C

U
IR

E
O

 
IN

 
C

E
L

L
 

P 
1 

« 
5

5
1

5
4

.0
6

 
(B

T
U

/H
R

) 

L
C

C
A

II
C

N
 

U
N

 
T

H
E

 
T

U
E

E
 

: 
2

( 
3

1
 

T
fc

M
P

tR
A

T
jK

E
 

A
T 

2
1

 
3

) 
=

 
1

2
2

.2
o

 
(F

J
, 

A
H

O
 

P
R

E
S

S
U

R
E

 
A

T
 

Z
( 

3J
 

^ 
5

6
.4

7
 

(P
S

IA
) 

S
Y

S
T

E
M

 
A

l 
Z

{ 
3

) 
IS

 
A

S
S

L
P

tJ
 

TC
 

B
e 

IN
 

E
J
L

IL
Id

R
lL

M
 

S
T

A
T

E
 

M
A

S
S

 
F

R
m

C
T

IC
N

 
C

F
 

C
C

-P
C

^
£

^
r 

I 
IN

 
T

H
E

 
G

A
S

 
p

h
a

s
e

 
*
 

.2
5

9
0

2
 

IN
 

T
H

E
 

L
IC

J
ID

 
p

h
a

s
e

 
=

 
.0

0
J
0

3
 

M
A

S
S

 
F

R
A

C
T

IC
N

 
C

F 
C

C
m

P
JN

E
M

 
2 

IN
 

T
H

E
 

G
A

S
 

P
H

A
S

E
 

>
 

.1
1

1
3

0
 

IN
 

T
H

E
 

L
IC

L
'I
O

 
p

h
a

s
e

 
-

.0
0

0
0

3
 

M
A

S
S

 
H

R
A

C
T

IC
N

 
C

F 
C

C
M

P
JN

E
N

T
 

3 
IN

 
IH

.E
 

G
A

S
 

p
h

a
s
e

 
-

.6
0

6
1

2
 

IN
 

T
H

E
 

L
IC

U
ID

 
P

H
A

S
E

 
-

.5
4

0
1

9
 

M
A

S
S

 
F

R
A

C
T

IC
N

 
C

F 
C

C
M

P
O

N
E

N
T

 
4

 
IN

 
T

H
E

 
G

A
S

 
P

H
A

S
E

 
s
 

.3
2

2
7

6
 

IN
 

T
H

E
 

L
lC

U
lJ

 
P

H
A

S
E

 
s
 

.4
5

9
7

5
 

D
E

N
S

IT
Y

 
C

F
 

C
C

M
P

C
H

tN
T

 
1 

IN
 

T
H

E
 

G
A

S
 

p
h

a
s
e

 
0

.G
2

3
3

O
 

IN
 

T
h

E
 

L
lC

U
lO

 
P

H
A

S
E

 
s
 

2
.9

6
4

4
0

 
(L

B
/C

U
F

T
) 

O
E

N
S

II
Y

 
C

F 
C

U
M

P
C

N
F

N
T

 
2

 
Ii
»

 
IH

E
 

G
A

S
 

P
H

A
S

E
 

0
.2

4
4

4
2

 
IN

 
T

H
E

 
L

lO
U

lO
 

P
H

A
S

E
 

»
 

1
1

.8
6

1
9

7
 

(L
B

/C
U

F
T

) 
D

E
N

S
IT

Y
 

C
F

 
C

C
M

P
O

N
E

N
T

 
3 

IN
 

T
H

E
 

C
A

S
 

p
h

a
s
e

 
C

.6
9

2
0

8
 

IN
 

TH
E

 
L

IU
U

ID
 

P
H

A
S

E
 

=
 

4
1

.0
5

4
3

3
 

(L
B

/C
U

F
T

I 
D

E
N

S
IT

Y
 

C
F 

L
C

M
P

C
N

kM
 

4
 

IN
 

T
H

E
 

C
A

j 
p

h
a

s
e

 
0

.7
6

1
4

6
 

IN
 

th
e

 
L

IQ
U

ID
 

P
H

A
S

E
 

-
4

4
.3

3
2

6
4

 
(L

B
/C

U
F

T
) 

iH
F

R
fA

L
 

C
J
N

O
lC

T
Iv

II
y
 

lF
 

C
G

H
P

lN
E

N
I 

I 
IN

 
T

H
E

 
L

IC
J
lO

 
P

H
A

S
E

 
s
 

3
3

3
5

.8
8

3
7

 
(B

T
U

/F
T

-H
-F

) 

T
h

E
R

H
A

L
 

C
G

N
C

L
C

T
IV

IT
Y

 
JF

 
C

O
H

P
lN

E
N

T
 

2 
IN

 
T

H
E

 
L

U
U

IC
 

p
h

a
s
e

 
= 

4
7

5
.6

1
C

7
 

(d
lL

/F
T

-H
-F

 J
 



�

 

   

C
C
M
J
o
C
I
l
V
l

f
v
 
j
f
 

i
 

1 
I 
h
:
 

L
 I
 G
j

1 
D
 
P
H
A
S
L
 
-

1.
3
!
)
9
1
 
(
.
1
l
U
/
F
 
T
-
h
-
F
i
 

i
H
f
c
H
K
.
-
.
L
 
^
u
U
C
t
L
l
l
V
l
t
r
 

C
»
-
^
P
L
M
M
 

<.
 

I 
I
H
E
 

I
 I
^
L
I
C
 
f
>
h
A
S
E'
 

I
.
A
2
o
d
 
M
T
C
/
F

F
-
H
-
f
 I

 

W
l
S
c
C
S
I

i
r 

C
F
 
»
u
f
^
'
«
„
i
N
r
N
I
 

1 
I 
M
 

r 
F
 r
 
G
A
S
 
P
H
A
j
r
 

J
1
 -

jO
 
A
N
C
 

I 
N

T
H
E
 
L
I
C
U
I
'
J

P
H
A
S
t
 

^
u
.
O
o
1
0
(
C
P
)
 

w 
i 
S
C
u
i
 M
Y
 
L
F
 
C
a
^
P
C
N
C
N
F
 

?
 
I
N
 
F
P
 

G
A
S
 
P
H
A
S
E
 

0
,
C
1
d
6
 
A
N
D
 
I
N
 
T
h
e
 
l
I
C
U
I
D
 
P
H
A
S
E
 

0
.
0
6
7
U
 
(
C
P
)
 

v
I
S
C
G
S
I
 
J
V
 
C
F
 
C
C
P
P
u
N
C
N
F
 

3
 
I
N
 
F
F
C
 
G
A
S
 
P
h
a
s
e
 

0
.
1
2
5
0
 
A
N
C
 
I
N
 
T
H
E
 
L
i
C
U
l
O
 
p
h
a
s
e
 
-
0
.
2
9
7
2
 
(
C
P
)
 

V
l
S
C
c
i
M
Y
 
C
F
 
C
C
P
P
i
.
N
c
M
 

I
N
 

F
F
f
c
 
G
A
S
 
i
'
H
A
S
t
 

C
.
0
3
5
2
 
A
N
D
 
I
N
 
F
H
E
 
L
l
C
U
l
O
 
p
h
a
s
e
 

= 
G
.
D
2
i
a
 
(
C
P
)
 

S
P
t
C
l
f
l
C
 
H
F
A
I
 
C
J
 
C
C
H
P
u
N
C
f
.
r
 
i
 
I
N
 
T
h
F
 
g
a
s
 

p
h
a
s
e
 
=
 

3
.
S
C
O
 
I
N
 
T
H
E
 
L
I
C
U
i
O
 
p
h
a
s
e
 

» 
7
.
0
0
0
 
(
O
T
U
/
L
B
-
F
)
 

S
P
E
C
I
F
I
C
 
H
E
A
T
 
C
F
 
C
C
H
P
w
N
e
f
:
!
 
2
 
I
N
 
F
H
E
 
G
A
S
 

P
H
A
S
E
 
=
 

C
.
2
5
1
 
I
N
 
T
H
t
 
L
I
C
U
I
J
 
P
H
A
S
E
 
^ 

0
.
5
2
9
 
I
f
l
F
U
/
L
P
-
f
)
 

S
P
E
C
I
F
I
C
 
H
E
A
f
 
C
F
 
L
U
H
P
j
N
E
N
F
 
3
 
I
N
 
T
h
e
 
g
a
s
 

p
h
a
s
e
 
*
 

U
.
2
7
6
 
I
N
 
T
H
E
 
L
I
C
U
I
D
 
P
H
A
S
E
 

-
O
.
t
l
7
 
(
B
T
U
/
L
*
*
-
F
I
 

S
P
E
C
i
r
i
C
 
H
E
A
F
 
C
F
 
C
C
P
P
c
N
E
N
F
 

<i
 
I
N
 
I
F
E
 
G
A
S
 

P
h
a
s
e
 
=
 

C
.
2
2
C
 
I
N
 
T
H
E
 
L
I
C
U
I
D
 
p
h
a
s
e
'
 
0
.
A
A
2
 
(
B
F
U
/
L
b
-
F
)
 

A
v
t
H
i
G
E
 
C
E
N
S
I
T
y
 
C
F
 
G
A
S
 
=
 

G
.
A
7
0
0
«
J
 

L
l
J
d
i
n
 
«
 
<
<
2
.
5
6
0
 
(
L
d
/
C
U
F
T
J
 

A
V
t
P
A
'
G
E
 
v
l
S
C
u
S
l
l
T
 
L
F
 
C
A
S
 

G
.
C
d
2
S
8
 

L
I
C
U
I
C
 
«
 

U
.
A
C
0
<
»
6
 
(
C
P
)
 

A
V
E
H
A
G
E
 
F
H
E
P
H
A
L
 
C
C
N
C
u
C
F
M
I
l
Y
 
u
F
 
L
I
C
U
I
D
 
«
 

1
.
5
0
^
5
5
 
I
B
F
U
/
F
T
-
h
-
F
J
 

A
V
E
r
t
A
G
E
 
S
P
E
C
I
F
I
C
 
H
E
A
T
 
C
F
 
G
A
S
 
«
 

1
.
1
0
9
 
A
N
C
 
C
F
 

L
i
C
U
l
O
 
=
 
0
.
A
2
9
 
(
B
F
U
/
L
t
t
-
F
)
 

A
V
E
M
A
G
E
 
N
E
T
N
C
L
C
 
N
U
P
B
E
K
 
O
F
 
G
A
S
 
»
 

3
^
1
6
.
2
J
 
A
N
C
 

L
I
C
U
I
O
 
*
 

2
7
0
3
.
2
8
 

c
e
l
l
 
«
 

2
 

F
R
O
r
t
 
l
i
 
2
1
 

T
C
 
Z
l
 
3
)
 

A
V
E
R
A
G
E
 
C
E
N
S
I
F
Y
 
O
F
 
G
A
S
 
=
 
.
A
A
B
b
J
 
A
N
D
 
L
I
C
U
I
D
 
«
 

A
2
.
7
9
6
 
O
F
 
C
E
L
L
 
«
 

2
 
(
L
B
/
C
U
F
T
)
 

A
V
E
R
A
G
E
 
V
I
S
C
C
S
I
T
Y
 
C
F
 
C
A
S
 
=
 

C
.
C
7
2
9
7
 
A
N
D
 
L
I
C
U
I
O
 
«
 

C
.
'
«
2
3
l
7
 
O
F
 
C
E
L
L
 
«
 

2
 (
C
P
)
 

A
V
E
R
A
G
E
 
t
h
e
r
m
a
l
 
c
O
N
O
U
C
T
l
V
l
T
Y
 
C
F
 
C
E
L
L
 

A 
2
 
=
 
1
.
5
3
7
2
1
 
(
B
T
U
/
F
T
-
H
-
F
)
 

A
V
E
R
A
G
E
 
S
P
E
C
I
F
I
C
 
H
E
A
T
 
C
F
 
G
A
S
 
*
 

1
.
2
2
0
 
A
N
D
 

L
I
C
O
I
D
 
-

0
.
9
2
3
 
O
F
 
C
E
L
L
 
i
 
2
 
(
B
T
U
/
L
B
-
F
)
 

A
i
^
E
K
A
G
E
 
C
A
S
 
M
A
S
S
 
F
L
C
h
 
H
A
T
E
 

=»
 

t
d
l
.
o
d
 

A
N
D
 
L
I
C
U
I
J
 

M
A
S
S
 
F
L
C
«
 
R
A
T
E
 
^
 

2
1
1
8
.
3
2
 
O
F
 
C
E
L
L
 
•
 
2
 
I
L
B
/
H
R
)
 

A
V
E
R
A
G
E
 
k
E
Y
N
U
L
C
 
N
U
M
B
E
R
 
O
F
 
G
A
S
 
»
 

3
5
1
1
.
8
6
 
A
N
D
 
L
I
O
U
I
D
 

»
 

2
6
3
8
.
9
6
 
C
F
 
C
E
L
L
 
»
 
2
 

C
A
S
 
M
A
S
S
 
F
R
A
C
T
I
O
N
 
I
N
 
C
E
L
L
 
•
 
2
 
=
 

0
.
1
B
5
3
 

S
I
N
G
L
E
 
L
i
U
U
l
O
 
P
H
A
S
E
 
F
K
f
c
S
S
O
H
E
 
D
R
O
P
 
«
 
.
0
1
5
9
2
0
 
(
P
S
I
/
F
T
)
 

p
r
e
s
s
u
r
e
 
U
F
 
T
H
E
 
S
T
k
E
A
M
 
E
N
T
E
R
S
 
C
E
L
L
 
•
 
2
 
=
 
5
8
.
3
7
 
A
N
O
 
E
X
I
T
S
 
=
 
5
6
.
9
7
 
I
P
S
I
A
)
 

T
h
G
-
P
h
A
S
E
 
p
r
e
s
s
u
r
e
 
O
R
U
F
 
i
n
 
C
E
L
L
 

ff
 

2
 
»
 
I
.
3
0
3
7
3
9
 
(
P
S
I
/
C
E
L
L
 
L
E
N
G
T
H
)
 

t
»
R
U
i
(
 
O
h
 
P
R
f
c
S
S
U
K
t
 
D
R
O
P
 
I
N
 
C
E
L
L
 
A
 

2
 
=
 

G
.
0
2
 
X
t
 
T
O
T
A
L
 
N
U
M
B
E
R
 
O
F
 
P
R
E
S
S
U
R
E
 
I
T
E
R
A
T
I
N
G
 
L
O
O
P
 

■» 
I 

L
IC

L
IO

 
H

C
C

C
U

F
 

F
R

A
C

T
IO

N
 

« 
C

.i
lS

S
 

T
E

M
P

E
R

A
T

U
R

E
 

CF
 

TH
E 

S
TR

E
A

M
 

E
N

T
E

R
IN

G
 

C
E

LL
 

I 
2 

* 
1

0
3

.8
5

 
AN

D
 

L
E

A
V

IN
G

 
1

2
2

.2
8

 
(F

) 
T

LM
P

E
F

^A
F

U
m

E
 

IN
C

R
cA

S
E

D
 

IN
 

C
E

L
L

 
i 

2 
= 

1
8

.9
9

 
(F

) 
E

K
R

C
H

 
O

F 
TE

M
P

E
R

A
TU

R
E

 
IT

E
R

m
T

IN
C

 
IK

 
C

E
LL

 
A 

2 
» 

0
.0

7
 
I,

 
T

O
T

A
L 

N
U

M
B

E
R

 
O

F 
TE

M
P

E
R

A
TU

R
E

 
IT

E
R

A
T

IN
G

 
LO

O
P

 
» 

3 
M

A
S

S
 

T
R

A
N

S
F

E
R

m
E

C
 

B
E

T
rE

E
N

 
P

F
A

S
E

S
 

in
 
c
e

ll
 

i 
2 

• 
U

3
.3

3
3

 
(L

B
/H

R
l 

T
u

K
e

u
c
E

N
M

 l
U

H
O

U
L

E
M

 
F

L
C

«
 

M
E

C
H

A
N

IS
M

 
s
e

p
e

h
a

te
l 

fl
c
u

 
m

o
d

e
l 

V
E

LO
C

IT
Y

 
O

F 
TH

E 
G

AS
 

P
H

A
S

E
 

» 
2

9
5

3
2

0
.6

2
 

CF
 

TH
E 

L
IO

JI
O

 
P

H
A

S
E

 
' 

1
0

0
9

7
1

.1
9

 
AN

D
 

O
F 

TH
E 

T
«G

-P
H

A
S

E
 

F
LO

n 
« 

1
1

9
9

6
2

.3
3

 
(F

T
/H

R
J 

T
»

C
-P

M
A

S
e

 
F

L
U

ID
 

d
e

n
s
it
y
 

s 
2

.3
1

5
 

(L
8

/C
U

. 
F

T
),

 
T

w
C

-P
H

A
S

E
 

F
L

U
IC

 
V

IS
C

O
S

IT
Y

 
« 

C
.2

2
3

 
IC

P
) 

T
U

B
E

 
M

A
LL

 
T

E
M

P
E

H
A

T
LK

t 
« 

1
6

1
.C

l 
IF

l 
H

E
A

T 
F

LU
X

 
A

R
E

A
 

U
F 

TH
E 

C
E

LL
 

« 
0

.3
6

 
(S

O
. 

F
T

) 
LO

G
 

M
E

A
N

 
T

E
M

P
E

R
A

IU
K

E
 

O
lF

F
E

P
E

U
C

fc
 

= 
1

1
6

.o
5

 
(F

) 
LO

G
 

M
E

A
N

 
C

IA
M

E
T

E
R

 
» 

0
.0

8
 

(F
T

) 
T

.C
-P

H
A

S
E

 
H

E
A

T 
iR

A
N

S
F

tH
 

C
O

E
F

F
IC

IE
N

T
 

« 
3

3
0

7
.8

3
 

U
l 

B
A

S
E

D
 

O
N

 
TU

B
E

 
IN

S
ID

E
 

D
IA

M
E

T
E

R
 

= 
1

2
2

5
.2

0
 

I S
T

L
/S

O
F

T
-H

R
-F

) 
C

A
L

C
L

L
A

T
E

O
 

H
£

A
 I

 
F

L
U

X
 

IC
 

TH
E

 
C

E
L

L
 

= 
1

9
2

9
1

5
,2

5
 

IB
T

U
/S

O
F

T
-H

R
 )

 
C

A
L

C
U

L
A

T
E

D
 

H
E

A
T

 
R

E
C

JI
R

E
O

 
IN

 
L

E
L

L
 

A 
2 

' 
5

I1
C

5
.3

2
 

(d
lU

/H
R

I 

L
0

C
A

1
IQ

N
 

C
N

 
T

H
E

 
T

U
C

E
 

: 
Z

( 
9

) 
T

cM
P

E
K

A
ru

H
E

 
A

T 
H

 
9

) 
= 

1
3

7
.2

3
 

(F
),

 
A

N
D

 
P

R
E

S
S

LR
E

 
A

T 
Z

l 
9

) 
= 

5
9

.2
6

 
(P

S
IA

J
 

S
Y

S
T

E
M

 
A

( 
H

 
9

) 
IS

 
A

S
S

L
M

cO
 

1
0

 
B

E
 

IN
 

E
C

U
lL

ld
K

fU
M

 
S

T
A

T
E

 
M

A
S

S
 

F
R

A
C

T
IO

N
 

C
F

 
C

C
M

P
O

N
E

N
T

 
I 

IN
 

T
H

E
 

G
A

S
 

p
h

a
s
e

 
®

 
.2

1
9

9
9

 
IN

 
T

H
E

 
L

IC
U

ID
 

P
H

A
S

E
 

=
 

.0
O

J
O

2
 

M
A

S
S

 
F

k
A

C
T

IC
N

 
C

F
 

C
L

M
P

O
N

E
N

T
 

2 
IN

 
T

H
E

 
G

A
S

 
P

H
A

S
E

 
»

 
.0

9
2

0
9

 
IN

 
IH

E
 

L 
IC

U
IO

 
P

H
A

S
E

 
X. 

