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SUi'u .ANY 

The performance characteristics of a heat 

exchanger using finned two-phase thermosyphon tubes were 

studied both analytically and experimentally. 

An analytical model was used to determine 

the effects of parameters such as number of fins, Reynolds 

number of the flows, the ratio of hot to cold lengths, 

the ratio of hot to cold Reynolds numbers, change in 

Prandtl number of stream fluids and number of transfer 

units of the exchanger. The values obtained from the 

analytical studies were found to be comparable with 

similar studies performed previously. The analytical 

study introduced a model to approximate heat transfer 

from a finned surface and it was found to be comparable 

with the correlation cited in literature. 

Experiments were performed to verify the 

analytical findings.. The parameters varied were the 

ratio of hot to cold Reynolds numbers, and the number 

of fins. Although the basic trends exhibited were quite 

similar, the quantitative correlation between experiment 

and analysis was poor. The experimental results compared 

poorly with those cited in literature. 
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NOMENCLATURE 

AreajConstant 

Constant 

Constant depending on arrangement 

Constant 

Specific Heat 

Constant depending on working fluid 
and tube material 

Constant to account for row variation 

Constants 

Diameter-

Gravitational acceleration 

Heat transfer film coefficient height 

Latent heat of vapourization 

Colburn J-Factor , 

Thermal conductivity 

Ratio of specific heat at constant pressure 
to that at constant volume 

Length 

Constant 

Ratio of hot to cold length 

Constant depending on arrangement 

Mass flow rate 

Constant 

Number of transfer units 
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Nusselt number , hd/k 

Pressure, Perimeter 

Frandtl number, t̂ Cp/k 

Heat flux 

Rate of heat transfer 

Radius 

Universal gas constant, Thermal resistance 

Reynolds number, Vd/0 * 

Ratio of hot to cold stream fluids 

Spacing 

Stanton number, h/pCpV 

Temperature 

Constant 

Overall coefficient of heat transfer 

Velocity 

Fin width 

.'. variable 

Greek Letter Symbols 

Spacing of fins 

Specific weight 

Film thickness 

Half the fin height 

Difference 

Efficiency of the finned tube 

Difference in temperature 
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Dynamic viscosity 

Kinematic viscosity 

Fraction of area 

Density 

Surface tension 

Constant 

Subscripts 

Air 

Average 

Base 

Convective, cold 

Calculated 

Extreme 

Fin 

Flat plate 

Hot 

Hydraulic 

Inside 

j element 

Lateral 

Log mean 

n element 

Outside 

Outlet 



-XI-

p Element 

r Radially 

s Saturation 

son Sonic 

st Static pressure manometer fluid 

t Total, transverse 
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CHAPTER 1 

Introduction 

Heat exchangers are devices which transfer 

heat energy from one medium to another and can be 

an integral part of most conventional energy conversion 

systems. Improvements in heat exchanger design there­

fore mean an increase in the effectiveness of the whole 

energy conversion process. 

Energy in the form of heat is wasted when 

the source heat energy is deemed as low grade and there­

fore inefficient to transfer, or when the source heat 

energy is inaccessible for physical reasons using con­

ventional heat exchange approaches. A heat exchanger 

using two phase closed thermosyphons or heat pipes can 

efficiently be used to transfer heat between fluid 

streams having a low difference in temperature, such 

as with low grade heat. Also due to their particular 

performance characteristics, the thermosyphon heat 

exchanger can be used where other more conventional 

heat exchangers become inappropriate. 

They can be applied in situations where the 

hot and cold flows cannot risk cross contamination(i.e. 
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heat transfer between sodium and water), or in situat­

ions where the self pumping mechanism becomes vitally 

important ( i.e. applications in satellites). They are 

also useful in situations where hot side wall tempera­

ture is important for condensation reasons ( i.e. 

condensation of acids in steam generators). For the 

same temperature difference between the flows, the 

outside metal temperature is higher than in conventional 

heat exchangers and therefore hot side gases could be 

exhausted at somewhat lower temperatures without conden­

sation. Thermosyphon heat exchangers are very reliable 

because they have no moving parts and since every element 

is separate the exchanger acts like many conventional 

ones in parallel. The disadvantages of this type of a 

system are that they would be somewhat more expensive 

than a rotating regenerative or tubular air preheater, 

each element must be treated as a pressure part, and 

since the cold side outer metal temperature is somewhat 

cooler than conventional exchangers icing could become 

a problem more readily (i.e. air heater application in 

steam generators.) 

There is quite a need to optimize their 

performance and study their characteristics closely so 

as to use thermosyphon heat exchangers beneficially 
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where they are applicable. 

The two phase closed thermosyphon or heat 

pipe is a sealed enclosure containing a working fluid. 

Its functioning is actuated by a temperature difference 

across the device. On the hot side or evaporator the 

working fluid will absorb heat from the hot stream and 

vapourize causing it to travel to the cold side or 

condenser section. In the condenser section the work­

ing fluid condenses, thus releasing its latent heat to 

the cold stream. The working fluid will then return to 

the evaporator section. The mechanism by which it does 

so determines whether it is to be classified as a heat 

pipe or a thermosyphon. In the two phase closed thermo­

syphon the action of an external force (i.e. gravity or 

centrifugal force) will return the condensate to the 

evaporator. The heat pipe returns its working fluid by 

capillary action and therefore contains an internal 

wick. 

There are three general topics pertaining to 

this subject under which published works may be categ­

orized. 

A) Review articles 

B) Performance studies of heat pipe or 

thermosyphon elements. 
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C) Performance studies of heat exchangers 

using thermosyphons or heat pipes. 

A) Review articles. 

A study of the review articles will be made 

first and then several important, omitted, or recent 

articles will be examined more closely. 

The first extensive review of thermosyphon 

technology available prior to 1973 was done by D.Japiske (1). 

In this review all types of thermosyphons are discussed, 

typically the open thermosyphon, the closed single phase 

thermosyphon, the closed loop thermosyphon and the two 

phase closed thermosyphon. He delves extensively into 

hydrodynamic aspects of the thermosyphon and then gives 

a review of performance aspects of such a system. Special 

attention is given to filling volume studies. There is 

then a discussion of applications such as the cooling of 

cryogenic equipment and thermopiles. 

A more general review was done in 1975 by 

Finlay (2). He gives selection criteria for a working 

fluid and states that its operating vapour pressure 

should be between 0.1 and 10 bar. He discusses regulation 

schemes by the introduction of a non-condensible gas 

into the condenser from a reservoir on the end. This 

gas will interfere with the condensing of the working 
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fluid and thus enable control of the heat transfer process. 

There is then a discussion of applications to the fields 

of electronics, engines, production processes, and rot­

ating systems (i.e. cooling of turbine blades). 

Similar reviews were done in 1978 by Pragar 

and Sun (3) and Joy (4). Reay (5) included cost 

effectiveness studies in his review in 1979. 

B. Performance studies of heat pipe or thermosyphon 

elements. 

Performance studies of bare two phase closed 

thermosyphons were presented in 1972 by Lee and Mital (6). 

This experimental study was carried out to determine the 

effect of the amount of working fluid, the operating 

pressure, the heat flux, L -, Re and the type of work­

ing fluid. They concluded that there is a maximum heat 

flow rate through the thermosyphon, which is imposed 

by limited flow rates through the system. 

In 1976 Bezrodnyi and Beloivan (7) studied 

maximum heat fluxes experimentally by varying their 

geometric, physical and regime parameters. These limit­

ations are the dry out limit which occurs when there is 

only a small amount of working fluid in the pipe, the 

burn out limit where high liquid fill and high radial 

heat flux into the evaporator causes the onset of film 
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boiling, and the liquid-vapour interaction, entrainment, 

or flooding limit which is caused by interference betv/een 

the rising vapour and the returning condensate. 

Groll et al. (8) in 1979 also studied 

performance limitations of both thermosyphons and heat 

pipes. Working fluids and structural materials were 

tested for compatability and load cycling tests on 

several heat pipes and thermosyphons were performed. 

Also in 1979 a similar study was conducted 

by Imura et al. (9) on the effects of working fluid, 

length, heat flux, operating pressure, ratio of heated 

to cooled length and fill quantity which is essentially 

the same as Lee and Mital's work (6). They found an 

optimum quantity to be between 10 and 20$ of entire 

volume. A correlating formula for heat transfer on both 

the evaporator and condenser sides was found. They 

noticed that the film coefficient on the evaporator 

side has a tendency to become smaller for a large fill 
+ 

volume and large L ratio and if the fill volume is 

over 25% there is a high degree of liquid-vapour inter­

action. 

In 1981 Clements and Lee (10) examined the 

effects of a diameter change, while keeping the ratio 

of height to diameter constant. It was noted that the 
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overall coefficient of heat transfer will decrease with 

increasing diameter. 

Also, in 1981 Shiraishi et al. (11) studied 

both experimentally and analytically the effect of the 

amount of working fluid, the operating temperature, the 

heat flux and the type of working fluid. It is interest­

ing to note that for the purpose of transmission through 

the system, the evaporator side was divided into two 

sections, one with the film and the other with the pool. 

C. Performance studies of heat exchangers using thermo­

syphons or heat pipes. 

A two-phase thermosyphon or heat pipe 

exchanger study was published by Feldman and Lu (12) in 

1977. As with most studies of this nature, the condenser 

and evaporator resistances were taken as constant instead 

of functions of temperature. In their work they used a 

grooved condenser which has the advantage of entraining 

the condensate in the grooves and thus reducing the 

resistance across the film. They conclude that heat 

exchanger performance can be optimized by using a 

maximum heat exchanger length, staggered finned tubes, 

tubes of largest possible diameter, reasonably small 

fin height, maximum fins per inch and fin thickness 

that pressure drop will tolerate. 
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In 1978, Lee and Bedrossian (13) studied 

experimentally and analytically heat exchangers using 

bare thermosyphons or heat pipes. They studied the 

effects of varying the L ratio, the Re"" ratio and 

the effects of changing the Prandtl nunber of the 

streams. 

Prager and Sun (3) in 1978 studied the 

use of a finned tube heat exchanger where the internal 

resistances were again taken as constant. This study uses 

the NTU method and gives particular attention to hot and 

cold side fouling. 

Sun and Prager (14) also in 1978 published 

a paper geared towards manufacture, and marketing of 

heat pipe exchangers. It discusses applications 

to commercial laundry, food processing, plasticizer 

curing oven, comfort heating, power generation, refrig­

eration, energy storage and coal gasification. 

The objectives of the present research 

were as follows: 

1) To create a model and a computer program which 

could simulate and predict the performance of finned 

two-phase thermosyphon heat exchangers.with maximum 

flexibility, without assuming that the internal 

resistances were constant. 
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2) To analytically examine the effects of such 

parameters as the number of fins, the F.eynolds 

numbers of the two flows, the ratio L , the 

ratio Re', the change in Prandtl number of the 

stream fluids and the NTU of the heat exchanger. 

3) To set up an experimental test section which would 

show the effects of the ratio Re and the 

number of fins on the performance of the heat 

exchanger. 

4) To compare analytical and experimental results. 
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CHAPTER 2 

ANALYSIS 

In this chapter the method for the solution 

of this problem is given both analytically and numer­

ically. 

2.1 Analytical Model 

In the analysis of the system a conductance 

model was used to estimate the heat transfer in two-

phase closed thermosyphons. In this approach for each 

process involved in the transmission of heat there will 

be a coefficient of heat transfer calculated. From 

these individual coefficients an overall coefficient of 

heat transfer can be predicted. 

For the finned tubes being studied the total 

thermal resistance between the temperature of the hot 

flow and the temperature of the cold flow can be given 

by 

In our model it is assumed that no heat is 

axially conducted. This is a reasonable assumption 

because the cross section of the tube is very small in 

relation to the surface area of the tube. 
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The heat transferred across one tube is 

defined as 

1P- i(T*-T<) (2.2) 
J p 

This qr changes from row to row due to 

changes in the properties of the hot and cold streams. 

Therefore the heat transfer for the entire system can 

be defined as 

Q.-IQ- • AtoUte(AT)m (2.3) 
P" 

or 

Fig-2-

Qt-^GL, - AeM-CAT^ 

/ / ./ ^ / ,/ £ / 

7 / / / "/ / 

(2.4) 

R,» Ri R* U7 

The resistances Rl4 and Rfc7 represent the 

external resistance on hot and cold sides respectively, 
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R3is the resistance from evaporation and R̂ -is the 

resistance due to the condensation. The Resistance 

R^is the resistance which occurs when the flow inside 

the thermosyphon reaches its choking condition at a 

Mach value close to one. The sonic velocity is 

V*-,- / K v 3 R T (2-5) 

which at a temperature of 150 F and a K value of 

1.33, is around 1500. ft/sec. 

The actual velocity attained for a part­

icular case is obtained from 

Q«rhh# (2.6) 

and V = m / p A (2.7) 

It is usually in the range of 10 ft/sec, therefore, 

since the actual velocity is less than 1% of the 

sonic velocity, R4need not be considered. 

The thermal resistances Rla. and R*7 are the 

resistances for the outside of a finned tube including 

conduction through the walls, 

R/i-l/h^A^ (2.8) 

and R*7-'/h67Ac£ (2.9) 

where h,z and h67 are the film coefficients of the 

outside based on the inside. 
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The film coefficients hlz and h47 are based 

on a weighted average between the fin and the base 

portions which are derived as follows. The efficiency 

of the finned tube is defined as: (Appendix A) 

q . £ I, (U) - /3, K,(Ufc) / (2 .10) 
Ufcfl-dAg/ud*} ( IoCU -̂A K„K)J 

where A " I.&e/ K, (ue} (2.11) 

(ti/rv-0 (2'12) 

and u«« UtCrg/r^) (2.13) 

An approximate value of hp was found by 

considering the annular fin to be a flat plate. The 

equivalent length of the fin was found by letting the area 

of half the fin be equal to the area of the flat 

plate. The widths of the fin and the flat plate were 

then considered to be equal 

Ap-- App 
(2.14) 

ir/4.(ci;-dfl . (d^dMe (2.15) 
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therefore J2e* vCdi-dl) 
8(ae-a0i 

(2.16) 

ig.Z.2, 

do d« 

Then to find the value of hf. one can use 

the equation for turbulent boundary layer flow across 

a flat plate, because the fluid stream approaching 

the element is so disturbed that the turbulent bound­

ary developed from the beginning of the section. The 

equation is defined in terms of the Stanton, Prandtl, 

and Reynolds numbers(15\. 

At any point the Stanton number is 

St*fV Us O.OZlb Re, (2.17) 

To find the average Stanton number, 

integrate over the length of the plate and then 

divide by the length of the plate 

St . O. OZ&& f^Rex'°'i'at; 
£ePr-

(2.18) 
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St- hi ,0.OS6 ( f V £e ) Pr'*" (2.19) 
PC. V \ M / f CP V ^ M 

. .oz, hl.0.0StfZ,v(j>g£.y*r- (2-20) 

To account for variation from row to row, 

one must multiply by an appropriate Cz(l6) value. 

The film coefficient for the base may be 

calculated by using the equation for forced convection 

from a bare tube which is defined in Hilperts equation(16) 

NJu= hbdb/fe = B-C* Re
m-PK,/3 (2.21) 

where B and m are coefficients which depend upon the 

arrangement, be it inline or staggered. They also 

depend upon the longitudinal and transverse spacing 

within that particular arrangement. They are known 

as Grimisons values and are based on data gathered 

by Huge, and by Pierson C16) ( Appendix I , 

Cz is a coefficient used to correct the 

film coefficient: for the row number. This film co­

efficient increases for the later rows because of 

the increased turbulence of the air flow ( Appendix E ) 

The outside film coefficient is a weighted 

average of the film coefficients of the fin and the 

base. It is defined as 

ly » 7 Af hp + Abhb (2.22) 
Ap • Ay, 
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Using different sizes of fins it is easier 

to use a film coefficient of the outside, based on the 

inside. 

K L - /A£lAb) ho (2.23) 

The film coefficient obtained in this manner 

was compared with those of Legkiy, Pstvlenko, Makorov and. 

Zheludov(17), and Elmahdy and Biggs(lS). (See Appendix C) 

The results showed that numbers obtained from the flat 

plate approximation were adequate, therefore the rest 

of the analysis was carried out using this approximation 

solely. 

The resistance R3 is found from the 

equation R s 3 i/h3 A^ (2.24) 

where h3 is determined from Rohsenows equation(19) 

for natural convection boiling. 

The wall temperature in the bottom of the 

thermosyphon is at a temperature above the saturation 

temperature of the liquid at the pressure P$ and 

therefore boiling occurs. The heat transferred across 

the surface of the water depends on the difference in 

temperature between the surface of the wall and the 

saturation temperature. One assumption made regarding 

the boiling heat transfer is that the optimum volume of 
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working fluid is in the thermosyphon and therefore a 

pool of working fluid does not exist in the bottom of 

the evaporator. With the optimum filling the boiling will 

be of the nucleate form because the temperature diff­

erence across the film is relatively small. 

Rohsenows relation for natural convection 

nucleate boiling which was developed from empirical data 

is 

h.-^-/ y - & CpAT . ' 
hpy C* • Pr , T 

I/O. i 3 

(2.25) 

The res is tance R5 i s found from the equation 

&r* 1/lvAcc (2.26) 

where h^ is determined from Martinellis expression (20) 

for film condensation heat transfer. 

where 

and 

\ *• 2 - / 8 \ 2. 47 1" 

(2.27) 

(2.28) 

(2.29) 
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Martinellis expression is based on the 

assumptions of a uniform heat flux, the physical 

properties are independent of temperature, flow is 

incompressible and completely laminar. 

Another resistance term is sometimes 

included in the resistance model caused by vapour 

pressure drop. This was excluded from the present 

analysis because the pressure drop is negligible. 
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2.2 Numerical Solution 

All calculations were done using an 

IBM 360/365 and IBM 370 computers in conjunction 

with 'Fortran IV level G1 and 'Watfiv' compilers. 

Some work was also done using 'York APL'. 

The conduction model for a finned thermo­

syphon tube is given in the subroutine called 'FONDUC 

The sequence will be described here in step form, 

i) The value of T^A; is estimated and since R 

is known, a value of Q can be found from the equation 

(3= T„ - Tu^ (2.31) 

The value of Q remains constant for a given thermo­

syphon . 

ii) Evaluating R3 poses a problem because R3 is 

a function of Tj (as well as other temperature depend­

ent properties) not been quantified. Therefore % 

must be estimated and then Rj can be found. The heat 

flux is then found from the equation 

r> T T { 2 * 3 2 ) 

Ts must be re-estmiated u n t i l Q3 i s equal to Q. 
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iii) Evaluating Rr is also a problem because Rj- is 

a function of T ^ (among other variables) which has 

not yet been defined. Therefore T^* must be est­

imated and then Rr may be found. The heat flux is 

then found from the equation 

O T T { 2' 3 3 ) 

* * • 

Tu-. must be re-estimated until Q̂ - is equal to Q. 

iv) The value of (Tc) c ' ca/<: may then be calculated 

(Tc)Ca/c=
T"*-aR67 (2.3 4) 

If the value of (Tc) C 'CO./C is not equal to Tc 

within * 10 " to 10 then the process is 

repeated, starting from re-estimating T ^^L 

The heat transfer in a parallel flow heat 

exchanger is simulated in the subroutine 'PARLEL'. 

n-l 

tz 

y$ Tc(n) IM 

1(2) T/,(n) Tinn) 

Fig.2-3 
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Consider the preceding diagram in which 

there are two air flows travelling through the system 

in the same direction. The rows are numbered so that 

a specific row will be referred to as the j * row. 

There are a total of n rows. 

The values are known at the inlet (T/,(l) 

,TC(1) ) , so that the values leaving a part­

icular row may be determined from the equation 

Q. « rh Cp AT (2.35) 

The heat transfer in a counterflow exchanger 

is modeled in subroutine 'CONFLO'. 

n-i 

T W Tc(n) 

T,(<) T„(2) 

Fig.2.4 | 

T(2) 
c 

-flU) 

Tti) 

ThM 

n-t 

The nomenclature used in this problem has 

been changed because the flows are now opposed. The 

rows on the cold side are referred to by 'KAY', whereas 

on the hot side 'J' is used. 

The value of Tc (n+1) is estimated, then 
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the temperatures along the exchanger are calculated. 

If the value of Tc(l) ^s n o t equal to the 

prescribed one, the value of Tc(N+l) will have 

to be re-estimated, and then the process will repeat. 

The flow charts for the program are given 

in Appendix D, the actual program used is given in 

Appendix E, the nomenclature for the program is given 

in Appendix F and input cards required for the prog­

ram are given in Appendix G. 
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CHAPTER 3 

EXPERIMENTAL FACILITIES & PROCEDURES 

The test section and thermosyphons were 

designed and manufactured at the workshop of the depart­

ment of Mechanical Engineering at the University of 

Ottawa. The rest of the test facility was the same as 

that of Bedrossian (21) except for the rotary switch, 

potentiometer and ice point which were replaced with a 

multi-channel digital thermocouple reader with an elec­

tronic ice point. The equipment was set up and cali­

brated, then debugged and run while processing the 

results simultaneously. The apparatus, setup, calibration 

and experimental procedure will be discussed in this 

section. 

3.1 Apparatus 

A schematic diagram of the experimental 

apparatus is given in Figure 3.1. Air is induced 

through both the hot and cold side by fans located 

at the outlets. 

The air flow measurements are made using 

calibrated orifice plates located at the inlets of both 
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the hot and the cold sides. The method of calibration 

is given in Appendix H. The air on the hot side was 

heated by a resistance type heater. 

The bulk inlet and outlet temperatures on 

each side of the heat exchanger were taken using the 

average of five thermocouple readings. To ensure 

complete mixing, baffles were located upstream of each 

of the thermocouple locations. The thermocouples were 

of the copper-constantan type and were attached to a 

multi-channel digital thermocouple reader with a 

built-in ice point. To ensure validity of the read­

ings the device was calibrated as described in Appendix 

H. 

Air pressure differences were measured 

across both the hot and cold sides of the test section. 

The test section shown in Figure 3.2 and 

Figure 3.3 contains a total of thirteen thermosyphons 

in a staggered arrangement (Three rows of three and 

two rows of two as shown in Figure 3.4). 

The thermosyphons are shown in Figures 

3,5 to 3.8. Although only thirteen were used, extras 

were made so that testing would not be delayed because 

of the .defective thermosyphons. 

The thermosyphons were machined from 
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SAE brass cylindrical cast rods (Figure 3.9), although 

commercial- ones are available similar to those shown in 

Figures 3.10 and 3.11. Once the machining was completed 

one end was closed with a plug and a silver solder weld. 

The other end was closed except for a tube which extended 

from the plug as shown in figure 3.12 

Through this side the thermosyphon was 

evacuated to about 1 x 10" torr by means of a vacuum 

pump. Distilled water was then put into the tube and 

the tube was immediately sealed. They were sealed 

by heated tongs being applied at the extending tube, 

into which a silver solder strip had been previously 

inserted. The functioning of individual tubes was verified 

by testing the heat transfer characteristics of the 

thermosyphon. If they were not satisfactory the tube 

was dismantled and the process was repeated. The 

surfaces of the tubes were then sandblasted to remove 

oxides and other contaminants which were formed during 
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the machining, welding and filling procedures. Sand­

blasting would increase the film coefficient higher 

than that analytically calculated. 

