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ABSTRACT 

Laminar mixed convection in inclined semicircular ducts (with the flat surface in 

the vert i d  position) is investigated t heoretically in the fully-developed region, and 

experiment ally in the developing and fully-developed regions, under buoyancy assisteci 

and buoyancy opposeci conditions. The investigation started wit h the numerical anal- 

ysîs of  lamina^ My-developed flow and heat transfer. This analysis used a control- 

volume-based finite-dserence approach in soiving the governing equations. Results 

were obtained for the two limiting thermal boundary conditions; uniform heat input 

axially wit h uniform peripheral w d  temperature (Hl)  and uniform heat input axially 

with uniform wall heat flux circumferentially (HZ). These theoreticzl results include 

tlie axial velocity and temperature distributions: the secondary flow pattern. a map 

for the onset of flow reversa1 and data for the friction factor a d  Nusselt number. 

Using a single value of Pr = 7 and a range of Reynolds number, the tube inclina- 

t ion and Grashof number were found to have a strong effect on the distortion of the 

axial velocity and temperature distributions for upward and downward inclinations 

in bot h thermal boundary conditions. The thermal stratification in t he H2 condition 

was found to reduce the enhancement in Nu. Further. N u H I  w-as f ~ : x ~ d  to  be larger 

than NuH2 for upward inclination a t  low Gr, while a t  high Cr both values of N,uH1 

and NuH2 increase with cr up to  a maximum and decrease with further increase in 

a. However. for downntard inclination both N*uH1 and NuH2 were ah-ays lower than 

t liat of tlie horizontal orientation. 

Next, a series of experiments for laminar water flow in the entrance region of 

a semicircular duct with upward and downward inclinations within f 20" were per- 

formed using the thermal boundary condition of uniform heat input axially. The 

experiment was designed for determining the effect of inclination (particularly the 

downward) on the wall temperature, the local and fully-developed Nusselt numbers. 



and the overall pressure drop across the tezt section at three Reynolds numbers (500, 

1000, and 1500) and a wide range of Grashof numbers. The circumferential varia- 

tion of walI temperature was found t o  increase with G r  for al1 angles of inclinations. 

However. in the upward inclinations the experimental data showed less circumferen- 

tial mia t ion  in wall temperature than that for the horizontal orientation, while for 

downward inclinations the circumferential variation of wall temperature was much 

larger t han that for the upward inchations. For the upward inclinations, the exper- 

imental values of Nusselt number were found to  increase with Grashof number and 

the inclination angle (up to  20°), while the effect of Reynolds number was found t o  be 

small. For the downward inclinations, however, Reynolds number has a strong effect 

on Nusselt number and the marner by which it varies with Grashof number. For low 

Re, (Re, = 500) and large downward inclination (a = -20"). the local values of 

Nusselt number were found to decrease continuously with Grrn, while for higher R h ,  

Nuz was found to  increase and then decrease with Gr,. Further, a t  low Re, and 

liigli Gr, it was not possible to  achieve fully-developed temperature profile within the 

lieat ed section. The fully-developed values of Nusselt number agreed in magnitude 

and trend with the predicted results for upward inclinations. The value of f Re w-as 

found to increase as a and/or G r  increase in both the theory and the experiment 

for the upward inclinations. For the downward inclinations. the predicted f Re was 

l o w r  than its value at  the horizontal orientation. Similar trend was observed for the 

measured /Re  up to a critical value of Gr, which could be close to the onset of flow 

reversal. Beyond that a sharp increase was observed for the measured / R e .  

Two recent publications summarizing the major results of t his investigation have 

beeii prepared by Busedra and Soliman [l, 21 
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dimensionless angular velocity de h e d  by equat ion (3.15) 

axial velocity [ms-'1 

dimensionless axial velocity defineci by equation (3.15) 

axial coordinate [ml 

dimensionless axial coordinate defined by equation (3.15) 

reciprocal of Graetz number (= z / D h  Re Pr)  

duct inclination angle 

coefficient of thermal expansion [K-'1 

Dimensionless parameter , y = &/BI 

angular coordinate [radians] 

dynamic viscosity [ N  s m-*] 

kinemat ic viscosity [m2s- '1 
density [kgmV3] 

a-al1 shear stress [NmV2] 
2 1/2 diniensionless parameter , w = (B: + B2) 



Subscripts 

Superscript 

themocouple positions at an axial station 

bulk value 

fully-developed d u e  

corresponding to the Hl boundary condition 

corresponding to the H2 boundag condition 

mean 

corresponding to Gr = O 

at the wall 

axially local value 

average value 



CHAPTER 1 

INTRODUCTION 

Due to the prominent importance of heat transfer in energy technology, several 

practical applications involving mixed convection in ducts of various cross-sections 

and orientations continue to command substantial attention. These applications in- 

clude solar energy. cooling of electronic components, compact heat exchangers and 

t lie cooling core of nuclear reactors. Full understanding of the prevailing velocity 

and temperature fields, as well as the pressure drop and heat transfer characteristics 

is necessary for the proper design of such systems. The demand to produce more 

compact surfaces for heat exchangers by augment ing heat tram fer, t hereby conserv- 

ing energy and reducing Iieat exchanger costs, have led to the use of a variety of 

noncircular passages. The semicircular duct is an example of a flow passage used in 

compact heat exchangers. 

Heat tramfer depends on whether the flow is larninar or turbulent, upflow or 

downflow. and on duct geometry as well as the thermal boundary condition. For the 

verticai orientation, the laminar, mixed-convection heat transfer in upward (buoy- 

ancy assisted) flow can be enlianced over pure forced convection, while in downward 

(buoyancy opposed) flow, the laniinar mixed-convection heat transfer can be lower 

tlian tliat for pure forced flow. For the horizontal orientation, temperature variations 

in the fluid lead to the possibility of counter rotating secondary flow cells that are 

supeririiposed on the streamwise flow. This circulation of the secondary flow provides 

a strong mechanism for lieat transfer enhancement. In the inclined orientation, the 

buoyancy force is no longer exclusiveIy perpendicular to the main flow (as in the hor- 
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izontal case). since another axial component exists in the streamwise direction. For 

buoyancy assisted flow, the main flow can be accelerated because of the axial c o m p e  

nent of the buoyancy force and ttierefore, the heat transfer can be enhanced for these 

situations. In buoyancy opposed flow: the axial component of the buoyancy force acts 

against the main flow which can have adverse effects on the heat transfer. To the 

author's best knowtedge? no results (theoretical or  experimental) currently exist for 

laminar mixecl convection in inclined semicircular ducts, except for the limiting cases 

of the horizont al and vertical orientations. 