.0
0

0
0

2
 

M
A

S
S

 
H

R
A

c
T

IL
N

 
C

F 
C

C
M

P
U

N
E

N
T

 
J 

IN
 

T
H

c 
G

A
S

 
p

h
a

s
e

 
=

 
.6

6
2

1
2

 
IN

 
IH

E
 

L
I 

Q
U

ID
 

P
H

A
S

E
 

» 
.5

1
7

6
7

 
M

A
S

S
 

F
k
A

lT
IC

N
 

C
F 

C
t^

'P
U

N
E

N
T

 
9

 
IN

 
IH

E
 

G
A

S
 

p
h

a
s
e

 
* 

.J
3

J
8

6
 

IN
 

T
H

E
 

L 
IC

U
 I

D
 

P
H

A
S

E
 

s 
.9

8
2

2
9

 
D

tN
S

IT
Y

 
LF

 
C

C
M

P
C

N
tM

 
I 

IN
 

T
H

c 
G

A
S

 
P

H
A

S
E

 
0

.0
2

9
9

2
 

IN
 

T
H

E
 

L
IC

U
IO

 
P

h
a

s
e

 
« 

2
.5

9
2

5
8

 
(L

b
/C

U
F

T
) 

D
E

N
S

II
Y

 
C

F 
C

C
M

P
C

N
E

N
T

 
2

 
IK

 
T

H
E

 
G

A
S

 
P

H
rt

S
E

 
0

.2
3

3
U

J
 

IK
 

T
h

e
 

li
q

u
id

 
P

H
A

S
E

 
=

 
1

0
.1

6
1

9
3

 
(L

B
/C

U
F

T
I 

C
E

N
jI
T

Y
 

C
F 

C
C

M
P

L
N

c
M

 
1 

IN
 

T
H

E
 

C
A

S
 

p
h

a
s
e

 
C

.6
c
2

2
h

 
in

 
th

e
 

L
IC

U
ID

 
P

H
A

S
E

 
= 

9
C

.6
C

0
7

1
 

(L
e

/C
U

F
T

) 
D

E
N

S
IT

Y
 

IF
 

C
cM

P
u

N
E

N
T

 
9

 
IN

 
T

h
e

 
g

a
s
 

P
H

A
if
 

0
.7

2
J
o

5
 

IN
 

T
H

E
 

L
lC

u
lD

 
p

h
a

s
e

 
= 

9
3

.9
IJ

H
9

 
IL

o
/C

u
F

T
) 

T
H

tR
M

A
L

 
lC

 N
 D

o
i. 

T
iV

il
Y

 
u

f 
lO

h
P

C
N

E
n

I 
1 

|f«
 

T
h

e
 

L
U

L
IC

 
P

H
A

S
E

 
= 

3
3

9
0

 .
2

8
9

5
 

(d
T

u
/F

I-
H

-F
J
 

T
H

fP
M

A
L

 
C

L
N

J
L

C
T

IV
lT

Y
 

L
) 

C
U

M
P

L
r.

C
M

 
2 

Ih
 

TH
E

 
L

IC
J
IU

 
O

H
u

S
t 

•=
 

9
6

5
 .
3

3
9

9
 

(c
T

O
/F

T
-H

-H
I 

T
H

E
F

^'
A

L
 

lC
 .

\C
u

C
 I

 I
 V

 I
 I

»
 

C
H

 
c
u

M
P

L
N

C
jT

 
3 

IN
 

T
H

c 
I 

IL
U

M
 

p
h

a
s
e

 
s 

I 
. 

3
9

6
0

 
(e

 T
U

/F
T

-H
-F

) 
T

h
L

R
M

A
l 

C
U

N
G

lu
T

Iv
IT

Y
 

u
f 

C
D

M
P

C
N

E
M

 
9 

|N
 

T
H

E
 

L
lU

U
in

 
P

H
A

S
E

 
= 

I 
.9

1
8

5
 

(
B

IL
/F

l-
H

-
F

I 



  

� 

�

r
.
A
z
S
 
P
h
a
s
e
 
=
 

0
.
G
1
b
o
 
A
N
O
 

I 
N
 
f
H
c
 
L
 K
U
I
J
 
P
H
A
S
E
 
=
 

'
J
.
0
0
1
J
 
I
C
P
I
 

I
 h
e
 

1 
h
e
 

P
H
A
S
E
 
s
 

C
.
J
1
'
3
S
 
A
N
C
 
I
N
 
I
H
E
 
L
I
C
U
l
O
 
p
h
a
s
e
 
=
 

J
o
2
b
 
I
C
P
I
 

»
 1
 i
C
u
i
l
 
I 

It
 
L
r
 

.
 

^
 1

 S
C
L
^
I
 I

 t
 
L
f
 
C
i
;
«
'
i
'
C
N
l
M
 

A
N
O
 

1
 N
 
I
H
F
 
L
l
U
U
l
O
 
P
H
A
S
E
 
=
 

?
0
.
2
7
a
 

I
C
P
I

T
 h
r
 
o
A
S
 
P
H
A
S
E
 

1 
h
t
 
G
A
S
 
P
H
A
S
E
 

O
.
J
S
t
A
 
A
N
D
 
I
N
 
I
H
E
 
L
1
C
U
l
0
 
P
H
A
S
E
 
=
 
0
.
A
7
2
3
 
I
C
P

1 
V
 I

 i
C
C
I
I
1
 *
 

Cl
-
C
u
f
1
-
j
M
i
l
I
 

\/
l 
i
C
C
b
l
 I
t
 
C
f
 
C
l
l
f
C
G
N
t
M
 

1 
N
 
T
h
e
 
G
A
S
 

p
h
a
s
e
 
=
 

3
•
^
O
U
 
I
N
 
T
H
E
 
L
I
Q
U
1
0
 
P
H
A
S
E
 
=
 

7
.
0
0
C
 
l
a
i
u
/
L
a
-
F
i
 

0
.
b
3
b
 
(
E
T
U
/
L
B
-
F
I

0
.
2
b
?
 
I
N
 
i
H
t
 
L
I
U
U
I
J
 
p
h
a
s
e
 
=
 

I 
K
 
T
H
f
c
 
G
A
S
 

p
h
a
s
e
 
*

S
f
t
C
l
F
I
C
 
H
E
f
c
l
 
G
f
 
C
U
"
l
i
>
l
.
M
-
N
r
 
2
 

0
.
A
2
6
 
(
B
T
U
/
L
R
-
F
1

I
N
 

1 
H
E
 
G
A
S
 

P
H
A
S
E
 
«
 

C
.
2
d
?
 
I
N
 
T
H
E
 
L
I
C
U
I
D
 
p
h
a
s
e
 
*
 

S
r
'
E
C
l
f
l
C
 
t
-
t
A
T
 
C
f
 
C
C
H
f
U
N
c
M
 
1
 

P
H
A
S
E
 
»
 
0
.
2
2
2
 

1 
N
 
T
H
E
 
L
I
Q
U
I
D
 
p
h
a
s
e
 
=
 
0
.
A
5
1
 
1
B
T
U
/
L
d
-
f
)

j
f
k
C
l
f
l
L
 
h
E
A
I
 
c
f
 
C
C
C
P
U
F
t
M
 

A 
I
N
 
T
H
C
 
G
A
S
 

A
v
t
H
A
u
E
 
C
t
A
S
I
T
t
 
CF

 
i
A
S
 
=
 

C
.
'
.
8
7
6;
 
L
I
C
U
J
O
 
=
 
A
2
.
1
9
7
 
I
L
B
/
C
U
F
T
I
 

A
V
F
R
A
C
t
 
t
l
i
C
C
S
n
t
 
C
F
 
o
A
i
 
=
 

G
.
1
0
3
1
2
 

L
I
Q
U
I
D
 
=
 

0
.
3
7
C
0
<
3
 
I
C
P
I
 

AV
ti

tA
UC

 
I
M
E
K
P
A
L
 
L
C
K
D
u
C
I
I
V
l
l
Y
 
C
F
 
L
I
Q
U
I
D
 
-

1.
<1
67
2
7 
I
B
T
U
/
F
T
-
F
-
F
I
 

A
V
t
R
A
u
E
 
i
P
E
L
I
F
I
C
 
ht

».
t 

CF
 
C
A
S
 
=
 
0
.
9
6
9
 
A
N
D
 
LF
 

L
I
Q
U
I
D
 

<= 
0
.
6
1
3
 (
B
I
U
/
L
b
-
f
l
 

A
V
E
H
A
G
E
 
r
<
£
*
A
L
L
O
 
A
U
P
B
E
R
 
C
F
 
C
A
S
 
=
 

J
6
2
2
.
5
8
 
A
N
D
 

L
I
Q
U
I
D
 
=
 

2
7
7
1
.
6
6
 

C
E
L
L
 
*
 

3 
F
R
O
M
 
2
1
 
3
1
 

I
D
 
2
1
 
6
1
 

A
V
E
R
A
G
E
 
C
E
K
S
I
I
Y
 
lF

 
G
A
S
 •
 
.
6
7
8
8
8
 
A
N
D
 
L
I
Q
U
I
D
 
» 

6
2
.
J
7
E
 
OF

 
C
E
L
L
 

A 
3
 
I
L
B
/
C
U
F
T
I
 

A
V
E
R
A
G
E
 
•
I
S
L
C
S
l
I
t
 
CF
 
G
A
S
 
=
 

C
.
L
9
1
5
5
 
A
N
U
 
L
I
Q
U
I
D
 •
 

3
.
3
8
5
2
7
 
C
F
 
C
E
L
L
 

A 
3
 (
C
P
I
 

A
V
E
H
A
G
E
 
I
M
E
K
H
A
L
 
C
C
N
U
L
C
I
I
V
I
I
Y
 
C
F
 
C
E
L
L
 

A 
3
 

1
.
6
8
5
9
1
 
I
d
l
G
/
F
T
-
H
-
F
I

'
 

A
V
E
B
A
u
E
 
S
P
E
C
I
F
I
C
 
HE

AT
 
CF
 
G
A
S
 
=
 

1
.
0
3
9
 
A
N
D
 

L
I
Q
U
I
D
 
=
 
0
.
6
3
3
 
U
F
 
C
E
L
L
 

A 
3
 
I
B
T
U
/
L
B
-
F
I
 

AV
ER

AG
E 

GA
S 

RA
SS

 F
LO

G 
FA

TE
 
» 

59
6.

87
 

AN
D 

LI
QU

ID
 

MA
SS

 
FL
Ct
h 
RA

TE
 •
 

20
05
.
13

 O
F 

CE
LL

 
A 

3 
IL
B/
HR
I 

A
V
E
R
A
G
E
 
h
c
Y
N
C
L
D
 
NU

RB
ER

 
Cf

 
G
A
S
 
» 

3
6
1
9
.
t
l
 
A
N
D
 
L
I
Q
U
I
D
 
-

2
7
6
0
.
6
1
 
CF

 
C
E
L
L
 
A 

3
 

C
A
S
 
P
A
S
S
 
F
k
A
l
I
I
C
A
 

in
 
c
e
l
l
 
a 

3
 
=
 
0
-
2
2
6
8
 

S
I
N
G
L
E
 
L
I
Q
U
I
D
 
P
H
A
S
E
 
P
R
E
S
S
U
R
E
 
D
R
C
P
 
» 

.
C
1
6
2
9
1
 
I
P
S
I
/
F
T
l
 

P
R
E
S
S
U
R
E
 
il

F 
Th

e 
j
T
R
E
a
p
 
E
N
T
E
R
S
 
C
E
L
L
 

A 
3
 
» 

5
6
.
6
7
 
A
N
J
 
E
X
I
T
S
 
« 

5
6
.
2
6
 
I
P
S
I
A
I
 

T
t
a
C
-
P
H
A
S
E
 
P
R
E
S
S
U
R
E
 
D
R
O
P
 
IN
 
C
E
L
L
 
A 

3
 
» 

2
.
2
0
7
2
2
9
 (
P
S
I
/
C
E
L
L
 
L
E
N
G
T
H
I
 

E
R
R
C
B
 
CF
 
PR
ES
SU
RE
 
CR
OP
 
IN
 
LE
LL
 
A 

3
 «
 

0.
01
 
Zr
 
TO
TA
L 

NU
MB
ER
 
UF
 
PR
ES
SU
RE
 
IT
ER
AT
IN
G 

LO
UP
 

1 
L
I
Q
U
I
D
 
H
L
L
O
U
P
 
F
R
A
C
T
I
L
N
 •
 

G
.
1
0
5
0
 

T
E
P
P
E
K
A
I
L
R
E
 
CF

 
TH
E 

S
T
R
E
A
M
 
E
N
T
E
R
I
N
G
 
C
E
L
L
 

A 
3
"
 1
2
2
.
2
8
 
AN
D 

L
E
A
V
I
N
G
 
1
3
7
.
2
3
 (
F
l
 

T
E
P
P
E
R
A
I
L
R
E
 
I
N
C
R
I
A
S
L
D
 
IN

 
C
E
L
L
 
A 

3
 "
 
1
6
.
9
5
 
l
E
l
 

ER
RO
R 

OF
 
TE

MP
ER

AI
UR

E 
IT
EK
AI
IN
G 

IN
 
CE
LL
 

A 
3
 *
 

0
.
0
7
 Z

» 
TO
TA
L 

NU
MB
ER
 
OF
 
TE

MP
ER

AT
UR
E 

IT
ER
AT
IN
G 

LO
OP

 
r
o
 

M
A
S
S
 
T
R
A
N
S
F
E
R
R
E
D
 
B
E
T
k
E
E
N
 
P
R
A
S
E
S
 
I
N
 
C
E
L
L
 
A 

3 
"
 

1
1
2
.
5
5
7
 
I
L
B
/
H
R
I
 

T
U
H
B
L
L
E
N
T
-
I
L
R
B
C
L
c
M
 
E
L
C
G
 
P
E
C
H
A
M
S
M
 

v£
LG
CI
Tr
''
jF
'^
tH
E'
*G
As
'^
PH
AS
E 
= 

33
62
15
.1
9 

OF
 T

HE
 L

IQ
UI
D 

PH
AS
E 
"

10
91
35
.7
0 

AN
D 

CF
 T

HE
 T

hC
-P

HA
SE

 F
LO
M 
"

12
90
82
.8
3 

IF
T/

HR
I

II
,C
-^
HA
SE
 
FL
CI
C 

de
ns
it
y 
•
 

2.
C1
6 

IL
B/
CU
. 

Fl
lt
 

TG
C-
PH
AS
E 

FL
UI
D 

VI
SC
CS
IT
Y 
"
 

0
.
2
2
2
 
IC
PI
 

lU
EE
 
»A
LL
 
TE
pP
ER
aT
UR
E 
"
 

16
6.
57
 
I
f
)
 

HE
AT
 
fl
UX
 

AR
EA
 
OF
 
TH
E 

CE
LL
 
-

0
.
3
6
 (
S
Q
.
 F
T
)

LL
C 

PE
AN
 
TE
MP
ER
AI
UR
E 

DI
FF
ER
EN
CE
 
« 

10
0.
Cl
 
I
F
)
 

LO
G 

ME
AN
 
DI
AM
ET
ER
 
-

0
.
0
8
 (
F
T
I

Ir
C-

PH
AS

E 
HE

AI
 
tr
an
sf
er
 
CU
CF
FI
CI
EN
T 
"

39
61

.3
6 

Ul
 
8A

SE
0 
ON

 
TO
BE
 
IN
SI
DE
 
DI

AM
cT

ER
 "

13
06

.9
6 

IB
TU
/S
OF
T-
HR
-F
I 

C
A
L
C
L
L
A
I
t
O
 
F
E
A
T
 
F
L
U
X
 
IC

 
T
H
E
 
C
E
L
L
 "
 
1
3
0
5
0
1
.
3
5
 
1
3
l
U
/
S
C
F
1
-
H
R
 I
 

C
A
L
C
L
L
A
I
E
D
 
H
E
A
T
 
M
l
u
U
I
r
E
Q
 
IN

 
C
E
L
L
 
A 

3
 =
 
6
6
6
6
6
.
2
1
 
1
8
I
U
/
M
R
I
 

L
C
C
A
T
I
O
N
 
O
N
 
T
H
E
 
I
L
E
c
 :
 

2
1
 
5
)
 

5
1
.
7
6
 
(
P
S
I
A
I

T
E
M
P
£
R
A
I
L
"
E
 
at

 
21

 
51
 "
 
1
6
8
.
C
3
 
I
F
)
,
 
AN
O 

P
R
E
S
S
U
R
E
 
AT
 
21
 
51
 

S
i
S
I
E
M
 
AT
 
21

 
5
1
 
IS
 
A
S
i
L
l
t
O
 
T
L
 
E
E
 
IN
 
E
C
U
l
L
I
E
R
I
U
P
 

S
T
A
T
E
 

l
i
q
u
i
d
 
p
h
a
s
e
 
"

.
0
0
0
0
2

P
H
A
S
E
 "

.
1
8
1
6
8
 
I
N
 
T
H
E
 
L
I
Q
U
I
D
 
p
h
a
s
e
 "

.
0
0
0
0
2
 

M
A
S
S
 
f
r
a
c
t
i
o
n
 
c
f
 
C
C
P
P
o
N
E
M
 

I 
I
N
 
T
H
E
 
G
A
S
 

P
H
A
S
E
 
"

.
0
7
7
8
6
 
I
N
 
I
H
E
 

p
h
a
s
e
 
=
 
.
7
0
0
7
6
 
I
N
 
I
H
E
 
L
I
C
U
I
D
 
P
H
A
S
E
 "

.
6
9
1
9
9
 

M
A
S
S
 
F
R
A
C
n
C
N
 
C
f
 
C
C
P
P
J
N
t
M
 
2
 
I
N
 
T
H
E
 
G
A
S
 

M
A
S
S
 
F
R
A
u
l
l
C
N
 
C
f
 
C
C
"
.
P
.
.
N
E
N
r
 
3
 
I
N
 
T
H
E
 
G
A
S
 

P
H
A
S
E
 
"

.
0
3
9
7
3
 
I
N
 
I
H
E
 
l
i
q
u
i
d
 
p
h
a
s
e
 
"

.
5
C
7
S
8

M
A
S
S
 
F
R
A
l
I
I
C
N
 
C
f
 
C
C
P
P
C
N
E
N
T
 
6
 
I
N
 
T
H
E
 
C
A
S
 

0
.
0
2
5
2
1
 
I
N
 
T
H
E
 
L
l
t
U
l
O
 
P
H
A
S
E
 
"
 
2
.
2
6
3
0
9
 
I
L
B
/
C
U
F
T
I

O
E
N
S
I
I
Y
 
u
F
 
C
C
P
P
C
R
E
N
T
 
I 

I
N
 
T
H
E
 
G
m
S
 
P
n
A
S
E
 
=
 

G
.
2
2
1
6
9
 
I
N
 
T
H
E
 
L
I
3
U
I
J
 
P
H
A
S
E
 
"
 
3
.
9
8
8
3
5
 
I
L
3
/
C
U
F
T
1

d
e
n
s
i
t
y
 
c
f
 
C
C
H
P
L
N
L
M
 
2
 
IN
 
I
H
E
 
C
A
S
 
P
H
A
S
E
 
=
 
0
.
6
3
3
7
9
 
I
N
 
T
h
e
 
L
I
Q
U
I
D
 
P
H
A
S
E
 
"

6
0
.
2
7
9
9
3
 
I
L
B
/
C
U
E
T
I

O
E
N
S
I
I
Y
 
C
F
 
C
C
M
P
L
n
E
M
 
3
 
I
N
 
T
H
E
 
G
A
S
 
P
H
A
S
E
 "
 
C
.
0
9
7
2
9
 
I
N
 
I
H
E
 
L
I
Q
U
I
D
 
P
H
A
S
E
 
"

6
3
.
6
1
6
3
9
 
I
L
B
/
C
U
F
T
I

D
E
N
S
I
T
Y
 
C
F
 
C
C
M
P
C
N
F
M
 
6
 
I
N
 
1
H
C
 
G
A
S
 
P
H
A
S
E
 
» 

L
I
Q
U
I
D
 
P
H
A
S
E
 
"

3
6
3
8
.
9
6
1
9
 
I
d
T
U
/
F
T
-
H
-
F
)

I
H
E
R
P
A
L
 
L
U
N
C
U
C
T
I
V
l
T
Y
 
O
f
 
L
l
i
H
P
C
N
E
N
I
 

I 
I
N
 
I
H
E
 

L
I
C
U
I
C
 
P
H
A
S
E
 
"
 
6
9
2
.
2
9
9
3
 
(
3
I
U
/
F
T
-
H
-
F
1

T
H
E
r
P
A
L
 
L
U
N
U
L
Q
 I
 I
 t
 1 
I
t
 
C
f
 
C
U
P
P
C
N
L
M
 
2
 
I
N
 
I
H
E
 

L
l
u
o
l
O
 
P
H
A
S
E
 
=
 

I
.
3
6
0
2
 
l
a
r
u
/
F
T
-
M
-
F
I

T
H
E
R
P
A
L
 
C
C
N
C
U
C
I
I
.
'
I
T
t
 
C
F
 
Q.
.P
PL
..
EN
r 

3
 
I
N
 
I
F
t
 

l
i
q
u
i
d
 
p
h
a
s
e
 
=
 

I
.
6
1
2
6
 
l
8
T
U
/
F
T
-
H
-
f
|

I
H
E
R
P
A
L
 
f.