The test section was made from super 

asbestos sheets and is depicted in Figures 3 ..2, 3-3., 

and 3.4. To accomodate the finned tubes the divider 

was made of several pieces which fitted in around the 

the tubes. The joints were sealed with silicon sealer 

which had to be freshly applied every time the test 

section was dismantled. 

3.2 Experimental Procedures 

The purpose of obtaining experimental data 

was to help substantiate the analytical results. The 

experiments can be placed into two categories. 

The first category of experiments consisted 

of varying the Reynolds number ratio (Re"") of the two 

flows keeping the number of fins constant at sixteen 

per side. For each value of Re% five Reynolds numbers 

were used. The ratio Re was then changed and the 

process was repeated. The Re"' values evaluated in 

this manner were 0.5, 0.75, 1.0, 1.33 and 2.0. 

In the second category.of experiments the 

ratio Re* was kept constant at a nominal value of one 

and once again the five different Fv.eynolds numbers were 



-27-

used. The chief variable in these experiments was the 

number of fins which was varied from 16, 12, 8, 4, and 

2 fins per side. 

The experimental procedure used was as follows: 

1) The fans would be turned on first and then the heater 

would be started. The fans had to be operating prior to 

starting the heater to avoid heater burnout. 

2) The doors to the laboratory would be opened so that 

the added circulation would avoid a change in the inlet 

temperature. This also avoided a transient condition from 

occuring during the course of the experiment. 

3) The flows would be temporarily adjusted and the heater 

would be set to a specified point. 

4) The system would be allowed to reach a steady state 

condition. This would take 30 minutes for the first 

reading and 20 minutes for each additional reading. 

5) Final adjustments would be made to the flow rates 

by dampering the fans. 

6) The pressure readings would then be taken from the 

multimanometer. A total of ten pressure readings were 

taken. Two pressures would be read at the inlet and 

the outlet of both the cold section and the hot section. 

The other two pressures were measured just downstream 

of the orifice plates and were used to calculate the 
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flow rates through the hot and cold sections. 

7) A total of twenty thermocouples were read. Five 

were at the inlet and outlet of both the hot and co 

ducts. They were arranged to give an entrance and 

exit temperature for both ducts. 

8) The atmospheric pressure v/as read from a manometer 

located in laboratory B207 of Colonel By Hall. 

The raw experimental data is given in 

Appendix I . A specification of the experimental 

equipment is presented in Appendix J . The experi­

mental data was processed using a fortran program 

given in AppendixK . 
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CHAPTER 4 

RESULTS AND DISCUSSION 

4.1 Results from Analysis 

In the analysis the type of heat exchanger 

considered was a ten row, air to air, parallel flow 

type with a staggered arrangement of finned tubes as 

defined in Appendix L. 

'•L'here were three main studies done to in­

vestigate the operating characteristics of this finned 

two-phase thermosyphon heat exchanger. 

The first is a study of the effect of 

changing the number of fins for various Reynolds numbers. 

The total heat transfer is given at various Reynolds 

numbers as a function of the number of fins (Figure 4.1). 

The overall coefficient of heat transfer based on the 

inside area is presented in a similar fashion in Fig­

ure 4.2. The overall coefficient of heat transfer and 

total heat transfer both increase with increasing num­

bers of fins and increased Reynolds numbers. The over­

all coefficient of heat transfer will increase because 

it is based on an inside area which is constant even 

though additional surface has been added to the outside. 
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The overall coefficient of heat transfer wili inc^e^Se 

ultn increasing Reynolds number because the greater 

velocity of the stream fluid will lower the outer resist­

ance as seen from hilperts e ̂ uation. At lower Reynolds 

numbers the overall coefficient of heat transfer becomes 

almost constant for ciny number of fins. This infers tnat 

at lower Reynolds numbers the outside film coefficient 

is very insignificant to the overall he^t transf?r coef­

ficient and thus tne inside resistances h*.ve a stronger 

influence at lower Reynolds number. The magnitudes and 

trends are comparable to those of Lee and Eedrossian(13), 

remembering that in that particular study the overall 

coefficient of heat transfer v/as based on the area of 

either the hot or the cold side, and this stuuy is based 

on the total area. No direct quantitative comparison 

will be given because the systems studied were not 

entirely the same. 

In the second stuay the effects of changin^ 

the ratios L and Re with a constant number of 24 fins 

was examined. Tne total heat transfer and the overall 

coefficient of heat transfer based on the inside area 

are given in Figures 4.3 ana 4.4, respectively. Con­

sistent with Lee and Eedrossians(13) work tne optimum 

L is one which means that for optimum operation the 
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condenser and the evaporator sections should be the 

same sizes. It is thought that by selectively finning 

one of the sides this value of optimum L will change. 

These figures also show that increasing the flow through 

the hot side will increase the heat transfer rate while 

a simultaneous increase of L+ and Re* will cause the heat 

transfer rate to drop. It is worthwhile to note that a 

simultaneous decrease of Re*and L^will cause the heat 

transfer rate to drop at a faster rate. It should be 

noted that in Lee and Bedrossians(X3) study the Reynolds 

number of the hot flow rather than that of the cold flow 

was kept constant. 

The third study was done to examine the ef­

fects of changes in the Prandtl number using water or 

oil as the stream fluids as compared with air (using 

a non-dimensional Prandtl number in the analysis direct­

ly was not possible). The overall coefficient of heat 

transfer based on the inside area was plotted versus 

the number of fins at various Reynolds numbers. This 

was done for both water and oil in Figures 4.5 and 4.6, 

respectively. The amount of total heat transfer 

was then, compared, rasing the oil , .water and air 

as the stream fluids, in Figure 4.7. As expected the 

heat transfer increases due to the greater Prandtl 
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number and while external resistances are the control­

ling factors for air, the internal resistances become 

more important at moderate Prandtl number (ie. water ). 

The number of transfer units(NTU) were cal­

culated for the results from the analysis b.nd are shown 

in Figure 4.o. This shows tnat the NTJ will increase 

for a greater number of fins on the tubes. This means 

that for the same flowrate past the tube th=re is a 

higher heat flux through the tube with more fins due 

to the increased surface area. The NTU is higher for 

a smaller Reynolds because the overall coefficient of 

heat transfer does not increase as quickly as tn mass 

flow rate. 

The major shortcomings of the theoretical 

analysis are that an optimum fill volume was assumed. 

The implcations of this are that there is no allowance 

made for burnout resulting from overfilling or dryut 

caused from underfilling. Martinellis condensation 

expression is based on assumptions of uniform heat flux 

and completely laminar flow. 3oth of these assumptions 

are not entirely true because there is a small temperature 

gradient along the walls of the thermosyphons caused by 

returning vapour thus creating an un-uniform heat flux. 

There is also an incredible percolating action within 
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causing an extreme turbulence. In the evaporator section 

Rohsenows expression for natural convection boiling is 

based on an ideal situation where water is nucleating 

on the sides of a container and then boiling. In the 

actual case the falling film is receiving heat and then 

boiling in the pool at the bottom of the section. The 

analysis does not allow for the two separate sections 

in the evaporator, one containing the returning cond­

ensate and the other cotaining the boiling pool. There 

has been no allowance for axial conduction along the 

tube which in this particular study may be significant 

due to the thick walls of the tubes. There is also 

the problem of heat transfered through the other com­

ponents in the system besides the tubes such as the 

walls and the divider which has been assumed to be 

negligible. 

4.2 Results from Experiments 

As previously stated there were two main 

main studies done experimentally. The conditions for 

these tests established from the experimental setup 

which is given in Chapter 3. 

In the first study the Reynolds number ratio 

Re*was varied while keeping the number of fins constant 
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at sixteen per side and readings were taken for various 

Reynolds numbers. As predicted by the present analysis 

the overall coefficient of heat transfer based on the 

outside area increases at any given Reynolds number of 

the cold flow as shown in Figure 4.9. This is because 

the increase of Re*will increase the Reynolds number 

on the hot side and therefore decrease the outer resist­

ance, thus increasing the overall coefficient of heat 

transfer. 

In the second study the number of fins per 

side was varied while keeping the Reynolds number ratio 

(Re*) constant for various Reynolds numbers. The results 

are shown for 2, A and 16 fins per side in Figures 4.10, 

4.11.and 4.12, respectively. The heat balance of the 

hot flow was consistently higher than that of the cold 

flow giving a higher coefficient of heat transfer. 

The reason for this was rationalized to be leakage be­

cause it was noted that the pressure drop across the 

cold side was exactly equal to the pressure drop across 

the hot side when it should have been less. It was also 

noted that improvements were made to these figures by 

attempts to seal the test section more adequately dur­

ing the course of the experiment. The problem seemed 

to be in the design of the test section which in order 

to accomodate the finned tubes had to be made of many 
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separate pieces fitting together around the tubes. It 

was necessary to dismantle the test section continuously 

during the course of the experiment in order to machine 

fins from the tubes. This aspect further increased the 

likeliness of leakage occuring. An analytical compar­

ison was made later using input established from the 

experimental conditions and is given in Figures 4.10, 

4.11 and 4.12. It is consistently lower than the exper­

imental results but exhibits a similar upward trend test 

shown in Figure 4.13 where it is non-dimensionaiized 

with respect to a similar result with no fins. Figure 

4.14 shows just experimental values and indicates in 

much the same fashion as Figure 4.2 that the overall 

coefficient of heat transfer based on the internal area 

increases with the number of fins at a certain Reynolds 

number. 

Figure 4.15 snows pressure drop across the 

test section as a function of Reynolds number for various 

numbers of fins. It can be seen that although marginally, 

pressure drop does increase as more fins are added. An 

average value of hot and cold side pressure drop was used 

because these values were similar in magnitude. This 

indicates that leakage was occuring bet .een the hot and 

the cold sides because the pressure drop for the hot side 

should be greater than that of the cold side for tne 

same Reynolds numbers. 
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CHAPTER 5 

CONCLUSIONS AND RECOIiZ,I DATICI.'S 

The following conclusions can be drawn from 

the present study. 

1. The overall heat transfer can be increased by using 

finned surfaces as opposed to bare surfaces, xhis 

effect is more pronounced at higher Reynolds 

numbers. 

2. The overall coefficient of heat transfer increases 

as more fins are added for the range of fins 

investigated. This effect is more pronounced at 

higher Reynolds numbers. 

3. The optimum ratio l7 is l.C for the situations 

studied. This might be changed by selective 

finning of either the hot or the cold side. 

4. Increases in the Prandtl number of the stream fluid 

will increase heat transfer to a certain point aft'jr 

which it will tend to level out with further increase, 

5. The NTU can be increased with increasing number of 

fins and is higher for lower Reynolds nur.cers. 
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6. .iltnougii marginally for the range tested the pressure 

drop :oes Increase with t;.e number f fins auaed. 

7. Re^t transfer from a finned surface can be reasonably 

predicted by usln^ the fl^t plate model. 

S. .in-~lytic~l findings correlate well with those cit.d 

in literature. 

9. Experimental results show th~ correct trends i.owever 

their magnitudes correlate poorly to either the 

analysis or results of this nature cited in previous 

literature. The cause of tnis discrepancy is partially 

due to leakage which could not be corrected during the 

course of the experiment. Other reasons for the 

discrepancy would be short-comings in the analysis, 

which may be improved in the future. 

Thermosyphon heat exchangers can b^ utilized 

most effectively when a specific situation dictates so. 

•f'or this reason research could be oriented towards places 

where thermosyphons have a distinct advantage over con­

ventional heat e change approaches. There are topics 

such as selective finning which could be related to 

changes in tne type of fluid on either the hot or t;.e 

cold sides wnicn could further increase t~_ flexiLility 

of ".lie thermosyphon heat exchanger. 
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To improve the validity of this type of 

experiment the following recommendations could be followed. 

To locate leakage measurement of flow could be performed 

both entering and exiting the test section. Errors in 

temperature measurement could be made less significant 

by increasing the size of the test section. This would 

increase the temperature drops on both hot and cold 

sides thus facilitating reasonable temperature difference 

measurement. 
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APPEKDIX A 

The Derivation of the Fin Efficiency 

of an Annular Fin of Rectangular Profile 
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APPENDIX A 

The Derivation of the Fin Efficiency 

of an Annular Fin of Rectangular Profile (22 ) 

r 

Assumptions: 

1) Heat transfer rate may be taken to depend upon the 

radial direction totally. 

2) The temperature at the base of the fin is constant. 

( T0 = constant) 

3) The outside film coefficient is constant. 

4) The temperature gradient in the x direction is 

zero 

Let ©-AT-T-To, ( A # 1) 

where Too Is the temperature of the surrounding 

fluid. 

Upon differentiation with respect to the 
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radius one obtains 

d G/dr » d (ATj/dr = d T/d r (A.2) 

The Fourier equation of heat conduction 

states that 

Q- -KAdT/dr (A.3) 

Therefore (A.4) 
Q'-AA de/dr 

Consider the radial heat flow through a differential 

element 

Fig. A.2. 

dr 

Conduction into the element is equal to convection from 

the element and conduction out of the element. 

Q,- Qi+Qj (A.5) 

(A.6) orA - ey.A +_2L/' <̂ rA ) dr + <fcPdr 

where 
Tr = -kde 

dr 
^c=We (A.7 & A.8) 
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Therefore 0 = a_Citd© 2.1Tr(Z6Q)) dr +4TTrdrhp6 
dr^ d r / 

(A.9) 

0"'^60(rd^e + d6) 4 hp©rdt 
v d r * dr- I (A.10) 

o * 3 0 d i e x <snde - h P e 
d r 1 ale fe (A.11) 

0= r 'oTe A rdG 
d r«- d r 

- _bp_r*e 
fe(5 

(A.12) 

By l e t t i n g w« (hp/M<50) i/a (A.13) 

0» r * d l £ + rd© . N V ' S 
d r ' d r 

(A.14) 

This is a Bessel equation of the second kind. It can 

be compared to the Douglass equation. 

x- stzy + (l -ZA)x-2Bx*-

whose s o l u t i o n i s 
d x 

B i Sc a ' -B ( | -2A jx+A i -C i n i . ^ 2 - ^ 
y ( A . 1 5 ) 

y - x ^ C Jn(Dx e ) • C Y ^ D x ? ) } (A.16) 

where A 
B 
C 
D 
n 

0 
0 
1 

=J-N*- = N; 
= 0 
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Therefore the solution is 

0- CiJ0(fNr) + C*Y0(iNr) 

at 

and at 

e-eb 
dr 

(A.17) 

Differentiating equation A.17 we get 

dg = C,N J,(iMr)-CzN7Y, (iN/r) 
dr 

(A.18) 

or de. C,NI,(Wr) -CtN/K,(|s/r) (A.19) 

Inserting the first boundary condition into the 

equation A.17 we get 

0b= CiI9(Nrb) + Cz£0(NrJ 
(Ao20) 

then putting the second boundary condition into equation 

A.19 we get 

0-C,I,(Ni%)-Ca.KJCNie) (A.21) 

Therefore 

(A.22) 

Putting this result into equation A.20 we get 

© b - C2 K,(NrJ 
i,(Wrj) 

IodVrJ + Cft^NrJ 
(A.23) 
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Solving for C o 

C2- e*.I.(Nre) (A. 24) 
K,(Nrc)I0(Nr^ + l,(Nre)K0(NrJ 

Putting this result into equation A.23 we obtain 

Cr= ©bK,.(Nre) (A. 25) 
K,(Nr*)I0(Nrb) + I,(Nre)K0(Nrb) 

We put the values of C, and Ĉ , into equation A.17 

which can be rewritten as 

9 = CjI0fNr)i-C2Ko(Nr) (A.26) 

and get 

e. = _£'Nfi )UNr) + U(Nr„) K„(Nr) (A.27) 

The heat dissipated from the surfaces of the fin are 

found from the convection equation which is 

^ • = ̂ h ^ r (A.28) 

da = 4TTh,0rdr ( A > 2 9 ) 

a = 4IThpJ erdr 
rto (A.30) 

I t has been shown in equa t ion A.14 t h a t 

•*-^S + r d £ - N j V 2 9 =0 (A.3D 
o l r i d r 
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or lslV*e - r*d*e t r d e 
dr2- dr 

(A.32) 

s i n c e 

then 

sLfrdO) = r *d% t d 9 
dr^ d r / o i r 1 d r 

(A.33) 

(A.34) 

t h u s , one can wr i t e 

\ N«-Jr dr ^ d r / 

= _L, ( r d e ) 
N* \ d r / 

(A.35) 

(A.36) 

(A.37) 

s i n c e a t 

then O r d r = - j i (de . ) 
Vb N ^ d r / r b 

t o e v a l u a t e «=ie / ° ' r a t r̂  we d i f f e r e n t i a t e 

equa t ion A.27 and get 

(A.38) 

\drjre. 
eu NK, (NrJ 1, ftjrd -N i l , (Nis? K, <KĴ  

>ebNft 

Therefore J e r d r = (-&_) fdQ 
«, v N/v Wr. * 

•rj, GMSl 

(A.39) 

(A.40) 

(A.41) 

(A.42) 
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Putting this result into Equation (30) 

Q = -4TThpry 9tJl (A.43) 
N 

The efficiency of the fin is defined as the ratio of 

the heat transfer of the fin to that with the fin 

maintained at 

rr= Qo = 4TThJ QdA * 4TT I 0dA (A.44) 
Q b hFA?9b

 e^c rO 

= 47T /- r^fl 
9bAp\ N 

Since A -a^tf-tf) 

2- rt. 

(A.45 

A?N (A.46) 

(A.47) 

then n = - ^ | _ ^ _ . j (A.48) 

2,il ub (A.49) 

(A.50) 
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APPENDI:-: E 

Coefficients from Hilperts Equation 
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APPENDIX B 

C o e f f i c i e n t s from H i l p e r t s E q u a t i o n 

\ s t / d 1.25 1.50 2.PC 3.CO 

L / d \ B m E m E m E _ni 

S t a g g e r e d : 

0 . 6 0 0 C.213 0 . 6 3 6 
0 . 9 0 0 0 . 4 4 6 0 . 5 7 1 0 . 4 0 1 0 . 5 6 1 
1.CC0 0 .497 0 . 5 5 8 
1.125 0 .476 0 . ; 6 5 0 .516 0 . p 6 0 
1 .250 0 . 5 1 6 0 .556 0 .505 0 . 5 5 4 0 . 5 1 9 0 .556 0 .522 0 . 5 6 2 
1.50L 0 . 4 5 1 0 . 5 6 6 0 . 4 6 0 0 .562 0 .452 G.5oc 0 .4-C G. ;6c 
2.GC0 C.4CA 0 . ^ 7 2 0 . 4 1 6 0 .566 0 .462 0 . 5 5 6 0 .449 0 .570 
3 . 0 0 0 0 . 3 1 0 0 .592 0 . 3 5 6 0.56C 0 . 4 4 0 C.562 C.421 0 . 5 7 4 

I n L ine : 

1.250 0.34&" 0.592 0.275 0.606 C.1CC 0.704 C.C63 0.752 
1.500 0.367 0.5cb 0.250 0.620 C.1C1 0.7C2 O.G66 C.74A 
2.CLC C.416 0.570 0.299 0.602 0.229 0.632 0.196 G.64t 
3.CCG C.290 0.601 0.357 C.5&4 0.374 0.581 0.266 0.6C8 

Row 1 2 3 4 5 6 7 8 9 

Cifor staz "ere:. 
tubes 0.68 C.7 5 0.63 O.o9 0.92 C.95 C.97 C.9c 0.99 

Czfor inline 
tubes C.64 C.oO 0.87 C.90 0.92 C.94 C.96 C.96 0.9? 
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APPELDIX C 

A Comparison of Three Theories 

Involving Convection from an Annular Finned Surface 
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APPENDIX e 

A Comparison of Three Theories 

Involving Convection from an Annular Finned Surface 

To ensure the adequacy of the flat plate 

approximation used by the author, it was compared to 

two other theories for heat transfer from finned surfaces, 

Elmahdy and Biggs ( 18 ) developed an 

expression for the Colburn J-factor as a function of 

the Reynolds number based on a hydraulic diameter. 

It was assumed that the J-factor was a function of the 

Reynolds number and of the form 

J-CtRe ct (C.l) 

where C, and C£ are constants dependent upon the 

physical dimensions of the heat exchanger. A multiple 

regression technique was used to determine the most 

influential coil dimensions. The equations for C, and 

which were developed are 
0.0*5" 

and 

C, - 0 . 1 5 9 
.2 So. 

d £3i 
Sol 

r _ 0. 04^ _. 

Ca = 0.3Z3 Z$o 

' 

ex 
-

, 0.077 

(C.2) 

(C.3) 

One can see that the relevant dimensions are 

the fin thickness, spacing, and height as well as the 
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hydraulic diameter which is also included in the Reynolds 

number. 

Legkiy, Pavlenko, Makarov and Zheludov ( 17) used 

arrays of miniature heat flux sensors to investigate 

local heat transfer coefficients on the surface of a 

tube with constant thickness annular fins cooled by a 

transverse air flow. The average heat transfer coef­

ficient was defined as 

•W^ili Li£&L (C,4) 

where is the difference in temperature between a 

point on the surface and the bulk fluid flow temperature, 

and y is the fraction of area covered by the section. 

These values were compared with the heat transfer coef­

ficient calculated from 

NJu= 0.18 [( +931, (A/30Z)\ Re6 (C.5) 

A - 0.5-Cdff-dp) af . „ , . 
where d0s (C.6) 

R „ 12,. 9 
ZO.fr 0.S(d<*-do\ lc.7) 

\ do-2.8J 

and i'' Zdo(d&-dQ +i) (C.8) 
TT \d042.So ' 

and were shown to be in good agreement. The actual 

http://ZO.fr
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heat transfer coefficient equation that was used v/as 

originally taken from Legkiy,V.I-I. ' In the collection: 

Problems of Heat Transfer and Thermodynamics.' which 

seems to be inaccesible. 

These were compared in a study, the results 

of which are shown in Figure C.l. The present flat 

plate approximation comes between the other two and 

therefore is assumed to be adequate. 
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APPENDIX D 

Flow Charts 



MAIN PROGRAM 

- c l -

Input of 

Variables 

input of 

Fin Data 

\/ 

F i g . D . l 
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E st im ate 

TC(N*I) 

yes 

.£ 
Call 

FONDUC 

Reestimate 

TC(N*I) 

SUBROUTINE CONFLO 

yes 

no 

C a l l 

CONDUC 

no 

( Return J 

Calculate 
A New 
TC Value 

Fi5.D.2 
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SUBROUTINE PARLEL 

yes 

C all 

FONDUC 

Calculate 

TC(J),TH(J) 

yes 

( Return J 

no 

Call 

CONDUC 

no 

Fig.D.3 
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/N 

yes 

Assume 

TWHI 

Calculate 
Q 

Assume 

TS 

Calculate 
Q3 

no 

Assume 

TWCI 

Calculate 

Q5 

no 

SUBROUTINE FONDUC 

/K 

Fig .D .4 
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SUBROUTINE 

CONDUC 

/\ 

Calculate 

TCc»u 

C a leu lot e 

TWCO + yes 

Assume 

TWHO 

Calculate 

Q 

Calculate 
TWHI 

I 
Assume 

TS 

I 
Calculate 

Q3 

Tyes 

Assume 

TWCI 

Calculate 
Q5 

/ \ 

/ \ 

Fig .D.5 



-d6-

APPENDIX E, 

Program used for Analysis 
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1 . 
? . 
3 . 
hi 
7 . 
A . 
o . 

i n . 
Ii . 
1 ? . 
1 3 . u. 
i s . u. 
17. 
1«. 
19. 
2o. 
?-\ . 
??. 
23. 
?u. 
2S. 
?«,. 
27. 
?A. 
20. 
30. 
5 1 * 
J 2 -
2 ^ 
5 a « 
37. 
5*. 
3o. 
uo. 
«i . 
'J?. 
" 3 . 
" « , 
«S. 
« h . 
" 7 . 
us. 
UO. 
So. 
Si . 
"*?. 
S3. 