The objective of the present investigation is t o  generate t heoretical ( fully-developed) 

and experiment al (developing and fully-developed) results for laminar mked convec- 

tion in heated semicircular ducts with buoyancy assisted and buoyancy opposed flows. 

Trvo thermal boundary conditions will be used in the theoretical analysis: (a) uni- 

form heat input axially with uniform Wall temperature circumferentially (known as 

t lie H 1 boundary condition 131) and (b) uniform heat input axially with uniform wall 

heat flux circumferent ially (the H2 condit ion). These boundary conditions simulate 

elect ric-resistance or nuclear heat ing for the liniit ing condit ions of highly conduc- 

tive rvall material (Hl)  and very-low-conductivity wall material (H2). The empliasis 

in this study will be placed on the effects of duct inclinationl free convection, and 

thermal boundary condition on tlie velocity and temperature profiles, as well as the 

friction factor and Nusselt number. 

Depending on the flow parametexs, flow reversal can occur in both buoyancy 

assisted and buoyancy opposed flows. This phenornenon can substantially influence 

the velocity distribution, the temperature distribution, wall friction, and heat transfer. 

As well, flow instability and the onset of turbulence can be promoted by flow reversal. 

Tlierefore, tlie conditions under wliich the onset of flow reversa1 was encountered are 

docuniented in t his investigation. However, no computations were made in the region 

where flow reversa1 occurs because the solution rnethod adopted here would not be 
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applicable under these conditions. 

The experimental investigation was perfomed to investigate the effects of buoy- 

ancy (aiding and opposed) on the pressure drop and heat transfer of laminar mked 

convection in the thermal entrance and fully developed regions using water as the 

morking fluid. These effects are to be examined over a range of the independent 

parameters a? Re and Gr. The experiments were carried out wit h electrical heat 

input applied at the outer surface of the duct. Test runs were carrieci out for different 

inclinations varying from -20" to 20" and the measured parameters include the axial 

and circumferential variation of wali temperature, local mean Nusselt number, fully- 

developed Nusselt number, and the overall friction factor across t lie heated section. 

Values of Nuld are compared with the present numerical results. 



CHAPTER 2 

REWEW OF LITERATURE 

The importance of this topic (mured convection in ducts) has motivated a large 

amount of research activity in the literature [4]. The present investigation deais witli 

the laminar flow and heat-transfer characteristics of fluid flowing upward (buoyancy 

assist ed) or downward (buoyancy opposed) in inclined heated semicircular ducts. Due 

to  the limited amount of iiterature related to semicircular ducts, consideration was 

given in this review to  ducts of various cross-sections. As well! tliis review was ex- 

tended to include horizontal and vertical ducts since the nuruber of studies d e d n g  

with inciined ducts is limited. 

The size of the literat ure dealing analytically and experimentally wit h horizontal 

and vertical flows is huge. Only samples of these studies are included in this re- 

view. The emphasis in this review is placed on experimental and analytical studies 

of laminar mived convection in inclined ducts. 

2.1 Horizontal Ducts 

Several investigations have dealt experimentally and theoretically witli laminar 

iiiixed convection in horizontal ducts of various cross-sections (not reviewed Iiere). 

Chinporncliaroenpong [5] and Lei [Ci] presented a comprehensive review in their theses 

that cover most of the experimental and theoretical studies performed on combined 

free aiid forced convection during laminar flow in horizontal ducts of various cross- 



sections. Therefore, attention wili be given in this section to mixed convection laminar 

flom in horizontal semicircular ducts only. In addition, most of the literature on mixed 

convection in inclined ducts of various cross-sections, presented later in this chapter, 

cover the horizontal orientation as well. 

Larninar mixed convection in the entrance region of a horizontal semicircular duct 

was experimentally investigated by Lei and Trupp [7]. The experiments were con- 

ducted on a copper test section of 49.8 - mm i-d. with the flat side on top. They 

obtained results for the local and fuily-developed Nusselt numbers for a wide range 

of flow parameters, and results for the pressure drop with and without heating. They 

also observed t liat for high heating rates, the experimental data showed large circum- 

ferential variations in wall temperatures. Numerical predictions of the fully-developed 

laminar rnixed convection with the H l  thermal boundary condition in horizontal semi- 

circular ducts with the flat wall on top have been reported by Lei and Trupp [SI. They 

noted that the dependence on Prandtl number c m  be removed by plotting Nusselt 

number versus Rayleigh number (Gr Pr) and the friction factor versus Gr/ Pi1-'. 

Their coinputations resulted in dual snlutions for high Gr (e.g.!Gi. = 2 x 10') witii 

several values of Pr. 

Nandakumar et al. [9] solved the same problem considered in [8] using the H l  

boundary condition but with the flat wall at  the bottom. Their numerical mode1 

produced dual solutions with two and four vortices in the secondary flow pattern not 

only for the semicircular duct but also for rectangular and circular cross-sections. 

Chinporncharoenpong et al. [IO] studied the fully-developed mixed convection witli 

t lie H 1 thermal boundary condition in a horizontal semicircular duct. They presenteà 

results for the effects of orientation of the flat surface of the semicircular duct (from 

O" to 180' with an incremental angle of 45') on the velocity and temperature profiles 

as well as the friction factor and Nusselt number. Chinporncharoenpong et al. [Il] 

e-xtended their study to horizontal circular sector ducts. They reported that the 
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orientation effects are significant for the cucular sector ducts only at high Grashof 

numbers. Further, a cornparison of Nu for Pr = 4 among circular sector ducts having 

apex angles of 30": 60". 90°, 120": and 180" with fixed orientation showed that Nu 

increased with increasing the apex angle. 

2.2 Vertical Ducts 

Considerable attention has been devoted to combined forced and free convection 

in vertical ducts. The problem of laminar mixed convection heat transfer in vertical 

ducts of various cross-sect ions has b e n  st udied analyt ically and experiment aily. 