GN
GL

C 
I 
I 
V 

1 
I t

 
L
F
 
C
C
H
P
C
N
E
M
 
6
 
I
N
 
I
H
E
 

U
.
G
1
7
7
 
A
N
C
 
I
N
 
T
H
E
 
L
I
C
U
l
O
 
P
H
A
S
E
 
"

O
.
O
O
l
O
 
I
C
P
I

V
l
S
C
C
S
I
 I
f 

C
F
 
L
C
P
H
L
N
C
f
.
I
 

I 
I
N
 
I
H
E
 
G
A
S
 
P
H
A
S
E
 

C
.
G
1
9
2
 
A
N
D
 
I
N
 
T
H
E
 
l
i
q
u
i
d
 
p
h
a
s
e
 
"

0
.
0
9
3
6
 
(
C
P
I

V
i
s
C
G
S
I
T
t
 
C
r
 
Cv

-P
PL

NL
ti

l 
2
 
I
N
 
I
H
E
 
G
A
S
 
P
H
A
S
E
 



  

 

 

,
,
'
H
A
S
f
c
 
=
 

C
.
l
A
l
u
 
A
N
U
 

I 
A 

I
h
t
 
l
i
q
u
i
d
 
P
H
A
S
L
 
= 

0.
.^
uJ
i;
 

I 
C
P
 I

V
I
S
C
u
Q
I
 l
S
 

L
u
H
f
L
t
.
L
.
.
!
 

1
 
n
.
 
I
L
L
 
.j
p 

^
I
E
l
L
j
I
I
S
 
l
I
 
L
L
P
I
'
L
N
r
M
 

p
 
I
N
 
I
L
L
 
l
A
,
 I
'
H
a
S
L
 
=
 

C
.
C
5
/
i
 
a
a
d
 

If
. 

1
«
6
 
L
I
Q
C
I
Q
 
P
H
i
S
C
 
-

I
C
P
I
 

;
a
s
 

P
h
i
S
t
 
=
 

1
.
3
;
.
,
 
I
N
 
i
H
t
 
l
i
q
u
i
d
 
P
H
4
S
t
 
=
 

7
.
D
U
G
 
I
8
I
U
/I

J
-F

)
S
I
'
E
C
I
P
l
L
 
M
t
A
I
 
L
L
 
C
L
'
P
u
N
r
M
 

I 
I
N
 
I
H
t
 

G
.5

3
A

 
IH

Iu
/L

H
-F

I
•
j
A
i
 

p
t
-
a
i
£
 
=
 
:
.
2
i
i
 
I
N
 
T
H
E
 
L
I
Q
U
I
D
 
P
H
A
S
E
 
=
 

S
P
E
C
I
F
I
C
 
E
l
A
I
 
L
F
 
t
L
H
I
 I
N
L
Q
I
 
P 

I
N
 
I
F
E
 

-
-

-
0

.A
3

2
 

IB
IU

/L
P

-F
I

SP
EC
IF
IC
 
hL
aI
 
CF
 
C
C
P
P
C
M
M
 
3 

IN
 
IH
E 

QA
S 

PH
AS
E 

= 
0
.
Q
S
6
 
IN
 
TH
E 

LI
QU
ID
 

0
.A

5
7

 
I0

T
U

/L
8

-F
)

SP
EC
IF
IC
 
HE
AI
 
CF

 
CC
MH
UN
Eh
T 

a 
IN
 
IH

E 
GA

S 
PH

AS
E 

= 
U.
Q2
A 

IN
 
th

e 
li

qu
id

 
PH

AS
E 

a
V
L
A
A
G
E
 
l
E
N
a
I
T
Y
 
CF
 
qa

S 
-

C
.
A
S
i
h
S
 

L
I
Q
L
I
C
 
-

A
I
.
9
7
3
 
I
L
U
/
C
U
F
I
)
 

A
V
E
K
A
G
E
 
V
I
S
C
O
S
I
T
Y
 
LF

 
Q
A
S
 
=
 

L
.
1
1
3
2
0
 

L
I
Q
G
I
C
 
=
 

U
.
3
S
2
b
Q
 
I
C
P
I
 

A
Y
L
P
A
G
E
 
I
H
E
R
P
A
L
 
l
G
N
U
U
L
I
I
Y
I
I
Y
 
C
F
 
l
i
q
u
i
d
 
=
 

1
.
P
A
3
1
3
 
I
B
T
U
/
F
1
-
H
 
F
)
 

av
er

ag
e 

SP
EL

IF
IL

 
HE

AI
 
CF
 
GA
S 
= 

0.
86

5 
AN

D 
LF
 

LI
QU

ID
 

=■ 
O.

AA
P 

Ib
lU

/L
E

-F
I 

av
er

ag
e 

kE
YN

CL
C 

NU
MH

ck
 

of
 

CA
S 

= 
35

81
.8

3 
AN

D 
LI

Q
U

ID
 

= 
27

31
.tA

 

C
EL

L 
« 

A 
FR

LP
 

21
 

Al
 

ID
 

21
 

5)
 

..
t.

r.
c
T

. 
AV

ER
AG

E 
Dc

NS
IT

Y 
uF

 
GA

S 
= 

.A
9C

66
 

Atl
U 

LI
UU

IC
 '

 
A2

.U
B5

 O
F 

CE
LL

 
» 

A 
IL

b/
CU

FT
I

Av
6H

AG
£ 

V
IS

lC
S

IIY
 

Cf
 C

>*S
 

* 
0.

10
66

fc
 

AN
D 

Ll
C

Ll
D

 
« 

0
.3

6
lil

 
CF

 
CE

LL
 

M 
AV

ER
AG

E 
IH

ER
RA

L 
CC

ND
UC

IIV
I I

Y 
CF

 C
EL

L 
« 

A 
= 

I.A
55

20
 

,„t
u/

IR
-F

1 

AV
ER

AG
E 

ME
YN

CL
C 

NU
P8

ER
 

OF
 

CA
S 

' 
35

02
.A

l 
AN

D 
LI

Q
U

ID
 

= 
27

51
.A

9 
CF

 
^
 

G
AS

 
M

AS
S 

FR
A

LT
IC

N
 

IN
 C

E
LL

 
E 

A 
-

0.
27

3A
 

SI
NG

LE
 

LI
Q

LI
C

 
ph

as
e 

pr
es

su
re

 
DR

OP
 

« 
.0

12
76

5 
"'
S

l/
F

T
I

PR
ES

SU
RE

 O
F 

IH
E 

SIR
EA

M 
EM

Ek
S 

CE
LL

 
« 

A 
= 

5A
.2

5 
AN

D 
EX

IT
S 

' 
51

.7
A 

(P
SI

A)
;:rE

^C
F"p

Rr
S^

!R
"cR

;;p
^i^

EL
t^' 

a\
' 

{^ri
^NL

lEB
^Er

^rP
RE

SS
UR

E 
ITE

RAT
ING

 LO
OP 

-
I 

IEM
pIr

AT
LR

E^
Cf'

^TH
e's

TK
EA

M 
en

ter
ing

 c
el

l 
« 

a 
-

13
T.2

3 
AND

 L
EA

VIN
G 

lAd
.08

 (
F)

iK
rrS

^'l
EM

iE
R^

iR
flT

ER
M^

G'
lN

'cL
L'S

*" 
0.1

2 
X. 

TOT
AL 

NUM
SER

 O
F 

TEM
PER

ATU
RE 

ITE
RA

TIN
G 

LOO
P >

 
5 

HA
SS

 
IK

AN
SF

tH
kf

cO
 

E
tl^

tE
N

 
PF

4S
ES

 
IN

 
G

IL
L 

K 
^ 

* 
11

9»
25

2 
(L

B/
H

KI
T

O
n

e
L

L
£

N
I-

lL
K

b
U

L
£

M
 

FL
C

k 
kf

C
H

A
M

S
M

 
■

p
j 

VE
L!a

I"o
F'-^

HE
''GA

s'p
HA

S£
 -

386
33I

.A1
 CF

 TH
E L

IQU
ID 

PHA
SE 

= 
" 

'n^
'lS

^'T
cp

t" 
' l

^^«
6.o

9 
IFT

/HR
, 

-
.T

i:^
o\

;r^
^E

Ar
;:u

x
^ll^

-^H
-E'

t^r
^rS

TE
^r^

C^
^^^

^^I
EN

T 
.h?

'^eA
rEr

c^'^
UB

"^N
's.O

E 
oIa

Se
JeJ

'-
136

A.6
0 

18T
U, S

QF T
-HR

-F .
 

(a
J 

CA
IC

LL
AT

EO
 

FE
AT

 
FL

LX
 

TC
 

TH
E 

CE
LL

 
» 

II9
I6

T
.C

I 
10

TU
/S

Q
FT

-H
RI

CA
LL

LL
AI

EO
 

HE
AT

 
PE

QU
IR

EC
 

IN
 

CE
LL

 
» 

A 
-

A2
61

3.
1S

 
(B

IU
/H

R
) 

LU
C

AT
IO

N
 

CN
 

th
e 

tu
be

 
: 

21
 

61
 

A
B

.9
0

 
IP

S
IA

I
TE

M
FE

KA
IU

RE
 

AT
 

21
 

61
 

-
15

6.
Ao

 
IF

I,
 

AN
D 

PR
tS

SU
Rc

 
AT

 
21

 
61

 
sy

st
em

 
AI

 
21

 
6)

 
IS

 A
SS

LM
EC

 
TC

 
EE

 
IN

 
EC

UI
LI

ER
IU

M
 

ST
AT

E
PH

 A
SE

 
' 

.l
iT

A
3

 
IN

 
TH

E 
LI

Q
U

ID
 

PH
AS

E 
= 

.0
0

0
0

1
H

AS
S 

FR
AC

TI
O

N
 

CF
 

LC
M

PC
NE

NF
 

I 
IN

 
TH

E 
CA

S 
P

ha
se

 
' 

.C
67

A
6 

IN
 

TH
E 

LI
Q

U
ID

 
PH

AS
E 

" 
.0

3
0

0
1

M
AS

S 
FR

AC
IIG

N
 

CF
 

C
IH

PU
N

EM
 

2 
IN

 
Im

E 
GA

S 
PH

AS
E 

« 
.7

2
6

5
7

 
IN

 
IH

E 
LI

Q
U

ID
 

PH
AS

E 
= 

.A
6A

0d
M

AS
S 

FR
al

TI
C

N
 

CF
 

C
LP

P
G

N
tM

 
3 

IN
 

TH
E 

GA
S 

PH
AS

E 
= 

.O
A

d5
5 

IN
 

Im
E 

LI
C

U
IC

 
PH

AS
E 

= 
.5

3
5

6
9

M
AS

S 
FR

A
C

riL
N

 
CF

 
C

C
FP

LN
EM

 
A 

IN
 

TH
E 

CA
S 

0.
02

36
9 

IN
 

TH
E 

LI
C

U
ID

 
PH

AS
E 

-
2.

11
19

A
 

IC
a/

C
U

FT
l

D
EN

SI
TY

 
LF

 
CC

M
PC

NE
M

 
1 

IN
 

TE
E 

CA
S 

PH
AS

E 
= 

0.
20

39
1 

IN
 

TF
E 

LI
Q

U
ID

 
PH

AS
E 

» 
a.

A
5T

86
 

(L
B

/C
U

FT
)

O
LN

S
tlY

 
CF

 
C

uM
PC

N
cM

 
2 

IN
 

'H
E 

GA
S 

PH
AS

E 
« 

0.
6C

3I
3 

IN
 

TH
E 

LI
Q

U
ID

 
PF

iA
SE

 
» 

A
0.

Q
30

32
 

IL
E

/C
U

FT
I

U
tN

S
IlY

 
CF

 
CG

M
O

LN
EM

 
3 

IN
 

IH
E 

CA
S 

PH
AS

E 
=■ 

C
.6

C
3A

3 
IN

 
TH

E 
LI

«J
ID

 
PH

AS
E 

» 
A

3.
3a

A
5T

 
IL

B
/C

U
FT

I
D

EN
SI

TY
 

CF
 

CD
M

PL
NE

NT
 

A 
IN

 
TH

E 
GA

S 
PH

AS
E 

= 
li
q

u
id

 
PH

AS
E 

= 
3A

T
2.

2C
63

 
Id

T
U

/F
T

-h
-F

)
TH

ER
M

AL
 

LO
N

C
lC

TI
V

IIY
 

CF
 

CO
M

PC
NE

M
 

I 
IN

 
IH

E 
LI

Q
U

ID
 

PH
AS

E 
R 

A
97

.6
82

1 
(B

T
U

/F
T

-H
-F

I
TH

ER
M

AL
 

LC
N

C
lC

T
Iv

IIY
 

uF
 

CC
M

PC
NE

M
 

2 
IN

 
TH

E 
li
q

u
id

 
ph

as
e 

= 
I.

3
3

A
I 

Ib
T

U
/F

T
-h

-F
I

th
e

rm
a

l 
C

O
N

G
U

C
TI

VI
IY

 
CF

 
C

lm
P

C
N

lM
 

3 
IN

 
TF

E 
L

l.
U

IC
 

PH
AS

E 
^ 

I.A
O

dO
 

IB
T

U
/F

I-
H

-F
I

th
er

m
al

 
LC

N
C

LC
TI

V
IIY

 
LF

 
C

lm
pC

N
EM

 
A 

IN
 

IH
E 

= 
C

..1
B

5 
AN

D 
IN

 
TH

E 
LI

uU
ID

 
PH

AS
E 

= 
O

.Q
O

IJ
 

IC
P

I
V

IS
C

C
S

IIY
 

CF
 

C
C

m
pl

nL
M

 
1 

l.v
 

IF
F 

GA
S 

PH
AS

E 
= 

C
.U

19
A

 
AN

D 
IN

 
IH

E 
LI

Q
U

ID
 

PH
AS

E 
= 

0.
10

22
 

IC
P

I
V

IS
lC

S
I 

IY
 

CF
 

CL
PP

LN
tQ

T 
2 

IN
 

TH
E 

GA
S 

PH
AS

E 
-

V
IS

C
C

S
IIY

 
CF

 
uL

M
PC

N
l'-

T 
3 

IN
 

IF
£ 

CA
S 

PH
AS

E 
» 

C
.1

6C
2 

AN
D 

IN
 

IH
E 

liq
u

id
 

PH
AS

E 
= 

C
.2

5C
5 

IC
PI

 
V

lS
C

C
S

llY
 

LF
 

LU
M

PL
NC

f.I
 

A 
IN

 
IH

C 
GA

S 
PH

AS
E 

= 
Q

.D
53

0 
AN

D 
IN

 
IH

E 
LI

Q
U

ID
 

PH
AS

E 
= 

G
.A

1S
5 

IC
P

I 



 

  

S
p
C
 L
 1

 
I
t
 

t
 A
 I
 
C
F
 
L
C
H
p
.
^
N
h
 r
. 
r 

I
 

I 
N
 

u
A
S
 

P
H
A
S
E
 
-

3
.
5
r
c
 

I
f
s

T
H
E

L
i
Q
U
I
D

f
>
H
A
5
E
 
-

7
.
J
u
O
(
H
T
U
/
L
O
-
D
 

S
P
L
C
l
f
 
I
L
 
N
L
A

?
 
L
f
 
C
L
F
P
C
N
L
 h
r
 
2
 

I 
N
 

I 
H
L
 

."
.*
1 

:>
 

p
h
a
s
e
 

=
 

C
.
2
5
2
 

I 
N
 
T
H
E
 

L 
I
C
U
I
G
 
P
H
A
S
E
 
=
 

G
.
5
-
^
2
 

I 
d
T
U
/
L
i
-
f
1
 

1
i
P
t
C
 I
f 
I
t
 
H
E
A
T
 
L
f
 
C
l
M
P
U
F
l
N
I
 

i 
N
 
T
h
e
 
o
4
o
 

P
H
u
S
t
 

0
.
2
^
7
 

1 
N
 
T
H
E

=
 

L
I
Q
U
I
J
 
p
h
a
s
e
 
=
 

C
.
4
3
7
 
(
M
T
U
/
L
R
-
F
)
 

S
P
E
C

I
f
 
I 
L
 
M
E
A
T
 
L
F
 
C
C
M
P
l
N
C
M
 
4
 

1 
N
 
T
H
E
 
G
A
S
 

m
h
a
S
F
 
=
 

J
.
2
2
5
!
N
 
T
H
L
 
L
1
Q
U
I
D
 
p
h
a
s
e
 
=
 
0
.
A
6
2
 
l
e
T
U
/
L
b
-
F
)
 

A
V
t
i
<
A
G
t
 
C
t
K
j
I
T
u
 
C
f
 
C
A
S
 
-

L
U
U
I
L
 
=
 
<
.
l
.
d
2
7
 
t
L
U
/
C
J
P
r
i
 

A
t
»
e
K
f
l
G
C
 
V
I
S
C
L
S
I
I
t
 
C
F
 

L
I
C
U
I
C
 
*
 
0
.
3
^
1
1
0
 
(
C
P
)
 

A
v
F
P
A
G
b
 
I
H
E
k
^
'
m
L
 
C
C
N
t
u
L
l
l
V
I
I
Y
 
C
F
 
L
U
u
I
G
 

« 
(
3
T
U
/
F
T
-
h
-
F
)
 

A
v
C
M
A
b
E
 
S
P
t
L
i
r
i
L
 
H
t
A
T
 
C
F
 
o
A
5
 
=
 

A
N
D
 
C
F
 

L
I
Q
U
I
D
 
=
 

d
,
<
i
5
0
 
I
H
I
U
/
L
B
-
F
)
 

A
V
E
P
A
G
t
 
t
<
G
Y
N
L
L
U
 
F
U
F
t
E
A
 
C
F
 
G
A
S
 
=
 

J
7
9
2
.
a
^
 
A
N
D
 

L
I
C
U
I
O
 
*
 

2
o
3
9
«
6
5
 

C
t
L
L
 

I)
 

b
 

F
R
C
P
 
H
 
5
)
 

T
C
 
7
1
 
6
1
 

A
V
E
R
A
G
E
 
L
E
K
S
M
Y
 
C
F
 
G
A
S
 
« 

•
*
*
9
0
1
6
 
A
N
D
 
L
l
G
U
l
D
 
»
 

A
I
.
9
0
0
 
C
F
 
C
E
L
L
 
» 

5
 
(
L
B
/
C
U
F
I
)
 

A
V
E
R
A
G
E
 
V
l
S
C
C
S
I
T
Y
 
C
F
 
G
A
S
 
»
 

C
-
l
l
d
J
l
 
A
N
C
 
L
l
C
U
l
O
 
»
 

0
.
3
^
6
8
2
 
C
F
 
C
E
L
L
 
M 

5
 
(
C
P
)
 

A
V
t
H
A
G
E
 
T
H
E
M
P
a
L
 
t
C
N
U
U
C
U
V
l
l
Y
 
C
F
 
C
E
L
L
 
» 

5
 
*
 
i
.
^
3
<
i
9
9
 
(
b

TL
i/
F 
T
-
H
-
F
)
 

A
V
E
R
A
G
E
 
S
P
E
C
I
F
I
C
 
H
E
A
T
 
C
F
 
G
A
S
 
«
 

G
.
8
2
7
 
A
N
D
 

L
I
C
U
l
O
 
« 

C
.
«
»
4
7
 
U
F
 
C
E
L
L
 
#
 

5
 (
B
T
U
/
L
B
-
F
)
 

A
V
E
H
A
u
t
 
C
A
S
 
F
a
S
S
 
FL
Li
» 

P
A
I
E
 
=
 

^
2
9
.
7
3
 

A
N
C
 
L
I
Q
U
I
D
 

M
A
S
S
 
F
L
U
W
 
R
A
T
E
 
« 

1 
7
7
0
-
2
2
 
O
F
 
C
E
L
L
 
0
 

5
 
(
L
B
/
H
R
)
 

A
V
E
R
A
G
E
 
k
E
Y
N
C
L
D
 
N
U
M
E
E
K
 
C
F
 
G
A
S
 
» 

3
6
8
6
.
9
^
 
A
K
O
 
L
I
C
U
l
O
 

«
 

2
6
8
5
.
o
A
 
C
F
 
C
E
L
L
 
« 

5
 

G
A
S
 
M
A
S
S
 
f
r
a
c
t
i
o
n
 
I
N
 
C
E
L
L
 
•
 
3
 
»
 

C
.
2
1
9
I
 

S
I
N
G
L
E
 
L
i
u
L
l
C
 
P
H
A
S
E
 
P
R
E
S
S
U
R
E
 
D
R
C
P
 
»
 
.
U
1
1
3
1
1
 
(
P
S
I
/
F
T
)
 