£"• 
S5. 
S*.. 
S7. 
SB. 
5o. 
* 0 . 
h i . 
* ? . 
h i . 
M . 
bS. 
* h . 
67. 
r»« , 
00. 
70. 
71 . 
7?. 
73. 
741. 
75. 
7«,. 
77. 
7A. 
79. 
flo . 
»1 . 

D E L T T S f A 0 1 
P f R C l ( 7 0 ) 

TS f 1701,PS(170) 
TMdT(?0),TcnLP(20),HEAT(?0) 

// (OB (SH1*>°1«5, 
// ) , » C L E T N T S i , - S R L E V F L » { P , 0 ) , 
// CI A S S 3 ̂  
// EXEC wATFIV,TIMFsfS,0),REGI0N»200K 
//WATFTV.SYSIN DP * 
V T P P S H X X X X X X , P A r , t 8 s h O , T I M F « 3 0 0 
C P R O G l U S P S AIR AS T H E W O R K I N G F L U I D 

R E A l K . T O T A 
R E A L HT 
R E A L L C I M 
T N T E G F R F T N 3 
T N T F G F R T H F f l R v 
REAL I Pt US 
RF. AL * C , H H 
REAL L M T P 
n O i i H L F P R F C I S T H N 
DOI IRLF P R F C I S r O M 
Rfc Al 

Silt lS?i?fJ:?S^f§ic lo.!0).HEATF( .o. in, 
INTEGFR TYPF 
R E A I noiA 
.lOFBLOal 
R E A P 7 S . j n i ) T Y P F 

30 1 FOPMATfll) 
READC5,333JTNL 

•533 F O R M A T d 1 ) 
REAPfS,100)TFC,TFH,PFC 

1 00 F0RMAT(Fh,2,ux,Fh.?,'IX,FA,?) 
REAPfS,101 )M 

101 FORMAT(121 
R E A P f S , 1 0 3 1 1 PLL'S 

1 0 3 F O P M A T f F u . ? ) 
R E A P f S . 1 0 ' 4 ) R F P | I IS 

\nu F O R M A T T F a . ? i 
P E A P ( S , 1 D 7 I * T P T M 

1 0 7 FORMAT ( F ( l , 1 1 
R f A H t S . 1 O f t M A I I 

1 0« F U O C » ! ( N , t l 
REAPfS,]tftlh 

110 rORMATfFS.il 
REAPfS,11llinjA 
PE AP(5,I11inoiA 

1 1 1 F O R M A T ( F u . J l 
R E A D f S , 1 1 ? ) S I 
R E A P f S , 1 1 ? ) S T F 

1 12 F O P H A T f F l . 1 ) 
R E A P f S , 1 0 P 1 N T I I P F P 

1 no FORMAT ( T 1 1 
R E H s P p P t M S * R F r 
READ(S,110U)FJf'S 

1 1 (111 FORMAT (111 
7F fFIMS, FQ.01 GOT0120 a 
READfS»I?05) THFPRY 

1?05 FURMAT(T11 
REAPfS.11011HT 

1101 FORMAT(F7.U) 
REAPfS, 1102)fcOlA 

1 1 02 FORMA T(FS 5) 
R E A P f S , 1 I 0 3 1 F 1 M M I I M 

1 1 0 3 F O R M A T ( F 3 . 0 ) 
l ? 0 « r O M T I N l i r 

1" R I T E f h , 7 0 1 ) 
701 F O R M A T ( ' - ' , ' T H F TYPF 

*R*LLEL F L P W f ? ) * ! 
wRITEf<>,70?)TYPE 

702 FORMAT( •-',UX,I 1 ) 
wRTTE f6,AOJITHEORY 

803 FORMAT('-'.'THE THEORY 
WWITE(6,7031 

703 FORMAT('-','TMf PIPES CAN RE ARRANGED FITHER 
7P(0) ' 1 
WRITF fh,70u)JML 

70U FORMAT('-',UV,1!1 
wRTTE (fc,705)TFH 

70S FOHMAT(•-','THF TEMPFRATURE OF THE MPT FLO* 
wRITEf.,706]TFC 

70b FORMATt '-' j'THE TEMPERATURE PF THE CPLD FLOW 

HEAT EXCHANGER IS FJTHER COUNT E R F L P M 1 ) , OR P A 

Hi IMG USED 13 NUMBER' ,11) 

JNLINf (1),0R ST AGGFRE 

13 ',F6.2) 

IS ' , F 6 . 2 ) 

http://rORMATfFS.il
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1?-
M. 
H U, 
HS, 
«7. 
88. 

°1 . 
P ? . 
•53. 
9a. 
">S. 
<»h. 

27« 
«"• ?°« 100. 

101. 
10?. 
103. 
lOu. 
10S. 
10*,. 
107. 
108. 
100, 
1 10„ 
lit. 
11?. 
113. 
11U. 

U S . 
1 lb. 
117. 
118, 
110. 
12o. 
121. 
12?. 
l?3. 
12u. 
I?s. 
I2h. 
1?7. 
128. 
12P. 
I3n. 
131. 
13?. 
13J. 
I3u. 
13S. 
13b. 
137. 
13«. 
130. 
1"0. 
I'M. 
1"?. 
1"3. 
luu. 
1«S. 
l«b. 
1«7. 
1"«. 
iao. 
l|o. 
t|t. 

153. 
lS<i. 
1SS. 
I5h, 
157. 
15a, 
150. 
IbO. 
lb| . 
10?. 
1*3. 

WWT1 t (*, IH")»' 
70° FORMATf•-','THF NUMBER OF ROWS 

<"'ITEfb,7tO)LPLU,> 
7 1 0 F O R M A T f • - ' , ' T H E R A T I P O F T H E 

W Q J T F f b , 7 1 1 ) R F P | U S 
711 FORMATf'-','THE RATIP OF THF 
. , WRITEfb,71?lPFC.PFH 
71? FORMATf•-','THIS MFAN 

*F8,?,'AN0 THE 
wRfTEfb,7l31 

713 FORMAT (»-• , 'TH 

IS! '.12) 

LENGTHS ISj'.Fil,?) 

REYNOLDS NUMBERS »R£i',F«,?) 

HOT 
S 

SIDE 
THE RE^NOI.OS 
ISf',FH.2S 

NUMBER FOR THE COLD SIDE IS I • 

IE TUBES HAVE THE FOLLOWING CHARACTERISTICS') 

7ia FORMATC l-!?/'.'?1','J OUT SIDE D I A M E T E R ' . F S . 3 . / . ' '.'INSIDE D I A M E T E R ' , F 

?5.3,/, • ' , ' C O N P I I C T I V I T Y ' ,F5.1 ) 

715 FORMATf'-' , 'THE HEAT EXCHANGER HAS THE FOLLOWING CHARACTERISTICS') 

71b 
wRTTEfb,71hlTALL,wIOTH,sTE,3L 
FORMATf'-'.'HFlGHT'.Fu.l,/,' ',«WIDTH »,Fll.l 

7ING' ,F3.1 ,/, • ' . 'I ONGITUOINAL SPACING' ,F3. I 
nOlA=0PIA/12.P 
TDTAsiniA/1?,o 
wlPTHs^TDTH/l?,n 
T * L I S T A L L / 1 2 . 0 
S L e 3 L / 1 ? , 0 
S T E s S T F / 1 2 . 0 
I C = TA| L / ( l , o + | P| US) 
L H s T A i L - l C 
TALL F l M l P f T F r , A V , » K , A C P , 
M C = ( R F r » A V * L f " * W T P T H ) / f f i P i 
CALL FLMTPfTFH,AV,AM,ACP, 

/, • ' , 'TRANSVERSE SPAC 

AP) 
A) 
AP) 

MHa(RFH*AV*l H*wlPtH)/(pp|A) 
WRTTF fh,707)MC 

707 FORMAT('-','THF MASS FLOW OF CPLP 
WRlTEfb,7081Hn 

7 0 8 FORMAT( ' - I , ' T H F MASS FLO* OF HPT ATR 
IF t F I N S . F O . O K P T n ) \ pS 
F I N N C s F I M H H M . f l C / f l f *LH1 ) 
F lNNHsFTf 'N l 'M« f | H / f l r * l »)) 
W R T T F ( h , 1 1 0 b ) 

1 1 0 b F O R M A T f •-',"• T H E E K C H A N G f R 
k R T T F I b . t I (1"" 

1 107 

1 108 

AIR IS',Fb.?) 

I S ' , F b . ? ) 

W I T H R A O I A L F I N S ' ) 

IS' ,F7.(t) 

THE FIN IS',F5.3,'MEA9URF0 I*1 

1 1 1 

1111 

1 105 

ON 

IS 
THE 
,F5, 

COLD 
?) 

SIOF IS' .F5.2, 'AND THE 

USES TUBES 
KRTTF (b,1I071HT 
F O P M A T f » - ' . ' T H F THICKNESS OF EACH FIN 
WHITEfb.lJOS) fPTA 
FORMATf'-','THF FXTREME DIAMETER OF 

?INCHES') 
WRTTF fb, 1 1 0Q1FINMIIM 

110O FORMATf'-','THE NUMBER OF FIN3 ARE'.F3.0) 
WRTTF(b,1110)FTNNC,FINNH 

0 P-ORMAT f ' - ' , ' THF NUMflFR OF FTN< 
7NUMRER OF FIM1 m, THE HOT SIP8 
HTrHT/12.0 
SPACE* fTALL-HT*FIHNUM)/(FINNMM+1 #0) 
WHITEfh,11!11SPACE 
FORMATf'-','THF SPACING IS'.FS.b) 
FOIAsFDTA/12.0 
fONTTNUF 
TFfTYPE.EQ.11GOT030? 
CAlL PARlELfTcnLP,THOT.HFAT,TEC,TEH,MC,MH,N,AT,aT,J,0,ACP,LMTD,UT, 

•TS,TIC,TIH.CZ.T71 ,CZ7,INL,LC,LH,FI»JNUM,FINMC,F1NNH,SPACE , HT,EDIA,F 
7INS,NTUBES,-IDTH,SL,STE.0DIA,IDIA,K.THEORY,TALL) 

GOTO 303 
302 CALL C O s l F L O ( T c n L D E , T H O T F , H F A T E . T C , T H , M C , M H , N , A T , Q T , K A Y , L , T E H , T F C , 0 

• . J . A C P . T C P F L T . T C A f t S . L M T P . U T . T S . C Z . C Z l . C Z T . M O . I N L . J O E B L O . L C . L H . F I N N 
? l ' H , F I M N r . F l N M H , S P A C E , H T , E O l I , F I N f l , N T u e E S , w I O T H , S L , S T f , O D T A , I O U , K , 
I T H f O R Y . T A L L ) 

3 0 3 STOP 
FNQ 
SUBROUTINE P A R L E L ( T C O L D . T H O T , H E A T , T E C , T E H , M C , M H N , A T . Q T , J , 0 , A C P , L 

' " T p , U T , T S , T i r . f T l H , C Z , C Z l , C Z 7 , I N L . L C , I H . F I N N L T . F K'NC , F I N N H , SP ACT , HT 
7 . E P I A , F T N s , N T U B E S , W T 0 T H , S L , S T E , o 6 l A , I D l A . K , T H f P W Y , T i L L ) 
P()i|B| E P R E C I S I P N P E L T T S f S O ) 
REAL K 
PfcAl LMTP 
INTEGFR FINS 
REAL M,PF.RC5,PERr3,PR,Hl,H3,H,H5 
REAL HT 
JNTEGFR THFpRY 
POUBIF PRECISIPN PERC1C70) 
REAL M C , M H , P I , I O T A , L C , L H , I R A D 
REAL JLC 7 f25).STAGCZt?S) 
REAL TS fl 70),RS(170) 
REAL THPTf20),TrnLPf20),HEAT(20) 
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l e u , 
I b S . 
1*>b, 
1 6 7 . 
l b B . 
1 6 0 . 
1 7 0 . 
1 7 1 . 
1 7 ? . 
1 7 3 . 
1 7 a . 
1 7 S . 
1 7 b . 
1 7 7 . 
1 7 8 . 
1 7 0 . 
1 » 0 . 
I B 1 . 
1 * ? . 
1 P 3 . 
l B f l . 
I B S . 
l " b . 
1 8 7 . 

i 5 q -
1 9 0 . 
1 9 1 . 
1 9 3 . 
1 0 ( 1 . 
1 9 ? . 
1 9 b . 
1 9 7 . 
1 9 8 . 
1 9 0 . 
2 0 0 . 
? 0 l . 
? 0 ? . 
2 0 3 . 
2 0 t l . 
2 0 S . 
? 0 b . 
? 0 7 , 
? 0 8 . 
2 0 o . 
? 1 0 . 
? 1 1 . 
2 1 2 . 
2 1 3 . 
? ! a . 
? i s . 
? i b . 
2 1 7 . 
? 1 B . 
2 1 0 . 
2 ? o . 

? , ? ' • 
? ? ? . 
2 2 3 . 
? ? u . 
? ? s . 
2 2 b . 
2 2 7 . 
? ? 8 . 
2 2 o . 
2 3 n . 
231 . 

? 3 J . 
? 3 u . 
2 3 S . 
2 3 b . 
? 3 7 . 
? 3 « , 
? 3 0 . 
2 a n . 
2 < H . 
2 " ? . 
? « 3 . 
2<*a. 
2 « S . 
? " b . 
? " 7 . 

o u n . o 
ATCsO.O 
A T H S O . 0 
JJ1 
T C O L D ( J ) = T F C 
THOT f . n e T E H 

10« T l C e T r O L P f J ) 
T l H i T H O T f .1) 
If(IWl . F O . 0 1 G O T O 7 0 1 
T *LL I N L l M E f J , I I C 7 . C Z ) 
N T H E R M S N T H M E S 
GOT070? 

7 0 1 r * I . L «T A G F R ( J , S T A G C 7 , C 7 ) 
M T H F R M r N l l l « F S - ( J 4 1 - ( C J + 1 ) / 2 1 * 2 ) 

7 0 2 C Z l = C 7 
CZ7=C7 
I F ( F I N S . F 0 . 0 1 G 0 T P 1 1 1 2 
f A | L F f i N m i C f ' * r , M n , T i C . T I H , T , P I , L C , I H , 0 , j n F H L O , I N L , H T , E D I A , F l N N r , F I 

? W N H , F I N N I I H f S P A C E , r 7 1 , C 7 7 , J , N T H f H M , W l n T M , S L , S T E , O M I A , I O I A , K , A W E A B H , 
7 A R F A F H , A O F A H C . A o f A F C , T H E O R Y , T A L L ) 

ATr = fARFAFC + AWEABD*'JTHERMtATC 
ATHB(ARFAFH*AUFABH)*NTHFRH+ATH 
ROTO]113 

1 1 1 ? CONTIMUF 
C » L L " c O N P i i C f M C , M H , T I C , T I h , I , P I , C Z l . C 7 7 , A H O , A r O , K . O P I A , T D I A , L C , R b , L 

* H 1 6 ? , P t R C | , P E l T T r i , P l , R 7 , A H I , A C 1 , D E L T T 1 .T wH.fi, Q TWHI , OF L T T ? , PF PC 3 , DE 
* L T T 3 ^ T 9 , P } ; Q 3 , P F P C ^ , P E L T T 5 , f w C I . R 5 , O S , f w C O , T C C A L C , D E L T T I , A V , A l < , A C P 
' . 8 , M , 7 , P R , V M r H l , A D , H 3 , W K , N D , H . w v , T , W V D , S T , B E T A , Y , H S , H 7 , I R A D , J , J O F B 

1 1 1 3 

370 

371 

372 

3 7 3 

37« 

103 

10 

1 1 

1? 

105 

? 1 0 , t N | , N T H F R M , W I D T H , S L . S T E ) 
ATC=ACP*NTHFRM*ATC 
A T H B A H O * M T H F R M + A T H 
H E A T ( J ) » P 
QTsflT + H F A T f J ) 
I» .J *1 
CAIL F L U T P ( T T C , A V , A K , A C P , A O ) 
T C P L P f J ) s T C P l D ( J - 1 ) * 0 / f M C * A C P ) 
C*LL F L U l D f T I H . A V . A K . A C P . A D ) 
T H P T ( J ) = T H 0 T f J - 1 ) - 0 / C H H * A C P ) 
L M T r ) e f ( T H O T ( l ) - T r n i P ( l ) ) - f T H P T f J ) - T C O L P f n i ) / ( A L P G f ( T H P T ( l ) . 

?1 ))/fTHPT(J)-TCOLPfJ)))) 
ATeATC+ATH 
UTCsnT/(LMTD*ATC) 
(lTH«OT/fLMTP*ATH) 
UTsOT/f I "TO.AT) 
WRITE fb,370) 
FORMATf'-','THF TOTAL HFAT TRANSFER TS') 
WRITE fb,37110T 
FORMAT( '-' ,7X,F1 1 ,U) 
wRITE(b,37?)LMTD 
FORMATf'-','THE LOG-MFAN-TEMPERATUPE DIFFERENCE IS'.FB.U) 

TCOl P( 

wRITE(b,373) 
FORMAT( THE PVERALL HEAT TRANSFER COfFFlCIENTS APE') 

, ' ' , ' C O L D SIDE ' , F S . U , / , ' ' . ' T O T A L ' . F B 
WRITE ( b , 3 7 U ) | i T H , U T C ,UT 
F O R M A T ( > - i , 'HOT flTPF ' , F B . U , / 

?.«) 
fFf J.FO.N + 1 )r,oTO103 
r.OTofoii 
rONTJMIIF 
WRITF(b, 10) 
FORMAT('»'.'THE FINAL 
wRITEfb.11) 
FORMAT( '-i fbX, 'TC » ,hX 
W f l l T F f b , I 2 ) T f HI Of O . T H O T ( J ) 
F0PMAT('->,UX,Fh.?,UX,Fb.2) 
WRTTF fh. 1 OS 

TEMPERATURES ARE, ' ) 

•TH ' 5 

FORMAT( THE OVFPALL 
*AT TRAMSFFR ARF ! ' ) 
WRITE(6, 1 Ob) 

10b FORMAT(3X, 'UT' ,8X, 'OT • ) 
wRl TF ( b , 1 0 7 ) I I T , 0 T 

107 F O R M A T ( ' - ' , F « . u , ? « , F 1 1 , U ) 
WRTTE fb b ? 0 ) 

* ? 0 FORMAT f > - ' , ' T H F VALUES OF 
*) 
wHTTF(6,b?1) 

b21 FORMAT ('-',3*, 'I "Tn') 
wRT TF fb,b?3ll MTP 

b23 FORMAT(•-',1X,F1b.8) 
RETURN 
FNP 
SUBRilliT TNF Cf'NFI n ( TTP 

* F H , T F r . n , i , A r P . T r u n T , 
7 . L H . F ! • • I I " . F I »'!• r ,F TM'JH 
7 . 1 P T A ,K , 1 Hf Of-Y , TAI L ) 

HEAT TRANSFER C O F F F ] f l F N T ANP THF TOTA| HF 

THF LOG M F A M TFMPERATIIPF DTFFEPE^Ct T 5 T 

OF ,TMOTF,HFATF 
T r » B S , l M l o . U T , 
,SFACF ,HT , f 01 A 

,T T C , T I H , 
1 S , ( 7 , r z l 

"C , " H , N , A T ,PT , K AY ,1 
, r Z 7 , " 0 , I'lL 

F I N •;, N T M H F S . » T 0 T H , s I 
J"FH| 0 , 1 C 
, STF ,POT A 

http://wH.fi
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? ' 1 Q . 
2 5 n . 
2 5 1 . 
? 5 2 . 

? 5 u . 
? 5 S . 
2 5 b . 
2 5 7 . 
2 5 a . 
2 5 o . 
? b 0 . 
2 6 1 . 
2 6 ? , 
? 6 3 . 
? b « . 
2 b 5 . 
? b b . 
? b 7 . 
? b 8 . 
2 6 0 . 
2 7 0 . 
? 7 l . 
? ? ? . 
2 7 3 . 
2 7 a . 
2 7 S . 
2 7 b . 
? 7 7 . 
2 7 a . 
2 7 9 . 
2 8 0 . 
2 8 1 . 
? 8 ? . 
? 8 3 . 
? B u . 
?$*' ? 8 h . 
? 8 7 . 
?HP, 
2 * 9 . 
? 9 0 . 
291 . 

^23-
? 9 U , 
2 9 5 . 
? ° b . 
? 9 7 . 
? 0 8 . 
?<fg, 
3 0 0 . 
301 . 
3 0 ? . 
3 0 3 . 
3 0 u . 

3 0 b . 
3 0 7 . 
3 0 8 . 
3 0 " . 
3 1 0 . 
31 1 . 
3 1 ? . 
3 1 3 . 
31 a , 
3 1 S . 
j i b . 
3 1 7 . 
31ft . 
3 1 0 . 
3 2 o , 
3 2 1 . 
3 ? ? . 
3 2 3 . 
3 2 a . 
3 2 S . 
3 2 b . 
3 2 7 . 
3 2 8 . 
3 2 9 . 
3 3 0 . 
331 . 
3 3 ? . 
3 3 3 . 
3 3 a . 
3 1 S . 