2.2.1 Analytical Work 

Hallman [12] presented an analytical prediction of the fully-developed and heat- 

transfer characteristics of laminar fluid flowing in a uniformly heated vertical tube 

under the conditions of combined forced and free convection. with and without in- 

t crnal heat generat ion. He solved for the velocity and temperature profiles. Nusselt 

number. and the pressure drop. The highest GrlRe covered in his analysis was about 

3 x 104. For this higli CrlRe. a fairly flat teniperature profile covered most of the 

tube cross-section except near the tube wall where flow reversa1 and a high tem- 

perature gradient occurred. His exact solution was estabiished in terms of Bessel 

functions. Tao [13] also treated the heat transfer problem of fully-developed laminar 

riiiued convection in vertical tubes and circular sector ducts of constant wall temper- 

ature gradient with and without a heat source. He introduced a complex function. 

as illustrated in his paper [14] for the cases of flows between parallel plates and in 

rcctangular channels, which gives the solution of the velocity and temperat ure fields 
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simultaneously. The complex function had real and imaginary parts that  are directly 

related to the velocity and temperature fields, respectively. The coupled momentum 

and energy equations of the problem were readily combinable into a single difFerentia1 

equat ion of second order. His analysis was limited to positive Gr/Re  only. For the 

case of negative Gr/Re  the definition of the complex function was no longer mean- 

ingful. 

hIorton [15] solved the problem of laminar mixed convection in uniformly heated 

vertical pipes when the upward or  downward flow was heated or cooled for various 

values of GrlRe.  His analysis was basically similar to Hallman's analysis [12]. The 

general solutions for the velocity and temperature distributions were established in 

terms of Bessel Functions. The exact solution showed that, when heating upflow 

or cooling down-flow the veIocity is increased near the pipe wall and decreased near 

the center. For s a c i e n t l y  large Gr/Re,  reverseci flow was formed near the a i s .  In 

case of cooling upflow or heating down-flow there is an increase in the velocity at 

the core and a decrease near the pipe wall for smaller ~ a l u e s  of Gr/Re .  Increasing 

Gr/ Re, the axial velocity became very large at the core and quite different from the 

one corresponding to pure forced flow. 

hlartin and Shadday [l6] presented numerical solution of mked convection through 

a vertical tube with high Grashof numbers and a Reynolàs number of 100. The heated 

section of the tube had a constant wall temperature. They computed values of Nusselt 

nuniber and the friction factor via a finite difference scheme for both the entrance and 

the fully developed regions. Their Grashof number ranged from 1 x IO5 to 1 x 106 . 

The results showed a significant effect of buoyancy on the fluid flow tlirough vertical 

tubes in generating large scale vortices. This influence of buoyancy was t o  signifi- 

cantly raise the friction factor since the axial velocity was large near the tube wall. 

Wang et ai. [17] studied numerically the laminar mixed convection flow in verti- 

cal and horizontal pipes a t  low Peclet numbers in the thermal entrance region witli 
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uniform =al1 temperature. The Peclet number values were 71, 10 and 2.5. These low 

values have been analyzed in view of the simultaneous effects of free convection and 

axial conduction. They reported that for the vertical case, when heating in-upward 

flow the axial velocity profile is gradualiy distorted from the parabolic shape and 

became concave. The temperature field developed faster and heat transfer was en- 

hanced with increasing Gr/ Re. On the other hand, when cooling in-upward flow the 

velocity profile was distorted with a n  increase at  the pipe center and the thermal field 

developed more slowly than that of pure forced convection and tlius the heat transfer 

deteriorated. They have also investigated the existence of flow reversal a t  the pipe 

center for the heating case and near the mal1 for the cooling case a t  relatively high 

Gr/ Re. 

Other solutions for combined free and forced convection in vertical tubes with 

radial internal fins have been obtained analytically by Hu and Chang [18] and nu- 

merically by Prakash and Patankar [19] to determine the influence of the buoyancy 

forces. Tlieir results are presented for a range of Gr/Re and for various values of 

the reIative fin height and number of fins. Further. a numerical analysis of fully- 

developed mixed convection during laminar flow in a vertical sernicircular duct wit h 

radial internal longitudinal fins has been reported by Dong and Ebadian 1201. They 

have presented results for t lie finless semicirculirir duct and compareci with tliose of 

finned semicircular ducts. They have also concluded that tlie heat transfer of mived 

convection in the semicircular duct is dramatically enhanced by using radial internal 

firis. especially the short ones. 

Considering a vertical rectangular duct with one wall mairitaineci a t  a higli tem- 

perature and the other t h e e  walls a t  ambient temperature. Cheng and Weng [21] 

reporteci analytical solutions of the temperature and velocity fields of fully-developed 

riiixed coiivection flow. They extended their study [22] to  solve iiumerically tlie case 

of mixed convection flow in the developing region of vertical ducts under the same 
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thermal conditions. Their results showed t hat the flow characteristics are significant ly 

dependent on Gr/Re ,  aspect ratio of t he cross-section, and the Prandtl number. Iqbal 

and Aggmala 1231 presented an exact theoretical solution of the problem of fully de- 

veloped laminar combined free and forced convection through vertical rectangular 

channek with the broad sides at uniform temperature, while the short sides of the 

duct were maintained adiabatic. Aggarwala and Iqbal [24] presented also analytical 

sol ut ions of combined free and forced convection t hrough vertical triangular duc ts 

of different shapes with Hl thermal boundary condition. Exact expressions, in the 

form of infinite series, have been presented for the velocity, temperature and Nus- 

selt numbers. The three triangular ducts were equilateral, 30" - 60" - 90" triangular. 

and right-angled isosceles. Their resdts showed that the presence of free convec- 

tion tended to diminish the difference in heat transfer rate between the three shapes 

considered. 

Fully-developed laminar mixed convection heat transfer wit L the H 1 boundary 

condit ion in vertical ducts of t hree shapes; right-angled t nangular, isosceles triangu- 

lar and rhombic ducts has been studied by Iqbal et al. [25]. Approximate solutions 

for the duct geometry which produced maximum value of Nusselt number: have been 

obtained by a finite-difference procedure. Their study also showed that for al1 the 

tliree ducts, a flow reversa1 occurs when Gr/Re is in the range of 3 x IO4 and the duct 

geonietry has only a minor effect on the onset of flow reversal. Buoyant instability 

in downn-ard transient flow of nitrogen in a tall, partially heated vertical channel has 

been investigated numerically by Evans and Greif [26]. The vertical channel had t liree 

regions, the first region was upstream isothermal, the second region a-as the heated 

region and the final region of the channel was adiabatic. They obtained results for 

Re = 219.7. Pr = 0.7 and three values of the buoyancy term(Gr/Re2) 1.83, 8.0 and 

13.7. For the three values of the buoyancy term tliey reported that, when the upward 

buoyant flow near the walls reached the top of the heated region and encountered 



the cooler upper region, it turned toward the centerline and it  incorporated into the 

rapidly moving downward flow in the central core of the channel. The velocity and 

temperature along the centerline were nonmonotonic and osciliatory. The average 

Nusselt number was periodic and increased with increasing Gr/Re2.  This investiga- 

tion showed that, applying different thermal boundary conditions above the heated 

region were important since strong buoyancy caused the fluid flow to move upward 

along the heated surface. 