P
k
f
c
S
S
U
f
t
t
 
O
F
 
T
H
E
 
s
t
r
e
a
m
 
E
N
I
E
k
S
 
C
E
L
L
 
0
 

5
 *
 

5
1
.
7
A
 
A
N
D
 
E
X
I
T
S
 
«
 

A
8
.
9
C
 
I
P
S
I
A
)
 

T
N
f
-
P
H
A
S
E
 
P
R
E
S
S
U
R
E
 
D
h
C
P
 
I
N
 
C
E
L
L
 
i
 
5
 
»
 
2
.
d
A
1
9
A
7
 
(
P
S
I
/
C
E
L
L
 
L
E
N
G
T
H
)
 

E
R
R
C
R
 
o
f
 
P
R
E
S
S
G
R
t
 
D
K
G
P
 
IN
 
C
E
L
L
 
#
 
5
 
« 

C
.
G
l
 
X
,
 T
O
T
A
L
 
N
U
M
B
E
R
 
OF

 
P
R
E
S
S
U
R
E
 
I
T
E
R
A
T
I
N
G
 
L
O
O
P
 =
 

I 
L
i
C
G
I
D
 
h
L
L
C
C
F
 
F
R
A
C
T
I
O
N
 
«
 

O
.
C
d
2
3
 

T
E
M
H
E
K
A
I
U
R
E
 
C
F
 
T
H
E
 
S
T
R
E
A
M
 
E
N
T
E
R
I
N
G
 
C
E
L
L
 
0
 
5
 *
 
1
4
8
.
0
8
 
A
N
D
 
L
E
A
V
I
N
G
 
I
5
c
.
4
6
 (
F
l
 

T
t
M
P
E
K
A
T
C
R
t
 
I
N
C
R
t
A
S
E
O
 
I
N
 
C
E
L
L
 

» 
5
 
»
 

8
.
3
8
 (
F
)
 

E
R
R
O
R
 
O
F
 
T
E
M
P
t
M
A
T
U
K
E
 
I
T
E
R
A
T
I
N
G
 
IN

 
C
E
L
L
 •
 
5
 *
 

0
.
2
1
 
Z
,
 
T
U
T
A
L
 
N
U
M
B
E
R
 
O
F
 
T
E
H
P
E
R
A
T
U
r
E
 
I
T
E
R
A
T
I
N
G
 
L
O
O
P
 
« 

5
 

M
A
S
S
 
I
R
A
N
S
F
t
R
k
E
C
 
C
E
T
R
E
E
N
 
R
F
A
S
E
S
 
I
N
 
C
E
L
L
 
9
 
5
 
«
 

1
1
0
.
7
5
4
 
(
L
B
/
H
R
)
 

f
o
R
e
u
L
E
N
T
-
l
U
K
O
U
L
L
K
T
 
F
L
C
k
 
M
E
C
H
A
N
I
S
M
 

S
E
P
E
R
A
T
k
L
 
F
L
C
R
 
M
C
C
E
L
 

V
E
L
O
C
I
T
Y
 
OF

 
Th
E 
G
a
5
 P
H
A
S
E
 
» 
4
4
6
3
0
3
.
U
2
 C

F 
TH
E 

L
I
Q
U
I
D
 

P
H
A
S
E
 
« 

1
2
4
2
9
5
.
0
1
 
AN
D 

OF
 
TH
E 

T
h
O
-
P
H
A
S
E
 
F
L
O
W
 
« 

1
6
1
4
7
7
.
6
5
 
I
F
T
/
H
R
)
 

-
O
 

T
w
C
-
P
H
A
S
E
 
F
L
U
l
O
 
D
E
N
S
I
T
Y
 
*
 

1
.
5
C
0
 
(
L
B
/
C
U
.
 
F
T
)
,
 

T
t
a
C
-
P
H
A
S
E
 
F
L
U
I
D
 
V
I
S
C
O
S
I
T
Y
 
*
 

C
.
2
1
5
 
(
C
P
)
 

T
U
B
E
 
K
d
i
L
 
T
f
c
M
P
E
R
A
T
C
R
E
 
» 

1
7
t
.
i
2
 
I
F
)
 

H
E
A
T
 
F
L
U
X
 

A
R
E
A
 
O
F
 
T
H
E
 
C
E
L
L
 •
 

0
.
3
6
 
(
S
Q
.
 
F
T
)
 

L
U
G
 
M
E
A
N
 
I
6
M
P
t
R
#
.
l
U
R
E
 
O
I
F
F
R
P
E
N
C
E
 
» 

7
7
.
8
3
 
I
F
)
 

L
O
G
 

M
E
A
N
 
C
I
A
M
E
T
E
R
 
»
 

0
.
0
8
 (
F
T
)
 

T
n
C
-
P
h
A
S
t
 
HE
AT
 
T
R
A
N
S
F
E
R
 
C
u
t
f
F
I
C
l
E
N
T
 
« 

5
1
2
9
.
h
o
 

Ul
 

tt
A
S
C
D
 
O
N
 
T
U
B
E
 
I
N
S
I
D
E
 
D
I
A
M
E
T
E
R
 
» 
1
4
1
0
.
7
7
 
I
f
a
T
U
/
S
u
F
T
-
H
R
-
F
)
 

C
A
L
C
C
L
A
I
E
D
 
H
E
A
T
 
F
L
I
X
 
I
C
 
T
H
E
 
C
E
L
L
 
»
 

1
0
9
7
9
6
.
6
3
 
I
B
T
U
/
S
G
F
T
-
H
R
)
 

C
A
L
C
U
L
A
T
E
D
 
F
E
m
T
 
R
E
C
U
I
K
E
U
 
I
N
 
C
E
L
L
 
0
 
5
 
«
 

3
9
2
6
2
.
4
4
 
I
D
T
U
/
H
R
I
 

L
C
C
A
T
I
C
N
 
O
N
 
T
H
E
 
T
U
E
E
 
:
 

Z
(
 
7
)
 

T
t
M
P
E
R
A
I
U
R
E
 
A
T
 
2
(
 
7
)
 
«
 

1
6
3
.
3
4
 
(
F
)
,
 
A
N
D
 

P
R
E
S
S
U
R
E
 
A
T
 
2
1
 
7
)
 

4
5
.
7
3
 
(
P
S
I
A
)
 

S
Y
S
T
E
M
 
A
T
 
2
1
 
7
)
 
I
S
 
A
S
S
C
M
t
D
 
I
C
 
B
E
 
I
N
 
E
»
<
L
I
L
I
B
R
I
L
M
 

S
T
A
T
E
 

M
A
S
S
 
F
R
A
C
T
I
L
N
 
C
F
 
C
L
M
P
J
N
6
M
 

1 
I
N
 
T
H
E
 
G
A
S
 

P
H
A
S
E
 
=
 
.
1
3
9
5
0
 
I 
N
 
T
H
E
 
L
I
C
U
l
O
 
P
H
A
S
E
 

.
C
O
J
O
l
 

M
A
S
S
 
F
R
A
C
T
I
C
N
 
C
F
 
C
C
/
'
P
J
N
t
N
T
 
2
 
I
N
 
T
H
E
 
G
A
S
 

P
h
a
s
e
 
«
 
.
0
5
9
7
a
 
i
n
 
t
h
e
 
l
i
c
u
i
c
 
p
h
a
s
e
 

.
C
J
G
G
l
 

H
A
j
S
 
T
R
A
l
T
I
C
N
 
C
F
 
C
C
M
P
C
N
E
N
T
 
3
 
I
N
 
T
H
E
 
G
A
S
 

P
H
A
S
E
 
=
 
.
7
4
2
4
5
 
I
N
 
T
H
E
 
L
I
C
U
I
D
 
P
H
A
S
E
 

.
4
3
5
3
1
 

M
A
S
S
 
F
R
a
c
T
I
C
N
 
C
F
 
C
L
M
P
C
N
E
N
T
 
4
 
I
N
 
i
H
t
 
G
A
S
 

P
H
A
S
E
 
=
 
.
0
5
3
2
7
 
I
N
 
T
H
E
 
L
I
C
U
l
O
 
P
H
A
S
E
 

.
5
6
4
6
7
 

d
e
n
s
i
t
y
 
c
F
 
L
C
M
P
o
N
t
N
T
 

I 
I
N
 
T
H
E
 
C
A
S
 
P
H
A
S
E
 
«
 

O
.
G
2
I
0
I
 
I
N
 
T
H
E
 
L
I
G
L
I
U
 
p
h
a
s
e
 
«
 

2
.
0
3
3
9
3
 
(
L
d
/
C
U
F
T
)
 

O
E
N
S
I
I
Y
 
C
F
 
C
C
M
P
L
N
E
M
 
2
 
I
N
 
T
H
E
 
C
A
S
 
P
H
A
S
E
 
«
 

0
.
1
8
4
3
7
 
I
N
 
T
H
E
 
L
I
Q
U
I
D
 
P
H
A
S
E
 
*
 

0
.
1
2
7
2
7
 
I
L
o
/
C
U
F
T
)
 

U
c
N
S
I
T
Y
 
C
F
 
C
U
M
P
L
f
i
E
N
T
 
3
 
I
N
 
T
H
E
 
G
A
S
 
P
H
A
S
E
 
=
 
0
.
5
7
1
2
5
 
I
N
 
T
H
E
 
L
I
C
U
l
O
 
P
H
N
S
E
 
*
 
3
5
.
d
2
5
j
(
j
 (
L
B
/
C
U
F
T
I
 

D
E
N
S
I
T
Y
 
L
F
 
C
G
M
P
C
N
t
N
T
 
4
 
I
N
 
T
H
E
 
C
A
S
 
P
H
A
S
E
 
*
 

0
.
b
2
0
2
t
<
 
I
N
 
I
H
E
 
L
I
C
U
l
O
 
P
H
A
S
E
 
=
 
5
3
.
1
v
A
B
l
 
I
L
B
/
C
U
E
T
l
 

T
H
E
R
M
A
L
 
C
U
N
C
u
C
T
I
V
l
l
Y
 
C
F
 
c
O
M
P
L
N
E
N
T
 

I
 
I
N
 
T
H
E
 

L
l
C
U
l
U
 
P
H
A
S
E
 
-

3
A
9
9
.
f
c
6
1
'
l
 
I
8
I
U
/
F
T
-
H
-
E
I
 

T
H
t
H
M
A
L
 
C
U
N
C
O
C
I
I
V
I
T
Y
 
C
F
 
C
U
K
P
C
N
E
M
 
2
 
I
N
 
T
H
E
 

L
I
Q
U
I
D
 
p
h
a
s
e
 
=
 

5
0
2
.
1
2
7
5
 
I
d
T
U
/
F
T
-
H
-
F
l
 

t
h
e
r
m
a
l
 
C
U
N
D
C
C
I
I
V
M
Y
 
C
F
 
C
G
M
P
C
N
E
N
T
 
3
 
I
N
 
t
h
e
 

L
i
U
U
l
C
 
p
h
a
s
e
 
«
 

1
.
3
2
9
0
 
1
B
T
U
/
F
l
-
H
-
F
I
 

T
H
E
R
M
A
L
 
C
U
N
C
U
C
T
I
v
l
I
Y
 
O
F
 
C
U
M
P
C
N
t
N
T
 
4
 
I
N
 
T
H
E
 

L
I
Q
U
I
D
 
P
H
A
S
E
 
=
 

1
.
5
0
5
3
 
(
B
I
U
/
F
I
-
H
-
f
)
 

V
I
S
C
L
S
i
 l
Y
 
C
F
 
C
C
M
P
C
r
i
F
N
T
 

I
 

I
f
.
 
T
H
F
 
S
A
S
 
P
H
A
S
E
 

J
.
0
1
9
2
 
A
N
O
 
I
N
 
I
M
F
 
L
I
C
U
l
O
 
P
H
A
S
E
 
=
 
0
.
0
0
1
0
 
(
C
P
I
 

V
I
S
C
L
S
I
 i
t
 
C
F
 
C
L
M
P
I
.
N
F
N
1
 

T
F
t

2
 
I
N
 

3
A
S
 
p
h
a
s
e
 

0
.
U
1
9
6
 
A
N
C
 
I
N
 
T
H
E
 
L
I
C
U
l
O
 
P
H
A
S
E
 
=
 
0
.
1
0
9
3
 
I
C
P
I
 

V
I
S
C
l
S
I
 I
>
 
L
H
 
C
C
M
P
L
N
t
«
T
 

3
 
I
N
 
T
H
c
 
j
A
S
 
p
h
a
s
e
 

C
.
1
0
7
1
 
A
N
O
 
I
N
 
T
h
E
 
L
I
C
U
I
C
 
P
H
A
S
E
 
=
 
0
.
2
5
2
7
 
(
C
P
I
 

V
l
S
C
L
^
I
l
Y
 
C
F
 
c
O
M
P
C
N
w
N
T
 

4
 
I
N
 
T
H
C
 
G
a
s
 
p
h
a
s
e
 
-

O
.
C
5
d
6
 
A
N
C
 
I
N
 
T
h
e
 
L
I
C
U
I
J
 
P
H
A
S
E
 
=
 
J
.
5
3
2
6
 
I
L
P
I
 

S
P
C
C
I
F
I
C
 
H
t
A
l
 
C
F
 
C
L
m
p
l
N
T
N
T
 
1
 
I
N
 
I
h
t
 
G
A
S
 

P
H
A
S
E
 
=
 

T
.
3
1
.
0
 
i
n
 
T
H
E
 
L
l
t
J
l
C
 
P
H
A
S
E
 
=
 

7
.
0
0
0
 
I
B
T
U
/
L
L
'
-
E
I
 

j
P
f
c
C
l
M
l
u
 
H
E
A
)
 
C
F
 
C
C
'
^
P
U
N
l
N
T
 
2
 
I
N
 
T
h
e
 
G
A
S
 

p
h
a
s
e
 
=
 

U
.
2
5
2
 
I
N
 
T
H
E
 
L
I
C
U
l
O
 
P
H
A
S
E
 
=
 
0
.
5
h
5
 
I
B
T
U
/
L
B
-
F
I
 



 

l
U
T
J
/
L
2
-
r
)
 

S
r
^
l
C
U
l
L
 
h
t
.
»
»
 

L
J
 

C
r
.
M
-
'
L
N
t
:
i»
l 

*.
 
J
N
 
T
h
t
 

P
h
^
S
c
 
=
 

^
.
2
2
b
 
I
N
 
f
H
t
 
L
U
U
l
O
 
P
H
A
S
E
 
-

C
.
-
«
6
S
 
l
6
T
u
/
C
c
—
F
)
 

A
V
t
H
A
l
^
E
 
i
j
'
r
N
b
l
T
Y
 
L
f
 

.,
Ai
» 

=
 

L
.
^
7
^
/
/
 

L
 I

 (
.
L
 I
 C
 
=
 
^
1
.
7
2
^
 
(
L
.
i
/
C
'
J
f
T
)
 

A
V
t
K
A
G
E
 
v
I
S
L
L
S
I
T
t
 
C
f
 
G
A
j
 
=
 

L
l
'
^
U
l
L
J
 
=
 

C
.
i
3
2
'
J
7
 
l
u
P
I
 

A
V
L
P
A
C
E
 
i
H
t
K
^
A
L
 
l
L
N
J
L
L
I
I
v
I
I
Y
 
C
f
 
L
 I
 C
L
 I

 C
 
=
 

I 
t)
 T
 U
/
F
 T
-
h
-
F
 J

 

A
V
f
c
W
A
G
E
 
S
P
E
C
I
F
I
C
 
m
F
A
T
 
C
F
 
G
A
S
 
=
 
0
.
7
1
3
 
A
N
O
 
C
F
 

L
l
C
u
l
D
 
=
 

U
.
H
5
5
 
(
t
J
T
U
/
L
B
-
F
)
 

A
V
t
»
<
A
C
E
 
f
<
E
Y
N
u
L
C
 
N
U
^
-
d
E
K
 
C
F
 
G
A
S
 
=
 

«
»
O
l
7
.
S
7
 
A
N
U
 

L
I
C
U
I
O
 
=
 

2
5
2
3
-
c
^
 

S
»
'
L
C
I
i
 
l
C
 
H
c
^
T
 
L
T
 
C
o
1
^
'
J
^
L
M
 

i 
I
N
 
l
U
t
 
'
-
^
A
j
 

P
M
-
b
L
 
=
 

C
.
.
'
.
1
2
 
I
N
 
T
H
L
 
L
K
u
l
J
 
P
M
A
S
F
 
=
 

C
t
L
L
 

A 
6
 

F
F
^
u
^
 
H
 
t
)
 

T
C
 
I
I
 
7
1
 

.
i
V
F
R
A
G
E
 
J
E
n
S
I
T
Y
 
u
F
 
G
A
S
 
=
 
.
^
d
l
3
^
 
A
N
J
 
L
I
C
U
l
O
 
=
 

^
1.

7
7
7
 
O
F
 
C
E
L
L
 

A 
6
 
(
L
U
/
C
U
F
T
I
 

A
V
E
R
A
G
E
 
V
I
S
L
C
S
I
T
I
 
C
F
 
C
A
S
 
=
 

C
.
l
^
7
^
3
 
A
N
C
 
L
I
C
U
I
D
 
=
 

C
.
3
3
7
0
3
 
O
F
 
C
E
L
L
 
A
 
6
 
(
C
P
)
 

A
V
c
R
A
G
E
 
i
H
f
c
R
P
A
L
 
C
C
N
C
C
L
1
1
 »

/1
 I
Y
 
C
F
 
C
l
L
L
 
»
 
6
 
-

1
.
^
2
1
1
5
 
(
B
T
U
/
F
I
-
H
-
F
)
 

A
V
t
H
A
G
E
 
i
P
E
C
I
F
I
C
 
h
E
a
I
 
C
F
 
G
A
S
 
s
 

o
.
/
t
l
 
A
N
D
 

L
I
C
C
I
O
 
=
 

0
*
<
i
5
2
 
C
F
 
C
E
L
L
 

A 
6
 
(
B
T
U
/
L
B
-
F
)
 

A
w
t
R
A
G
E
 
C
a
S
 
p
a
s
s
 
F
L
C
i
»
 
R
m
T
E
 
=
 

V
<
,
b
.
2
7
 

A
N
O
 
L
U
U
I
D
 

M
A
S
S
 
F
L
O
m
 
H
A
T
E
 
»
 

1
6
5
3
.
7
1
 
O
F
 
C
C
L
L
 

A 
6
 
(
L
B
/
H
R
)
 

A
V
E
R
A
G
E
 
K
E
Y
N
C
L
C
 
N
U
P
i
3
E
R
 
C
F
 
C
A
S
 
»
 

3
S
C
5
.
C
C
 
A
K
C
 
L
I
Q
L
I
O
 
*
 

2
5
8
1
.
7
4
 
C
F
 
C
E
L
L
 

A 
6
 

G
A
S
 
M
A
S
S
 
F
R
a
C
T
I
C
N
 
I
N
 
C
E
L
L
 
•
 
6
 
>
 

C
.
3
6
4
0
 

S
I
N
G
L
E
 
L
I
J
U
I
C
 
P
F
A
S
C
 
P
K
E
S
S
G
H
E
 
U
H
O
P
 
«
 
.
C
0
9
S
7
9
 
(
P
S
I
/
F
T
)
 

P
H
E
S
S
C
K
E
 
O
F
 
I
M
E
 
j
I
H
E
A
M
 
E
N
T
E
R
S
 
C
E
L
L
 

« 
6
 
=
 
4
8
.
9
0
 
4
N
0
 
E
X
I
T
S
 
*
 
4
5
.
7
3
 
I
P
S
I
A
)
 

T
u
C
-
P
H
A
S
C
 
p
r
e
s
s
u
r
e
 
U
F
U
P
 
I
N
 
C
c
L
L
 

A
 

t
 
=
 
3
.
l
6
o
4
1
)
 (
P
S
I
/
C
E
L
L
 
L
t
N
G
l
H
J
 

E
K
R
C
R
 
O
F
 
P
H
G
S
S
U
R
E
 
C
K
C
P
 
I
N
 
C
E
L
L
 
9
 

b
 
=
 

O
.
C
l
 

t 
T
O
T
A
L
 
N
U
M
B
E
R
 
O
F
 
P
R
E
S
S
U
R
E
 
I
T
E
R
A
T
I
N
G
 
L
C
O
P
 
«
 

1
 

L
I
C
C
I
U
 
F
C
L
C
L
P
 
F
R
a
C
T
I
L
N
 
=
 

C
.
C
7
3
i
 

T
f
c
P
P
E
K
A
T
u
H
E
 
C
F
 
T
h
E
 
S
T
R
E
A
M
 
E
N
T
E
R
I
N
G
 
C
E
L
L
 

A 
6
 
=
 
1
5
6
.
4
6
 
A
N
O
 
L
E
A
V
I
N
G
 
1
6
3
.
3
4
 
(
P
I
 

T
t
M
P
E
R
A
T
L
R
c
 
i
n
c
r
e
a
s
e
d
 
I
N
 
C
E
L
L
 

A 
6
 
»
 

b
.
d
S
 
(
F
)
 

t
R
R
U
R
 
O
f
 
t
e
m
p
e
r
a
t
u
r
e
 
I
T
E
R
A
T
I
N
G
 
I
N
 
C
E
L
L
 

A 
6
 
»
 

0
.
2
5
 
S
,
 
T
O
T
A
L
 
N
U
M
B
E
R
 
O
F
 
T
E
M
P
E
R
A
T
U
R
E
 
I
T
E
R
A
T
I
N
G
 
L
O
O
P
 
»
 

5
 

M
A
S
S
 
I
R
A
N
S
F
E
R
R
E
C
 
d
E
I
.
»
t
t
N
 
P
F
A
S
E
S
 
I
N
 
C
E
L
L
 
A
 

o
 
«
 

1
1
4
.
2
7
0
 
(
L
B
/
H
R
)
 

T
U
R
e
u
L
c
M
-
T
L
R
d
C
L
E
M
 
F
L
G
R
 
M
E
L
t
-
A
M
S
H
 

S
f
c
P
t
R
A
T
E
C
 
F
L
C
-

P
C
D
E
L
 

V
E
L
C
C
I
T
Y
 
O
F
 
i
M
E
 
G
A
S
 
P
H
A
S
E
 
»
 
5
1
3
8
6
9
.
«
.
!
 