?07 
?03 

7 0 3 

I " I t ' • • M I H M l H r 
0 F A I L M T P 
P E A L HT 
1 N T F G F R F T N S 
R E A L K 
POUHLF P R E C I S I O N D E L T T 5 ( 8 0 ) 
POUBLF PRFCTSION P E R C H 7 0 ) 
P E A L T L C 7 ( 2 5 ) , S T A G C 7 C 2 5 ) 
REAL M C , M H , P I , T P I A , L C , L H , I R A P 
R t A l M . P F R t S , P F R C 3 , P M , H l , H 3 , H , H 5 
PEAL P S f 1 7 0 ) . T S f 1 7 0 ) 
REAL T H O T F f 1 0 # 1 O l , T C O L P E f 1 0 , 1 0 ) , H E A T F ( t 0 , 1 0 ) 
RTaO 0 
ATHaO.0 
ATC=0.0 
1 =1 
K»YSN«1 
J=1 
T C P L 0 F f i ' A Y , L ) * T F T * 1 . 0 « F I N N U M 
THOTF f v l , L ) = TFH 
T l H » T H O T F f J , L ) 
T I C s T C ' l OF fx A Y . L l 
TF (TIC.IT.TECIGOTOSIO 
MO=KAY-1 
IF(INL.EP.01GOTO703 
CALL T N i _ l N F f M 0 . I L C 7 . C Z l 
CZ7IC7 
C*LL I N L I N E f J , I I C 7 . C Z ) 
CZ1aC7 
N T H E P M S H T D B E S 

GOT07oa 
CALL STAGFHfMO.STAGCZ.CZ) 
CZ7eC7 
CALL S T A G F R f . I . S T A G C Z . C Z ) C Z l = C 7 
MTHERMsNTllBER«f.1*l> 

70a CONTINUE 
f f J » l ) / 2 l * 2 ) 

I F ( F T N S . E Q . 0 1 G P T P 1 1 I I I 
CA L t FOMOilf f f C . M H . T t C . T I H , I , p i , i C . I H . O , J P E H I O , I N I , H T , E D I A . F I N N C . F I 

7 N N H . F T N N U M , S P A C F . C Z t . C 7 7 . J . N T H E f t M , B i f i T l i , S L . S T E , O O l A , I P I A , K , A R E A B H , 

i.ij,v.t,,«".,,ACn,K,0niA,IDIAj.LC,R6,L 
,PELTTl,TWH0,Q,twHI,OFLTT?,PERC3,PE 

7 A R E A F H . A P E A B C , A R E A F C , T H E O R Y , T A L L ) 
A T C » ( A R F A F C * A R E A B C ) * N T H F R M * 4 T C 
A T H 3 ( A R F A E H * A P F A H H ) * N T H F P M + A T H 
G0T0111S 

1 t 1 0 CONTINIIF 
CA|L C P N P U C f M r , M H , T ! C , T T H , I , P I , C Z l . C Z 7 , A H 0 

* H , o 3 , p E P C l , 0 E I T T 0 , R 1 , R 7 , A H I , A C I . P E L T T 1 , T 
• L T T 3 , T S , P 3 . Q 3 , P E R C S , O E L T T 5 , T W C I . R 5 , Q 5 , T w c O , T r c A L C , P E L T T I , A V , A K , A C P 
* , a , M , 7 , P R , V M , H l , A P , H 3 , W K , w 6 , H , W V , T , W V D , 3 T , B E T A , Y , H S , H 7 , I R A 0 , J , J O F B 
? L " , T N L , N T H F R M , w f P T H , s L . S T E ) 

A T H S A H O * N T H F R M + A T H 
A T r = A r O * N T H F R M 4 A T C 

1115 CONTIMI'F 
T F ( j n F B i 0 , F O , ? ) G n T 0 5 1 0 
H E A T F ( J , L ) = 0 
OlrQT+HFATE(J.L) 
js.l + l 
CA| L FLUIOfTIH,AV.AK.ACP.AD) 
TMOTEfJ,l)*THnTEfJ-l,L)-0/(MH*ACP) 
CALL FLUIPtTTC.AV,AH,ACP.AP) 
K AY = K AY-I 
Tr.nLPFfKAY,|)oTCPLPE(KAY+l,L)-^/(MC*ACP) 
I MTnar(THOTF(!,L)-TCOLOF(KAY,L))-(THOTF(l.l ) «T C OL DF ((• • 1 

?f(THOTf(J,l)-TCOlPF(KAY,L))/(THPTE(l,L)-TCMLPE(N+l,L))) 
ATiATCtATH 
UTr.rfJT/ (LMTO.ATC) 
tlTHsOT/ (I M T P . A T H ) 
UT«OT/(|"TP*AT1 
wPTTF fb.370) 
FORMAT('-', 'THF TOTAL HFAT TRANSFFR IS') 
WRTTF(b,37110T 
FtiOMAT ( '-• ,7X,F7.?) 
WRTTF (6, 3.7? 11 MTP 
FORMAT ('-', 'THF I OG-MEAU.TEMPERATURE PIFFFRFNCF I S • , F P, , 
wRITE (6,373) 
FOPMATf '-• , 'THF PVFRALL HEAT TRANSFFR COEFFICIENTS ARE1 

IITH.UTC ,UT 
T STPF ' ,F8.U,/, • ','COLD SIDE ' ,FR.a,/, ' ' 

7,«) 
TF ( J.Nt J H l 1GP1P?03 
TCPFLTsTCOl OF f 1 .LT-TEC 
TCAPS = AQ<?(Tri)FL T 1 
TF(TCAPt.LT.o.iir.nTn?n'j 
I =1 *1 
K AYrN+1 
ICE Bl 0=1 
QT r0 , n 

" A T r r 0 . II 

rt) ) ) / ( A L H G 

3 7 0 

371 

37? 

373 
u-R I T E f b , 3 7 a } 11T 

3 7 a F O R M A T ( •-• , » H P 

?0S 

«) 

) 

' T O T A L ' , F f l 

http://TNi_lNFfM0.ILC7.CZl
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TTOI PF ( N * 1 , L - 1 ) - ( f T r O L O K l .1 - 1 ) - T f C I / I . " ) 

510 

?0« 

A 1 H S 0 . 0 

.1=1 
TCPLPF fKAY.Ll: 
GOT0207 
L»l •' 
JOEBLP«t 
ATH«0.0 
ATC«0.0 
k A Y » N * 1 
Q T B O . O 

T C 0 L D F f i « A Y , L l a l . 0 1.TCOLPE ( K A Y . L - 1 ) 
G0TO?07 
TF (ARSfTHOTF. ( 

MTDrf fTHOTFf 
1 , L 1 - T C P L O E ( N , L ) ) , L T , 0 . 0 0 0 5 
i l l D - T C O t n E h . L J l - h H O T E C 
) - T C O L P E ( l , L ) ) / f T H O T E ( l , D -

887 

888 

889 

?13 

*i(THPTE fN+1 ,L 
ATaATC+ATH 
llTaOT /f LMTP*AT) 
wRTTFffe ft fl 7 ̂  
FORMATf '-', 'THE FINAL TEMPERATURES ARE t ' ) 
WRITF fb.BBH) 
FORMAT f •-' .bX 
WRITE(b,S89)T 
Ff)RMAT ( '-' , aX 

1GOT0205 
i,L)-TCOL0EtN*l.L)))/tALnG 
TC0LDE(N+1,L)))) 

W«ITE(h.?13. 
FORMATf'-','T 

•AT TRAMSFFR A 
wRTTE .6,208) 

?08 F O R M A T ( J t , MIT 
WRTTEf6,?09)U 

209 FORMAT('-',FB 
WRlTEfb.RJO) 

9?0 FORMAT('-',>T 
*) 
wRlTEfb,9?ll 

921 FORMATf•-',SX 
W»ITEf6,923)L 

9?3 FORMATf'-•,IX 
RETURN 
ENP 
SUBROUTINE CO 

»R6,LH,R?,PFRC 
*3,PELTT3,TR,R 
*,ACP,B,M,7,PP 
?J0EBLP,!NL,NT 
POUBLF PRFCTS 
REAL H3,H.IRA 
REAL T S M 7 0 ) , 
POUBLF PRECIS 
REAL K 
T»0 
Pla3.iai50 
BULLsO.O 
TOROao,0 
ERROReft,1 
AHOaPT *OPIA *L 
ACP«PT*nPIA*L 
P6sf(1.0/(2.0 
R2c((1,0/(2.0 
PERC 1(1 + 11 = 0, 
7lNG»PfcRC1f1+ 
G0T0018 

017 1=0 
BULLSO.O 
TOROaO.O 
PEHC1 fJ + l ) = Z I 
7 I N G = P E R C 1 ( 1 * 

9 1 8 P E L T T p r T H - T f 
CALL F I N P H l ( T 

? w l P T H , S I , S T F ) 
CALL F I M U H 7 f T 

7PM, w m T H . S L ,S 
R l = ( 1 . 0 / ( H l * A 
R 7 s ( 1 . 0 / ( H 7 * A 
A H I B J O I A * P I * L 
A C T r l P I A . P I * L 
T E S T a l O O . O 
T R11 w s 1 
f COIlNTaO 
j R P N e l 

qna T = T + 1 
DEI T T | =PF»C 1 ( 
IF ( I , F 0 . 1 )(-0T 
T E S T = T C - i r r A | 

o 1 2 T W H P B T H - P E L T T 
0 = PEL TT 1 /R I 
T *" H ] : T U u ( i . ' ) t O 
P E I 1 T ? = T v x n - 7 
D l - u r l r l 1 . I 

., 'TC ' ,6X, 'TH' ) 
rCPLPE(KA Y,L),THPTE(J,L) 
:,Fb,2,aX,F6.2) 

Hi OVFRALL HEAT TRANSFER CO 
REl ') 

' ,8X, 'OT I ) 
T ,0T 
«.?X,F12.U) 

EFFICIENT AND THF TOTAL HE 

HE VALUE OF T H E LOG MEAN TEMPERATURE DIFFERENCE ISI' 

, 'LMTP') 
MTD 
.Fib.ft) 

NDUC(MC,MH.TC.TH.I,PI.CZ1,C2 
l,DFLTT0,R|,R7,AHI,ACt,PEI.T1 
3,Q3,PERC5,DELTT5.TWCI,R5.Q« 
,VM,H1,AD.HJ,WK,W0,H,WV,T,WV 
HFRM,WIDTH,SL.STE) 
ION PELTT5(P0).PULL.TORO 
D,IPIA,P1,H5,M,N,PH,H7,H1,MH,MC,00IA,LH,LC 
PSf 170) 
ION FURD,FAB,PERC1(70) 

H.NTHFRM 
C*NTHERM 
*PI*K*LC))*ALOGfODlA/lDIA)l 
*PJ*K*LH))*AL0G(0P1A/IDIA)) 

/NTHERM 
/NTHERM 

35 
1 ) 

NG*0 . 8 
1) 
H,AV,AK,ACP,B,M,Z,PR,VM,CZ1,H1,0DIA,MH,INL,LH.NTHFR", 

C,AV,AK,ACP,AD,P,n,Z,PP.VM,C77,H7,O0IA,MC,lNL,LC,NTHE 
TF) 
HO) ) 
CO)) 
H.MTHER" 
C*NTHFRM 

I)*(TH-TC1 
001 ? 
r 
1 

HI 
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1GOTO902 
' ( 0 * 2 , 0 ) ) * 1 . 0 ) * D F . L T T 3 ) 

PEI T T ? s P F R C 3 » f T H - T D 
901 T S f I ) B T W H T - 0 F L T T 3 

CALL FlNDH3(Mi,WK,KP,H,wV,T,wV0,1»,H o,at,l««l,i) 
R3s(1.0/(H3*AHI)) 
03nDElTT3/R3 
TF(ARS(o-03) . L T . O . D t 
PELTT3BAHS(f((0-P3)/l 
G0T0901 

002 PERCSsO.l 
TPrl 
JC0UNTS1 
DELTTS(TP)=PFRC5*(TH-TC) 

906 THC1=TS(I)-PFLTTS(IP) 
I F f T w c l . L T . T D G P T P 0 l 7 
lOxTO+1 
fAI .L F}NI)k 

* 5 ) 

) H S f I R A P , I P T A , T , T S , I , T W C I , w K , W D , H , W V , w V D , P S , B E T A , L C , P I , Y , H 

8 a 3 
8 U 2 

Paa 

A3] 

9 0 5 

9 1 5 
91b 

5) 
R S s ( 1 . 0 / ( H 5 * A C I ) ) 
0 5 s 0 F l T T 5 ( I P - 1 ) / P 5 
TF ( O . L T . O S ) G U T P 8 a 3 
B U L L = r i E L T T 5 ( I D - l ) 
G 0 T 0 B U 2 
T O R O a P E l T T S ( T D - t ) 
I F f J C P U N T , E 0 , ? ) G P T P 8 
TFfTr . E 0 . 2 ) G 0 T 0 8 a i 
TF ( 0 T F S T * ( Q - 0 5 ) , G T . 0 
J C 0 U N T * 2 
I F f A B 3 C O - 0 5 ) . L T . b . O ) 
P E l . T T S ( I D ) * f B U L L + TOR 
G 0 T 0 9 0 6 
l F ( A R S ( P - 0 5 ) . L T . b . O ! 
P E L T T 5 ( I D 1 = P A B S ( ( ( ( 0 
OTFSTsP-PS 
r .0TP9nb 
TWCOsTWCT-0*Ph 
TCCALCBTWC0-0 .R7 
PELTTIaTH.TCCAL C 
TF(TCCALC,I T.TC1GOT0915 
FURPsPERCl(I5 
GOTOOIb 
FABsPERCI ( I) 
IF fJRPN.FO,1 1GPTP01a 
I F ( A P S ( T r - i c r A L C ) . I . T 
PERCl (1*1 )s(F|iPn + F AB 
F R P O R « F P P O R * 1 . 0 7 
GPTOOOU 

01 a TF ( I ,FQ. 1 1GOT0913 
I F ( A H S ( T C - T C C A L C ) , L T 
i F f T E l T t f T C - T C C A l C ) . 

9 1 3 PERCl f 141 ) = f f (PF( TTO 
GOTOOoa 

91 1 PERCl (T + l )s(PERCl(I) 
I R P N E ? 
GOTOOoa 

903 WRITE(6.711) 
711 FORMAT ( • 1 ' , 'THE FOLL 

• ATE TEMPFRATURFS ' ) 
WRITE(6,71?) J 

71 2 FORMAT('-','THE ROW 
wRTTE(b,7l3) 

713 FURMAT ( '-' ,b* , • TC ' , 7 
*,7x, 'TH' ) 
wRlTE(b,7iuJTC.Tucn, 

7ia F O R M A T ( ' - ' , a x ,fb.?,a 
• 1 
wRTTEfb,71b) 

71 b FORMAT f'-' , 'THF VAI U 
WRITE fb,717) 

717 FORMAT ( •-• ,8X, «P1 • ,9 
WRITE f b . 7 1 « )P1 ,R?,P3 

71« FORMAT(•-' ,hX,Fq,b, 1 
WRITE fb, 3501 

T.50 FORMAT ( '- ' , 'THE HF.AT 
wHITEfb,351) 

351 FORMATf '-' , ' P ' ) 
WRITE(b,352)0 

352 F O R H A T ( '- ' ,F7 ,3) 
G0TP10II? 

1002 RETURN, 
FNn 
SUBROUTINE FONpllCf'T 

7C,F JMMH.F I ("Nil", SPATE 
7AMH,APEAFH.ARFAHr,AP 
yNTET-FR TuFfiPY 

REAL H]?,H3,MS,H*7,H 
7Tb7 
REAL HI?F,H1?H,H^7F, 
oF AL " 

aa 

.OIGOTOBfll 

GOTOOOS 
0)/2,0 

GOT0905 
-OS)/(O*3.0))+1.0)*PFLTT5(IO-1)) 

,E«R0R)GOTP903 
5/2.0 

,ERROR)GOT0903 
LT .01G0TO91 1 
- D E L T T I ) / ( D E L T T O * 2 . 0 ) ) + 1 . 0 ) * P E P C 1 ( I ) 

+PERC1(1-1))/2,0 

OWING VALUES WERE CALCULATED FOR THE INTERMEDI 

IS' .12) 

X,'TWC0',bX,'TwCI',7X,'TS',7x,'TWHl',bX,'TWHO' 

TwCI,TS(T),TwHT,TWHO,TH 
X,Fb.2,ux,Fb.2,ax,Fb.?,ax,Fb,2,ux,Fb,2,ax,Fb.2 

ES OF THE RESISTANCES AREt') 

X,'P?',OX,'R3',7X,'RS',8X,'Rb',7X,'R7') 
,R5,Rh,P7 
X,F0,6,Jx,F9.6,lX,F9,h,lX,F9,b,lX,F9.b) 

I N T H I S STEP 13•) 

»MH,TC,TH,I,PT,LC»LM,(J,J(lF»LO,TNL,HT,tDIA,FlMN 
,rZl,CZ7,J.NTHFRM,WIDTH,SI ,STe ,001 A, 101 A rK,ARE 
tAFC,THFPRV,TAIL) 

,TPAD,IPIA,Pl.",^,PR,MH fM(. , n n j 4 , L C , L H , H o M ? , H P 

Hb7H 
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2!"" 
51 « . 
5 1 5 . 
5 1 b . 
5 1 7 . 
5 1 8 . 
5 2 0 . 
S 2 | . 
5 2 2 . 
5 2 3 . 
5 ? 0 . 
S 2 S . 
S 2 h . 
5 2 7 . 
5 2 8 . 
5 2 9 . 
5 3 0 . 
531 . 

5 3 3 . 
S 3 U . 
5 3 S . 
5 3 b . 
S 3 7 . 
5 3 8 . 
5 3 9 . 
5 a o . 
Sat . 
S « 2 . 
5 « 3 . 
s u a . 
s a s . 
s a 6 . 
s a 7 . 
s a a , 
S a o . 
S 5 0 . 
S 5 t . 
S S ? . 
5 5 3 . 
5 5 a . 
S 5 s . 
S 5 b . 
S 5 7 . 
S 5 « . 
S 5 9 . 
S 6 0 . 
S b l . 
S b ? . 
5 o 3 . 
S b a . 
b b S . 
S b b . 
5 6 7 . 
5 b B . 
5 6 9 . 
S 7 n , 
5 7 1 . ' 
S 7 ? . 
5 7 3 . 
S 7 a . 
5 7 S . 
S 7 h . 
5 7 7 . 
S 7 B . 
5 7 9 . 
SftO. 
5 « 1 . 
5 « 2 . 
S B T . 
s t<a . 
S A S ; . 
5 8 b . 
S 8 7 . 
s s a . 
5 8 9 . 
^ O o . 
SR1 . 
s o ? . 
5 9 3 . 
S 9 a . 
S 9 S . 
S O b . 
S 9 7 . 
S 9 p , 
S O o . 

RC.AI. T S f l 7 0 ) , P S f 1 711) 
OOllHLF P R E C I S I O N FI IRD.F AB.PFRC1 f 1 0 0 ) 

POUBLF PRECISION DELTT5(80),BULL*TORO,Y ,8ET* 
1*0 
Pl=J.iaiS9 
RULLeO.O 
TOROso,0 
FRRPRaO.) 
PERCl (1 + 1) = 0.3S 
7ING3PERC1(1 + 1 ) 
G0TO91B 

917 1=0 
BUI.LsO.O 
TOROaO.O 
PERC1 f f+ 1 ) = 7ING*0.8 
7lNGaPfRC1f1+1) 

918 OELTTOSTH-TC 
IF(THFOWY.EO.IJGOT0731 
iFfTHFORY.F 0.2)G<">TP7 32 
IF(THFORY.t0.3)GPT07}3 
lFfTHFORY.EQ.a)GPTP7 3a 
lF(THE0RY.FQ.5)r.OTO7 3S 
GOTO 73b 

731 CALL EOLFN(EO| ENG,PI,EDI 
1H,FINWC,LH,LC,FINNUM) 
CALL THFOR1(TH,AV,ACP,AP 
It, FOLFNG,NTHERM,WIDTH, K , 
1,FINNC,C77,APEABC.AREABH 
GOT0737 

732 CALL E.0LENfEfUEN(;,Pt,E0I 
1H,FINNC,LH,LC,FTHNUM) 
CALL H Y P P I A ( H 6 T A , S L . S T E 
!AHFABf,AREABH,FTNNH,FINN 
CALL THFOR?(HT,FPIA,0DI« 

|RC,ARFAHH,APFAFC.APEAFH, 
7CZ7, IPIA,F1NMC,F!NHH) 

G0TO737 
7 3 3 CALL E D L F N f F O L F N G . P I . E D I 

I H , F I N N C , L H , L C , F I N N l | M ) 
CAlL T H F P R 3 f P D l A , F P I A , S P 

7ENG , C 7 1 , r 7 7 , A B F A F H , A R E A B 
?NH) 

G 0 T 0 7 3 7 
7 3 " C * l L H Y P O I A f H O l A . S L . S T F , 

l A R E A B C . A W f A B H . F I N N H . F I ' l N 
CALL T H t O R l ( T H , A V , A £ P , A D 

1 1 , H D I A , N T H F R M , W T D T H , K , P I 
t . F I N N C , C 7 7 , A R F A R C , A R F A H H 

G0TP7-J7 
735 CALL H Y n P T A ( H O I A . S L . S T E , 

1 A W F A B C , A P E A H H , F I N N H , F J N N 
CAlL T H E P R ? ( H T . E P I A , O D I A 

IBC .APFABH.ARf A F C A W F A F H , 
7 C Z 7 , I D l A , F I N N C , F I N N H ) 

G 0 T 0 7 T 7 
73b CALL H Y P D I A ( H P I A , S L , 3 T F , 

| A R F A B C , A P E A B H , F I N N H F I N N 
CALL T H F 0 0 3 ( O D I A , E D I A , 8 P 

? A , C Z 1 . C 7 7 , A R E A F H , A P E A B H , 
7) 

7 3 7 A H I a l P I A « p l * l H . N T H F R H 
A C I « I D I A * P I * I C » M T H F B M 
T E S T S 1 0 0 . 0 
i R U N a ) 
i C P U N T a O 
j R p N s i 

9 0 U 1 = 1 + ) 
P E l TT l = P E P C 1 ( I ) * f T " - T C ) 
T F ( I . F P . 1 ) G O T P 9 1 ? 
T E S T B T C - T I T A I C 

9 1 ? C O M T I N U E 
Q=OELTT1 /R1? 
T W H I s T H - 0 » P 1 ? 
P E R C 3 = 0 . 1 8 
* F | T T 3 s P F R r i + f T u - T C ) 

9 0 1 T § ( T ) s T W H T - P F L T T 3 
C A L L F I N P H 3 ( I - 3 , W K , W P , H , W 
R 3 = ( l , 0 / { H 3 * A H T ) ) 
0 3 a P E I T T 3 / P 3 
I F f AtiS ( 0 - 0 3 ) . I T . 0 . 1 J G O T P 
P E l T T J = AP,S ( ( f ( 0 - i ~ 3 ) / ( 0 * ? 
r-ofoooi 

oo? rONTiH i iF 
P E R C S S O . O O I 
1P=1 
j C n i i N T s i 
n F | T T S f T P l = P F R r S * f T u - T r l 

AREAFH.HT.FINN 

MH,LH.FINNH.CZ 
SL.STE.IDIA,TC 

AREAFH.HT.FINN 

A R E A F C AREAFH, 

TC.EDLENG,AREA 
DTH,«C,MH,CZ1 , 

A,ODIA,AREABC,AREABH,AREAFC,AREAFH,HT,FIMN 

ACE,HT,MH,MC,LH,LC.K,IDIA,WI 
H,APFAFC,APEARC,PI,TC,TH,RI2 

DTH,MTHEPM,EOL 
,Rb7,FlNNC,FTN 

FINNUM,PI,OOIA,EDIA,HT,TALL» 
C . L C L H ) 
(AK H12F,0PIA,3PACE.HT,EDIA, 
,R1?,R6 7,MC,I C.FINNUM,INL ,SL 
.AREAFC,ARF AFH) 

AREAFC,AREAFH, 

MH.IH.F TNNH,CZ 
,STE,IDlA,Tt 

FINNIIM,PI,OPTA,EPIA,HT,TALL.ARE AFC.AREAFH, 

,HDli,SPACE,REH,REC,R1?,R67,1 
PI ,LC.LH,NTHERM,FINNUM,TH,wI[ 

,TC,HDIA,AREA 
tDTH,MC,MH,cZ1 

FINNUM,PI,00IA,EOIA,HT,TALL,AREAFC.AREAFH, 
C.LC.LH) 
ACE.HT.MH.MC-LH.LC.H.IPIA.WI 
A R F A F C , A R E A H £ , P 1 , T C . T H , R I 2 . W 

PTH,NTHERM,HPI 
67,FINNC.FINMH 

V,T,WVP,TS.PS.ST,T-HI ,I ) 

902 
.0)1 + 1 ,0)*IH I TT31 
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6 0 0 . 
6 0 1 . 
b O ? . 
6 0 } , 
6 0 a , 
6 0 S . 
6 0 b . 
6 0 7 . 
6 0 n . 
b 0 9 . 
6 1 0 . 
6 1 1 . 
6 1 2 . 
6 1 3 . 
6 1 4 . 
6 1 5 . 
M b . 
6 1 7 . 
6 1 8 . 
b i o , 
b 2 0 . 