Velusa my and Garg [2 71 st udied numencally the fully-developed larninar mixed 

coiivect ion flow in vertical ellipt ic ducts wit h circumferent ially uniform wall tern- 

perature and uniform axial heat input. They presented results for the velocity and 

temperature profiles. friction factor, Nusselt number and critical Gr/Re (at which 

flow reversa1 took place) for a wide range of duct aspect ratios and Gr/Re.  They 

noted that the concentration of the velocity contours near the foci of the elliptic duct 

lead to increased wall shear a t  high values of Gr/Re.  The fully-developed larninar 

mixed convection flow through a vertical annulus in the upward direction was in- 

vestigated by hlaitra and Raju 1281. Their results correspond to constant heat flux 

niaintained at the inner while the outer wall was adiabatic. Their theoretical 

results indicated that, a t  high Gr/ Re, a steep increase in Nusselt number occurred for 

al1 radius ratios (1.5. 2.65, 4! 5, and 10). Their experimental Nusselt-number results 

were found to be 45% higher than the theoretical analysis. 

Theoretical investigations dealing with flow reversa1 in vertical parallel-plate clian- 

nels were done by Aung and Worku [29] and Cheng et al. [30]. Aung and Wxku 

[29] made their analysis for fuliy developed rnixed convection flow. The forced flow 

entering between parallel-plate channels was in the vertical upward direction. The 

duct walls were maintained at uniform temperatures, but provision riras made for 

asynunetric heating in that the two wall temperatures need not to be the same. 

They reported that for symmetric heating in which the walk were at an identical 
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temperature, there was no flow reversa1 in the fully developed region. When the 

wall t emperat ures were unequal (asymmet ric heat hg) flow reversal occurred at  high 

value of C r i R e .  When GrlRe  was high enough; a situation arises in which the buik 

temperature increased as the amount of flow reversal increased. Cheng et al. [3O] 

solved analytically the same problem considered in [29] using difterent combinations 

of boundary conditions. Three cornbinations of thermal boundary conditions were 

coroidered; isoflux-isoflmx, isoflux-isot hermal and isothemal-isot herma1, which cov- 

ered al1 the symmetric or asymmetric thermal boundary conditions. They reported 

that the occurrence of flow reversa1 was strongly dependent on the value of Re/Gr 

and the thermal boundary condition. They noted that there were two possible pat- 

terns of reverseci-flow velocity profiles for the isoflux-isoflux cas% whereas only the 

single-peak pattern with negative velocity adjacent to the colder wall could be found 

for the isoflux-isothermal and isothermal-isot hermal conditions. Cheng and Weng 

[2 11 also invest igated the occurrence of reversed flow wit h buoyancy assisted flow in 

a vertical rectangular duct with isotliermal walls of ciifferent temperature. The flow 

reversal was found to be significantly dependent on the value of Re/Gr and the aspect 

ratio. Cebeci et al. [31] presented numerical solutions (finite-difference metliod) for 

laminar mixed convection in the developing region of vertical ducts under thermal 

mall-boundary conditions leading to heating or cooling in upflow. Tliey obtained 

results for three values of Gr/ReZ (0.001: 0.1: and 1.0) and three values of Prandtl 

nunibers (0.1. 0.72: and 10). Their results showed the variation of the velocity! tem- 

perat ure, wall shear and pressure drop in the developing region. They also noted t lie 

existence of flow reversa1 near the wall for the cooling case a t  &/Re2 = 0.1 and 1. 

2.2.2 Experimental Work 

An experimental investigation was conducted by Kemeny and Somers [32]. They 



used water and oil flowing upward in vertical 2.4 - m long tubes of varying inside 

diameters from 12.7 mm to 38 mm with bxially uniform heat input. Their work 

extended from low flow rate (to make the buoyancy effect significant) to turbulent 

flow . They obtained results of combined free and forced convection in vertical heated 

tubes for different values of GrlRe and Z + .  Prandtl number varieci from 3 to  8 for 

mater and from 80 to 170 for oil. They presented experimental data for the local Nus- 

selt number and pressure &op. For large values of Z*, at which the fully-developed 

conditions were approached, their expenmental results of the friction factor fell below 

the prediction of Hallman [121. They have determined the friction factor from the 

frict ional pressure drop, using the following definit ions: 

wliere AP,., is the pressure difTerence rneasured by a manonieter: APf is the fric- 

tional pressure drop. p, is the average fluid density in the tube. p, is the average 

fluid density in the manometer. and w ,  is the mean velocity in the tube. The above 

expressions will be used in the present study to evaluate the experimental friction 

factor. 

Hallman [33] confirnied experimentally the hlly developed heat-transfer results 

predicted by his previous analysis [12] over a range of GrIRe. The expennient was 

for combined forced and free convection in a vertical tube with uniform wall heat flux 

and no interna1 heat generation. The heated test section had a length to diameter 

ratio of 115, wliile the liydrodynamic developing length had a length to diameter ratio 

of 13. The axial spacing of the thermocouples was made small in order to dlow an 

accurate deterxnination of the wall temperature in the thermal entrance region for 
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botli upflow and down flow. The experimental data  of the local Nusselt number a t  

very low Gr/Re agreed well wit h the pure forced-convection curve. However, the high 

GrlRe mns agreed with the analytical curve of pure forced convection very near the 

entrante: but deviated later along the heated length. The fully developed Nusselt 

numbers in down Aow were found to  be lower than those for pure forced convection 

and most of the data fell above the analysis. Scheele and Hanratty (341 studied ex- 

perimentally the effect of free convection mhen aiding and opposing the main flow in 

a vertical pipe of 762 diameters length with uniform heat input axially. One of the 

effects of free convection on the forced flow was the transition t o  turbulent flow a t  

low Reynolds number. The transition was related to  the distortion of the velocity 

profiles caused by the free convection. When the free convection and forced flow were 

in the same direction (heating upflow) transition ro turbulent occurred through a 

gradua1 growth of small disturbances. On the other hand, when the free convection 

was opposite to the direction of the forced flow (heating down flow), early transition 

to turbulence was caused by separation of the flow due to  flom reversal. 