C
F
 
T
H
E
 
L
l
C
U
l
C
 

P
H
A
S
E
 
»
 
1
3
0
8
7
2
.
6
8
 
A
N
O
 
O
F
 
T
H
E
 
T
m
O
-
P
M
A
S
E
 
F
L
O
W
 
»
 
1
7
9
5
8
9
.
0
8
 
(
F
T
/
H
K
)
 

T
«
0
-
P
h
A
S
£
 
F
l
u
i
d
 
d
e
n
s
i
t
y
 
»
 

1
.
2
9
6
 
(
L
a
/
C
U
.
 
F
T
)
,
 

T
u
C
-
P
H
A
S
E
 
f
l
u
i
d
 
v
i
s
c
o
s
i
t
y
 
»
 

0
.
2
1
1
 
(
C
P
)
 

T
U
B
E
 
»
t
A
L
L
 
T
C
M
P
E
R
A
l
L
k
f
c
 
»
 

l
d
C
.
1
7
 
(
f
)
 

H
E
A
T
 
F
L
U
X
 

A
R
E
A
 
C
F
 
T
H
E
 
C
E
L
L
 
»
 

0
.
3
6
 
(
S
O
.
 
F
T
)
 

L
U
G
 
M
E
A
N
 
T
E
M
P
E
R
A
T
U
R
E
 
G
I
F
F
C
k
E
N
C
E
 
=
 

7
0
.
2
6
 
(
F
)
 

L
O
G
 

M
E
A
N
 
C
l
A
H
E
T
E
R
 
»
 

0
.
0
8
 
(
F
T
)
 

U
i
 

T
»
i
L
-
P
h
A
S
E
 
H
E
A
T
 
T
R
A
N
S
F
E
R
 
C
C
E
F
F
I
C
I
E
N
T
 
*
 
5
6
4
8
.
9
0
 

U
l
 
B
A
S
E
D
 
C
N
 
l
U
f
i
t
 
I
N
S
I
D
E
 
D
I
A
M
E
T
E
R
 
»
 
1
4
4
7
.
3
8
 
(
D

T 
U
/
S
O
F
T
-
H
R
-
F
I
 

C
A
L
C
o
L
A
I
E
D
 
F
t
A
l
 
F
L
L
X
 
I
C
 
T
H
E
 
C
E
L
L
 
-

I
C
1
6
9
1
.
2
^
 
(
E
T
U
/
S
C
f
T
-
H
k

I
 

C
A
L
C
U
L
A
I
E
U
 
F
E
A
I
 
R
E
t
G
l
R
E
U
 
I
N
 
c
E
L
L
 
A
 
6
 
»
 

3
6
3
6
3
.
9
7
 
(
O
l
U
/
H
R
J
 

L
O
C
A
T
I
O
N
 
O
N
 
T
H
E
 
T
u
8
E
 
:
 

2
(
 
E
)
 

T
E
M
P
E
R
A
T
U
R
E
 
A
T
 
2
(
 
b
)
 
-

1
6
9
.
2
9
 
(
F
J
»
 
A
N
O
 

P
R
E
S
S
U
R
E
 
A
T
 
Z
(
 
8
)
 

4
2
.
2
4
 
I
P
S
I
A
)
 

S
Y
S
T
E
M
 
A
T
 
Z
(
 
8
)
 
I
S
 
A
S
S
U
M
E
D
 
T
C
 
E
E
 
I
N
 
E
G
U
I
L
I
O
R
U
P
 

S
T
A
T
E
 

M
A
S
S
 
F
R
A
C
T
I
C
N
 
C
F
 
C
G
M
P
U
N
t
N
T
 
1
 
I
N
 
T
H
E
 
G
A
S
 

P
H
A
S
E
 
»
 
.
1
2
6
0
1
 
I
N
 
T
h
e
 
L
I
C
U
I
O
 
p
h
a
s
e
 
=
 
.
0
0
0
0
1
 

M
A
S
S
 
F
R
A
C
T
I
C
N
 
C
F
 
C
C
M
P
L
N
E
M
 
2
 
I
N
 
T
h
E
 
G
A
S
 

p
h
a
s
e
 
=
 
.
0
5
4
0
0
 
I
N
 
T
H
E

L
 K
U
i
C

P
H
A
S
E
 
-
.
C
O
O
O
l
 

M
A
S
S
 
F
R
A
c
T
I
L
N
 
C
F
 
C
C
M
P
C
N
t
N
T
 
3
 
I
N
 
T
h
E
 
G
A
S
 

p
h
a
s
e
 
=
 
.
7
5
G
o
7
 
I
N
 
I
H
E
 
L
 I
C
U
I
O
 
P
H
A
S
E
 
=
 
.
4
0
7
0
0
 

M
A
S
S
 
F
R
A
l
T
I
C
N
 
C
F
 
C
C
M
P
C
N
E
N
T
 
4
 
I
N
 
T
H
E
 
G
A
S
 

P
h
a
s
e
 
-
.
0
6
9
3
3
 
I
N
 
T
H
E
 
L
I
C
U
I
O
 
p
h
a
s
e
 
»
 
.
5
9
2
9
8
 

D
E
N
S
I
T
Y
 
L
F
 
C
C
M
P
C
N
E
N
T
 
1
 
I
N
 
T
h
E
 
G
A
S
 
P
H
A
S
E
 
-

C
.
0
1
9
<
»
9
 
I
N
 
I
H
E
 
L
I
w
U
l
D
 
P
H
A
S
E
 

1
.
9
5
7
1
0
 
(
C
a
/
C
U
F
T
)
 

d
e
n
s
i
t
y
 
C
F
 
C
u
M
P
C
N
E
N
T
 
2
 
I
N
 
T
F
t
 
C
A
S
 
P
H
A
S
E
 
=
 

O
.
I
b
^
G
o
 
I
N
 
T
H
E
 
L
I
O
U
I
D
 
P
H
A
S
E
 
-

7
.
8
2
6
d
l
 
(
L
B
/
C
U
F
T
)
 

O
c
N
S
l
T
Y
 
l
F
 
C
G
M
P
.
.
N
E
M
 
3
 
I
N
 
I
h
E
 
G
A
S
 
P
H
A
S
E
 
«
 

C
.
5
3
5
J
5
 
I
N
 
T
H
E
 
L
i
G
o
l
O
 
P
H
A
S
E
 
»
 
3
C
.
0
3
9
6
7
 
(
L
B
/
C
u
F
T
)
 

O
E
N
S
I
I
Y
 
C
F
 
C
C
M
P
C
N
t
M
 

N
 
I
N
 
T
H
E
 
G
A
S
 
P
H
A
S
E
 
*
 

C
.
5
9
1
6
8
 
I
N
 
T
H
E
 
L
U
U
l
O
 
p
h
a
s
e
 
=
 
9
3
.
0
2
4
0
5
 
I
L
B
/
C
U
F
T
I
 

T
H
E
R
M
A
L
 
c
D
N
L
U
C
T
l
v
I
T
Y
 
C
F
 
C
O
M
P
C
N
E
N
T
 

1
 
I
N
 
T
H
E
 

C
I
G
L
I
G
 
p
h
a
s
e
 
»
 
3
5
2
4
•
1
8
9
0
 
(
B
I
U
/
F
T
-
h
-
F
)
 

I
H
E
R
M
A
L
 
C
C
N
O
U
C
T
l
V
l
T
Y
 
C
f
 
C
C
M
P
C
N
E
N
T
 
2
 
I
N
 
T
H
E
 

I
 I
G
U
I
D
 
P
H
A
S
E
 
«
 

5
C
6
 

I
B
T
U
/
F
I
-
H
-
f
)

.
0
9
8
2
 

I
H
c
R
M
A
L
 
C
C
N
C
L
C
T
I
V
I
T
V
 
C
F
 
C
C
M
P
C
N
E
N
T
 
3
 
I
N
 
T
H
E
 

L
U
U
I
D
 
P
h
a
s
e
 
=
 

I
.
3
2
4
5
 
(
B
T
U
/
F
T
-
H
-
F
)
 

T
h
e
r
m
a
l
 
c
o
n
c
u
c
i
i
v
i
i
y
 
c
f
 
c
l
m
p
c
n
e
n
t
 
4
 
i
n
 
t
h
e
 

L
I
C
U
I
O
 
P
H
A
S
E
 
»
 

1
.
4
0
0
9
 
(
B
T
U
/
F
T
-
H
-
F
)
 

V
I
S
C
C
S
I
I
Y
 
C
F
 
C
C
M
P
l
N
c
M
 

I 
I
N
 
T
H
E
 
G
A
S
 
P
H
A
S
E
 

C
.
G
1
9
9
 
A
N
D
 
I
N
 
T
H
E
 
L
I
C
U
I
O
 
p
h
a
s
e
 
=
 
0
-
0
0
1
0
 
I
C
P
)
 

V
i
S
C
C
S
l
l
r
 
C
F
 
C
C
M
P
C
N
E
N
T
 

2
 
I
N
 
T
H
E
 
G
A
S
 
P
H
A
S
E
 

C
.
0
1
9
7
 
A
N
D
 
I
N
 
T
H
E
 
L
i
e
u
I
D
 
P
H
A
S
E
 

0
.
1
1
5
6
 
(
C
P
)
 

V
I
S
C
C
S
I
I
Y
 
C
F
 
C
C
M
P
C
N
E
N
T
 

3
 
I
N
 
T
H
E
 
G
A
S
 
P
H
A
S
E
 

C.
I
 7
3
b
 
A
N
D
 
I
N
 
T
H
E
 
L
I
Q
U
I
D
 
P
H
A
S
E
 

0
.
2
3
5
9
 
(
C
P
I
 

V
I
S
C
C
S
I
I
Y
 
C
F
 
l
C
M
P
l
N
E
M
 

h
 
i
n
 
T
H
E
 
C
A
S
 
P
H
A
S
E
 

J
.
C
5
9
1
 
A
N
O
 
I
N
 
T
H
E

L
I
C
U
I
O

P
H
A
S
E
 

0
.
3
8
d
4
 
(
C
P
)
 

S
P
t
C
U
I
C
 
H
E
A
T
 
C
F
 
C
L
M
P
v
-
N
E
M
 

I 
I
N
 
T
H
E
 
o
A
S
 

P
H
A
S
C
 
=
 

3
.
5
C
G
 
I
N
 
T
H
E
 
L
 U
U
l
O
 
P
H
A
S
E
 

7
.
0
C
C
 
I
B
T
U
/
L
e
-
F
)
 

j
P
t
C
l
F
I
C
 
H
E
A
T
 
C
F
 
l
L
M
P
l
N
E
M
 
2
 
I
N
 
T
h
e
 
G
A
S
 

p
h
a
s
e
 
-

C
.
2
5
2
 
I
N
 
T
H
E
 
L
 I
C
U
I
D
 
P
H
A
S
E
 

0
.
3
4
9
 
(
O
T
U
/
L
E
-
F
)
 

S
P
t
C
l
F
I
C
 
M
E
A
T
 
C
F
 
l
C
M
P
o
N
c
M
 
3
 
I
N
 
T
h
P
 
G
A
S
 

F
n
A
S
E
 
=
 

C
.
2
9
^
 

p
h
a
s
e

I
N
 
T
H
E
 
L
 U
U
l
u
 

C
.
*
.
4
h
 
(
B
I
U
/
L
O
-
F
)
 

A
P
t
C
l
f
l
C
 
F
t
A
l
 
C
F
 
C
L
"
P
u
N
l
M
 
a
 
i
n
 
T
h
e
 
u
a
S
 

P
H
A
S
E
 
=
 

C
.
2
2
7
 
I
N
 
T
H
E
 
L
I
C
U
I
O
 
p
h
a
s
e
 

C
.
4
6
9
 
(
r
i
T
U
/
L
c
-
F
)
 



   

  

w
t
S
S
W
Y
 

I.
f 

o
A
S
 
=
 

L
K
U
l
l
)
 
=
 
'
.
l
.
b
'
t
c
 
U
i
i
/
C
J
E
T
)
 

v
l
b
L
L
i
»
l
l
\
 
L
f
 
.
.
/
i
j
 
=
 

L
I
v
-
U
l
l
.
 
=
 

(
C
P
i
 

I
H
E
K
H
i
L
 
l
L
N
U
U
L
I
I
V
M
t
 
L
f
 
L
l
t
o
I
U
 
=
 

1.
«•
 o
 M

v.
 
(
[
'
I
U
/
h
 T
-
h
-
f
 J

 

^
V
f
c
H
-
l
C
t
 
S
P
t
C
I
f
-
l
C
 
h
t
A
T
 
C
F
 
o
i
i
S
 
=
 

u
.
b
i
l
 
A
N
L
»
 
U
F
 

L
K
J
I
l
)
 
=
 

I
d
T
u
/
L
L
'
-
F
)
 

A
V
t
H
A
O
E
 
»
<
E
Y
N
L
L
C
 
N
o
K
L
'
f
c
K
 
L
F
 
C
a
S
 

^
Z
3
d
.
l
7
 
A
K
C
 

L
I
C
U
I
D
 
-

2
4
0
1
.
5
7
 

C
E
L
L
 
*
 

i
 

F
h
O
M
 
H
 

7
1
 

T
c
 
l
i
 
8
)
 

A
v
t
K
A
.
-
,
E
 
C
£
N
;
>
i
r
Y
 
C
F
 
C
A
S
 
-

.
4
6
5
5
0
 
A
N
D
 
L
I
U
U
I
D
 
=
 

4
l
.
f
c
b
6
 
O
F
 
C
E
L
L
 
•
 

7
 
(
L
U
/
C
U
F
T
l
 

A
v
t
H
A
l
i
t
 
V
l
S
C
r
S
i
T
t
 
C
F
 
G
^
S
 
=
 

0
-
i
}
^
7
C
 
A
N
D
 
L
l
C
U
l
D
 
»
 

a
.
3
2
s
»
6
5
 
C
F
 
C
E
L
L
 
•
 

7
 
(
C
P
)
 

A
V
b
K
A
G
E
 
T
H
E
M
>
»
A
L
 
C
O
N
D
L
L
1
 I

 
V
I
 T
 Y
 
U
F
 
C
E
L
L
 

H
 

/
 
=
 
l
.
4
1
l
2
d
 
(
t
t
T
U
/
F
T
-
H
-
F
J
 

A
V
L
K
A
G
E
 
S
P
E
C
I
F
I
C
 
H
E
A
l
 
C
F
 
O
A
S
 
«
 

0
.
7
1
2
 
A
N
D
 

L
i
C
b
l
U
 
»
 

0
.
4
5
7
 
u
F
 
C
E
L
L
 
«
 
7
 
I
t
i
T
U
/
L
B
-
F
)
 

A
V
E
K
A
G
E
 
G
A
S
 
P
A
S
S
 
F
l
U
C
 
P
a
T
E
 
»
 

1
0
5
7
.
1
9
 

A
N
C
 
H
O
U
I
D
 

M
A
S
S
 
F
L
O
P
 
B
A
T
E
 
»
 

1
5
4
2
.
6
1
 
O
F
 
C
E
L
L
 
M
 

7
 
I
L
B
/
H
R
I
 

A
V
t
H
A
G
E
 
H
E
Y
N
G
l
C
 
K
u
M
H
E
K
 
O
F
 
G
A
S
 
-

4
1
2
6
.
0
7
 
A
K
O
 
L
I
Q
U
I
D
 

«
 

2
4
6
2
.
6
0
 
C
F
 
C
E
L
L
 
0
 

7
 

C
A
S
 
M
A
S
S
 
F
H
A
l
T
I
C
N
 
I
N
 
C
E
L
L
 

»
 

7
 
=
 

G
.
4
0
6
6
 

S
I
N
u
L
E
 
L
I
J
U
I
C
 
P
H
A
S
E
 
P
K
E
S
S
u
F
E
 
C
F
C
P
 
»
 
.
0
0
8
7
8
7
 
(
P
S
I
/
F
T
)
 

P
K
E
S
S
U
K
E
 
U
F
 
T
H
E
 
S
T
R
E
A
M
 
E
N
T
t
R
S
 
C
E
L
L
 
0
 

7
 
»
 

4
5
.
7
3
 
A
N
C
 
E
X
I
T
S
 
=
 
4
2
.
2
4
 
(
P
S
U
I
 

T
P
C
-
P
H
A
S
e
 
P
B
c
S
S
U
B
E
 
C
R
O
P
 
I
N
 
C
E
L
L
 

M
 

7
 
«
 
3
.
4
9
1
3
4
2
 
(
P
S
I
/
C
E
L
L
 
L
E
N
G
T
H
)
 

E
k
K
L
K
 
o
f
 
P
B
t
S
S
U
F
k
 
O
h
L
P
 
i
n
 
c
e
l
l
 
«
 

7
 
*
 

0
.
1
.
1
 
X
,
 
T
J
l
A
l
 
N
U
H
Q
E
R
 
O
F
 
P
R
E
S
S
U
R
E
 
I
T
E
R
A
T
I
N
G
 
L
O
U
P
 
»
 

1
 

L
I
C
L
I
U
 
F
C
L
C
O
P
 
F
k
a
C
T
I
C
N
 
*
 

0
.
G
6
5
5
 

T
t
M
P
E
H
A
l
O
R
E
 
O
F
 
T
h
E
 
S
T
K
L
A
M
 
E
N
T
E
R
I
N
G
 
C
E
L
L
 
»
 

7
 
«
 
1
6
3
.
3
4
 
A
N
D
 
L
E
A
V
I
N
G
 
1
6
9
.
2
9
 
I
F
J
 

T
E
M
P
k
k
A
I
c
K
E
 
I
N
C
k
e
a
S
E
O
 
I
N
 
C
E
L
L
 
•
 

7
 
=
 

5
.
9
5
 
(
F
)
 

E
B
B
U
H
 
O
f
 
T
E
M
P
E
R
A
T
U
H
C
 
I
T
E
R
A
T
I
N
G
 
I
N
 
C
E
L
L
 
•
 
7
 
=
 

0
.
1
7
 
*
,
 
T
O
T
A
L
 
N
U
M
B
E
R
 
O
F
 
T
E
M
P
E
R
A
T
U
R
E
 
I
T
E
R
A
T
I
N
G
 
L
O
O
P
 
•
 

5
 

M
A
S
S
 
I
R
A
N
S
F
E
R
K
E
C
 
E
F
T
h
E
E
N
 
P
H
A
S
E
S
 
I
N
 
C
E
L
L
 
0
 

7
 
=
 

1
0
7
.
5
2
5
 
I
L
B
/
H
R
J
 

T
U
K
e
O
L
E
N
l
-
T
C
R
a
u
L
E
N
T
 
F
L
C
k
 
M
E
C
H
A
N
I
S
M
 

S
f
c
P
E
R
A
T
E
C
 
F
L
C
W
 
M
O
D
E
L
 

V
E
L
G
C
I
T
V
 
O
F
 
T
H
E
 
G
A
S
 
P
H
A
S
E
 
«
 
5
8
8
u
7
4
.
5
3
 
C
F
 
T
H
E
 
L
I
Q
U
I
D
 

P
H
A
S
E'

1
3
6
9
2
2
.
0
4
 
A
N
D
 
G
F
 
T
H
E
 
T
a
C
-
P
H
A
S
E
 
F
L
O
M
 
«
 
1
9
9
0
2
5
.
2
5
 
(
F
T
/
H
R
)
 

T
»
C
-
P
H
A
S
e
 
F
L
U
I
O
 
d
e
n
s
i
t
y
 
s
 

1
,
1
2
o
 
I
L
d
/
C
U
.
 