6 2 1 . 
b 2 ? . 
6 ? 3 . 
6 2 a . 
6 ? S . 
6 2 b . 
b ? 7 . 
6 2 8 . 
b 2 9 . 
6 3 0 . 
6 5 1 . 
6 3 2 . 
6 3 3 . 
6 3 a . 
6 J S . 
6 3 b . 
6 3 7 . 
6 3 8 . 
b 3 o . 
6 « 0 . 
b a i . 
6 « 2 . 
6 a - j . 
b a a . 
6 « S . 
b a h . 
6 « 7 . 
b a a . 
b a o . 
h b O . 
b b l . 
6 5 2 . 
6 5 3 . 
b S a . 
b 5 s . 
b 5 b . 
6 S 7 . 
6 5 8 . 
b 5 0 . 
b b f t . 
b b l . 
b b ? . 
b b ^ . 
bhu. 
b b S . 
b b b . 
b b 7 . 
h 0 8 . 
h b O , 
b 7 0 . 
6 7 ) , 
6 7 ? . 
h 7 3 . 
6 7 a . 
6 7 S . 
b 7 b . 
b 7 7 . 
b 7 8 , 
b 7 o . 
b B O . 
6 « 1 . 
b « ? . 
b « 3 . 
b b a . 
b « 5 . 
b A h . 
b 9 7 . 
bBA . 

P O b T w c l s T S d ) - P f L T T S ( I P ) 
\f ( T « C I . 1 T . T T ) G 0 T P 0 1 7 
I D a I D + 1 
C A I L F I N D M 5 ( I K » O i I O I » , l , l » i l r i " L i , « M » U ( n , 

75} 
» | « ( 1 . 0 / f H 5 * A C I ) ) 
0 5 a P E L T T S ( I D - l ) / P 5 
I F f O . L T . D S ) G O T 0 8 a 3 
B U L L » n F L T T 5 f 1 D - 1 ) 
G O T o a a ? 
T P R P a P F L T T S f T P - 1 ) 
I F ( J C 0 l i N T , E n . ? ) G 0 T 0 8 a u 
IF(I0 EO.J)GOT0Aai 
TF(OT£ST+(O-O5).GT.0.0)GOTOPai 
JCO'INT"? 
IF(ABS(0-Q5).|.T,10,0)GPT09 05 
DELTT5( I P ) B P A H S ? f ( i n - 0 5 ) / ( 0 * 3 . 0 ) ) * 1 . 0 ) * D E L T T 5 ( I D - 1 ) ) 
Q T E S T B O - 0 5 
GOT090h 

y,«vu,ro,oe«»,cw,ri,i,n 

aa3 
aa2 

Allll 

AU1 

905 

915 
916 

9ia 

TF(A8SfO-O5) flT.10,0)GOTO905 
OELTT5(IP)aPiMSfff(O-OF . ._ . . . . . . . . . . l5)/fO*3.0))+l.O)*DELTT5(ID-
OTESTsO-05 
G0TO906 
TCr»LC»TKfI-n*Rb7 
OELTTIBTH.TCCALC 
I F ( T C C A I C . L T . T O G O T 0 9 1 S 
FUPDsPERCl(I) 
G0T09)b 
FAFtaPFRO (I ) 
IF (JRON FI0.1 )G0TP9ia 
IF(ABS(TC-fCCALC),LT,ERR0P-) GO TO903 
PERCl (I + l)s(CURP + FAB)/2.0 
E R R O R B E R R O H . 1 . 0 7 
GOTOOoa 
IF(I.E0.1 1G0TP91J 
iFfABS(TC-TCCALC) ( 

1)) 

,. ,.,-,.. ,u-.vo. t l.,.LT,FBH0R)G0T09 03 
lP(TEST.(TC-TCCALC),LT.O)GOT 0911 
PERC1(I + 1)«(((PFI. TTP-OELTTI)/(DELTTO«2.0)) + I.O)*PERC1(I) 
GPTP9pa 
PERC1CI + 1 )B(PERCl fT)+PFRCl(I-l))/2,0 
JROK'S? 

GPTPRoa 
wRTTE(6,711) 
FORMAT(»1 I, 'THF FOLLOWING VALUES w£HE CALCULATED FOR THE INTERMgol 

*ATE T F M P F R A T U R E S • ) 
wPITFf6.7l?)J 

712 FORMATf'-»,'THE ROW IS',12) 

913 

91 1 

9 0 3 
71 1 

r u i n u i \ • • ' ! • i n t K i j w io 9 i C J 
WRITE(6.7!3) 

713 FORMAT(l-',(,X.'TH'.7X,'TWHT',7X,'TS ,,7X,'TWCI'.7X,'TC l) 
WRITF(6,71«)TH,TWHJ,TS(I),TWCI,TC 

71 a F O R M A T ( i - i f a x , F b . 2 , a x , F b , 2 , « x , F b . 2 , a x , F b . 2 , a x , F b . 2 ) 

VALUES OF THE RESISTANCES AREi') 

) 

716 
*RjTEf6,71A)' 
FORMATf'-','THE 
WRITE (6,717) 

7 1 7 F O R M A T r • - ' , 7 X , ' P I ? ' , 8 X , • P 3 ' . 7 X , ' R 5 ' , 7 X , ' R b 7 l 

W R T T F ( 6 , 7 1 « ) R 1 2 , R 3 , R 5 , R b 7 
7 1 8 F 0 R M A T ( " - ' , b X , F 9 , h , I X , F O , b , 1 X , F 9 . b , l X , F 9 . b ) 

w R T T E ( b , 3 5 0 1 
3 5 0 F O R M A T ( ' - ' . ' T H F H F A T I N T H I S S T E P I S I ' ) 

w R T T E f b , 3 S t ) 
3 5 1 F O R M A T ( ' - ' , ' 0 ' ) 

W R T T F ( b , 3 5 ? ) 0 
J 5 2 F O R M A T ( ' - ' , F « . 3 1 

C O T O l 0 0 2 
1 0 0 2 R E T U R N 

F N p 
S U H R O H T I N E T H E P R J f O P I A . E D I A . S P A C E , H T , M H , M C , l H f l C , K , I D I A , W I D T H , N T H E 

7R M , F O L F N G , C 7 1 , C 7 7 , A R E A F H , A R E A B H , A R E A F C , ARE A B C , P I , I C T H . R 1 2 , R b 7 , F T N 
? N C , F I M N H ) 

P E A L H 1 , 1 . 0 , M ^ , M H , M C , L H , L C , K , I O I A , N U 1 ? , N I J 6 7 
l 0 e ( 2 . 0 * O P l A / P I ) . ( ( E P I A - n D I A ) / ( S P A C E + H T ) + l ) 
M 3 » i ? . 9 / ( ? o . a * s « ( ( F U I A - O D I A ) / ( S P A C E + H T ) + 1 ) ) 
A = O , S + f F P T A - O P l A ) * L 0 / ( O D I A * S P A C E ) 
f » s ( A / 3 0 2 . 0 ) 
CA| L P F S S E L ( B I 0 , A l l , 8 K O , P K t , E X ) 
C A | L Fl I ' I P f T M , A V , AK , A C P , A P ) 
V M s M H / ( A P * f | H * ( W I P r H - O D I A « N T H E P M ) - N T H F R M . ( F P I A - O P I A ) » H T * F I N M H ) ) 
N U 1 2 = 0 , i S * ( i o + 0 3 . 0 « A I l ) * ( ( A D « V M + E O L F N G / A V ) « . M 3 ) 
H l ? s C 7 l * ( A K / F O L E ' J G ) * N i H ? 
W f ) I l ? s ( A R F A F M 4 » R F A P H ) * H l ? / ( L H « P l * i n i A ) 
C A L l F l l ' I P ( 1 C , A V , A" , A C . P . A P ) 
V M s » C / ( A P * ( L f * ( * I P T H - n n I A * N T H F R M ) - N T H E R M * ( F ( ) I A - O n i A ) * H T * F I N N C ) ) 
U l l b 7 s n i 1 8 « ( l « + O 3 0 * A U ) * ( ( A P * V M * E 0 I F N r . / A V l * » M J ) 
H 6 7 s C 7 7 * ( A K / f o L F > ' G ) * M U 6 7 
H r i ] b 7 = ( * P F 4 F r + A R F A R C ) * H b 7 / ( L C * P I * I P I A ) 
R l ? = 1 . 0 / ( f w O I ) ? . ( | . h « P I + T P I A ) ) . N T H F R M i 
9 6 7 = 1 . 0 / ( ( H n i h 7 * ( L C * P I * I C I A ) ) * N T H E R M i 
R E T U R N 
r u n 
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b * 9 . 
b 9 o , 
b ^ ' 6 9 2 . 
6 9 J . 
6 9 a . 
6 9 5 . 
6 0 b . 
6 9 7 . 
b 9 R . 
b O g . 
7 0 0 . 
7 0 1 . 
7 0 ? . 
7 0 3 . 
7 0 a . 
7 0 5 . 
70 f , . 
7 0 7 . 
7 0 8 . 
7 0 9 . 
7 1 0 . 
1 1 1 . 
7 1 ? . 
7 1 3 . 
7 l a . 

7 i b , 
7 1 7 . 
7 1 8 . 
7 1 o . 
7 2 0 . 
7 2 1 . 
7 2 2 . 
7 2 3 . 
7 2 a . 
7 2 s . 
7 2 b . 
7 ? 7 . 
7 2 8 . 
7 2 0 . 
7 3 0 . 
7 3 1 . 
7 3 ? . 
7 3 3 . 
7 3 a . 
7 3 5 . 
7 3 b . 
7 3 7 . 
7 3 8 . 
7 3 o : 
7 8 0 . 
7 a i . 
7 a ? . 
7 « 3 . 
7 a u . 
7 « 5 . 
7 a f , . 
7 a 7 . 
7 a a . 
7 a q . 
7 5 o , 
7 5 i : 
7 5 ? . 
7 5 3 . 
7 5 a . 
7 | s . 
7 S . , . 
7 5 7 . 
7 5 8 . 
7 5 0 , 
7 b 0 , 
7 b l . 
7 b ? , 
7 6 3 . 
7 b a . 
7 h 5 , 
7 b b . 
7 6 7 . 
7 ^ 8 . 
7 b ° . 
7 7 ( 1 . 
7 7 l . 
I I 7 ' 7 7 ^ . 
7 7 U . 
7 7 = : . 

SI IRHOI IT I»F T H E O P 1 ( T H , A V , A C P , A D , A K , H l ? F , 0 P I A , S P A C t , H T , E P r A , M H , L H , F I 
1NMH,CZ1 , E f U E N G i N T H E R " , W I D T H , K ^ P I ^ R j J j R b T ^ M C , L C . F I N N U M , J N l , S L , 3 T E , 1 

I p i A , T C , F i M N C , C Z 7 , A R E A B C , A R E A B H , A R E A F C , A R F . A F H J 
REAL M H , L H , K , M C . L C . M . I 0 I A 
C A l L F N H l ? F ( T H , A V , i c P , A 0 , A K , H 1 2 F , 0 D U , S P A C E , H T , E 0 l A , M H , L H , F l N N H , C Z 

7 1 . F O L E N G . N T H F R M , W I D T H ) 
EMs((?.H12F)/(K*HT))**0.S 
F X B F M * O 0 I A / 2 , 0 
CALL BERSELfClO,Cll,CKO,CKt,EX) 
r x = E H * F P l A / ? . n 
CALL BESSEl (ol0,011 ,0K0,DK1,EX) 
FFFB(a fO/(EM*OL)IA*(l.0-(E0IA/0DIA)«*2.)))*((CIl*DK1-DIl*CKl)/(CIO* 

7 P M +01 1+fKO)) 
TALL FNHl?B(TH,AV,AK,ACP,AD,B,M.Z,PR,VM,CZl,H12B,0DIA,MH,INL,LH,ED 

71 A.FINNH,HT,NTHERM,wIDTH,SL,3TE) 
Hl2BC71«(ARtAHH*Hl?B+EFF*AREAFH*Hl?F)/(AREABH+AREAFH) 
H0Tl?S(APFAFH+AHEAHH).H12/fLH*PI«IDIA) 

• Rl?al.0/((HOT12*(LH*PI*I0IA))»NTHERM) 
C * n FNHb7F(TC,AV,AK,ACP,AD,Hb7F,0DIA,SPACE,HT,EDlA,MC,LC,FlNNC,CZ 

7 7 , EOLE NG,NT H E RM,wiDT H) 
EM=((?,0*Hb7F)/(K*HT))**0.5 
FXaEM.OPIA/?,0 
CALL BESSEL(CI0.CT1,CK0,CK1,EX) 
E*=EM*FPIA/2,0 
CALL BESSF_L(DI0,PI1,PK0,DK1 ,EK) 
FFFBfa.O/(EM.ODTA*fi.O-(EDIA/ODIA)**2.)))«ffCIl*DKl-PIl*CKl)/(CI0« 

?PKl+OI1«CK0)) 
CALL FNHb7B(TC,AV,AK,ACP,AD,B,M.Z.PR,VM,CZ7,H67B,OPIA,MC,INL,LC,ED 

?TA,FINMC,HT,NTHFRM.wlDTH,SL,STE) 
H67BCZ7.(ARFABC»Hb7B+EFF«AREAFC*> 
KOIb7B(AREAFC+ARFABC)*Hb7/(LC*PI*IP1 
R67=1.0/ffH(llb7*flC*Pl*r'" 
RETURN 
FNP 
SUBROUTINF M Y P D T A f H P l A , S L , S T E , F I N N I I M , P I , O D I A , E D I A , H T , T A L L » A R E A F C , A 

J R E A F H , A 9 E A B C , A R E A B H , F I N N H , F I N N C . L C , L H ) 
REAl. HOI A , P I , H T , L C , L H 
A R E A F H B ( { P I / ? 0 ) * ( F . O I A « * 2 , 0 - O D I A * * 2 . 0 ) + H T * F D I A * P I ) * F I N N H 
A R F A f l H = f P I * O D I A * ( L C + L H - F I N N U M » H T ) ) * ( L H / ( L H + L C ) ) 
A R E A F C " ( ( P l / ? . 0 ) * ( E D I A . * 2 , 0 - O O I A * * 2 , 0 ) + H T * E D I A * P I ) . F I N N C 
A R E A H C e ( P I * O I ) I A * ( L C * L H - F I N N U M * H T ) ) * ( L C / ( L C + L H ) ) 
H U I A a f S L + S T F « T A L L - f F l N N U M * ( P I / a , 0 ) * ( O D I A * * ? - E D I A * * 2 ) * H T ) - ( P l / 4 . 0 ) 

| « ( O P I A * * ? ) * T A L L ) / ( A R E A F C + A R E A F H + A R E A B C + A H E A H H ) 
RETURN 
FNO 
SUBROUTINF EPLFN(FOLENG,PI,EOIA,ODIA,AREABC,AREABH,AREAFC,AREAFH,H 

IT,FINMH,FTNNC.LH,LC.FINNUM) 
REAL PI ,1 H.LC 
AREAFHsf(Pl/2,0)*(FDlA**2.0-ODIA**2,0)+HT*FDIA*PIJ.FINNH 
AREABHB(PI*0P1A*(|C+LH-FINNUM.HT))*(LH/(LH+LC)) 
AREAFCaf(Pl/2 t0)»(FPlA**2,0-pDIA*«2,0)+HT.EPIA*PI)*FlNNC 
ARFABCBfPI*OOIA*(lC+LH-FINNUM*HT))*(LC/(LC+LH)) 
Ef3LFNGBPI*(KOTA**2-OOIA.*2)/(8,0*(EPIA*.2-ODIA**2)) 
RETURN 
ENn 
SUBROUT IMF THF0R2(HT,EPIA,0DIA,HDIA,SPACE,REH,REC.R12,R6 7,TC,EPLFN 

lG.AREABC,ARFAHH,A9EAFCAREAFH,Pl,LC,LH,NTHERM,FINNUM,TH,wIDTH,MC,M 
|H,rZ1 ,C77,TI)IA,FINUC.F1NNH) 
REAl HT.HPI A ,1. C.l H,MC,MH,NU12.NUb7, IDI A 
C1=0,159 - . - — - . - - - . - -
C2a-rt,32 

Hb7BCz7.(ARFABC*Hb7B + EFF«AREAFC*Hb7F)/fARE ABC•ARE AFC ) 
" E ( A R E A F C + A R F A B C ) « H f c 7 / ( L C * P I * I P I A ) 

R 6 7 = 1 . 0 / ( f H o l b 7 * ( I . C * P I * t D I A ) ) » N T H E R M l 

m ' i f i , i . i l l M , i i i n n , ^ u i c i ™ u D i f i y i « 
* f f H T / ( 0 , 5 * ( E D I A - 0 P 1 A ) ) ) * * 0 , i a i ) * ( ( H O I A / H T l * * 0 , O b 5 ) 

, . - , J t 3 * ( ( H T / ( 0 . 5 * ( E I ) T A - O D I A ) ) ) * * 0 . o a O ) « t ( S P A C E / H T ) * « 0 , 0 7 7 ) 
CALL F I _ ! l T O ( T H , A V , A K , A C P , A D ) 
V M = H H / f A P * ( L H * ( w } 0 T H - 0 P I A * N T H E R M ) - N T H E R M * ( E D l A - O D I A ) » H T * F I N N H ) ) 
M U l 2 = C l * ( f A P * V M . F Q L E N G / A V ) * * ( C 2 + 1 ) ) * ( ( A V * A C P / A K ) » * n , 3 3 3 ) 
H t ? « C 7 l * ( A K / F f 3 L F N r o + N U l 2 
HOTl2s(AWFAFH+ARFABH)*H12/(LH*PI»I0IA) 
CAM F L I I T P ( T C , A V , AK , ACP.AD1 
V H a M C / ( A O + ( L C * ( M O T H - 0 O I A * N T H E R M ) - N T H E P H « ( E 0 I A - U D I A ) * H T * F I N N C ) ) 
N U b 7 = C l * f f A P « V M * F 0 I F N G / A V ) . « ( C 2 + l ) ) * ( ( A v . A C P / A K ) + * 0 . J 3 3 ) 
Hb7 = C 7 7 » ( A « / E O L F N G ) * N ( l b 7 
HOIb7=fARFAFr+AREAP.Cl*Hb7/fLC*PI*IPIA) 
912=I.O/((H0112*(LH*PI*IDIA))*NTHFRM) 
Rb7=l.O/f(»OIb7«fLC»PI*IPIA))«NTMFPM) 
RETURN 
FNP 
SUBROUTINF BFSSFI(BIO,BT1,BKp,BKI,EX) 
TFfEX.GT.O.0,AUD,FX.LE,0 12S)GUlO1010 
IF (FX.GT .0.?5.AMf) Fx,LE,f).5)GI)T01 01 1 
lF(FX.GT.0.5.ANO,EX.LE,0,7b)G0TO1012 
TF(FX.GT. 0.7b. AMP FX.LE. 1,0) GOT 01013 
IF (FX.GT. t.0.AMD,EX.LE.l.2bJGOT0101a 
T F ( F X . G T . | . ? b A N f t E x . L E , 1 . 5 ) G O l O 1 0 1 5 
IF (EX.GT.1 .5. jNr>,P X.LE.i . 7b ) GOT 0 i 0 1 b 
IF (EX.GT . 1.76, AMftFX.LE.S.OlGOTOJ017 
lF(EX.GT.2.0.A^P,?x.LF,?.?6iGOT0101R 
J F r F X.G T .?.2b,Ann.EX.LF ?,5)GPT0 1019 
IF fFX.PT.P.S. AN".F X.|_F.?.7b)GOTO)0?0 
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3 . 0 
26 

5 
6 

I f J j . X . G T . 2 . 7 6 AND E X . I E . 3 , 
i F ( F X . R T . 3 . 0 , A N P , £ X . L ! , i . 2 
l M E X . G T . 3 . 2 b . A N r ' . f X . I F . J . 
I F ( E X , G T , 3 . 5 . A N n . E x . L E . 3 . 7 . 
J F ( E X . G T . 3 . 7 & . A N P E X . L E . f l . O 
l F ( E X . G T . a . o . A N p f x . L E . a . 2 6 

T F ( F x . G T . a . 5 . l N P . e x , L F , a 7 6 
I F ( E X . G T . U . 7 b . A M O . E X . L E . 5 . 0 
G0TO103P 

1010 B l O B b . S ? ? b E - ? * E X + 0 , 9 9 7 1 
Bl 1 = 0 . 5 0 3 8 . F . X - 0 , 0 0 0 2 
punc.)o.3??*Fx+j.75Ba 
BK1E-7.B007.EX+5.3R98 
GOTO 1031 

1011 B l O B p , 1 9 3 7 * F X + 0 . 9 b O 3 
R l l = 0 . 5 O 3 A * F X - P . O O 0 2 
P * 0 = - 2 . 3 9 a ? * E x + ? . 0 9 0 1 
p K l B . 7 f t 0 O 7 * E x + 5 . 3 < > 9 8 
G O T O 1 0 3 ) 

1012 BlO=0.337l»EX+0.8909 
BIl=0.57°7«FX-3,3b5E-2 
BK0 = -f ,20b1*Ex + l.5069 
BKia-?.b5a2*Fx+2.9ia3 
GOTO 1031 

1013 BIOr0.a91l+FX+0.7725 
Rll=0.b5 7b«EX-9.3Ba7E-2 
RKoa-n 73«*rx + i .jsoa 
BK1B-1 3?821*EX+1.919 
GOTP10J1 

1 0 1 « Mloao.bl?l*EX + 0.bao8 
Bl1a0.7h75*EX-0,?05M 
BKna-o,a8oa*Ex+0.8957 
«K 1 B-O,7716*F.X + 1 ,3b)8 
G0TP1031 

1015 BI0B0.H77B*EX+0.32b5 
Rl1=0.9)a7*EX-0.3O29 
BK0=-0.3?68*FX+0.99990 
B M = -0,aB57*Fx + 0,99Q99 
G0TO1031 

1 01 lb BI0=1.1?98 + FX-5.5576F»2 
PI 1 = 1 ,1077*FX-0.b8SP 
HKOe-o,?28a*Ex+0,55UO 
HS1B-0,31BO*EX+0,752 
G0T01O3I 

1017 Hl0=l.ajb.EX-0.5O79 
Rl1=L.3558*EX-l,1252 
HKOa-0.1b23*EX+0.U376 
HKia-p ?17*EX+0.S727 
G0T0 103 I 

1018 BIOBl.81359.FX-1 359 
BllBl,h733»EX-l.7b57 
BK(ia-o,)1b.o*EX + 0,3ab6 
BK1a-015l*EX+0.fla035 
GOTO 1031 

10)9 Blns2.2709*F.x-2.ai75 
BlIa2.07b*FX-?,hS 
BK0=-8.aO7O1F-?*FX+0,?7aa 
BKlB-0,10bB*FX+0.3aoa 
G0T01031 

1fl?0 RT0=2.flb07*FX-3.8795 
BIl=?.58b9.EX-3.°bh? 
BK0a-b.231"F-?*Ex+0.2l7b 
RK1B-7,bba3E-?*FX+0.2ba7b 
G0TO1031 

10?1 Hl0a3.5MU3.FX-5.ARa 
"I1a3.?1hM + F X-5 708b 
p*PB-u,59lbF»2*F.X4n, 
o l < l e - 5 1 5 a a 8 F - ? . F v + 0 , 

)GOT01 
1G0TP1 
)G0T01 
)G0T01 
)G0T01 
)G0T01 
5G0T0I 
1G0T01 
)G0T01 

021 
022 
023 
0?a 
025 
026 
027 
0?B 
029 

1022 Blo=a.aoi1*FX-8.b? 
Bl 1sa.naA*Fx-8,2155 
HKOa-3,a05AF-2*FX+0.13bb 
BKis.anaj7F-?*FX+0.1b10A 
G0T010il 
RlOs5.b?S7«FX-1?.3307 
Bl 1=5.07b9.F X-1 1 .5A05 
HK0=.?.53abF-?.FX+0.10A2 
RKi=-n.o?9 7s*ex+o.i?b? 
r. 0 T 0 1 0 3 I 
H l o = 7 , 0 5 ? e + F x - 1 7 . 3 a 9 3 
Bl 1 = b . 3 7 « b * F Y - l b . 1 5 8 8 
RK(|:.I p o u 5 F - ? . F X 4 A . 5 7 a » F - 2 
° * ! 3 - 2 . l g 7 A F » 2 * F X + o . A 9 7 1 F - ? 
G 0 T o 1 0 31 
P J 0 = « A U ? 7 « F X - ? a . o o p Q 
HI 1 = 8 01 05«F > - 2 ? . 3 a 5 9 
DKllz-l . U ? O I F - ? 4 F » * f t . 7 o n SF - ? 