Zhang and Dutta [35] presented experimental work for buoyancy assisted mived 

convection in a vertical square channel with asymmetric heating conditions. The 

lieated test section was placed between two identical unheated square channels. Al1 

tliree sections had the sanie square cross-section (5.715 cm x 5.715 cm) and were 

122 n long witli the same hydraulic diameter. Two opposite sides of the test section 

were lieated in four difTerent heating models and tlie other two sides of the square 

charinel were insulated. The experiment covered the range of Reynolds number from 

200 to 11200 and the buoyancy term ( G r l ~ e * )  from 0.02 to 200. The heating con- 

ditions from model 1 to model 4 under comparabIe heat flux input showed that the 

local Nusselt number decreased significantly with an increase in Re for all four mod- 

els. Furtlier: tliey investigated the difference in heat transfer rate between the four 
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Flow reversal has been experimentally investigated a t  the tube centerline for ver- 

tical heated flow by Hanratty et al. [36]. They used water flowing upward and 

downward in a vertical 2 m long g l a s  tube with 2.19 n inside diameter at low 

Reynolds numbers- By injecting a thia stream of dye into the flowing water, they 

observed that the fluid in the tube center was decelerated to  such an extent that the 

flow w-as reversed and the fluid near the surface was accelerated. 

2.3 Inclined Ducts 

The literature on mixed convection in inclined ducts of various cross-sections is 

very sparse in cornparison wit h the horizontal and vertical orientations. Only recent ly 

has much attention been focused upon inclined ducts, especialiy, the experiment al 

work: under combined free and forced laminar convection. 

2.3.1 Analytical Work 

Iqbal and Stacliiewicz [37] reported a perturbation power-series solut ion for buoyancy- 

assisted. fully-developed flow in inclined circular tubes with uniform heat flux at the 

wall. They treated the density as being variable only in the buoyancy terms of the 

moinentum equation, while keeping it constant in al1 other terms. They presented re- 

sults for the velocity and teniperature profiles and Nusselt number. They noted that 

Nusselt number reached a niaximuni at some inclination angle between the horizontal 

and vertical orientations. They also noted that the perturbation power-series is valid 

only for low Gr. Another approach for solving niixed cc~vection in inclined tubes was 

reported by Iqbal and Stachiewicz [38]. In this case they treated the density as being 

variable in the radial and angular terms as well as the axial terms of the momentum 
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equation. They reported that the friction factor, based on the wall shear stress, a t  

60° tube inchat ion increased from 30 t o  50% over the isothermal value. They also 

reported t hat the velocity field became more distorted than the one in [37], while the 

temperature field and Nusselt number were essentially the same. 

A numerical study using a combination of boundary vorticity and line iterative 

relaxation was presented by Cheng and Hong [39]. The numencal results for mixed 

convection using water at relatively low Reynolds numbers showed that the perturba- 

tion analysis of (371 in terms of power series of Grashof number is invalid and diverges 

quickly with the hcrease of Grashof number. Cheng and Hong [40] extended their 

work to investigate the effects of inclination angle, Gr and Re on the distortion of 

the velocity and temperat ure profiles. Furthermore: t hey reported a substant ial dif- 

ference between their values of Nusselt number and those in [37]. Later, Ou et al. 

[41] considered the geometry of rectangular ducts and solved the problem of laminar, 

fully-developed mixed convection for buoyancy assis ted upwardly inclined flows wit 11 

uniform Iieat input axially and uniform wall temperature circumferentially. They 

noted that the inclination angle greatly influenced the value of Nusselt number near 

t lie horizontal orientation. 

Other results for laminar' fully-developed mixed convection were reported for 

inclined parallel plates under buoyancy-assisted (421 and buoyancy-opposed [43] con- 

ditions. The solutions in [12] and [43] was expressed in terms of M o  independent 

paraineters (defined below) rather than the four fundamental parameters Re, Gr ,  PI.  

and t lie inclination angle. 

pl = (') sina and fi = GI- 

n;here Pl and P2 are dimensionless parameters and cr is the inclination angle. The de- 

pendence of the velocity and temperature distributions, wall friction and heat t ransfer 

on the parameters PI and P2 was determined. The occurrence of flow reversal was 



also reported for both buoyancy assisted and buoyancy opposed conditions. 

Orfi et al. 1441 investigated numerically the effect of buoyancy on the laminar 

fully-developed ascending flow of air in inclined, uniformly heated, circular tubes. 

The problem was solved using the SIMPLER algonthm and numerical results have 

been reported for Pr = 0.7. Re = 305: tube inclination ranging from rr = 0' to 90' 

and three values of Gr (5 x 103- 2 x 104. 5 x 104). Orfi et al. [45] solved the same 

probiem considered in [44] using air (Pr  = 0.7) and water (Pr = 7) and higher values 

of Gr. Their results showed t hat the effects of the buoyancy-induced secondary flow 

on the liydrodynamic and thermal fields are strongly dependent on Grashof number: 

Prandt 1 nuinber and tube inclination. For ,Lixed values of Re, Pr? and Gr, there e d t s  

a11 optimum tube inclination which maximizes Nusselt number and it was found that 

Nu for water is higher than the one for air. Furthemore, the average shear stress 

mas found to be higher for air than for water and increases with tube inclination 

and witli Grashof number. Orfi et al. [46] extended their study to show the effects 

of free corivect ion in the entrance region of uniformly heated inclined circular tubes. 

Tliey nunierically investigated the behavior of the secondary flow and its effects on 

t lie velocity and temperat ure fields. 

Laouadi et al. [47] solved the conjugate problem for larninar mixed convection 

in inclined circular tubes by applying the thermal boundary condition a t  the outer 

surface of the tube. They investigated the effect of wall conduction on mixed convec- 

t ion for t lie horizontal orientation and the inclination angle of 30" using different wall 

to fluid t bermal conductivity ratios: different tube t hicknesses and various values of 

Grasliof nuniber. Laouadi et al. [48] solved the same problem considered in [47] with 

larger inclination angles. They noted tliat for tubes inclined a t  30°? the effect of wall 

conduct ion and t hickness on Nu is very small, while for tubes inclined at GO0 the effect 

is sigiiificant . For the horizontal orientation, N u  was found to be bounded by two 

curves. The upper curve corresponds to infinite wall thermal conductivity (reducing 
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temperature stratification), while the lower curve corresponds to zero wall thermal 

conductivity (increasing temperature stratification). Laouadi et ai. [49] extendeci 

their work to three Prandtl numbers (0.7, 7: 100) and inclination angle £rom O" to 

90" to  illustrate the effects of these parameters as well as the thermal conductivity 

ratio and the t hickness on Nusselt number and waii shear stress. 