F
T
)
,
 

T
P
U
-
P
H
A
S
E
 
F
L
O
l
O
 
V
i
S
C
C
S
f
T
Y
 
»
 

0
-
2
0
8
 
I
C
P
)
 

T
U
e
E
 
P
A
L
L
 
t
e
m
p
e
r
a
t
u
r
e
 
»
 

1
8
3
.
6
6
 
I
F
)
 

h
t
A
T
 
F
L
U
X
 

A
K
E
A
 
O
F
 
I
H
E
 
C
E
L
L
 
«
 

0
.
3
6
 
I
S
O
.
 
F
T
)
 

L
C
D
 
M
E
m
N
 
T
E
M
P
E
R
A
T
U
H
E
 
D
I
F
F
E
R
E
N
C
E
 
«
 

6
3
.
7
9
 
I
F
)
 

L
L
G
 

M
E
A
N
 
C
l
A
M
c
T
E
R
 
«
 

0
.
0
8
 
(
F
T
)
 

T
n
L
-
P
H
A
S
c
 
h
e
a
t
 
T
R
A
N
S
F
E
R
 
C
O
E
F
F
I
C
I
E
N
T
 
«
 
6
1
3
4
.
4
6
 

U
l
 
B
A
S
E
D
 
O
N
 
T
U
B
E
 
I
N
S
I
D
E
 
D
I
A
M
E
T
E
R
 
=
 
1
4
7
7
.
3
4
 
I
B
T
U
/
S
Q
F
T
-
H
R
-
F
)
 

a
>
 

C
A
L
C
U
L
A
T
E
D
 
H
E
A
T
 
F
L
U
X
 
T
C
 
I
H
E
 
C
E
L
L
 
*
 

9
4
2
3
5
.
0
?
 
I
B
1
0
/
S
C
F
 l
-
H
R
)
 

C
A
L
C
U
L
A
T
E
D
 
H
E
A
T
 
R
E
Q
U
I
R
E
D
 
I
N
 
C
L
L
L
 
0
 
7
 
«
 

3
3
6
9
7
.
o
9
 
I
d
T
U
/
h
R
)
 

L
O
C
A
T
i
C
N
 
C
N
 
T
H
E
 
T
U
B
E
 
:
 

2
1
 
9
)
 

T
E
M
P
E
R
A
I
U
R
E
 
A
T
 
Z
(
 
9
1
 
=
 

1
7
h
.
2
1
 
(
F
J
,
 
A
N
D
 

P
R
E
S
S
U
R
E
 
A
T
 
2
1
 
9
)
 
«
 

3
B
.
4
2
 
I
P
S
I
A
)
 

S
Y
S
T
E
M
 
A
T
 
2
1
 
9
)
 
I
S
 
A
S
S
L
M
E
L
 
T
C
 
E
E
 
I
N
 
E
w
U
I
L
l
B
F
I
U
M
 

S
T
A
T
E
 

M
A
S
S
 
F
R
A
C
T
I
O
N
 
C
F
 
C
C
M
P
U
N
E
N
T
 

I
 
I
N
 
T
H
E
 
G
A
S
 

P
H

A
S

E
 

»
 

.1
1

5
3

C
 

IN
 

T
H

E
 

L
IQ

U
ID

 
P

H
A

S
E

 
«

 
.0

0
0

0
1

 
M
A
S
S
 
F
R
A
c
T
l
L
N
 
C
F
 
l
C
H
P
U
N
E
N
T
 
2
 
I
N
 
T
H
E
 
G
A
S
 

P
H

A
S

E
 

«
 

.G
4

9
4

1
 

IN
 

T
H

E
 

L 
IC

U
lO

 
P

H
A

S
E

 
«

 
.0

0
0

0
1

 

M
A
S
S
 
F
R
f
t
L
T
 I
C
N
 
C
F
 
C
C
M
P
C
N
E
/
.
I
 
3
 
I
N
 
T
H
E
 
G
A
S
 

P
H

A
S

E
 

=
 

.7
5

4
8

9
 

IN
 

T
H

E
 

L
 I

C
U

ID
 

p
h

a
s
e

 
*
 

.3
7

7
7

2
 

M
A
S
S
 
F
R
m
L
T
I
C
N
 
C
F
 
C
L
M
P
C
N
E
N
I
 

4,
 
i
n
 
t
h
E
 
G
A
S
 

P
H

A
S

E
 

= 
.O

b
0

4
C

 
IN

 
T

H
E

 
L

IQ
U

ID
 

P
H

A
S

E
 

=
 

.6
2

2
2

6
 

D
E
N
S
I
T
Y
 
C
F
 
C
C
M
F
C
N
E
M
 

I
 
I
N
 
T
H
E
 
G
A
S
 
P
H
A
S
E
 
*
 

C
.C

1
7

4
5

 
IN

 
th

e
 

li
q

u
id

 
P

H
A

S
E

 
*
 

1
.9

9
4

2
C

 
IL

B
/C

U
F

T
) 

□
E

N
S

il
Y

 
C

F
 

C
C

M
P

C
N

c
N

l 
2

 
IN

 
IH

E
 

C
A

S
 

P
H

A
S

E
 

«
 

C
.i
4

3
2

6
 

IN
 

T
h

e
 

li
q

u
id

 
p

h
a

s
e

 
a 

7
.5

7
2

4
C

 
(L

B
/C

U
F

T
) 

D
E

N
S

IT
Y

 
C

F
 

C
U

M
P

C
N

E
N

T
 

3 
IN

 
IH

E
 

G
A

S
 

H
H

A
S

E
 

» 
C

.5
C

3
7

2
 

IN
 

T
H

E
 

L
IC

O
IJ

 
p

h
a

s
e

 
« 

3
9

.4
8

6
4

6
 

IL
B

/C
U

F
T

I 
D

E
N

S
IT

Y
 

C
F 

C
C

M
P

C
N

E
M

 
4

 
IN

 
T

h
E

 
G

A
S

 
P

H
A

S
E

 
* 

0
.5

5
;i
8

6
 

IN
 

IH
E

 
L

IQ
U

ID
 

p
h

a
s
e

 
» 

4
2

.8
8

2
2

6
 

IL
D

/C
U

F
T

) 
th

e
rm

a
l 

C
C

N
C

o
C

T
IV

IT
Y

 
C

F 
C

U
M

P
C

N
E

N
T

 
I 

IN
 

T
H

E
 

L
IQ

U
ID

 
P

H
A

S
E

 
« 

3
5

4
4

 
2

6
2

1
 

I 
B

T
U

/F
T

-h
~

F
) 

T
H

E
R

M
A

L
 

C
O

N
L

U
C

T
Iv

lI
t 

C
F

 
C

O
M

P
C

S
E

N
T

 
2 

IN
 

T
H

E
 

li
q

u
id

 
p

h
a

s
e

 
5

0
9

 .
 3

4
8

1
 

I3
T

U
/F

T
-H

-F
) 

th
e

rm
a

l 
C

C
N

C
O

C
T

IV
IT

Y
 

G
F 

C
U

M
P

C
N

E
N

T
 

? 
IN

 
T

H
E

 
L

lw
U

lD
 

p
h

a
s
e

 
I 

. 
3

2
0

8
 

I 
tJ

T
U

/F
T

-h
-F

 )
 

T
h

e
rm

a
l 

c
o

n
o

c
c
ti
v
ii
y
 

c
f 

c
c
m

p
c
n

e
n

t 
4 

in
 

th
e

 
L

IQ
U

ID
 

p
h

a
s
e

 
I 
.3

9
8

1
 

Ia
iU

/F
T

-h
-F

) 
V

IS
C

C
S

IT
Y

 
C

F 
C

C
M

P
C

N
E

N
T 

1 
IN

 
TH

E
 

G
A

S
 

P
H

A
S

E
 

s 
0

.0
2

0
4

 
A

N
D

 
IN

 
T

H
E

 
L 

I 
Q

U
ID

 
p

h
a

s
e

 
= 

O
.G

C
IO

 
IC

P
I 

V
IS

C
C

S
II
Y

 
C

F 
C

C
M

M
C

N
tN

T
 

2 
IN

 
TH

E
 

G
A

S
 

P
H

A
S

E
 

S
 

0
.0

1
9

8
 

A
N

O
 

IN
 

T
H

E
 

L
IQ

U
ID

 
P

H
A

S
E

 
^
•
1

2
0

8
 

IC
P

I 

V
IS

C
O

S
IT

Y
 

C
F 

C
C

M
P

C
N

E
N

T 
3 

IN
 

TH
E

 
G

A
S

 
P

H
A

S
E

 
0

.1
7

6
6

 
A

N
D

 
IN

 
T

H
E

 
L

IQ
U

ID
 

P
H

A
S

E
 

C
-2

3
C

/ 
IC

P
) 

V
IS

C
C

S
II
Y

 
C

f 
C

C
M

P
C

N
E

N
T 

4 
IN

 
TH

E
 

G
A

S
 

P
h

A
S

E
 

« 
C

.0
5

9
5

 
A

N
D

 
IN

 
T

H
E

 
L

IQ
U

ID
 

p
h

a
s
e

 
0

.3
7

7
3

 
IC

P
) 

S
P

E
C

IF
IC

 
H

E
A

T
 

L
f 

C
C

P
P

C
N

E
M

 
1 

IN
 

TH
E

 
G

A
S

 
P

h
A

S
E

 
= 

3
.5

C
C

 
IN

 
T

H
E

 
L

IQ
U

 I
D

 
p

h
a

s
e

 
7

.0
0

0
 

IB
T

U
/L

B
-F

) 
S

P
E

C
IF

IC
 

H
E

A
T

 
L

f 
C

C
H

P
lN

lM
 

2 
IN

 
TH

E
 

A
S

 
P

H
A

S
E

 
-

J
.2

5
2

 
IN

 
T

m
E

 
L

IQ
U

ID
 

p
h

a
s
e

 
C

.5
5

0
 

IB
T

U
/L

B
-F

) 

S
P

E
C

IF
IC

 
H

E
A

l 
LF

 
C

C
M

P
C

N
E

N
T

 
3 

IN
 

T
h

£
 

A
S

 
F

F
A

S
E

 
= 

0
.2

9
6

 
IN

 
T

r.
E

 
L

IQ
U

lO
 

p
h

a
s
e

 
0

.4
4

7
 

I0
T

U
/L

2
-F

I 

S
P

E
L

If
iC

 
H

tA
T

 
C

F 
lC

m
P

L
N

cN
I 

4 
IN

 
TH

E
 

G
A

S
 

p
h

a
s
e

 
= 

G
.2

2
7

 
IN

 
T

h
c 

L 
iC

U
lD

 
P

H
A

S
E

 
0

.-
.7

2
 

lf
lT

U
/L

9
-F

J
 

-V
tR

A
G

c
 

D
E

N
S

IT
Y

 
C

F 
O

aS
 

= 
C

.4
3

3
U

6
 

L
U

U
lC

 
= 

4
l.
o

C
0

 
IL

o
/C

J
F

T
) 

A
v
e

ra
g

e
 

.i
s
c
c
s
it
y
 

c
f 

g
a

s
 

= 
o

.i
4

io
6

 
lk

c
a

O
 

= 
c
.3

2
1

9
2

 
ic

p
j 



 

A
V
^
K
i
'
.
2
 
i
m
C
K
K
A
L
 
C
l
K
U
w
L
 T
 I

 
I 

I 
Y
 
L
f
 
L
l
U
J
l
C
 
-

(
:
J
T
o
/
F
l
-
h
-
M
 

j
P
E
L
l
h
i
L
 

K
f
c
/
.
I
 
C
F
 
o
^
S
 
=
 

^
.
c
5
e
 
A
N
C
 
C
f
 

L
i
.
J
l
L
 
=
 

J
.
^
o
3
 
l
u
T
u
/
L
t
-
F
)
 

♦
iV

tM
A

G
c
 

n
C

rF
C

L
U

 
M

j^
n

tk
 

C
F

 
s 

-i
^
o

O
.c

c
 

A
/t

iJ
 

L
lw

U
lC

 
= 

C
E

L
L

 
» 

e 
F

K
C

^*
 

H
 

d
) 

rc
 

H
 

9
) 

A
V

E
K

flG
E

 
L

c
k
S

J
lY

 
lF

 
C

A
S

 
= 

.t
A

5
0

{>
 

m
N

J 
L

IC
U

ID
 

= 
A

1
.6

2
J
 

O
f 

C
E

L
L

 
• 

o 
(L

'J
/C

U
F

T
I 

a
V

E
K

^o
C

 
^
iS

C
C

S
II
t 

L
F

 
li
iS

 
» 

A
N

U
 

L
lC

U
lD

 
= 

C
.3

2
^
1

2
 

O
F 

C
E

L
L

 
» 

tf 
U

P
) 

A
w

E
H

A
G

E
 

fH
E

k
fA

L
 

C
L

K
0

L
L

1
IV

)T
Y

 
(j

f 
C

E
L

L
 

» 
8 

« 
i.
A

O
j7

7
 

(d
lU

/F
T

-H
-F

I 
A

V
E

H
A

G
E

 
S

P
E

L
IF

IL
 

M
tA

T
 

C
F 

i,
i:
S

 
« 

O
.b

in
 

A
N

D
 

L
lC

C
lO

 
= 

0
.A

6
1

 
O

F 
C

E
L

L
 

M 
B 

lt
tT

U
/L

8
-f

J
 

A
V

tH
A

G
E

 
G

A
S

 
M

A
S

S
 

F
L

C
n

 
H

A
T

E
 

» 
1

1
6

2
.5

<
»

 
A

N
C

 
L

lC
U

lO
 

M
A

S
S

 
F

L
Q

U
 

P
A

T
E

 
* 

IA
3

7
.A

6
 

C
F

 
C

E
L

L
 

» 
0 

iL
B

/H
R

) 
A

V
E

H
A

o
E

 
rE

Y
N

C
L

C
 

N
O

M
ef

cK
 

C
F

 
G

A
S

 
-

A
3

5
2

.5
3

 
A

N
D

 
L

IQ
U

ID
 

«
 

2
3

3
J
.7

C
 

C
F

 
C

E
L

L
 

A 
0

 
G

A
S

 
M

A
iS

 
F

K
A

lT
IC

N
 

in
 

C
E

L
c
 

n 
d

 
= 

C
.^

<
t7

1
 

S
IN

G
L

E
 

L
IJ

L
IC

 
P

h
A

S
E

 
P

d
E

S
S

u
J^

E
 

n
«

C
P

 
»

 
.0

0
7

7
2

2
 

(P
S

l/
F

T
) 

P
K

E
S

S
U

R
L

 
O

F 
T

H
E

 
S

lk
E

A
M

 
E

N
T

E
R

S
 

C
E

L
L

 
•* 

8 
* 

•2
.2

<
»

 
A

N
D

 
E

X
IT

S
 

» 
3

8
. 

IP
S

IA
) 

T
»

»
C

-P
H

A
S

E
 

P
R

E
S

S
U

R
E

 
U

w
C

F
 

IN
 

C
E

L
L

 
• 

d 
«

 
3

.d
2

3
e

6
S

 
IP

S
l/
C

E
L

L
 

L
E

N
G

T
H

) 
tR

K
C

R
 

C
F 

P
P

E
S

S
LR

E
 

C
H

O
P 

IN
 

C
E

L
L

 
A 

0 
^ 

0
.0

1
 

%
t 

T
O

T
A

L 
N

U
M

B
E

K
 

C
F 

P
R

E
S

S
U

R
E

 
IT

E
K

A
T

IN
C

 
LC

O
P

 
s 

1 
L

U
L

ID
 

F
L

L
C

L
F

 
F

R
«

lT
IC

N
 

* 
C

.C
5

E
7

 
T

E
M

P
E

K
A

T
oK

E
 

C
F 

TH
E 

S
TR

E
A

M
 

E
N

T
E

R
IN

G
 

C
E

LL
 

» 
B 

« 
1

6
S

I.
2

9
 

A
N

D
 

L
E

A
V

IN
G

 
1

7
A

.2
I 

If
)
 

T
E

M
P

E
R

A
T

L
R

E
 

IN
C

d
tA

S
L

C
 

IN
 

C
E

L
L

 
• 

8
 

«
 

A
.S

2
 

(F
) 

E
R

K
C

R
 

C
F 

T
E

M
P

E
R

A
T

U
R

E
 

IT
E

R
A

T
IF

G
 

IN
 

C
E

L
L

 
$ 

B 
= 

w
.l
^
 
It

 
T

C
T

A
L

 
N

U
M

B
E

R
 

O
F 

T
E

M
P

E
R

A
T

U
R

E
 

IT
E

R
A

T
IN

G
 

LO
O

P
 

> 
5 

M
A

S
S

 
T

K
A

N
S

F
E

R
K

E
O

 
ti 

E
T

C
E

E
N

 
P

E
A

S
E

S
 

IK
 

C
E

L
L

 
« 

6 
* 

1
0

3
.1

6
8

 
IL

B
/H

K
) 

T
U

R
e

C
L

E
N

f-
T

b
R

d
U

L
F

N
T

 
fL

C
N

 
M

E
C

H
A

N
IS

M
 

S
E

P
E

R
A

T
E

C
 

F
L

C
m

 
M

lO
E

L
 

V
E

L
C

C
ir

v
 

O
F 

TH
E

 
G

A
S

 
P

H
A

S
E

 
^ 

6
7

2
lo

6
.1

0
 

C
F 

TH
E

 
L

IC
U

ID
 

P
H

A
S

E
 

« 
IA

2
6

3
2

.5
0

 
A

N
D

 
C

F 
TH

E 
T

u
O

-P
H

A
S

E
 

F
LO

W
 

« 
2

2
0

1
9

6
.3

2
 

(F
T

/H
R

) 
T

u
C

-P
H

A
S

E
 

F
L

U
ID

 
C

E
N

S
II

Y
 

* 
^
.9

8
2

 
(L

B
/C

L
. 

F
T

).
 

T
w

C
-P

H
A

S
E

 
F

L
U

ID
 

V
IS

C
C

S
II
Y

 
» 

C
.2

0
5

 
U

P
) 

T
U

B
E

 
k
A

L
L

 
T

E
M

P
E

R
A

T
L

R
E

 
* 

1
8

6
.8

1
 

(F
J
 

H
E

A
T

 
F

L
U

X
 

A
R

E
A

 
C

F
 

IH
E

 
C

E
L

L
 
-

0
.3

6
 

IS
Q

. 
F

T
) 

L
C

G
 

M
F

A
N

 
T

E
M

P
E

R
A

IU
P

E
 

O
IF

F
h

H
E

N
C

E
 

»
 

5
8

.3
^
 

(F
) 

L
C

G
 

M
E

A
N

 
C

lA
M

E
T

E
P

 
«

 
0

.0
8

 
(F

T
) 

T
m

C
-P

H
A

S
E

 
h

e
a

t 
T

R
A

N
S

F
E

R
 

C
O

E
F

F
IC

IE
N

T
 

» 
6

5
9

1
.2

1
 

C
l 

a
A

S
C

D
 

C
N

 
T

d
B

E
 

IN
S

IC
E

 
D

IA
M

E
T

E
R

 
= 

1
5

0
2

. 
IB

T
U

/S
Q

F
 T

-H
R

-F
) 

C
A

L
C

L
L

A
IE

D
 

h
E

A
T

 
F

L
C

* 
TC

 
Ih

£
 

C
E

L
L

 
* 

o
7

6
<

»
6

.d
A

 
(6

T
U

/S
C

F
 T

-h
R

 |
 

C
A

L
C

U
L

A
T

E
D

 
H

E
A

T
 

K
E

C
U

IR
E

D
 

IN
 

C
E

L
L

 
M 

b
 

» 
3

1
3

A
I.

7
9

 
(B

T
U

/H
R

) 

L
O

C
A

T
IO

N
 

O
N

 
Ih

E
 

T
U

B
E

 
: 

Z
(1

C
) 

T
E

M
P

E
K

A
T

U
R

E
 

AT
 

Z
(i

O
) 

* 
1

7
/.