1 0 2 3 

lo?a 

1 o ? b 

http://ajb.EX-0.5O79
http://BIOBl.81359.FX-1
http://Hl0a3.5MU3.FX-5.ARa
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n*l»-i:6Jl5F-2«Fx*7.767if-2 
GUTO1031 

10?b BlOB)J,0992*EX-?a.7019 

BIl»10,09b?*eX-30.b8O7 
BK0«-i.0bb5E-2*fx*5.373lE-2 
B M » - 1 , ? t 5 7 E - 2 * E X + 6.l009E-2 
GOTOI031 

1027 Blo=13.9353*EX-a5.27a9 
Pll=l?.7157*Ex-ai.8752 
B*OB-8,o3a9E-3*EX+o.oa2S2 
BKi = -o.075?F-J*F.X+a.7ft7 8E-2 
G"T01031 

1028 BlO=l7.51b*FX-bl,aa98 
BIlBib.033?*Ex-5b.8bla 
8k08-b.0bR7F»3»FX+3.3bbE-2 
R*l=-6,6051E-3*EX+3.7l?7E-2 
RUT01031 

10?9 Bl0=22,0231*Ex-8?.9511 
"I 1 B 2 0 . 2 ? 0 7 * F X - 7 6 . 8 3 7 9 
BK0B-a.SO0 9F»3*EX+2.bb?bE-? 
PKl=-5,115aE-3*EX+2.95 90E-? 
GOT01031 

1 030 wRlTF fh,103?) 
1032 FORMATf '-', 'THE PROGRAM SCREWED UP BECAUSE THERE WAS NO BESSEL FUN 

7CTTPN DFSCRTBEP FOP THIS POINT') 
1031 RETURN 

ENP 
SUBROUTINE FNHb7B(TC,AV,AK,ACP,AD,B,M,Z,PR,VM,CZ7,Hb7B,0DIA,MC,INL 

7, L C , E P I A , F 1 N N C , H T , N T H E R M , W I D T H , 3 L . S T E ) 
REAL LC 
P E A [ M,PR,Hb7B,MC 
CALL FLUIPfTC,AV,AK,ACP,AD) „ , 
VMa(MC/AP)/((LC«(WJDTH-O0IA*NTHERM))-(NTHERM.F INNC«fED I A-OD I A)*HT) 

7) 
TP(TNL.EP.0)r,PTP350 
CAl i TN| HM(ATLAS,SL,PDIA,TIRE.STE,B,M) 
GUT0351 

350 CALL S T A G B M ( P D I A , S L . T A X , F O R M , S T E , M , B ) 
351 H67BBfAK4B*(((AP*VM*ODIA)/(AV))**M)/OD)A)*((AV*ACP/AK)*»0,33) 

RETURN 
END 
SUBROUTINE FNHb7F(TC,AV,AK,ACP,AD,H67,0D1A,SPACE,HT,EDIA,MC,LC,FIN 

7NC.CZ7.FPLFNG.NTHERM,WIOTH) 
REAL LC,M MC,HT,Hb7 
CALL FLUIDfTC.AV.AK,ACP,AD) 
V M B ( M C / A P ) / ( ( L C * ( W I D T H - 0 P I A . N T H E R M ) ) - ( N T H E R M * F I N N C . ( E D I A - O D l A ) * H T ) 
Hb7BC77.O.03b.AP*ACP.VM*((AP*VM*EOLENG/AV)**(-0.2))/((AV.ACP/AK)*» 

70.b7) 
RE TURN 
FNO 
SUBROUTINE FNH12F(TH,AV,ACP,AD,AK,H12,0DIA,3PACE,HT,EDIA,MH,LH,FIN 

?NH,CZl ,E0I.FNG,NTHgpM,w;l6TH) 
REAL IH,M,H1?,MH 
REAL HT 
CALL F L U I P f T H , A V , A K , A C P , A D ) 
V M a M H / f A P . f l H# (WTDTH-OOIA .NTHERM) -NTHERM. , (ED I A - 0 0 I A ) * H T * F I N N H ) ) 
Hl2BC71.0.O3b*AD.ACP*VM*((AO*VM*EOLENG/AV)**(-0.2))/((AV*ACP/AK)** 

?0,b7) 
RE TURN 
FNO 
SUBROUTINE FMH1?B(TH,AV,AK,ACP,A0,8,MZ,PR,VM,CZ1,H!2B,0PIA,MH,INL 

7,LH,EPI»,FINNH,HT.NTHERM,WIDTH,SL,STE) 
REAl L H 
REAL M,PP,H1?R,MH 
CALL FLHIO(TH,AV, AK ,ACP,AD) 
V MBMH/(AP*(LH*(WIDTH-0niA*NTHERM).NTHERM»(E01A-O0IA)*HT»FINNH)) 
1F(INL,FO.0)GOTP?50 
CALL )N(HM(ATIAS,SL.P01A,TIRF,3TF,P,M) 
GOT0251 

?50 CALL STAGBMfOPIA,SL,TAX,FPRM,STE,M B) 
251 Hl?RB(AK.B*(((AP*V u«OOlA)/(AV))..M)/ODIA)*((AV.ACP/AK)..0.33) 

RETURN 
END 
SUBROUTINE FTNPH1(TH,AV,AK,ACP,H,M,Z,PR,VM,CZl,H|,0DIA,MH,lNL,LH,N 

7TMFPM,WIDTH,SI,STF) 
PEAl LH 
RE AL M , P P , H | ,MH 
CA|L F L U I D ( T H , A V , A K , A C P , A 0 ) 
V M a M H / f A P * I H * ( W 1 0 T H - 0 0 I A * N T H E R M ) ) 
IF ( TN| . F O . o i r . o T n o s o 
f A | I J fJ| B M f A T L A S , S L , n P t A , T I R E , S T F , B , M ) 
GOT 095 1 

OSO C'LL STAGP"(UPIA,SL,TAX,FORM,STE,M,B) 
OS) Hla(AK*H*C71*((fAP*VM*Ol)IA)/(AV))**M)/O0IA) 

RETURN 
FNO 
SilnPOUl T HF FlMPH7fTC,AV,AK,ArP.AP,B, ,<,7,PR,VM,rZ7,H7,oniA,Mr,In| ,|. 
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9 5 7 . 
9 5 3 . 
9 5 a . 

9 b S . 
9 5 b . 
9 5 7 . 
9 5 f t . 
9 5 0 , 
9 b 0 . 
061 . 
9 6 2 . 
9 6 3 . 
9 6 a . 
9 6 5 . 
9 6 b . 
9 6 7 . 
9 b 8 . 
9b0 , 
9 7 0 . 
9 7 1 . 
9 7 2 . 
9 7 3 . 
9 7 a . 
9 7 5 . 
9 7 b . 
9 7 7 . 
9 7 8 . 
9 7 9 , 
9 8 0 . 
9 8 1 . 
9 8 2 . 
9 8 3 , 
9 8 a . 
9 8 5 . 
9 8 s , 
» * 7 . 
9 8 8 . 
9 8 9 , 
9 9 0 , 
991 . 
9 9 ? , 
9 9 3 . 
9 9 u , 
9 9 5 . 
9 9 b . 
9 9 7 , 
9 9 8 . 
9 9 9 . 

0 0 0 . 
0 0 1 . 
0 0 2 . 
0 0 3 . 
0 0 a , 
0 0 5 . 
OOb. 
0 0 7 . 
0 0 a . 
0 0 9 . 
0 1 0 . 
O H . 
0 1 2 . 
0 1 3 . 
O l a , 
0 1 s . 
O l b . 
0 1 7 . 
0 1 8 . 
0 ) 9 , 
0 ? 0 . 
0 2 1 . 
0 2 ? . 
0 2 3 . 
0 2 a . 
0 2 5 . 
0 2 b . 
0 2 7 . 
0 2 8 . 
0 2 o . 
0 3 0 . 
0 3 1 . 
0 3 ? . 
0 3 3 . 
o 3 a . 
o 3 s . 
0 3 b . 
U 3 7 . 
0 3 8 . 
0 3 9 . 

7 C N T H F R M , W I D T H , SI , S T F ) 
PfeAL LC 
PEAL M , P R , H 7 , M C 

CAIL F L L l i r > ( T C , A V , A R , A C P , A l ) ) 
V M S M C / f A D * L C * ( W T O T H - O D T A * N T H F R M ) ) 
T F ( T N I , F O , 0 ) G O T O b S 0 
TALI > N | B M ( A T L A S , S I , O P I A , T I R E , S T E , B , M ) 
GOTObSI 

6 5 0 CAIL S T A G B M ( ( i p l A , S L . T A X . F O R M , S T E . M , B ) 
651 M 7 B ( A K » R » C Z 7 « ( ( f A p . V M . O O I A ) / ( A V ) ) . * M ) / O D I A ) 

RETURN 
SUttROIlTTNF F T N O H S f I R A p , I D I A , T , T S , I , T w C I , w K , W 0 , H , W V , W V D , P S , 8 E T A , L C . 

• P i . Y . H S l 
POUBLF P R F C I S I O N Y.BETA 
PEAl I P A 0 , T P l A , H f L C . P I , H 5 
PEAL T S ( 1 7 0 ) , P S ( i 7 0 ) 
T = f TSf I "> • T •" r I ) / ? . 0 
CA| I H 2 0 f W K , w o , H , w v , T ) 
C»LL V A P ( W V D , T S , P S , I ) 

RfcTA3(2Ioipf!]wv*wk.(T8fI)-Twcl)*LC)/(WP*(WD-wvP)*H*{IRAD**«.0)*(b0 

7.0..?)) 

H5a'(wSl(0^25-(Yti2io)+0.75.(Y**«.0)-(Y*.a.O)*(PLOG(Y))))/(BETA*IPI 

• A) 
RETURN 
FNP 
SUBROUTINE F1N0H3(H3,KK,wo,H,WV,T,WVD,TS,PS,ST,TWHI,J) 
REAL H 3 , H 
REAL T S ( 1 7 0 ) , P S ( 1 7 0 ) 
T * ( T S ( I ) + T W H I ) / ? , 0 
CALL H 2 0 ( W M , w p , H , w V , T ) 
CAl L 3 U R T E M ( S T , T ) 

H 3 a W ( T W H T - T § f l 5 W ( H i o . 0 1 3 * ( ( ( W V . 3 b O O , 0 * 3 2 . 2 ) / W K ) . * l , 7 ) ) ) « * 3 . 0 3 ) « ( 
* ( ( w P - w V P ) / S T ) * . 0 . 5 ) + ( ( 3 2 . 2 * 3 b O O . O . H . w V ) / ( T W H l - T S ( I ) ) ) 

RETURN y 

FNP 
SUBROUTINE FLUIP(T,FV,FK,FCP,FD) 
THIS SUBROUTINE USES AIR PROPERTIES 
lF(T,LE.50.0)GOTO81 
T F ( T ; G T . 5 0 , 0 , A N O , T , L E , 1 0 0 , 0 ) G 0 T 0 8 2 
I F { T . G T . 1 0 8 . J . A N A . T . L £ . 156.0)GOT 083 
TF(T.GT.150.0.ANP.T.LE.200.0JGOT08a 
1F(T.GT,200,0.ANHT-LE,300.0)GOT08S 
FVB(8.o8oo5l5.T) + o.oa207a 
FKe(0,00002l5*T)+0.013912 
F C P B ( 0 . O 0 0 O 2 1 * T ) + 0 , 2 3 6 7 6 
F0=(-0.000 0591*T)+5.069 72U 
G 0 T 0 8 b 

81 FV= (0.0OllO6725*Tl + 0,03 Q395 
FK3(0.00O02b*T)+0.01312 
FCPa(0.0000025*Tl+0.2aO283333 
FOa(-0.0O0?a9»T)+0.0fl675 
G0T086 

82 FVa(0.0O00b375*T)+3,95bbbbE-2 
FKa(0.0O00?5*T)+0.nl31h 
FCP3(0.000005*T)+O,2a01 
FDa(-o,oool3b5*Tl+A,aa8bE-2 
GOTOSb 

83 FVa(0.0OOObo5.T)+0,03995 
F*=(0.0 000?U5*T1+0,OI32! 
FCP=(0.00001*T)+0.2395 
FO=(-O.OOOIia5*T)+0.08217 
r. 0 T 0 P b 

aa F V = f O . O O O O S B S . T > * a . 0 2 3 3 3 3 F - ? 
F K = ( 0 . 0 O 0 0 2 3 5 * T ) + f t , 0 1 3 3 b 
FCP=(0.00001*T)+0.2395 
FPa(-0,(i00097*T)+0,07951 
G 0 T O 8 h 

85 F V B ( 0 . 0 0 0 0 5 5 . T ) + o . o a 0 9 o a 
F K = ( o . o o n o ? ? b R * T ) + 0 0 1 3 5 5 3 
F C P = f 0 , 0 O O 0 ( b . T ) + 0 . ? 3 8 2 6 
F O a r - 0 . 0 0 0 0 7 h 8 . T ) + O . O b 9 7 2 a 

Mb CONTINI IF 
PfcTUPN 
FNP 
SUOBOUTT'IE H ? 0 ( W K , w o , H , WV,T ) 
IF (T .1 F . 1 0(I.O)i-DT01 ? 
TF (T . GT . 1 O O . d . A N O . T .I.E. 20 0 . 0 ) GOT 01 3 
IF (I .GT .?()!>.0 )G(>TOia 

12 W K r 0 . ? D O h * T 4 4 0 , 1 Io 
w 0 3 6 2 . S - 3 . a A t - o * ' ' + * ? . S S a 
H = 1 0 0 =;, ? - 0 . 5 8 ? b 4 T 
T F ( T . G T . 5 0 , 0 ) G O T n i 5 
k V s ( 0 . ° ' ' 5 U 1 l 4 T 4 4 0 . 3 l 7 « ? ? ) 4 l . O E - 5 
G n T P a n 
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Ouo. 
oai . 
oa?, 
o«j. 
oaa. 
oas. 
oab. 
0«7. 
ioaa. 
l O U O . 
o5o. 
1051 . 
[052. 
I053. 
I05a. 
05S. 
05b. 
I 057. 
05a. 
I050. 
I Obfl , 
I 061 , 
106?. 
1063. 
I 06a. 
I 065. 
I 06b. 
1067. 
I 068. 
I 069, 
1070. 
1071 . 
I07?. 
I 073.. 
107a. 
1075. 
I07h. 
1077. 
107a. 
I 079. 
I 080. 
I0B1. 
108?. 
083. 
08a. 
OAc. 
OBh. 
087. 
OAfl. 
080. 
090. 
091 . 
09?. 
093. 
09a. 
095. 
096. 
097. 
098, 
09q. 
1 OP. 
101 , 
10?. 
1 03. 
10a. 
105. 
10b. 

IK: 
1 09. 
110. 
111. 
1 12. 
113. 
1 la. 
lis. 
11b. 
117. 
1 IB. 
U O . 
!2o. 
1 21 . 
12?. 
123. 
l?a. 
125. 
!2b. 
127. 

16 

ia 

80 

91 

92 

93 

R5 

9b 

97 

Vs 

32 

ii 
3b 

al 

a? 

a J 

I F r T S } n : r. T : 1 0 0 . ('. A N r>. T S f I ) . I £ . 1 5 0 . n ) G 0 T o 9 3 

WPB6J> 5-2,08E-5*T**2.2 
H«1095,2-0,5826#T 
7F(T,GT,I50.0)GOT016 
wVa((j.9«q2O*T.*l.a66 7lE-?)*1.0E-5 
G0T080 
wVa (0.99965/(1**6.1013F-2))»!.OE-5 
G0TO80 
WK=0.39b 
wDab2.5-2.oaE-5.T**2.2 
H=l1 10,0-O,b5B7*T 
wVBf0.9o9b5/(T**b.l013F-2))*l.0E-5 
CONTINUE 
RETURN 
ENP 
SUBFJOUTTNF V AP ( w VP , T S , PS , I ) 
REAL TSf 170),o.S(170) 
TffTSf I).LE.50.0)GOTO9l 
IF(TS(T).GT.50,0,AUP,TS(I).1F.100.0)G0T0O2 
IF(TS(i).r,T.10O.0.ANO.TS(i).LE.150.0)GOTO93 
lF(TSrj).GT.150.O.AND.TS(I).LE.200.0)G0TO9a 
lF(TSfil.GT.2O0.0.ANP.TS(iI).LE.250,0)GOTO95 
IF(TS(I).GT.250.0.ANO,T9n).LE.350.0)GOT09b 
IF(T3(I),GT,350,0)GOT097 
PS (I lal.OOSOo.ffs(!)«*(-0,15998)) 
G0T097 
PS(I)=1.0020U*(TS(I)**0.16176) 
G0T097 
PS(I)=l.OO)0B*(TS(I)»*0.38676) 
GUT097 
P3(I)«1.00057*(T3(I).*0.5a210) 
G0T097 
PS(I)al.n0U8*(TS(I).*O,73U38) 
GOT097 
PS(I)Sl.0007b*(TS(I)**0,9)805) 
G0T097 
wVPsfPS(I)*l«a.O)/C«5,77*(abO,0+TS(I))) 
RETURN 
ENP 
SUBROUTINE BTSECT(BETA,Y) 
POiiBLE PRECISION Yl, Y2,FI,F2,DELF,ABF,PROOF,Y3,F3,YF.Y,CALC,BETA 
YlBl.O 
Y2BO,00002 
FlaCAlC(Y),RETA1 
F2 = CALC fY2.HFTA) 
DELF=F|-F2 
ABCsDABS fPFLF) 
1F(ARF.I T .0.0000000001)GOT03b 
PROPFa?1*F2 
TF rPROOF.GT.O.O)GPT0 37 
Y3s(Y1+Y?)/5,0 
F3=CA(CfY3,BETA) 
TF(F3.LT.0.0)GPTO31 
IF (F 1 .LT.0.0)GOTO33 
YlaY3 
G0T03a 
IF fFl ,LT.0.0)GOTO32 
Y2aY3 
G0T035 
YF = (Y1 +Y?)/2,(l 
Y3YF 
P E T IIR N 
w k I T E ( b , 3 B ) 
F O R M A T ( ' - ' . ' C H O O S E N E W I N I T I A L G U E S S V A L U E S ' ) 
R E T U R N 
F N P 
nOUR|_F P P E T I S I O N F U N C T I O N C A L C ( Y , H F T A ) 
P O U B L F P P E C T S I O N Y , B E T A 
C ' L C = 0 . 5 . ( Y * * a , 0 ) . P L O G f Y ) « f P L O G ( Y ) - l , 0 ) + . l ? 5 < 

.5*PI 0 G ( Y ) - 0 . ? 5 ) + 0 . 1 ? 5 - B E T A 
R E T U R N 
F N O 
SUBROUTINE SHRTFN(ST,T) 
IF fT.I E.SO.OlGOTOai 
l F ( T . G l . 5 0 , o . A N 0 , T , l E . 1 O 0 0 ) G O T 0 a 2 
l F ( T , G T . 1 O 0 , O A N O . T L t , l S 0 . 0 ) G n T O a 3 
ST=(-0.0007?*fJ+O.SSSB 
G o T o a a 
SlB(-o,onoS*T)+o,53a 
G O T o o a 
gT=(-o.oon^?4T)+o.sa? 
GOTnaa 
«T = (-o,onn>-3»T)40.sai7 
STsST/l00.0 
RF TURN 
F N T 

.( Y«*a . 0 ) • ( Y . . 2 , O ) * ( n , 
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1 RJ. 

i52. i£5. ;vk 
132. 
133. 
13a. 
135. 
13b. 
137. 
13a. 
139. 
1«0. 
I'M. 
1«2. 
1«3. 
l«u. 
1«5. 
l"b. 
i«7. 
jaa. 

}5o. 
151. 
152. 
153. 
15a. 
155. 
15b. 
157. 
158. 
150. 
)60. 
161. 
16?. 
163. 
16a. 
165. 
16b. 
167. 
168, 
169. 
170. 
171. 
17?. 
173. 
1 7a. 
175. 
17b. 
177. 
17a. 
179. 
180. 
181 . 
18?. 
1*3. 
iaa. 
1«5. 
18b. 187. 
188. 
1 Bo, 
190. 
191 . 
19?. 
193. 
19a. 
!°5. 
19b. 
197. 
198. 
190. 

?oo. 201 . 
202. 
?03. 
20a. 

?n*. 
?<ih. 
207. 
?oa. 
?0o. 
2 1 0 . 
2 1 1 . 
21?. 
213. 
?1 U. 
21«=. 