2.3.2 Experimental Work 

Laminar mixed convection of water through inclined circular ducts having es- 

sent ially uniform wall heat flux and circumferentially uniform wall temperature have 

been experimentally investigated by Barozzi et al. [50]. The test section was designed 

to reproduce the thermal effects of uniform solar irradiation on flat-plate collectors 

and therefore considered five, 1.5 - m long, parallel copper tubes of 10 mm O-d. and 

G mm i .d. connected by brazed copper fins. The experiment covered the range of 

Reynolds number from 200 to 2300 and Grashof number from 6 x 103 to 7 x 10' and 

inclination angles from a = O" to 60"- They noted that the local Nusselt number 

first decreased dong the heated length, reached a minimum, and then increased to 

the fully-developed value. The minimum value of Nu is due to a balance between 

entrance and free convection effects. Variation of Nusselt number with a from 0" to 

GO0 was found to be very small, probably due to the small values of Gr used in the 

s t udy. 

An experimental study of laminar fully-developed mixed convection under uniform 

lieat flux in inclined tubes was carried out by Iqbal 1511. The experimental work was 

done for tilt angles of 45" from the horizontal and for the vertical position (a = 90") 

in a single b r a s  tube of a solar collector, 1.8 m long: 19 mm O-d., and 15 mm id.. 

He noted that the experimental data for the heat transfer rate showed no appreciable 

difference between the two tube inclinations. This was probably due to the pressure 
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fluctuation in the water line; the flow rate codd  not be held constant in the absence 

of a constant head tank and the heat input was varying. Sabbagh et  al. [52] studied 

experimentally the problem of mixed convection of air in an inclined circular tube 

with uniform heat input axiaiiy and uniform peripheral wall temperature. The exper- 

iment was conducted in a copper tube of 3.175 -cm i.d. and tube length of 365.7 cm. 

Their experiments covered the range of tilt angles from O" to  90" and three values of 

Reynolds number (740. 975 and 1204) in order to  study the effect of these parame- 

ters on the velocity and temperature profiles and Nusselt number. At a location in 

t lie test section, where the fully-developed flow was established, they measured the 

temperature and axial velocity profiles across the tube diameter and compared them 

qualitat ively wit h t he available theoret i c d  predict ions. For the temperature measure- 

ment tliey used a thermocouple with t ip size of about 2-mm mounted on a traversing 

mechanisni. The axial velocity was measured by a pitot-static tube (2.5-mm tip) 

wit h micronieter traverse control. They also noted t hat no optimum angle was found 

for maximum heat transfer rate. 

hlorcos et al. [53] investigated expenmentally the problem of combined forced 

aiid free convection dunng Iaminar flow in the entrance region of inclined rectangular 

cliannels. The experiments were performed with water and the test section was made 

of aluminum having outer dimensions of 20 x 10 mm with wall thickness of 2 mm and 

a total leiigth of 2.25 m. Their experimental data were obtained for the inclination 

angles of a = 0": 15". 30" and 45". Three values of Reynolds number (100: 250 and 

500) and various values of Grashof number rangirig from 1 x 105 to 3 x 106 were tested. 

Tlieir investigation was mainly on the circumfercntial variation of wall temperature 

and the axial variation of Nusselt number in upward inclination. They reported that 

the upper wall temperatures were liiglier than the lower wall temperatures as a result 

of the secondary floiv current. The axial variation of the local Nusselt number was 

similar to  tliat reported in [50] and Nusselt number i v s  found to increase with Gr and 



with the inclination angle up to a maximum near a = 30". They also observed that 

Nu was independent of Re for the horizontal orientation and the effect of Re became 

progressively more significant for higher inclination angles. A detailed experiment 

was reported by Mauglian and Incropera [54] for laminar air flow between parallel 

plates (30.5 x 308 mm cross-section) heated uniformly kom below. They used the 

horizontal and upward inclinations up to  a = 30". Their reported variation of the 

local Nusselt number dong the heated lengt h was sirnilar in trend to the ones reported 

in [50, 531. Also, the data showed that the local Nusselt number increased with both 

Gr and a. 

Very little experimental work has been done on buoyancy opposed mixed con- 

vection in inclined ducts. Lavine et al.[5Y conducted a visual study on buoyancy 

opposed mixed convection flow in an inclined pipe. The test section was made of 

polycarbonate with inner diameter of 38.1 mm, outer diameter of 44.5 mm and a 

length of 3.66 m. The working fluid riras water and the independent parameters were 

Reynolds number between 100 and 3500, Grashof number betiveen 1 x 106 and 7 x 106 

and inclination angle from O" to -80°. They examined visually the influence of these 

parameters upon the temperat ure field, the occurrence of flow reversal, early transi- 

t ion to turbulence and the occurrence of periodic behavior. By injecting a thin stream 

of dye into the flowing warcr, it was observed that the flow reversa1 started from a re- 

gion downstream of the heated section and extended to some upstream location that 

depended on û: Re and Gr. The flow reversa1 length was found to  be an increasing 

functio~i of Gr and a and a decreasing function of Re. Temperature rneasurernents 

were made across the tube diameter a t  a location three diameters downstream fioni 

the thermal entrance region. A thermocouple probe was traversed from the lower 

to the upper tube wall through the symmetry plane. Unstable aiding and opposing 

m~ued-convection flow lias been investigated by Lin and Lin [56]. The experiment was 

performed for mixed convection of air in a bottom-heated inclined rectangular duct 



with the inclination angle ranging £rom -20" to 26". The test section was constmcted 

from 9 - mm thick Plexiglass with a 30 mm height? 120 mm width and a total length 

of 800 mm. They observed that the onset of the secondas. flow shifts upstream for 

increasing Gr and negative inclined angle, while increasing Re with positive angle 

moves the onset of the secondary flow downstream. They also reported that N u  val- 

ues (defined in ternis of the inlet temperature) for inclination angles of a = -10" and 

-20" were higher than those for the horizontal orientation. 