7
7

 
(F

),
 

A
N

D
 

P
R

E
S

S
U

R
E

 
A

T
 

Z
(I

O
) 

3
A

.2
A

 
(P

S
IA

) 
S

Y
S

T
E

M
 

A
T

 
Z

U
O

) 
IS

 
A

S
S

L
M

E
O

 
TC

 
B

l 
IN

 
E

.L
IL

I8
R

IG
M

 
S

T
A

T
E

 
M

A
S

S
 

F
k
A

C
T

 
U

N
 

C
F

 
C

C
M

P
cN

E
N

T
 

I 
IN

 
T

h
E

 
3

A
>

 
p

h
a

s
e

 
«

 
.1

0
6

2
A

 
IN

 
T

H
E

 
C

IC
U

IO
 

P
H

A
S

E
 

>
 

.0
0

0
0

1
 

M
A

S
S

 
F

R
A

C
T

IC
N

 
C

F 
C

c
M

P
C

F
tM

 
2 

IN
 

T
h

t 
G

A
S

 
P

H
A

S
E

 
«

 
.0

A
5

5
3

 
IN

 
T

H
E

 
L

K
G

lO
 

p
h

a
s
e

 
<

 
.C

O
C

C
I 

M
A

S
S

 
F

R
A

C
T

IC
N

 
C

F 
C

C
M

P
O

N
E

N
I 

3 
IN

 
F

F
E

 
G

A
S

 
P

h
a

s
e

 
« 

.7
5

6
7

2
 

IN
 

T
H

E
 

L
IC

U
ID

 
P

H
A

S
E

 
-

.3
A

5
3

9
 

M
A

S
S

 
F

R
A

C
T

IC
N

 
C

F 
C

C
M

P
C

K
E

M
 

A 
IN

 
TH

E
 

G
A

S
 

P
H

A
S

E
 

« 
0

9
1

 5
C

 
IN

 
T

H
E

 
L

lC
U

lO
 

P
H

A
S

E
 

= 
.6

5
A

6
0

 
D

E
N

S
IT

Y
 

C
F 

C
C

M
P

C
N

E
M

 
I 

IN
 

T
F

t 
G

A
S

 
P

H
A

S
E

 
:.

0
1

5
o

l 
IN

 
T

H
E

 
L

IC
G

IJ
 

P
H

A
S

E
 

»
 

l.
d

A
5

fc
2

 
(L

b
/C

U
F

f)
 

O
E

K
S

Ii
y
 

LF
 

C
o

M
P

C
N

E
N

i 
2 

IN
 

Ih
E

 
G

A
S

 
P

h
a

s
e

 
0

.1
2

2
1

8
 

IN
 

T
h

F
 

L
IQ

U
ID

 
P

H
A

S
E

 
*
 

7
.3

7
7

5
5

 
IL

3
/C

U
F

T
) 

D
E

N
S

IT
Y

 
C

F 
C

G
M

P
C

N
E

M
 

3 
In

 
T

h
e

 
o

A
S

 
P

h
a

s
e

 
O

.A
6

b
2

7
 

IN
 

T
H

E
 

L
U

U
IO

 
P

H
A

S
E

 
«

 
3

9
. 

3
8

0
A

7
 

(L
B

/C
U

F
T

) 

D
E

N
S

 I
IY

 
C

F 
C

C
M

P
C

N
E

N
T

 
A

 
IN

 
T

h
E

 
G

A
S

 
F

H
A

S
c
 

C
.5

 i
A

3
l 

IN
 

T
H

E
 

L
IC

U
ID

 
P

H
A

S
E

 
-

A
2

.7
7

8
1

8
 

(L
B

/C
U

F
T

) 
T

H
E

R
M

A
L 

C
C

N
C

U
C

T
U

M
V

 
C

F 
C

C
m

P
C

N
E

M
 

I 
iN

 
TH

E
 

L
IC

U
ID

 
P

H
A

S
E

 
=

 
3

5
5

d
.5

<
i2

8
 

O
T

U
/F

T
-k

-F
) 

IH
£

R
>

'A
L

 
C

G
N

C
L

C
T

IV
IT

Y
 

C
F 

C
C

*'
P

C
N

E
M

 
2 

IN
 

TH
E

 
L

U
G

IC
 

p
h

a
s
e

 
« 

3
1

1
.6

6
0

3
 

(B
T

U
/F

T
-H

-F
) 

T
H

E
R

M
A

L 
C

C
N

C
tC

T
lV

lT
V

 
C

F 
C

C
M

P
C

N
E

N
T

 
3 

IN
 

TH
E

 
L

IC
o

IO
 

P
H

A
S

E
 

»
 

1
.3

1
8

2
 

(B
T

U
/F

T
-H

-F
) 

th
e

rm
a

l 
L

G
N

cG
C

T
IW

IT
Y

 
C

F 
C

C
M

P
C

N
E

N
T 

*, 
IN

 
TH

E 
L

IG
U

IC
 

p
h

a
s
e

 
»

 
1

.3
9

6
2

 
(B

T
U

/F
T

-H
-F

) 
V

IS
C

C
S

IT
Y

 
C

F 
^.

C
M

P
C

N
t 

.T
 

1 
T

F
E

 
G

A
S

 
p

h
a

s
e

 
C

.0
2

0
7

 
A

N
C

 
IN

 
T

H
E

 
L

lO
U

l 
O

 
p

h
a

s
e

 
«

 
d

.G
O

lO
 

(C
P

) 

V
IS

C
C

S
II
Y

 
C

F 
C

C
M

M
LN

LN
T

 
T

H
E

 
C

A
S

 
P

h
a

s
e

 
G

.C
1

9
9

 
A

N
D

 
IN

 
T

h
e

 
L

IC
U

(D
 

p
h

a
s
e

 
-

0
.1

2
4

4
 

(C
P

) 
V

IS
C

C
S

I 
IT

 
C

F 
C

C
M

P
C

N
cM

 
iF

t 
G

A
S

 
P

H
A

S
E

 
C

.1
9

2
^
 

A
N

D
 

IN
 

T
H

E
 

L
IC

U
ID

 
P

H
A

S
E

 
=

 
U

.2
2

7
C

 
(C

®
) 

V
IS

C
C

S
I 

lY
 

C
F

 
C

C
M

P
c
N

tN
T

 
T

H
E

 
G

A
S

 
p

h
a

s
e

 
C

.C
5

9
6

 
A

N
D

 
IN

 
T

H
E

 
L

iO
U

lO
 

P
H

A
S

E
 

=
 

0
.3

6
9

7
 

(C
P

) 

S
P

tC
IF

IC
 

h
E

A
I 

C
F

 
C

C
M

P
C

N
E

N
T

 
1 

IN
 

T
H

E
 

G
A

S
 

P
H

A
S

E
 

« 
3

.5
0

0
 

IN
 

T
H

E
 

L
IC

U
ID

 
P

H
A

S
E

 
« 

7
.J

C
0

 
(O

T
U

/L
B

-F
) 

S
P

E
C

IM
C

 
H

tA
T

 
C

F 
C

C
M

r-
C

N
E

N
T

 
2 

IN
 

T
H

E
 

G
A

S
 

P
h

a
s
e

 
a

 
0

.2
5

3
 

IN
 

T
H

E
 

L
IQ

U
ID

 
P

H
A

S
E

 
"
 

0
.5

5
1

 
(B

T
U

/L
B

-F
I 

S
P

fC
ir

iC
 

H
E

A
I 

C
F 

C
C

M
P

C
N

E
N

T
 

3 
IN

 
T

H
E

 
G

A
S

 
P

H
A

S
E

 
=

 
0

.2
9

7
 

IN
 

T
h

E
 

L
U

U
IO

 
p

h
a

s
e

 
= 

0
.4

4
9

 
(B

T
U

/L
B

-F
) 

S
P

c
C

lF
iC

 
H

E
A

T
 

C
F 

C
C

^P
C

N
tS

T
 

IN
 

T
H

E
 

G
A

S
 

P
H

A
S

E
 

-
C

.2
7

9
 

IN
 

T
H

E
 

L
IC

C
IO

 
p

h
a

s
e

 
-

C
.^

7
4

 
(r

iT
U

/L
d

-f
) 

A
V

E
R

A
G

E
 

C
E

N
jI
T

Y
 

C
F 

G
iS

 
= 

L
.t
J
c
fc

c
 

L
U

L
U

 
= 

A
l.
o

J
A

 
(L

E
/C

U
F

I)
 

A
V

tK
A

^c
 

v
IS

C
lS

IT
T

 
CF

 
C

A
S

 
= 

C
.n

o
c
f 

L
IC

L
ID

 
= 

^.
3

2
C

*.
«

t 
(C

P
) 

A
vl

h
A

C
.E

 
T

H
tR

M
A

L
 

C
C

N
C

Lu
 1

 I
 v

l 
lY

 
o

f 
L

lC
C

lC
 

= 
1

.3
S

5
1

9
 

(P
T

G
/F

T
-H

-F
) 

a
v
e

ra
g

e
 

S
P

tC
IF

IC
 

H
EA

T 
LF

 
oA

S
 

-
C

.6
2

9
 

AN
D

 
CF

 
L

IC
U

ID
 

= 
C

-^
6

5
 

(d
T

U
/L

B
 



 

0
0
 

A
»
/
C
f
<
M
G
C
 
K
t
Y
r
.
w
L
:
 
i
v
i
j
f
-
P
t
r
 

<
,
7
2
-
;
.
 I
',
 
A
N
O
 

L
I
G
U
I
D
 
=
 

C
t
L
L
 

«
 

^ 
M
w
M
 
2(
 
s

» 
r 
c
 
2
(
I
C
)
 

A
V
L
k
A
o
£
 
U
E
N
i
l
T
Y
 
C
f
 
oA

l*
 
=
 

.
h
2
1
2
P
 
A
N
O
 
L
U
U
I
l
)
 *
 

<,
l.
to
U2
 
C
F
 
C
E
L
L
 
•
 
9
 
J
L
B
/
C
J
F
T
)
 

A
V
t
H
A
G
E
 
v
I
S
C
C
S
I
T
Y
 
C
F
 
o
/
S
 
=
 

A
N
L
 
L
U
U
l
C
 
-

C
.
3
2
1
1
6
 
O
F
 
C
E
L
L
 
0
 
9
 
(
C
P
I
 

Aw
t'
<f
t(
ie
 
i
H
t
K
P
A
L
 
LL
.f
vD
LC
 7
 I

 V
I
 T
V
 
C
f
 
U
t
L
L
 

» 
S
 
=
 
1
.
3
;
/
t
U
 
I
h
T
U
/
F
T
-
H
-
F
)
 

A
,
>
t
M
A
G
E
 
S
P
t
L
l
F
I
C
 
H
t
A
f
 
C
F
 
V
,
^
S
 
=
 

u
.
L
s
j
 
a
N
U
 

l
I
G
U
I
U
 
=
 

U
.
A
6
-
»
 
u
F
 
C
E
L
L
 
0
 
9
 
(
f
l
T
U
/
L
0
-
F
I
 

A
v
t
A
A
o
E
 
G
A
S
 
M
A
S
S
 
F
L
O
n
 
k
A
T
C
 
=
 

l
'
t
j
b
.
d
3
 

A.
;C
 
L
l
w
U
l
O
 

M
A
S
S
 
F
L
C
h
 
P
A
f
E
 
=
 

1
3
3
9
.
1
2
 
O
F
 
C
E
L
L
 
0
 

9
 (
L
9
/
H
R
I
 

A
^
E
K
A
o
E
 
H
E
Y
N
C
L
C
 
N
U
W
e
i
K
 
C
F
 
C
A
S
 
«
 

9
5
9
8
.
0
3
 
A
N
D
 
L
l
Q
U
l
J
 

=
 

2
1
8
6
.
0
9
 
C
F
 
C
E
L
L
 
0
 
9
 

G
A
S
 
M
A
S
S
 
F
R
A
C
I
I
C
N
 

I
N
 
C
C
t
L
 
•
 
9
 
=
 

0
.
<
«
o
e
9
 

S
I
N
o
L
E
 
L
I
G
L
I
C
 
P
H
A
S
E
 
P
k
F
S
S
J
H
E
 
C
H
O
P
 
«
 
.
C
O
o
7
9
3
 
(
P
S
I
/
F
T
l
 

P
K
E
S
S
O
K
L
 
O
F
 
I
H
E
 
5
1
»
<
E
A
M
 
E
N
l
E
f
^
S
 
C
E
L
L
 
*
 

-
3
6
.
^
2
 
A
N
C
 
E
X
I
T
S
 
» 

3
9
.
2
9
 
(
P
S
I
A
I
 

I
r
t
G
-
M
H
A
S
t
 
F
r
t
E
i
S
G
K
f
c
 
U
H
(
1
F
 
I
M
 
C
E
L
L
 
» 

9
 
«
 
9
.
1
7
 7
 7
7
2
 
(
P
S
I
/
C
E
L
L
 
L
E
N
G
T
H
)
 

E
k
k
C
H
 
C
F
 
P
R
C
S
S
C
H
t
 
L
H
C
P
 
I
N
 
C
E
L
L
 
0
 
9
 *
 

O
.
U
l
 

T
O
T
A
L
 
N
U
M
J
E
k
 
O
F
 
P
K
E
S
S
U
H
E
 
I
X
E
A
A
T
l
N
C
 
L
C
C
P
 
»
 

1 
L
U
L
I
O
 
H
C
L
C
L
P
 
F
K
A
L
I
I
C
N
 
*
 

C
.
C
5
2
9
 

I
t
M
P
f
R
A
T
U
R
E
 
C
F
 
T
H
E
 
S
T
R
E
A
M
 
E
N
T
E
H
I
N
G
 
C
E
L
L
 
•
 
9
 
» 

1
7
9
.
2
1
 
A
N
O
 
L
E
A
V
I
N
G
 
1
7
7
.
7
7
 
(
F
J
 

I
E
M
P
C
k
A
T
L
K
E
 
I
N
C
K
E
A
S
E
O
 
i
n
 
u
E
L
L
 
•
 
'9
 

3
.
5
6
 
(
F
)
 

E
F
W
C
P
 
O
F
 
T
t
M
P
C
H
A
T
U
R
E
 
I
T
E
k
A
T
I
N
G
 
I
N
 
C
E
L
L
 
0
 
9
 
-

G
.
1
5
 
X
,
 
T
O
T
A
L
 
N
U
M
d
E
K
 
O
F
 
T
E
M
P
E
R
a
T
U
K
E
 
I
T
E
R
A
T
I
N
G
 
L
O
O
P
 
«
 

5
 

M
A
S
S
 
I
R
A
N
S
F
E
W
H
E
C
 
E
c
I
h
E
E
N
 
P
F
*
«
S
E
S
 
I
N
 
C
E
L
L
 
M
 
9
 
*
 

1
0
3
.
5
1
9
 
I
L
d
/
H
R
J
 

T
U
H
B
U
L
E
N
T
-
l
U
R
b
U
L
E
N
T
 
F
L
C
k
 
M
E
C
H
A
N
I
S
M
 

S
L
P
E
R
A
f
t
C
 
F
L
L
n
 
M
C
D
k
L
 

v
e
l
o
c
i
t
y
 
o
f
 
TH
F 
g
a
s
 
P
H
^
S
E
 
-

7
6
8
1
5
9
.
8
0
 
C
F
 
TH

F 
L
I
G
U
l
O
 

P
H
A
S
E
 
=
 
1
9
8
1
9
9
.
9
1
 
A
N
D
 
O
F
 
TH
E 

T
a
O
-
P
H
A
S
E
 
F
L
O
W
 
« 
2
^
9
0
5
9
.
9
3
 
I
F
T
/
H
R
)
 

T
>
,
C
-
P
h
>
»
S
£
 
F
L
G
I
D
 
D
E
N
S
I
T
Y
 
=
 

C
-
£
5
o
 
I
L
B
/
C
U
.
 
F
T
)
,
 

T
w
C
-
P
h
A
S
E
 
F
L
U
I
O
 
V
I
S
C
O
S
I
T
Y
 
*
 

C
.
2
C
2
 
I
C
P
)
 

T
U
B
E
 
H
A
L
L
 
T
c
M
P
t
H
A
l
c
H
E
 
« 

1
3
9
.
3
1
 (
F
)
 

H
c
A
T
 
F
L
U
X
 

A
R
E
A
 
O
F
 
T
H
E
 
C
E
L
L
 
» 

G.
3t
> 
(
S
O
.
 
F
T
)
 

L
u
G
 
M
E
A
N
 
l
E
M
P
t
R
A
T
U
H
E
 
D
I
F
F
E
R
E
N
C
E
 
» 

5
9
.
1
2
 
I
F
)
 

L
O
G
 

M
E
A
N
 
D
I
A
M
E
T
E
R
 
»
 

0
.
0
8
 
I
F
T
)
 

T
w
C
-
P
h
A
S
E
 
H
t
A
T
 
T
R
A
N
S
F
E
R
 
C
O
E
F
F
I
C
I
E
N
T
 
=
 
7
0
2
9
.
7
9
 

UI
 
d
A
S
E
D
 
O
N
 
T
U
B
E
 
I
N
S
I
D
E
 
D
I
A
M
E
T
E
R
 
»
 
1
5
2
3
.
8
5
 (
8
T
U
/
S
U
F
T
-
H
R
-
F
)
 

C
A
L
C
L
L
A
i
e
O
 
H
E
A
T
 
F
L
L
X
 
T
C
 
T
H
C
 
C
E
L
L
 
»
 

8
2
9
7
8
.
9
0
 
1
B
I
U
/
S
O
F
T
-
M
R
)
 

C
A
L
C
U
L
A
T
E
D
 
H
E
A
T
 
R
E
C
U
I
R
E
D
 
I
N
 
C
E
L
L
 
8
 
9
=
 
2
9
9
9
3
.
6
0
 
I
d
l
U
/
H
R
)
 

L
C
C
A
I
I
C
N
 
C
N
 
T
H
E
 
T
U
B
E
 
:
 

Z
I
l
l
)
 

t
e
m
p
e
r
a
t
u
r
e
 
a
t
 
Z
l
l
l
l
 
=
 

1
8
0
.
6
9
 
I
F
)
,
 
A
N
D
 

P
R
E
S
S
U
R
E
 
A
T
 
Z
l
l
l
)
 

2
9
.
6
6
 
(
P
S
I
A
)
 

S
Y
S
T
E
M
 
A
T
 
Z
t
l
l
)
 
I
S
 
A
S
S
L
M
L
G
 
T
C
 
E
E
 
I
N
 
E
w
C
l
L
I
b
R
I
U
M
 

S
T
A
T
E
 

P
H
A
S
E
 
=
 
.
0
9
8
6
2
 
I
N
 
T
H
E
 
L
I
Q
U
I
D
 
P
H
A
S
E
 

•
0
0
0
0
1

M
A
S
S
 
f
r
a
c
t
i
o
n
 
C
F
 
C
C
M
P
C
N
E
N
T
 

I 
I
N
 
T
H
E
 
G
A
S
 

P
H
A
S
E
 
=
 
.
0
9
2
2
6
 
I
N
 
T
H
E
 
L
l
C
U
l
O
 
p
h
a
s
e
 

•
G
O
O
C
C

M
A
S
S
 
F
R
A
C
T
I
O
N
 
C
F
 
C
C
M
P
C
N
c
N
T
 
2
 
I
N
 
T
H
E
 
G
A
S
 

P
H
A
S
E
 
=
 
.
7
5
9
8
9
 
I
N
 
T
h
e
 
L
I
G
U
l
O
 
P
H
A
S
E
 

.
3
1
2
1
0

M
A
S
S
 
F
R
A
l
T
K
N
 
C
F
 
C
C
-
P
U
N
E
N
T
 
3
 
I
N
 
T
H
E
 
G
A
S
 

P
H
A
S
E
 
=
 
.
1
0
9
2
2
 
I
N
 
T
H
E
 
L
I
Q
U
I
D
 
P
H
A
S
E
 

.
6
8
7
8
9

M
A
S
S
 
F
K
A
c
f
l
C
N
 
C
F
 
l
L
M
P
C
N
E
N
T
 
9
 
I
N
 
T
H
E
 
G
A
S
 

I
N
 
T
F
E
 
C
A
S
 
P
H
A
S
E
 

C
.
J
I
3
6
9
 
I
N
 
T
H
E
 
L
I
Q
U
I
D
 
p
h
a
s
e
 

l
.
a
0
9
5
J
 
I
L
b
/
C
U
F
T
)
 

d
e
n
s
i
t
y
 
C
F
 
C
C
M
P
C
N
E
N
T
 
2
 
I
N
 
i
h
e
 
g
a
s
 
p
h
a
s
e
 

0
.
1
0
0
6
2
 
I
N
 
T
H
E
 
L
I
Q
U
I
D
 
P
H
A
S
E
 

7
.
2
1
9
0
0
 
I
L
B
/
C
U
F
T
)
 