601 

602 

603 

boa 

b05 

bOb 

b07 

608 

609 
61 0 

501 

502 

503 

50a 

505 

50b 

507 

508 

509 
510 

571 

575 

S7h 

END 
SUHROuTINF STAGER fJRUw,STAGC7.CZ) 
PlMFNglON ST ARCZ(25) 
i F r i o n w F O i M^nrntrv i 
IF (JRpw.EQ.2)GPT0602 
IF( JROW,FD.3)GOTOb03 
IF fJRpw.EO.UJGOTPbOa 
IF( JR0W.FQ.5)G0TOb05 
TF(JRow.EO.b)G0TOb06 
lF(.JROW,FQ,7)GOTPb07 
IF (JROW.EQ.BlGOTObOS 
l F ( J R n w F ( 3 . 9 ) G 0 T O b 0 9 
RTAGCZfJROW)=l,0 
G0T0610 
ST AGC7 f,IR0W)B0.68 
GOTObl0 
S T A G C 7 f J R O W ) B O , 7 S 
GOTObl0 
ST AGC7f .1PPW)B0.83 
GOTObl0 
STAGC7 ( , 1 R O W ) B O , 8 9 
GOTObl 0 
S T A G C Z f J R O W ) B 0 . 9 2 
GOTObl 0 
STAGC7(JROW)a0.95 
GOTObl 0 
RTAGC7(.lPOW)a0.97 
GOTObl 0 
ST »GC7(JRPW)aO,98 
GOTObl 0 
3TAGCZ(JPOW)=0,Q9 
CZaSTAGCZ(JROW) 
RETURN 
END 
SUBR0IIT1MF I N L I N F d R O w . I L C Z . C Z ) 
PEAL I L C Z ( ? 5 ) 
i F ( I R O W . F f ) . 1 )GOT0501 
I F ( l R O W . F O . 2 ) G 0 T O 5 0 2 
I F ( I R O W . F 0 . 3 ) G O T 0 5 0 3 
IF (IROw.EO.(4)GOT05na 
IF(IROW.FQ.5)GOT0505 
lF(IROW.EO,b)GOT0506 
IF(IRpW.E0.7)G0TO507 
lF(IROW.EO.8)GOTO508 
IF(IR0W.FO.9)G0TO509 
ILCZ(TROW)al.0 
GOT 05 10 
ILCZ(TPOW)=0.ba 
GPTO510 
lLCZ(TROW)e0.8 
G0T0510 
ILCZ(TRnw)=0.87 
G0T0510 
ILCZ(IROW)=0.9 
G0TO510 
ILCZ(IROW)a0.9? 
GOTO510 
ILCZ(TPOW)a0.9a 
G0T051 0 
ILCZ(TR0W)=0.9b 
GOT 0510 
ILCZ(IROW)s0.98 
G0TO510 
ILCZ ( TR(iW)sO 00 
CZallCZfIRPWl 
PETURN 
FNO 
SURROIlT TUF INLBMf A T L A S . S L . P P I A . T I P E ,ST ,RIIT ,MUT) 
REAL 0P1A,M| |T 
A T L A S s S I / 0 P 1 A 
I A T | A S = A T L A 3 * 1 0 0 0 . 0 
A T L A S = IATLAS/1 000.0 
TiREaST/OOIA 
T T J W E « T I R F . l O O O . O 
TlRFsTITRF/1O00.0 
I F ( A T | A R , G F . I . 2 . A N p . A T L A S . L T . 1 . 3 ) G O T O S 7 1 
I F (ATI AS.GF . 1 . 3 , A N P . A T L A S . L T 1 75 1 GOT0572 
T F f A T L A S l G F . t . 7 S . A M 0 A H A S . L f , 2 . 0 ) GOT 0 5 7 3 
l F ( A T I A S . G E . ? . a . A N n . i T L A S . L T . i , a ) G O T 0 5 7 a 
OOTOS70 
TF (TTPF . G E . 1 . ? . A N P . T I R E . I T . l . 3 ) G O T 0 5 7 5 
l F ( T l R t . G E . 1 , 3 , A M l ) , T l R f L T . 1 , 7 5 ) GOT 057 h 
jF (T IPF 'r.E * i ; ? U « l ' T ! R £ . L T , ? , U ) r - O T O S 7 7 
l F f T l R t V , E ; ? . a . 4 u n . n R F . L T . 3 . a ) G O T O S 7 8 
G 0 T 0 5 7 0 
B U T = 0 . 3 a a 
M U T B 0 . 5 ° ? 
( : ( )T050I 
H I I T s d , ? ? 1 ; 
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1 A1-. 
1 1 J . 
1 4- >t, 
1219. 
122o. 
1221 . 
1222. 
1223. 
122a. 
1225. 
1226. 
1227. 
1228. 
1229. 
1230. 
1231. 
123?. 
1233. 
123a. 
1235. 
l?3h. 
1237. 
123B. 
1239. 

IS-?: 
1IS5: 
l?«a. 
12«5. 
12«6. 
12«7. 
12<*8. 
1?«9. 
1250. 
1251. 
125$. 
1253. 
I?5a, 
1255. 
1?5b. 
1257. 
125a. 
1259. 
1260. 
1 ? M . 
126?. 
1263. 
l?6a. 
1?65. 
126b. 
1?67. 
1268, 
1269. 
1270. 
l?7l . 
1?7?. 
127?. 
1?7a. 
1?75. 
1276. 
1?77. 
1278. 
l?7o. 
1?«0. 
1?«1 . 
128?. 
1?«3. 
1?8a. 
I2fl5. 
12Ab. 
1287. 
)2H8. 
1289. 
1?90. 
1291. 
129?. 
1293. 
129a. 
1?95. 
l?9b. 
1?97. 
1?9B. 
12"9. 
1300. 
1 301 . 
130?. 
1 303. 
1 30a. 

MIJTaO.bOB 
G0TU59] 

577 B U T a O . i 

5 7 8 

5 7 2 

579 

580 

581 

5A2 

573 

583 

58a 

585 

586 

57U 

587 

588 

589 

590 

III 
501 

b50 

659 

651 

bb I 

,TIR 
,TIR . I . J . A N P TtRE,LT,l,75)G0T058a 

. 1.75.ANft.TTRE\l f,2,0)GOT0585 

.2.«.A NO.TIRE,LT.J.a)GOT 0586 

MUTa0.70a 
GOT059) 
BUTaO.0b33 
MUT=0,752 
GPTP591 
IF fTIRE.GE, 
IFfTIRE.GF, 
TFfTIRE.GE. 
IF (TTRE.GE, 
GOTO570 
RUT=0.3h7 
MUT=0.78b 
G0TO591 
BUT=0.25 
MUTBO.h? 
G0T0591 
BUTB0.101 
"UT»0.70? 
G0T0591 
BUT=0.0b78 
H U T « O , 7 a a 

IF(Tl2E.r.E.1.2.AM0.TIRE.LI.1.3)G0Tg5e3 
IFfTIRE.GF - ••-
IF(TIRE.GE 
I?(TIRE.GE 
GOTObTO 

R U T » O ,aia 
"UT30.57 
G0T0591 
RUTB0.2OO 
" U T B O , bO? 
G0T0591 
B U T B 0 . 2 ? 9 
MUT=0,b3? 
G0TP591 
BUT«0.198 
M U T » O baa 
GUT0591 
iFfTIRF.GF 
IFfTIRE.GF 
iFfTIPE.RF 
IF (TlPE.GE 
GOTO570 
BUT»0.29 
M U T B O , b 0 1 
G0T05O1 
B U T B O . 3 5 7 
MUTaO,58a 
G0T0501 
BUTB0.37a 
MUTB0.581 
GOT0591 
RUT=0.2ab 
MUT=0,608 
GUT0591 
wRlTF(6,905j 
FORMAT f '-' . 'T 
PE TURN 
FNO 
SUBROIITTMF S 
REAL "UT ,00 
TAxsSL/OOIA 
iTAXaTAX.Ji'O 
T A x s l T A X / 1 0 0 
FOPMaST/ODlA 
iFnRMaFORM* 1 
F O B T T F O B M / 1 
I F f T A x . G f c . O . 
I F ( T A X . G F . 0 . 
JF (TAX , G F , 0 . 

. 1 . 2 . A M D . T I R E . L T . l . 3 ) G 0 T 0 5 8 7 

. 1 . 3 , A N D . T I R E . L T . 1 . 7 5 ) G O T 0 5 8 8 
I I 7 5 . A N ^ . T I R f . L t . 5 , a ) G 0 T 0 5 8 9 
. 2 . a . A N 0 . f I R E . L T , i . U ) G O T O 5 9 0 

HE WRONG SPACING WAS U S F D ' ) 

IF ( T i x . C E . : 
IF (TAX.GF . ' 

T A G B M ( O 0 I A , S L , T A X , F 0 R M , 3 T , M U T , R U T ) 
IA 

0 . 0 
0 . 0 

0 0 0 . 0 
0 0 0 . o 
a.A N O . T A X , L T . 0 . 8 ) G O T 0 b 5 0 
8.A U P . T A X , L T , 0 , 9 5 ) G O T 0 651 
9 5 . A MO.TAX. I 1 . 1 . 0 5 ) G O T 0 6 5 2 
O S . A ' . ' P . T A X . L T , 1 , 2 ) G O T 0 6 5 3 
2 J N P J A X . L T . I . 3 ) G 0 T P 6 5 a 
J . A N D . T A X . L T . l . 7 ) G 0 T 0 6 5 5 
7 . A M 0 . T A X . I T . 2 . 5 ) G P T O b 5 b 
5 A N P . T A X , L T , 3 . 5 ) G P T r i 6 5 7 

l F ( T A * . r . F . 1 
TF (TAX.GF . 1 
I F (TAX.GF . ? , 

7 M F O B M . r , F . 2 . 5 . A N O . F n R M . | T . 3 . 5 ) G O T 0 6 5 9 
GUTObSS 
B U T = 0 . ? 1 3 
MlJT = 0 . 6 3 6 
r. 0 T 0 b b 0 
IF ( F n p - . G F , 
I F (Fnow. r .F , 
R 11T = 0 llllh 
» U T a 0 . 5 7 1 

, 7 A . n F O R " . | T , ? . 5 l G m 0 6 b l 
. ' ? ! s . ' A ' i r . ; F n o « . i T , 3 . 5 ) r . n T P h b ? 
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1 .3M', 
i; ro. 
1307. 

1,83: 
1310. 
1311. 
131?. 
1313. 
1 31 u. 
1315. 
1 31b. 
1317. 
1318. 
1319. 
132o. 
1321. 
132?. 
1323. 
132a. 

!5iS« 1 52b. 
1 327. 
132a. 
1329. 
1330. 
1331. 
133?. 
1333. 
133a. 
1335. 
133b. 
1337. 
1.338. 
133o. 
13«0. 
13«1. 

Ija?. 
1 3 ^ 3 . 
1 3 a a . 
1 3 « 5 . 
1 3 U b . 
1 3 u 7 . 
1 3 « a . 
13ao. 
1 350. 
1351. 
135;. 
135T. 
135a. 
135s. 
1 35b. 
13S7. 
1 35a. 
1350. 
1360. 
13b) . 
136?. 
1 3b3. 
1 3ba. 
1365. 
1 3fb. 
1 567. 
1 3ba. 
1 36o, 
1570. 
1571 . 
1372. 
1373. 
137a. 
1 375. 
137b. 
1 J77. 
1 378. 
1 579. 
1.38 0. 
1381 . 
13"?. 
1383. 
13«a. 
1 3 B 5 . 

MS?: 
1 388. 
1 3Bo. 
1390. 
1391, 
1 3 * •-. 
1 3 ' 1 . 
1 3 c-.-i. 

GOTObbO 
bb2 BUT=0.401 

MUTB0,S»»1 
GOT0660 

652 IF(FORM.GF 
GOTObSS 

663 BUT=0.a97 
MUTB0.55B 
GOTO660 

b5? fF/FOPH.GE 
IFfFORM.GF, 
G0T06S8 

bba RUTaO.aTB 
MUTaO.SbS 
GOTObbO 

b65 PUT=0.518 
MUT=0,5bO 
GOTObbO 

65« iFfFORM GE, 
IFfFORM.Gp, 
IF(FORM.GE, 
IF(FORM.GE, 
G0T0b58 

666 B U T B O . 5 1 8 
M U T B O . 5 5 6 
GOTObbO 

bb7 B U T B O . 5 0 5 
MUTaO,55a 
GOT0660 

668 BUT=0.519 
MUTsO.556 
GOTO660 

b69 BUTa0.5?? 
MUTaO.56? 
GOTObbO 

655 !F(FORM.GE, 
IFfFORM.GF, 
IF{FORM Gf 
TF(FORM.GF, 
GOTObSB 

670 BUTaO.aSl 
MUTaO.568 
GOTObbO 

b71 BUTsO.abO 
MIJT = 0.5b? 
GOTObbO 

b72 BUTa0.a5? 
"UTB0.5b8 
GOTObf.0 

b73 BUT=0.aaA 
MUT=n.5h8 
GOTObbO 

656 IF(F0RM.GE. 
IF(Fno-.GE. 
IF(FPRM.GE. 
IF(F0RM.GT, 
G0T0b58 

b7a BUTeo.apa 
"UTaO.57? 
GOTObbO 

b75 RUT=o.aih 
MUTaO.ShA 
G 0 T 0 b h 0 

6 7 6 H U T B O . a a ? 
M U T a O . S S h 
G O T O b b O 

b 7 7 R U T = 0 . u a 9 
M U T B O . 5 7 0 
G O T O b b O 

b 5 7 I F ( F O R M # G F . 
I F ( F O P M . C E , 
I F ( F O R M G F . 
T F f F O R M . G F . 
G U T 0 h S 8 

b 7 P B U T a 0 . 3 | 0 
" U T B O . 5 0 ? 
GOTObbO 

679 BUTa0.35b 
•"UTsO.SaO 
GOTObbO 

680 RUTaO.UaO 
MUT=0.560 
GOTObbO 

681 RUT=0.a2) 
MUT=o.57a 
COTObbO 

bSH wRTTEfb.oo*. 
oab FORMAT(•-•. 
bbO RETURN 

E'JO 

.1 .3.AMO.FORM.LT 

.1.7. AMD. FORM. |.T, 

.2.5.AMO.FORM.LT 

.1.2.AND.FORM,LT, 

.1.3.AN0.F0RM.I T, 

.1.7.AND.FORM.CT, 

.2.5.AMO.FORM.LT, 

,1.2.AMO.FORM.LT, 
,1 .3.AND,FORM,LT, 
.1.7. AMO.FORM.LT, 
,2.5.AMO.FORM.LT, 

1.2.AMO.FORM.LT. 
1 . 3 . A " n . F O R M . L T . 
1.7,AMO.FORM.LT. 
, 2 . 5 . A U O . F O R M . L T . 

1 .2.AMO.FORM.LT , 
1.3.AN0.FnR".LT. 
1.7.AN0.F0PM.I T 
2 . 5 . A M P . F P R M . L T . 

,1.7)G0T0663 

,2.5)G0T0b6a 
,3.5)G0T0665 

.1.31G0T0666 
,1,7)G0T0667 
,?.5JG0T0668 
>3.5)G0T0669 

,1.J)GOT0670 
,1.7)G0T0671 
,J.5)GOT0672 
, S . S 5 G O T 0 6 7 3 

1,3)GOT067a 
1.7)G0TP675 
2.55G0TO676 
3.5)GOTOb77 

1,3)GPIP678 
1,7)G0TP679 
2.5)GOTPb8o 
3.5SGPTP681 

? T H £ .PONG SPACIM(, PARAMETER 

http://form.lt
http://auo.FORm.lt
http://amp.fprm.lt
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Description of Nomenclature in Program 



-104-

APPEMDIX F' 

Description of Nomenclature in Program 

This appendix will contain a description of 

the nomenclature used in the program. The terms will be 

defined in the section of the program where they are 

first introduced, unless their meaning varies drastic­

ally from one part of the program to another. 

Main Program: 

EDIA - The diameter to the outside of the fin, 

FIIINC - The number of fins on the cold side of 

the tube. 

FINNH - The number of fins on the hot side of 

the tube, 

FINNUM - The total number of fins on the tube. 

FINS - A flag which indicates whether or not 

the tube has fins. 

HT - The height of the fin 

IDIA - The inside diameter of the thermosyphon 

tube. 

INL - A flag which tells whether the arrange­

ment of tubes in the exchanger is in 
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line or staggered. 

JOEBLO - A flag 

K - The thermal conductivity of the thermo­

syphon tube material. 

LC - The length of tube on the cold side. 

LH - The length of tube on the hot side. 

LMTD - The log mean temperature difference. 

LPLUS - The ratio of the length of the tube 

on the hot side to the length of tube 

on the cold side. 

MC - The mass flow of air on the cold side. 

MH - The mass flow of air on the hot side. 

N - The number of rows of tubes in the 

exchanger. 

NTUBES - The number of tubes per row (It should 

be noted that for the staggered arrange­

ment this number is the maximum). 

ODIA - The outside diameter of the tube. 

REH - The Reynolds number for the hot side 

air flow. 

REC - The Reynolds number for the cold side 

air flow. 

REPLUS - The ratio of the Reynolds number on the 

hot side to that on the cold side. 

SL - The lateral spacing of the tubes. 
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STE - The transverse spacing of the tubes. 

TALL - The total height of the flow area on 

both cold and hot sides. 

TEC - The inlet cold temperature. 

TEH - The inlet hot temperature. 

TYPE - This is used to indicate whether a counter-

flow or parallel flow system is desired. 

WIDTH - The width of the air flow area. 

Subroutine PARLEL : 

AT - The total area of heat transfer. 

ATC - The area of heat transfer on the cold 

side. 

ATH - The area of heat transfer on the hot 

side. 

CZ -A variable used in the calculation of 

the convection on the outside. 1 varies 

depending upon the row being approached 

and the arrangement of the tube. 

CZ1 - Same as 'CZ' but specifically for the hot 

side. 

CZ7 - Same as 'CZ' but specifically for the 

cold side. 

HEAT - The heat transferred in each row. 
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J - The row number that the air flow is 

approaching. 

NTHERK - The number of thermosyphon tubes in the 

specific row being considered. 

QT - The total heat transferred. 

TCOLD - A cold temperature at any point 'J* in 

the heat exchanger. 

THOT - A hot temperature at any point 'J' in 

the heat exchanger. 

TIC - The same as 'TCOLD' except in a scalar 

form. 

TIH - The same as 'THOT' except in a scalar 

form. 

UT - The overall heat transfer coefficient. 

UTC - The overall heat transfer coefficient 

on the cold side. 

UTH - The overall heat transfer coefficient 

on the hot side. 

Subroutine CONFLO : 

HEATE - The amount of heat transferred in the 

present row of thermosyphon tubes. 

J - The position in the heat exchanger with 

reference to the hot side. 
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KAY - The position in the heat exchanger with 

reference to the cold side. 

L - The number of times the program has 

looped in the subroutine CONFLO 

MO - Numerically equivalent to KAY-1 

TCOLDE - The temperature of the cold air flow at 

any point within the heat exchanger. 

THOTE - The temperature of the hot air flow at 

any point within the heat exchanger. 

Subroutine CONDUC : 

ACI - The area of the inside of the tube on the 

cold side of the flow. 

ACO - The area of the outside of the tube on 

the cold side of the flow. 

AHI - The area of the inside of the tube on 

the hot side of the flow, 

AHO - The area of the outside of the tube on 

the hot side of the flow. 

BULL - Used in conjunction with 'TORO' to form 

the limits for the bisection method 

solution of 'DELTT5'. 

DELTTI - The difference between the temperatures 

of the hot air flow approaching the 
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thermosyphon and the cold air flow which 

was calculated to be approaching the 

thermosyphon. (This is not necessarily 

the true value of the cold flow approach­

ing the thermosyphon) 

DELTTO - The difference between the temperatures 

of the hot air flow approaching the 

thermosyphon and the real cold air flow 

approaching the thermosyphon. 

DELTT1 - The difference in temperature between the 

hot air flow and the outside wall of the 

tube on the hot side. 

DELTT2 - The difference in temperature of the hot 

side wall on the outside and the inside. 

DELTT3 - The difference in temperature of the hot 

side wall on the inside and the saturation 

temperature of the two phase liquid 

contained inside the tube. 

DELTT5 - The temperature difference between the 

saturation temperature of the liquid 

contained inside the tube and the cold 

side wall on the inside. 

ERROR - A variable which changes within the pro­

gram so as to allow minimum error in the 
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results but still enough so that the 

values converge within a reasonable 

amount of time. 

FAB - Used in conjunction with 'FURD' to provide 

the interval for the bisection method 

approximation of 'PERCl'. 

I - A counter. 

ICOUNT - A counter. 

IRUN - A counter. 

JCOUNT - A counter. 

JRON - A counter. 

PERCl - A variable percentage used to approximate 

the value of 'Q' for the whole conduction 

process in this thermosyphon. 

PERC3 - A variable percentage used to approximate 

the correct value of 'Q3T. 

PERC5 - A variable percentage used to approximate 

the correct value of 'Q5'. 

PI - The numerical constant. 

Q - The heat flux in this process. 

QTEST - The difference between Q and Q5. 

Q3 - The heat flux used to calculate 'R3» 

(This will eventually converge to the 

value of 'Q') 
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Q5 - The heat flux used to calculate 'R5f 

(This value will eventually converge to 

the value of 'Q') 

Rl - The convective film resistance on the 

hot side. 

R2 - The resistance of the wall on the hot side. 

R3 - The resistance caused from the evaporation 

of the liquid in the thermosyphon tube. 

R5 - The resistance caused from the condensation 

of liquid in the thermosyphon tube. 

R6 - The resistance of the wall on the cold side. 

R7 - The convective film resistance on the 

cold side. 

TC - The temperature of the cold air flow 

approaching the thermosyphon. 

TCCALC - The temperature of the cold air now 

calculated to be approaching the 

thermosyphon. 

TH - The temperature of the cold air flow 

approaching the thermosyphon. 

TORO - Used in conjunction with 'BULL' to form 

the limits for the bisection method 

solution of 'DELTT5'. 

TWCI - The cold side temperature of the wall on 

the inside. 



-112-

TWCO - The cold side temperature of the wall on 

the outside. 

TWHI - The hot side temperature of the wall on 

the inside. 

WHO - The hot side temperature of the wall on 

the outside. 

ZING - A scalar form of the vector 'PERCl'. 

Subroutine FONDUC : 

AREABC - The area of the base of the tube on the 

cold side. 

AREABH - The area of the base of the tube on the 

hot side. 

AREAFH - The area of the fin on the hot side. 

AREAFC - The area of the fin on the cold side. 

EFF - The fin efficiency. 

EM - A variable described in the equation to 

find the fin efficiency. 

EX - A variable used to find the fin efficiency. 

EQLENG - The equivalent length of a fin if it is 

considered to be a flat plate. 

H0I12 - The hot side film coefficient of the 

outside based on the inside for a finned 

surface. 
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H0I67 - The cold side film coefficient of the 

outside based on the inside for a finned 

surface. 

H12 - The hot side film coefficient for a 

finned surface. 

H67 - The cold side film coefficient for a 

finned surface. 

R12 - The resistance of the hot side for a 

finned surface. 

R67 - The resistance of the cold side for a 

finned surface. 

Subroutine BESSEL : 

BIO - The Bessel function I0 

BI1 - The Bessel function I 

BKO - The Bessel function K0 

BK1 - The Bessel function K 

Subroutine FNH67B : 

H67B - The film coefficient of the base on 

the cold side. 

VM - The velocity of the cold air flow. 



-114-

Subroutine FNH12B : 

H12B - The film coefficient of the base on the 

hot side. 

VM - The velocity of the hot air flow. 

Subroutine FINDH1 : 

HI - The film coefficient of the tube on the 

hot side. 

VM - The velocity of the hot air flow. 

Subroutine FINDH7 : 

H7 - The film coefficient of the outside of 

the tube on the cold side. 

VM - The velocity of the cold air flow. 

Subroutine FINDH5 : 

BETA - The value of /5 found in Rowsenhows 

equation. 

H5 - The condensation film coefficient. 

IRAD - The inside radius of the tube. 

T - The mean temperature of the mixture 

inside the tube at which the properties 

were defined. 
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Subroutine FINDH3 : 

H3 - The film coefficient for evaporation. 

T - The mean temperature between the satur­

ation temperature and the inside wall 

temperature on the hot side of the tube. 

Subroutine FNH67F : 

H67 - The outside film coefficient for the 

fins on the cold side. 