Leong et al. [57] performed experiments for laminar mixed convection in the 

thermal entrance region of a uniformly heated inclined circular tube with water flow- 

ing downward. The experimental set-up consisted of 1.83 - m long copper tube of 

38.1 - mm i.d. and 44.5 - mm 0.d. coupled to  an acrylic tube of identical dimensions. 

They reported circumferential and axial variations of tlie local Nusselt number for 

loiv tilt angles -20' < a 5 OO. three values of Reynolds number(432, 864. and 1296). 

and two values of Grashof number 1.4 x IO7 and 2.8 x loi. They noted that: the 

axial variation of the local Nusselt number is largest for a = 0" followed by values 

for cr = -20" and -15". mhile values of NuZ for Q = -5" and -10" were close to the 

pure forced convection. Tliey also stated t hat : flow reversal starts downst ream in the 

heated section and moves upstream along the unheated section to  a point where it 

could not overcome the main flow. 

Bohne and Obermeier 1581 considered the geometry of a concentnc annulus a-it h 

the inner tube Iieated electrically. They reported data for the length-mean Nusselt 

nuniber over tlie whole heated length in tlie horizontal, vertical (upward and down- 

ward flow) and inclined (upward and downward flow) orientations. Both laminar 

and turbulent flows were considered. Their results indicated that for upward and 

downward laniinar flows, tlie average Nusselt number may increase or decrease with 

a depending on the values of Gr and Re. The effects of a, Re, and Gr on the wall 

t emperat ure and the local Nusselt number were exarnined. 



Based on the above review of the previous experiment al and t heoret ical invest iga- 

tions on laminar mixed convection in horizontal, vertical and inched  ducts of various 

cross-sections, the following observations can be made: 

For semicircular ducts, numerical results for Mly-developed laminar mked con- 

vection are available only for vertical buoyancy assisteci flow and horizontal 

fiow. No analysis is available for inclined semicircular ducts or buoyancy o p  

posed conditions. 

For upward inclinations, most of the numerical predict ions of fully-developed 

laminar rnixed convection through ducts of various cross-sections, except semi- 

circular ducts, were performed for cornputing the velocity and temperature dis- 

tribution as well as Nusselt number using a single value of Re and various values 

of Gr and a. No analysis is available in examining the behavior of the overall 

quantities of f Re and N u  for a wide range of Re for inclined (ot her t han parallel 

plates by Lavine [42]) ducts. 

No esperimental results are available for the local and fully-developed Nusselt 

numbers and pressure drop as well as the axial and circumferential variation of 

wall temperat ure during laminar mked convection in the thermal entrance and 

fully-developed regions of inclined semicircular ducts in upward or downward 

inclinations. 



CHAPTER 3 

ANALYSIS OF THE FULLY-DEVELOPED REGION 

The appropriate forrns of the Navier-Stokes equations and the energy equation 

in cylindrical coordinates involving the velocity, temperature and pressure fields are 

presented in this chapter. These equations are non dimensionalized and solved nu- 

inerically in order to determine the effects of kee convection and duct inclination, for 

t lie Hl and H2 thermal boundary conditions, on the axial velocity, secondary flow- 

pattern and temperature profiles, as well as the friction factor and Nusselt number 

3.1 Analytical Formulation of the Problem 

The geonietry under consideration, shown in figure 3.1, is that of a semicircular 

duct inclined a t  an angle n from the liorizontal witli the Rat side always falling in 

a vertical plane. The fluid is incompressible and Newtonian and the flow is steady, 

laminar, and fully developed hydrodynamically and t hernially. Viscous dissipation 

is assurned to be negligible. Fluid properties are assumed to be constant, except 

for tlie density in the buoyancy terms whicli varies with tlie temperature according 

to the Boussinesq approximation. Heat input is asswned to be uniform axially and 

tu-O thermal boundary conditions, Hl and H2 (defined earlier). are considered in tliis 

s t udy. 

For t liis t hree-dimensional flow problem, ive will follow a parabolized Navier-Stokes 



Elevation Cross - Section 

Figure 3.1 : Geometry and coordinate system 
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procedure in which the pressure approximation quite widely used is given in [59j. It 

is assumed that the pressure a t  any point in the flow consists of two components. 

Thus: p is expressed as: 

where p 1 is t lie cross-sect ional average pressure, which is assumed to vary linearly in 

t lie z-directions, while pz provides the driving force for the secondary flow within the 

cross-sect ion. 

Wit h the above assumptions, the goveming continuity, moment um, and energy 

equations in the cylindrical coordinate can be wntten as follows: 

Cont inuitv Eauat ion 

Momentum Equations 

O-direct ion: 
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z-direct ion: 

E nergy Equat ion 

The buoyancy terms in the momentum equations are approximated by the Boussi- 

nesq approximation in which the tluid density is expresseci as 

wliere p, is the fluid density a t  the wail temperature and tr is defined later. Consider- 

ing the fully-developed conditions, the axial temperature gradient can be obtained as 

and t lie axial pressure gradient is treated as a constant 

d m  - = constant 
dz 

Tlie governing equations for the fully-developed laminar flow were non-dimensionalized 
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as follows: 

Cont inuity Equat ion 

Moment um Eauations 
-- 

R-direct ion: 

0-direct ion: 

av vav i a P, u-+ -- = --- 2au  v UV 
d R  R d 0  R de  

+ v ' v + ~ = - - - - -  R2 R GrTcosa sin0 (3.12) 

Z-direct ion: 
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where the dimension1ess parameters are defineci as foilows: 

P V C P  P r =  - Re = and Gr = 
wn Dh 0 9 dr: (3.15) 

k 9  v k u2 

The parameter t, used in equation(3.7) and in the definition of the dimensionless 

teniperature was taken as  t ,  in the H l  condition and Zw in the H2 condition. wliile 

tlie term dPl /dZ in equation (3.13) was treated as a constant (a consequence of the 

fully-developed condition). 

The above mathematical formulation indicates that the velocity, pressure? and 

temperature distribut ions are funct ions of the following t hree independent parame- 

t ers: 

Gr 
Bi = Gr m a  B2 = (-) s i n a  and B3 = Pr 

Re 

For the horizontal orientation ( a  = OO)! tlie independent paranieters reduce to Gr 

and Pr, while for t h e  vertical orientation ( a  = go0)? the only independent parameter 

is GrlRe (dependence on Pr disappears because the secondary velocity components 

U and V vanish and the Ieft-liand side of equation (3.14) goes to  zero). The overall 
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quantities. such as the friction factor and Nusselt number, will follow the same form 

of dependence. 