D
E
N
S
I
T
Y
 
C
F
 
C
u
M
P
C
n
E
n
T
 
3
 

C
c
N
S
U
V
 
C
F
 
C
C
M
P
C
N
E
N
T
 

I
 

I
N
 
T
H
E
 
G
A
S
 
P
H
A
S
E
 

C
.
9
2
7
9
)
 
I
N
 
T
h
e
 
L
I
G
U
l
O
 
P
H
A
S
E
 
»
 
3
9
.
2
9
6
9
9
 
I
L
B
/
C
U
F
T
)
 

O
L
N
S
I
T
Y
 
L
F
 
C
C
M
P
C
N
E
N
T
 

I
S
 
T
H
E
 
G
A
i
 
p
h
a
s
e
 

C
.
9
7
3
9
0
 
I
N
 
T
H
E
 
L
I
Q
U
I
D
 
p
h
a
s
e
 
=
 
9
2
.
6
9
9
1
1
 
(
L
3
/
C
U
F
I
I
 

L
l
C
U
i
O
 
P
H
A
S
E
 
*
 
3
5
6
9
.
6
0
6
6
 
I
B
T
U
/
F
T
-
H
-
F
)

T
H
E
R
M
A
L
 
C
U
N
C
u
C
T
l
V
l
l
V
 
C
F
 
C
O
M
P
C
N
E
N
T
 
I
 
I
N
 
T
H
E
 

L
I
C
U
I
Q
 
p
h
a
s
e
 
=
 

5
1
3
.
9
5
1
5
 
(
8
T
U
/
F
T
-
H
-
f
)

T
H
E
R
M
A
L
 
C
C
N
C
l
C
T
I
V
I
T
V
 
C
F
 
C
G
M
P
C
N
c
M
 
2
 
I
N
 
T
H
E
 

L
 I
C
U
l
O
 
P
H
A
S
E
 
=
 

1
.
3
1
6
2
 
l
a
T
u
/
F
T
-
H
-
F
)

T
H
E
R
M
A
L
 
C
C
N
C
c
C
T
I
w
I
T
Y
 
l
F
 
C
C
M
P
l
N
E
M
 
3
 
I
N
 
T
H
E
 

L
I
C
L
I
C
 
P
H
A
S
E
 
=
 

1
.
3
9
9
6
 
I
d
T
U
/
F
T
-
H
-
F
)

t
h
e
r
m
a
l
 
C
C
N
C
l
C
T
I
v
I
T
Y
 
C
F
 
C
C
M
P
C
N
E
N
T
 
9
 
I
N
 
T
F
E
 
s
 

T
H
E
 
L
I
Q
U
I
D
 
P
m
A
S
E
 

0
.
0
0
1
1
 
I
C
P
)

V
I
S
C
O
S
I
T
Y
 
C
F
 
C
C
M
P
C
N
E
.
,
!
 

i
 
I
N
 
T
H
E
 
G
A
S
 
P
H
A
S
E
 

C
.
G
2
1
0
 
A
N
O
 
I
N
 

T
F
E
 
G
A
S
 
P
H
A
S
E
 

0
.
0
2
0
0
 
A
N
O
 
I
N
 
T
H
E
 
L
I
Q
U
I
D
 
p
h
a
s
e
 
=
 
0
.
1
2
7
3
 
<
C
?
)

V
I
S
C
C
G
I
I
V
 
C
F
 
C
C
-
P
G
N
E
I
.
T
 

2
 
I
N
 

s
=
 
0
.
2
2
9
3
 
I
C
P
)

V
I
S
C
O
S
I
T
Y
 
C
F
 
C
O
M
P
C
N
c
N
T
 

3
 
I
N
 
T
F
E
 
G
A
S
 
P
F
A
S
E
 

C.
I
H
5
3
 
A
N
O
 
I
N
 
T
H
E
 
L
I
C
C
I
D
 
P
h
a
s
e
 

T
H
E
 
L
I
Q
U
I
D
 
P
H
A
S
E
 

•
»
 
0
.
3
6
9
0
 
I
C
P
)
 

7
.
U
C
C
 
I
B
T
U
/
L
B
-
F
)
 

V
l
S
C
i
-
i
l
T
t
 
C
F
 
C
O
M
P
O
N
E
N
T
 

9
 
I
N
 
I
F
E
 
G
A
S
 
P
H
A
S
E
 
s
 

C
.
0
6
0
0
 
A
N
D
 
I
N
 

1 
N
 
T
F
E
 
G
A
S
 

P
H
m
S
E
 
=
 

3
.
5
0
0
 
I
N
 
T
H
E
 
L
 U
U
l
O
 
p
h
a
s
e
 

»
 
0
.
5
5
2
 
l
O
r
u
/
L
E
-
F
)
 

S
P
E
C
I
F
I
C
 
H
E
A
T
 
C
F
 
C
C
M
P
C
N
E
N
T
 

I 
S
 

S
P
C
C
I
F
I
C
 
H
E
A
T
 
C
F
 
C
L
M
P
^
N
t
i
J
T
 
2
 
I
N
 
T
H
E
 
G
A
S
 

P
H
m
S
E
 
=
 
0
.
2
5
3
 
I
K
 
T
H
E
 
L
I
Q
U
I
D
 
p
h
a
s
e
 

T
H
E
 
L
I
Q
U
I
D
 
p
h
a
s
e
 
=
 

C
.
9
5
1
 
(
B
T
U
/
l
e
-
F
)

T
F
E
 
C
A
S
 

P
F
A
S
E
 
=
 

c
.
2
9
t
 

I 
N
 

0
.
9
7
6
 
1
B
T
U
/
L
3
-
F
1
 

S
P
E
C
I
F
U
 
H
E
A
T
 
C
F
 
C
O
M
P
C
N
E
M
 
3
 
I
N
 

P
H
A
S
E
 
=
 
0
•
2
2
8
 
I
N
 
I
H
E
 
L
I
C
U
l
O
 
P
H
A
S
E

u
P
E
O
l
F
I
C
 
H
E
A
T
 
C
F
 
C
C
M
P
C
N
E
N
T
 
9
 
I
N
 
T
H
E
 
G
A
S
 

A
V
E
R
A
G
E
 
C
E
N
S
I
T
Y
 
C
F
 
o
A
S
 
=
 

C
.
3
7
)
6
6
 

L
l
Q
C
l
D
 
=
 
9
1
.
6
3
3
 
I
L
B
/
C
U
F
I
)
 

a
v
e
r
a
g
e
 
v
I
S
C
C
S
I
I
y
 
o
f
 
G
A
i
 
=
 

C
.
1
9
V
0
5
 

L
I
Q
U
I
D
 
=
 

C
.
3
2
C
9
1
 
I
C
P
)
 

A
V
L
R
A
.
.
6
 
I
H
t
"
M
A
L
 
C
l
A
U
j
C
I
I
v
I
T
Y
 
C
F
 
L
U
U
I
O
 
=
 

I
.
3
9
1
5
c
 

t 
B
 T
 U
/
F
T
-
F
-
R
 J

 
A
w
E
r
A
C
E
 
s
p
e
c
i
f
i
c
 
h
£
a
I
 
C
F
 
C
A
S
 
=
 
0
.
6
0
5
 
A
N
D
 
C
F
 

L
l
C
u
I
O
 
=
 

G
.
9
S
o
 
(
O
T
«
/
l
d
-
F
)
 

A
V
E
R
A
o
E
 
^
E
Y
N
l
L
C
 
N
J
-
3
E
K
 
C
F
 
G
A
S
 
= 

5
0
1
2
-
3
1
 
A
N
C
 

L
l
w
U
l
C
 
=
 

1
9
3
9
.
1
5
 



 

C
E
L
L
 

»
 
I
C
 

^
(
1
0

1 
I
C
 
/
(
1
1
1
 

L
E
N
S
l
I
t
 
C
F
 
C
A
i
 
=
 
.
J
S
3
1
F
 
A
N
C
 
L
I
U
U
I
C
 
=
 

't
 I
.
6
1
'
J
 
H
F
 
C
E
L
L
 

»
 
1
0
 
(
L
d
/
C
U
F
T
)
 

A
V
t
H
A
v
^
E
 
V
I
b
t
L
S
n
r
 
C
F
 
G
A
S
 
=
 

C
.
l
H
F
e
S
 
A
N
O
 
L
I
C
U
I
O
 
=
 

0
.
3
2
0
^
2
 
J
E
 
C
E
L
L
 

»
 
1
0
 
I
C
P
l
 

A
V
E
K
A
G
E
 
T
H
E
d
P
A
l
 
(
.
C
A
D
U
C
H
V
I
T
Y
 
C
F
 
C
E
L
L
 
K
 
1
0
 
^
 

1 
-
3
9
3
3
7
 
(
3
T
U
/
F
1
-
H
-
F
1
 

A
V
E
K
A
G
t
 
S
P
t
C
I
F
I
L
 
F
E
A
T
 
C
F
 
G
A
S
 
=
 

O
-
o
l
T
 
A
N
D
 

L
I
J
U
I
D
 
=
 

O
.
A
e
T
 
O
F
 
C
E
L
L
 
»
 
1
0
 
(
R
T
U
/
L
B
-
F
)
 

A
v
l
R
A
G
E
 
G
A
S
 
M
«
S
S
 
F
L
C
a
 
H
A
I
E
 
-

1
3
6
P
.
5
7
 

A
N
D
 
L
I
J
U
I
D
 

3
A
S
S
 
F
L
C
l
i
 
R
A
T
E
 
=
 

1
2
U
.
A
3
 
O
F
 
C
E
L
L
 
«
 
1
0
 
(
L
B
/
F
I
R
)
 

A
V
C
R
A
O
E
 
P
E
Y
A
C
L
C
 
N
U
M
B
E
R
 
U
F
 
G
A
S
 
=
 

<
1
0
7
0
.
7
5
 
A
N
D
 
L
I
U
L
I
U
 
=
 

2
0
2
2
.
6
9
 
C
F
 
C
E
L
L
 
»
 
1
0
 

G
A
S
 
M
A
S
S
 
F
R
A
C
I
I
C
N
 
i
n
 
c
e
l
l
 
»
 
1
0
 
=
 
0
.
5
2
6
9
 

S
I
N
G
L
E
 
L
I
J
U
I
C
 
P
H
A
S
E
 
P
R
U
S
U
R
E
 
D
R
O
P
 
=
 
.
0
0
5
8
3
?
 
(
P
S
l
/
F
T
I
 

P
R
E
S
S
U
R
E
 
U
F
 
I
H
E
 
S
T
R
E
A
M
 
E
N
T
E
R
S
 
C
E
L
L
 
»
 
1
0
 
=
 

3
9
.
2
9
 
A
N
D
 
E
X
I
T
S
 
=
 

2
9
.
6
6
 
I
P
S
I
A
)
 

I
d
C
-
P
H
A
S
E
 
P
R
E
S
S
U
R
E
 
I
I
P
C
P
 
I
N
 
C
E
L
L
 
«
 
1
0
 
=
 
9
.
5
7
6
3
0
8
 
I
P
S
I
/
C
E
L
L
 
L
E
N
G
T
H
I
 

E
R
K
C
R
 
E
E
 
P
R
E
S
S
U
R
E
 
C
R
O
P
 
I
N
 
L
E
L
L
 

«
 
I
C
 
=
 

0
.
0
1
 
7
,
 
T
O
T
A
L
 
N
U
M
B
E
R
 
O
F
 
P
R
E
S
S
U
R
E
 
I
T
E
R
A
T
I
N
G
 
L
O
O
P
 
=
 

1 

L
U
G
I
U
 
F
L
L
C
U
P
 
E
R
A
C
T
I
C
N
 
=
 

C
.
C
9
6
b
 

T
E
M
P
E
R
A
I
L
K
E
 
O
F
 
T
H
E
 
S
T
R
E
A
M
 
E
N
T
E
R
I
N
G
 
C
E
L
L
 
I
 
1
0
 
=
 
1
7
7
.
7
7
 
A
N
U
 
L
E
A
V
I
N
G
 
1
8
0
.
6
9
 
I
F
)
 

T
C
M
P
E
R
A
I
L
H
E
 
I
N
C
R
E
A
S
E
D
 
I
N
 
C
E
L
L
 
«
 
1
0
 
-

2
.
8
7
 
I
F
I
 

E
k
R
G
R
 
o
f
 
T
E
M
P
E
R
A
T
U
R
E
 
I
T
E
R
A
T
I
N
G
 
I
N
 
C
E
L
L
 

» 
1
0
 
=
 

0
.
2
2
 
X
f
 
T
O
T
A
L
 
N
U
M
B
E
R
 
O
F
 
T
E
M
P
E
R
A
T
U
R
E
 
I
T
E
R
A
T
I
N
G
 
L
O
U
P
 
=
 

7
 

M
A
S
S
 
T
R
A
N
S
F
E
R
R
E
C
 
L
'
E
T
m
E
E
N
 
P
H
A
S
E
S
 
I
N
 
C
E
L
L
 
»
 
1
0
 
=
 

1
0
1
.
8
6
3
 
(
L
B
/
H
H
)
 

t
c
r
b
l
l
e
n
i
-
i
u
r
b
u
l
e
m
 
f
l
l
h
 
m
e
c
h
a
n
i
s
m
 

S
E
P
E
R
A
T
E
C
 
F
L
C
t
.
 
M
O
D
E
L
 

V
L
L
O
C
I
T
Y
 
O
F
 
T
H
E
 
G
A
S
 
P
H
A
S
E
 
=
 
8
8
9
1
7
8
.
3
5
 
O
F
 
T
H
E
 
L
I
Q
U
I
D
 

P
H
A
S
E'

1
5
3
8
5
6
.
1
8
 
A
N
D
 
C
F
 
T
H
E
 
T
H
O
-
P
H
A
S
E
 
F
L
O
W
 
=
 
2
7
2
2
1
5
.
5
5
 
I
F
T
/
H
R
l
 

I
R
C
-
P
H
A
S
E
 
F
L
O
l
O
 
C
E
N
S
I
T
Y
 
=
 

C
.
7
9
1
 
(
L
B
/
C
O
.
 
E
l
l
,
 

T
M
C
-
P
H
A
S
E
 
F
L
U
I
D
 
V
I
S
C
O
S
I
T
Y
 
=
 

0
.
1
9
8
 
I
C
P
)
 

T
O
E
E
 
«
A
L
L
 
T
E
M
P
E
R
A
T
U
R
L
'
 

1
9
1
.
1
9
 
I
F
)
 

H
E
A
T
 
F
L
O
X
 

A
R
E
A
 
O
F
 
T
H
E
 
C
E
L
L
 
=
 

0
.
3
6
 
(
S
3
.
 
F
T
)
 

L
O
O
 
P
L
A
N
 
T
E
M
P
E
R
A
T
U
R
E
 
D
I
F
F
E
m
E
N
C
C'

5
0
.
S
8
 
I
F
)
 

L
U
G
 

M
E
A
N
 
D
I
A
M
E
T
E
R
 
=
 

0
.
0
8
 
(
F
T
)
 

T
t
>
C
-
P
H
A
S
E
 
H
E
A
T
 
T
R
A
N
S
F
E
R
 
C
C
E
F
E
I
C
I
E
N
T
 
=
 
7
9
9
1
.
9
6
 

U
l
 
B
A
S
E
D
 
C
N
 
T
U
B
E
 
I
N
S
I
D
E
 
D
I
A
M
E
T
E
R
 
=
 
1
5
9
2
.
6
1
 
1
3
T
U
/
S
U
F
T
-
H
H
-
F
1
 

C
A
L
C
L
L
A
I
E
O
 
F
E
A
T
 
F
L
O
X
 
t
C
 
T
H
E
 
C
E
L
L
 
-

7
8
6
9
5
.
7
5
 
I
3
T
0
/
S
£
F
T
-
H
R
I
 

C
A
L
C
L
L
A
I
E
U
 
H
t
A
T
 
B
E
C
U
I
R
E
D
 
I
N
 
C
E
L
L
 
»
 
1
0
 
=
 
2
8
1
2
3
.
0
7
 
(
B
T
U
/
H
R
)
 

T
O
I
A
L
 
T
O
R
E
 
L
E
N
G
T
H
 
^
 

1
5
.
7
C
 
(
F
T
)
 

T
O
T
A
L
 
H
E
A
T
 
A
C
B
E
C
 
T
C
 
T
H
E
 
E
N
T
I
R
E
 
j
Y
S
T
E
M
 

3
9
3
8
2
1
.
9
1
 
(
U
T
U
/
H
R
I
 

T
O
T
A
L
 
P
R
E
S
S
L
R
E
 
D
R
O
P
 
A
L
C
N
G
 
T
H
E
 
T
U
B
E
 
=
 

3
0
.
3
9
1
 
(
P
S
I
/
T
U
B
E
 
L
E
N
G
T
H
)
 

T
O
I
A
L
 
T
E
M
P
E
R
A
T
U
P
E
 
I
N
C
R
E
A
S
E
 
=
 

l
C
o
.
6
9
2
 
I
F
)

I
-
'
 

T
O
I
A
L
 
M
A
S
S
 
I
R
A
N
S
F
E
R
R
E
C
 
B
t
T
R
E
E
N
 
P
H
A
S
E
S
 
I
N
 
T
H
E
 
E
N
T
I
R
E
 

S
Y
S
T
E
*
 
=
 
1
0
9
5
.
7
5
 
I
L
3
/
H
R
I
 

C
C
M
P
L
E
I
E
 
C
A
I
C
U
L
A
T
I
C
N
 

T
E
>
'
P
£
r
s
A
T
U
i
<
E
 

P
R
E
S
S
U
R
E
 

G
A
S
 
M
A
S
S
 
F
L
O
W
 
R
A
T
E
 

L
I
C
U
I
O
 
M
A
S
S
 

{ 

E
O
.
C
C
 

t
c
.
c
c
 

3
2
3
.
7
5
 

2
2
7
6
.
2
5
 

l
C
3
.
t
i
5
 

b
t
i
.
3
7
 

4
2
4
.
7
6
 

2
1
7
5
.
2
4
 

1
2
2
.
?
8
 

b
<
3.
4
7
 

5
3
6
.
6
0
 

2
0
6
1
.
4
C
 

1
?
7
,
7
?
3
 

5
4
.
2
6
 

6
5
1
.
1
5
 

1
9
4
8
.
9
5
 

1
4
8
.
 

5
1
.
7
4
 

7
7
C
.
4
1
 

1
9
2
9
.
5
9
 

1
5
6
.
4
t
 

4
b
.
V
C
 

3
8
9
.
1
6
 

1
7
1
0
.
8
4
 

U
3
.
3
4
 

4
5
.
7
2
 

1
0
0
3
.
4
3
 

1
5
9
6
.
5
7
 

1
C
9
.
2
S
 

4
2
.
2
4
 

U
1
0
.
S
5
 

1
4
0
9
.
0
5
 

1
7
4
.
2
1
 

i
b
.
4
2
 

1
2
1
4
.
1
2
 

1
3
6
5
.
8
8
 

1
7
7
.
7
7
 

3
4
.
2
4
 

1
3
1
7
.
6
4
 

1
2
0
2
.
3
6
 

l
d
O
.
6
4
 

2
S
.
f
c
E
 

1
4
1
9
.
5
C
 

1
1
6
0
.
5
0
 

A
V
E
P
A
3
E
 
l
U
e
E
 
m
A
L
L
 
l
E
M
P
E
K
A
T
l
j
R
c
 
-

1
7
6
.
3
2
 
I
F
)
 

A
V
E
R
A
G
E
 
L
I
C
U
I
J
 
h
C
L
C
U
?
 
E
R
A
C
T
I
C
N
 
=
 

0
.
0
0
2
2
 



VITA 

Thanh Hoang Nguyen was born in Binh Dinh, Viet-Nam on 

February 20, 1956. He attended elementary school in Sao Mai, 

DaNang and was graduated from Dac-Lo High School, SaiGon in 

June 1973. The following September he entered the University 

of SaiGon with a major of chemical engineering. He left Viet 

nam and came to The United States in March 1977. 

He entered the University of Tennessee, Knoxville in 

January 1978, worked for International Fertilizer Development 

Center-Muscle Shoals, Alabama from 1979 to 1981 during the 

Enginering Cooperative Program, and received a Bachelor of 

Science degree in Chemical Engineering in August 1982. He 

re-entered the Graduate School of the University of Tennessee 

in September 1982, worked for Professional Analysis Inc. in 

Oak Ridge, Tennessee from April 1984 to December 1984 as a 

research engineer, and received a Master of Science degree in 

Chemical Engineering in March 1985. 

180 