VM - The velocity of air on the cold side. 

Subroutine FNH12F : 

H12 - The outside film coefficient for fins 

on the hot side. 

VM - The velocity of air on the hot side. 

Subroutine AIRPRO : 

ACP - The specific heat of air at a given 

temperature. 

AD -The density of air at a given temperature. 

AK - The conductivity of air at a given 

temperature. 

AV - The viscosity of air at a given temperature. 
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Subroutine H20 : 

H - The enthalpy of water at a given temp­

erature . 

WD - The density of water at a given temp­

erature. 

WK - The conductivity of water at a given 

temperature. 

WV - The viscosity of water at a given 

temperature. 

Subroutine VAP : 

PS - The saturation pressure at a given 

temperature. 

WVD - The vapor density. 

Subroutine BISECT : 

ABF - The absolute value of 'DSLF'. 

DSLF - The difference between Fl and F2. 

Fl - The function evaluated at the point Yl. 

F2 - The function evaluated at the point Y2. 

F3 - The function evaluated at the point Y3. 

PRODF - The product of Fl and F2. 

Yl - The upper limit for the bisection interval, 

Y2 - The lower limit for the bisection interval, 

Y3 - The midpoint of the bisection interval. 
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Function CALC : 

CALC - The value of the function upon which the 

bisection method is being used. 

Subroutine SURTEN : 

ST - The surface tension at a given temperature. 

Subroutine STAGER : 

STAGCZ - The coefficient Cz for a staggered tube 

arrangement. 

Subroutine INLINE : 

INLCZ - The coefficient Cz for the inline tube 

arrangement. 

Subroutine INLBM : 

ATLAS - A parameter depending upon the arrange­

ment of tubes and the size of the tube 

relative to the longitudinal spacing of 

the tubes. 

BUT - A variable which is used in the equation 

for forced convection. 
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IATLAS - An integer form of 'ATLAS' used for 

truncation. 

ITIRE - An integer form of 'TIRE' used for 

truncation. 

MUT - A variable which is used in the equation 

for forced convection. 

TIRE - A parameter depending upon the arrange­

ment of tubes and the size of the tube 

relative to the transverse spacing. 

Subroutine STAGBM : 

BUT - A variable in the equation for forced 

convection. 

FORM - A parameter which depends upon the 

arrangement and the magnitude of the 

transverse spacing in relation to the 

diameter of the tubes. 

IFORM - An integer form of 'FORM1. 

ITAX - An integer form of 'TAX'. 

MUT - A variable in the equation for forced 

convection. 

TAX - A parameter which depends upon the 

arrangement and the magnitude of the 

longitudinal spacing relative to the 

tube diameter. 
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APPEKDIX G 

Input for the Program 
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APPENDIX G 

How to Provide Input for the Program 

The data cards should be arranged as follows: 

#1 Put a '1' meaning counterflow or a '0' meaning 

parallel flow. The number is called 'TYPE' and 

is read in FORMAT (II) 

#2 Put a '0' meaning staggered or a '1' meaning 

inline arrangement. The number is called 'INL' 

and is read in FORMAT (II) 

#3 Enter the cold and hot inlet temperature and the 

Reynolds number of the cold flow. The numbers are 

called 'TEC, 'TEH', and 'REC and are read in 

FORMAT (F6.2, 4X, F6.2, 4X, F8.2) 

#4 Enter the number of rows in the exchanger calling 

it »N'. This is read in FORMAT(12) 

#5 Enter 'LPLUS' in FORMAT(F4.2) 

#6 Enter 'RSPLUS' in FORMAT(F4.2) 
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#7 Enter 'WIDTH' in FORMAT(F4.1). The measurement 

is in inches. 

#8 Enter 'TALL' in FORMAT(F4.1). The measurement is 

in inches. 

#9 Enter 'K« in FORMAT(F5.1). The measurement is in 

#10 Enter 'IDIA' in FORMAT(F4.3). The measurement is 

taken in inches. 

#11 Enter 'ODIA* in FORMAT(F4.3). The measurement is 

taken in inches. 

#12 Enter 'SL' in FORMAT(F3.1). The measurement is taken 

in inches 

#13 Enter 'STE' in FORMAT(F3.1). The measurement is in 

inches. 

#14 Enter 'NTUBES' in FORMAT(II) 

#15 Enter 'FINS' in FORMAT(II) 

Put a ' 0' if there are no fins or a '1' if there 

are fins. 
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The following entries only apply to finned surfaces: 

#16 Enter TH' in FORMAT(F7.4). The measurement is 

taken in inches. 

#17 Enter 'EDIA' in FORMAT(F5.3). The measurement is 

taken in inches. 

#18 Enter 'FINNUM' in FORMAT(F3.0) 
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APPENDIX H 

Calibration of Orifice Plates 

and Thermocouple Reader 
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APFENDIX E 

Calibration of Orifice Plates 

and Thermocouple Reader 

Orifice Plates 

Mass flow rates of the air were found from 

pressure drops across the orifice plates. The orifices 

were located at the suction inlets of both the hot and 

the cold ducting systems, 

The orifices were calibrated by using a pitot 

tube to measure the average velocity through the section, 

rhis average velocity was then correlated to the pressure 

drop across the orifice plate. The area of the inside 

of the pipe was divided into concentric rings of equal 

area.(Fig. H.1) 

Fig.H.l 

The velocity readings are taken in the centres of each 

of the rings along a straight path through the centre 

of the pipe. The average velocity is then given by 
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2.n 

V fcvT
J L" 2n (H.l) 

The correlation equations used on the orifice plates 

are 

V„- 16.41 JAP *Z-*7 <H*2J 

vt« ia.<M JAP + i.53 (B.3) 

for the orifice used in the hot and cold ducts respect­

ively. This also implies the range of flows used 

experimentally. 

Multi-Channel Digital Thermocouple Reader 

Upstream and downstream of both the hot 

and cold test sections air temperature readings were 

taken by means of copper-constantan thermocouples 

attached to a multi-channel digital thermocouple reader 

with an automatic ice point. The validity of these 

readings was checked by calibrating the digital reading 

against a similar thermocouple attached to a potentio­

meter. They were calibrated in a hot water bath oper­

ating over the same range of temperatures as the ex­

perimental air temperatures. A standard mercury 

thermometer was also placed in the hot water bath to 
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insure a very small error in the calibration procedure. 

The expression used to correct the digital thermo­

couple reading is 

(H.4) 
Th= 1.I56T* -K.i 

Tc- I.I5«ST& -15.5" (H.5) 
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APPENDIX I 

Experimental Data 
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APPENDIX I 

Experimental Data 

Study A - Keeping the number of f ins per side constant 
•ay. 

at 16 fins/side, the ratio Re was varied. 

Experiment A-l (Re* =0.5) 

Run Ree Re Q, 

1 2280 0.51 740 
2 2890 0.51 880 
3 3380 0.51 840 
4 3660 0.51 910 

Experiment A-2 (Re 

Run 

1 
2 
3 
4 
5 

Rec 

1930 
2620 
3140 
3590 
4010 

Re* Qc 

0.76 800 
0.77 920 
0.78 1000 
0.78 970 
0.79 1160 

Experiment A-3 (Re Experiment A-3 (Re* = 1.0) 

Run Ree 

1 1450 
2 1990 
3 2400 
4 2740 
5 3040 

Re* Qc 

1.0 750 
1.0 $10 
1.0 930 
1.0 1020 
1.0 1080 

1060 900 
1310 1100 
1570 1200 
1470 1190 

= 0.75) 

Q h Q.WJ 

1270 1030 
1440 1180 
1550 1280 
1680 1330 
1910 1530 

Q K Q ».y 

1340 1050 
1560 1180 
1670 1300 
1780 1400 
1890 1490 

80.1 87*9 
77.8 85.2 
76.3 82.4 
79.5 85.5 

76.1 86.1 
78.8 87.3 
81.1 88.8 
82.8 89.3 
80.5 87.5 

74.6 87.1 
75.4 85.3 
76.1 85.5 
77.8 86.8 
78.9 87.5 

TK;» Tt,.Kt 

149.9 169.6 
150.4 169.9 
148.4 168.5 
150.7 167.9 

• Ik ; . , Tr iaut 

149.9 168.8 
151.0 166.7 
152.7 166.7 
153.1 166.4 
152.3 165-9 

Th, „ TK.U.^ 

149-9 169-9 
150.2 167.3 
151.5 166.6 
152.3 166.3 
152.7 166.2 
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Experiment A 

Run Rec 

1 890 
2 1470 
3 2060 
4 2270 
5 1770 

Experiment A 

Run Re« 

1 960 
2 1120 
3 1270 
4 1380 
5 1490 

- 4 

Re* 

1.4 
1.4 
1.4 
1.4 
1.4 

- 5 

Re* 

2 .1 
2 .1 
2 .1 
2 .1 
2 . 1 

(Re* = 1 

Q t 

680 
860 

1030 
1060 
1000 

Q K 

1020 
1390 
1810 
1900 
1440 

(Re* = 

Qc 

880 
900 
820 
970 

1020 

Q K 

1240 
1580 
1580 
1730 
1560 

.33) 

Q.v. 

1190 
1120 
1420 
1480 
1220 

2 .0) 

Q aO 
1060 
1240 
1200 
1350 
1290 

T 
J. c m 

78 .6 
78 .6 
75.7 
78 .1 
78.7 

J. c*> 

78.7 
78 .9 
78.2 
79 .2 
79 .0 

i- cau-t-

96.6 
92.5 
87.8 
89.4 
92.3 

A &0te,+ 

100.2 
98 .0 
93.6 
96 .0 
95.3 

Tl^.H 

151.6 
151.3 
151.8 
153.7 
152.6 

T h> 

153.2 
153.2 
151.3 
154.4 
152.8 

Tl, ew-f 

169.4 
166.4 
166.0 
167.2 
165.6 

T K„„.r 

166.7 
168 .1 
164.5 
167.7 
164.0 

Study B Keeping t h e Re * r a t i o cons tan t a t 1.0 the number 
of f i n s per s ide was v a r i e d . 

Experiment B - 1 (16 f i n s / s i d e ) 

Run 

1 
2 
3 
4 
5 

>eriir 

Run 

1 
2 
3 
4 
5 

Rec 

1450 
1990 
2400 
2740 
3040 

lent B 

Rec 

1450 
1960 
2380 
2710 
3010 

Re* 

1.0 
1.0 
1.0 
1.0 
1.0 

- 2 

Re* 

1.0 
1.0 
1.0 
1.0 
1.0 

Q t 

750 
810 
930 

1020 
1080 

Q t 

790 
930 
990 
950 

1040 

QK 

1340 
1560 
1670 
1780 
1890 

(12 

Q K 

1380 
1440 
1730 
1850 
1990 

o 

1050 
1180 
1300 
1400 
1490 

T C K 

74 .6 
75 .4 
7 6 . 1 
77 .8 
78 .9 

f i n s / s i d e ) 

y »>J a 

1090 
1180 
1360 
1400 
1520 

1 c m 

74.5 
7 9 . 1 
79 .0 
82.6 
81.0 

•L C.OW.'f 

87 .1 
85.3 
85.5 
86 .8 
87.5 

•*• £ D U t 

87.7 
90.5 
89 .1 
91 .0 
89.3 

Tw,* 

149. 
150. 
151. 
152. 
152. 

T Hi* 

150, 
150, 
152, 
152, 
151. 

,9 
,2 
.5 
.3 
,7 

.1 

.8 

.6 

.0 

.8 

^ hoi. 

169-
167. 
166. 
166. 
166. 

tt 

• 9 
,3 
,6 
,3 
,2 

Tkouf 

170, 
166, 
168, 
166, 
166, 

.7 

.4 

.2 

.6 

.0 
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Experiment B - 3 (8 f i n s / s i d e ) 

Run 

1 
2 
3 
4 
5 

Ret 

1430 
I960 
2360 
2690 
2980 

Re* 

1.0 
1.0 
1.0 
1.0 
1.0 

Qc 

630 
700 
780 
800 
830 

QK Q ^ . 

1130 880 
1250 970 
1450 1110 
1440 1120 
1270 1050 

X d->K 

80.3 
81.3 
82.4 
83.7 
84.8 

ic.ou.t-

90.8 
89.9 
90.3 
90.9 
91.5 

T... 

151.0 
152.8 
153.5 
153.6 
155.9 

T„,.T 

167 .8 
166.4 
166.6 
164.0 
165.0 

Experiment B - 4 ( 4 f i n s / s i d e ) 

Run 

1 
2 
3 
4 
5 

Rec 

1450 
1980 
2400 
2750 
3050 

ReT 

1.0 
1.0 
1.0 
1.0 
1.0 

Q , 

490 
550 
620 
670 
640 

Q K 

1130 
1400 
1410 
1590 
1670 

Q*3 
810 
980 

1020 
1130 
1160 

1 Cix 

77 .8 
78.3 
78 .6 
79.5 
80.2 

Tt9U.t 

86.0 
85.0 
84.9 
85.4 
85.3 

T K . -

150.6 
151.5 
151.9 
152.3 
153.0 

Ihi^t 

167.4 
166.6 
164.7 
164.8 
164.9 

Experiment B - 5 ( 2 f i n s / s i d e ) 

Run 

1 
2 
3 
4 
5 

Re6 

1460 
2010 
2410 
2780 
3070 

Re ' 

1.0 
1.0 
1.0 
1.0 
1.0 

Qc 

470 
560 
600 
640 
670 

Q. 

970 
1120 
1250 
1340 
1480 

Q ~ j 

720 
840 
930 
990 

1080 

T... 

75 .1 
74.7 
77 .4 
7 6 . 1 
76 .8 

J- e.u.f 

82.8 
81.6 
83.4 
81.7 
82 .1 

T,„ 

152.7 
152.6 
153.7 
153.2 
154.4 

T uut 

167.2 
164.9 
165.2 
163.9 
165.C 

http://ic.ou.t
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APPENDIX J 

Experimental Equipment 
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APPENDIX J 

Experimental Equipment 

Multichannel Digital Thermocouple Reader 

- 20 channels calibrated for copper-constantan 

thermocouples for use between -100 to 1640 F 

-914 Numatron by Leeds and Northrup 

1 s t Fan 

- size 130Z-B design PH Arr.4 

made by Sheldon Engineering of Gait,Ontario,Canaada. 

2 n d Fan 

-size 32 Volume made by Canadian Blower and Forge 

Co. Ltd. of Kitchener,Ontario, Canada. 

I-Iul t iman orae t e r 

- filled with manometer fluid(S.G = 0 . 8 ) 

- made by T.E.M Instruments Ltd. 
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APPENDIX K 

Program for Experimental Data 
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/ / .ItiH ( ? M 6 9 1 « 5 , 
/ / J . ' C l F M f N T S ' . n s r . i F V E i B ( 2 , 0 ) , 
/ / C L » S 5 = K 
/ / EXTC i « » T F T V , T I M f r f ? , n ) , n e c ] n n s ? O O K 
/ / W A T F J V . S Y S J M r>n . 
« ins S H K X K y x x , P » R F S s ? n , T j M f r l 2 o 

H IMFNITOM T r i ( S ) , T C n ( 5 ) . T H I ( 5 ) , T H O C 5 ) , P ( 1 0 ) 
PEAI M f . M H 
P l e 3 1U|fe 
P t A n ( S . i n n ) ( T C l r T ) , I » 1 . 5 ) 
p t A n ( « ; , i n n ) n c o n ) , l s i > 5 ) 
P k » n r c ; , 1 0 0 i r T H J f U , I B l , 5 J 
P E A n ( « 5 . t P 0 H T H n r i ) , i s l . 5 ) 

100 F 0 O H A T ( S ( t x , F 5 , 1 ) ) 
P E A D ( 5 , i o n ( P f f ) , j s i . i n ) 

1 01 FOBMATfl Or IX,F5.?) ) 
p£Ar>(5, i O?)PA 

102 FORMAT (F"$.2) 
VUBlfl.PU?*(P(o)..o,5)+1.525 
v i s l B . u o i . f P d 0 1 * * 0 . 5 ) * 2 . 1 7 3 
no 10 I s ! . 5 
T C I ( I ) = 1 . 1 5 6 * T C T ( I ) - 1 5 . « ' » 5 
T C ( ) ( n « l . j 5 6 * T C n f l ) - 1 5 . « < > 5 
T H I ( f J B l . t 5 B » T H I ( I J . l U . l « 3 
T H n r T l " t . l 5 A * T H O f T ) - l « . l < l 3 

10 CONTIMUF 
no 20 i = i . IQ 
P ( T ) B P A - f 5 . ? P 5 * 6 2 . o * P ( I ) / 1 2 . 0 * * J ) 

?o eONTTNUF. 
T T C I a O . P 
T T C O B O . O 
T T H H O . O 
T T M O B O . O 

no jo I B I ,? 
T T T J a T T C T + T C t f l ) 
T T r n e T T r O + T C P f I ) 
T T M I B T T H T + T H I fl ) 
T T H P E T T H O + T H U d ) 

30 COMTINHF. 
T T C I « T T r I /5.0 
T T r n n T T C n / 5 . 0 
T T H I B T T H I / S . O 
T T H f l 3 T T l - l ( ) / 5 . 0 
M C B ( l u a . n « p ( i O ) / f 5 X , 3 . f T T C T + U 6 0 ) ) ) * f v l * ( ( P r / u , i ) * ( 3 , B 2 " ? / l 2 , 0 ) * * 2 ) ) 
M M s ( i u u . o * P f 9 ) / r 5 3 . J * r T T M j * f l h o . o ) ) ) * f v « * f f P ! / a , d ) * ( i . 8 2 < » / i a . n ) * * ? ) 

• v 2 a ( 5 3 . 3 * f n C 7 + U h 0 . 0 ) * ^ C ) / ( f l U U , 0 * f P f l ) T P ( ? ) ) / ? . f l ) * ( f 5 . 5 / l 2 . O ) . * ? ) 

7 v b 6 ( S 3 . 3 * f T T H T + u 6 0 . 0 ) . M H ) / ( ( ) u < i , 0 * ( P t 7 ) * P ( A ) ) / ? . O ) . ( ( 5 . 5 / 1 2 . 0 ) * * ? ) 

7 v 3 « f 5 3 . 3 * ( T T c n + ' i f r o . O ) * M C ) / ( f \ u a , 0 * ( P ( 3 ) * P f U ) ) / ? . " ) * ( ( 5 . 5 / 1 2 . 0 ) . * ? ) 
V 6 B f S 3 , 3 . f T T H t i + U h O . O ) . M w ) / ( ( l U « . O « f P ( S ) * P ( h ) ) / 2 . 0 ) » ( ( 5 . 5 / 1 2 . 0 ) . * ? ) 

?) 
v C e ( V ? + v 3 ) / ? . 0 
V^B f VII T V ^ ) / ? . 0 
T H » ( T T H I +TTMI) ) / ? . 0 
TC«(TTCT + T T C ' i ) / ? . 0 
TALI Fl M T D f T f , F V . F K . F C P . F D ) 
n r a L i C * e : c P * ( f T r n - T ir\ ) * 3 6 0 0 , o 
R E r = ( F n * V ? * ( . ^ 6 / l ? . 0 ) ) » 3 6 O 0 , 0 / F V 
T A I L Fl H T I H T H . F V.F I - . F f P . F D ) 
fjM = H H . f r P « ( T T H O - T T H f ) « 3 h 0 0 , 0 
H t M B ( * u * v i * l " . ' » » > / 1 d . W ) ) * 3 < J i > U . i ' / r v 
R F f l T A P e B f H / P F C _ 

• T T C J 
T T C O 

P R I N T , ' T C I 
PR j MT " 
P R I N T , 
PR INT, 

V2' 
V5' 

,V2 
v5 

,TTT. 'TTCP 

Trn'.Trn.iTTco" 
'TH1 • ,THI , ' T THI i ,TTHJ 
'THfl' ,THf), ' T T w n ' . T T H O 

P H f N T , ' P ' , P 

P R I N T , " T ' , w f . 'VI '. V l , 
PR T N T . ' M M • , M H , ' VI • , V I , 
P R I N T 
S T O P 
FNn 
SUHPOIITIMt F L M i n n , F V , F K , F C P , F D ) 
T H I S (jllHPnuT JwF lists AIR P R O P E R T I E S 
IF CT .1 F . 5 n . i K . n T n 8 1 
T F f T . r , T . = . 0 , O , A MO T . L E . 1 0 0 , 0 ) G0Tn.fl2 
T F n , r , T . 1 0 f . o . A N n . f . L E . 1 5 0 . 0 ) G O T O f > 3 
T F f T . r ; T 1 S O . O . A » i n . T . L F . 2 0 0 . 0 l f ; O T n R U 

1 MM • , M H , ' V ' l • , V « , ' V 3 • , ¥ 3 . • » n _ , • 
'QC ' ,n iC. " ) H ' , O M , ' R F C ' , P E C , 'RFH 

• v 3 ' , V3, ' VC ' 
' V h ' , V h , * VH' 

. R F H , 

.VC 

' R E S T A P ' ,RF3T AR 



- 1 3 5 -

« 2 . 
8 3 . 
5tt« « 5 . 
A h , 

2 7 ' 
MA. 

9 0 . 
< M . 
9 ? . 
' ' 3 . 
9 a . 
< " = • . 

9 * , . 
9 7 . 
9 R . 

I 0 0 . 
101 . 
1 0 ? . 
1 0 3 . 
lO' l . 
1 0 S . 
1 0 * . 
1 0 7 . 
10A. 
1 0 0 . 
1 1 0 . 
1 1 1 . 
1 1 ' . 
1 1 3 . 
l l u . 
1 1 5 . 
1 1 6 . 
1 1 7 . 
1 1 « . 
1 1 9 . 
1 2 n . 
I 2 i . 

I F ( T , G T , 2 o n : o . A N n , T , l E , 3 0 0 .05GPTr)BS 
F V « ( O . O A O 0 5 ! 5 * T ) * 0 . O U 2 0 7 « 
F K B ( 0 , 0 0 0 0 ? 1 5 * T ) * 0 , 0 1 3 9 ] 2 
F C P s f 0 . 0 0 0 0 2 1 * T ) . 0 f 2 3 6 7 6 
F I ) a ( - o . 0 0 0 0 5 9 | * T 1 * 0 . n 6 9 7 ? 
r .ornn* , 

6 . ? 5 6 . ? 5 1 . 0 0 n . 5 7 
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APPEKDIX L 

A Description of the Heat Exchanger 

used for the Analysis 
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APPENDIX L 

A Description of the Heat Exchanger 

used for the Analysis 

Type Air to Air * 

Flow Type Parallel Flow 

Arrangement Staggered 

Inlet Cold Side Temperature 70 F 

Inlet Hot Side Temperature 200°F 

Reynolds Number of the 

Cold Side 6000 * 

Number of Rows 10 

Length Ratio (L+) 1.0 * 

Reynolds Number Ratio (Re ) 1.0 * 

Channel Width 5.5" 

Tube Material Erass 

Tube 1-iaterial Conductivity 34 Etu/hr ft F 

Inside Diameter of Tubes 0.5" 

Outside Diameter of Tubes 0.66" 
Longitudinal Spacing 1.5" 

Transverse Spacing 1.5" 
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Number of Tubes in 

First Row 5 

Number of Fins 24 * 

Height of Fins 0.0625" 

Diameter of Fins 0.96" 

Varied where indicated 
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