The applicable boundary conditions are: 

T=O on al1 walls for the Hl condition (3.17b) 

at R = 1 for the H2 conditon 

a t  0 = O for the H2 conditon 

at 8 = n for the H2 conditon 

Two important parameters used in engineering design are the average Nusselt 

iiumber, giwn by 

where Tbdk is the dimensionless bulk temperature defined as 

and the product f Re, wliere the Fanning friction factor f is defined as the average 
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wall shear stress divided by the kinetic energy per unit volume 

Wall Shear Stress 

The wail shear stresses were evaluated for the geometry of the semicircular duct 

which lias a curved wall and a flat wall. At the curved wall? rW1 was formulated as 

follows 

Siniilarly. the formulations for ~~2 and T~~ at the top and bottom portions of the flat 

mall, respect ively. are 

Tlie parameter T,, was then calculated by averaging the wall shear stresses around 

the circumference of the duct. Thus 
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The product of the Fanning friction factor and Reynolds number, f Re? was deter- 

mined from the average wall shear stress and e-qressed in dimensionless form as 

3.2 Computational Procedure 

Governing equat ions (3.10) - (3.14) were solved numerically using a control-volume- 

based finite merence  met hod [GO]. The differential equat ions were discretized and 

tlie power law scheme of Patankar [60] was used for the treatment of the convection 

and diffusion t erms. The velocity-pressure coupling ~ ÿ a s  handled using t lie SIMPLER 

algorit h i .  A staggered grid was used in the computations with uniforni subdivisions 

in the R and 8 directions. The control volumes adjacent to the flat and c w e d  walls 

were subdivided into two control volumes in order to capture the steep gradients in 

t lie velocity and temperature. 

For given values of the input parameters B I ,  B2, and B3> computations started 

from an initial guess of the fields (LI. V :  CV: T :  and d P l / d Z ) .  Typically. the initial 

guess used mas II = V = W = T = O at  al1 mesh points and dPl /dZ  = 20 (w-hich 

is close to t lie forced-convect ion value). The discretized equat ions were solved simul- 

taneously for eacli radial line using TDMA (tridiagonal-matrix aigoritlim) and the 

domain mas covered by sweeping line by line in the angular direction. At the end of 

eacli iteration, a correction procedure was applied to the values of W and dPl /dZ7  us- 

ing the conservation of m a s .  equation(3.22), in order to  insure that the mean value of 
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the dimensionles axial velocity W,, is equal to 1. This correction procedure follows 

the niethod outlined by P a t a n k  and Spalding [61]. Thus, the converged velocity 

profile must satish the following condition: 

As well, for the H2 boundary condition, the average wall temperature given by 

equation(3.23) was calculated and this d u e  was subtracted from the temperature at 

al1 nodes, thus, insuring an average wall temperature of zero. 

wliere KI. TW2 and Tw3 are the wall temperatures at the curved, top and bottom flat 

walls, respect ively. 

Iteration continued until the three velocity components and the temperature a t  

al1 grid points, as well as the value of dP1/dZ satisfied the following convergence cri- 

terion: 

wliere C$ is a scalar function. The computer codes for both b o u n d q  conditions (Hl  

and H2) are listed in Appendix A. 



CHAPTER 3. ANALYSE OF THE FULLY-DEVELOFED REGION 32 

Table 3.1: Effect of grid s u e  on f Re and Nu for semicircular ducts (Gr = 0) 

3.3 Numerical Accuracy 

Nuriierical expenmentatiou was conducted in order to determine the appropriate 

grid size. Tliree different grid sizes for pure forced convection were used and t lie results 

are presented in Table 3.1 for (f Re),, (NuH l)o? and   NU^^)^. Further, the numerical 

results off  Re and N u  for buoyancy-assisted and buoyancy-opposed mixed convection 

witli different grid sizes are presented in Table 3.2 for Re = 1500. Gr = 1 x 10'. 

Pr = 7. and cu = f 30". Examining the results in Table 3.2, it can be seen that 

the 30 x 18 (R x O )  grid is capable of producing Nu and f Re values that are within 

1.3% and 0.12%. respectively: from the corresponding values produced by the GO x 96 

grid. 111 view of the large amount of computation required in this investigation, it 

was decided to use a (30 x 48) grid as a reasonable compromise behveen accuracy 

and cornputer time. Based on the results in Table 3.2 and the cornparisons with 

Mesh size 

15 x 24 

30 x 48 

60 x 96 

Exact value [62] 

(NUHI )O 

4.073 

4 .O86 

4.090 

4.089 

(f Re)o 

15.69 

15.75 

15.76 

15.77 

( N u H ~  ) O 

2.949 

2.926 

2.922 

2.923 
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Table 3.2: Effect of grid size on fRe and Nu for Gr = 1 x 105 and Re = 1500 

previous results (given in the following section). it can be stated that the numerical 

uiicertaint,y in the present results is within 2 - 3%. 

3.4 Cornparison With Previous Results 

For t lie forced-convec t ion case (see Table 3.1) , t lie present numerical grid of 

(30 x 48) produced (f Re), = 15.75,   NU^^)^ = 4.086, and (N .uH2) .  = 2.926. These 

values are within 0.13%, 0.073%, and O.l%, respectively from the exact solution 
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Table 3.3: Coinparison between the present resdts and those of Dong and Ebadian 

Present Present 

reported in [G2]. For buoyancy-assisted mixed convection in the vertical orientation, 

a coniparison witli tlie results in [20] is shown in Table 3.3. For the wiiole range of 

GrJRe  covered in [20]. the two sets of results in Table 3.3 agree to witliin 0.5% in 

dP&Z and to within 0.7% in N u H I .  For the horizontal orientation' the results in 

[ G .  91 correspond to  tlie case where the flat wall of the duct is in a horizontal position 

and tlierefore. these could not be used for cornparison. The results in [5] for the 

horizontal semicircular ducts with a vertical flat wail are practically identical to  the 

present results for H l  because the present code is an extension of the code used in 

FI - 



CHAPTER 4 

NUMERICAL RESULTS 

Solutions were obtained for buoyancy-assisted (upward) and buoyancy-opposed 

(downward) flows using the Hl and H2 thermal boundary conditions. A single value 

of Prandtl number, Pr = 7 (water) was used in ali computations. However, wide 

ranges of BI and B2 were covered providing results for the whole range of inclina- 

tions: -n/2 < a < 1;/2! and wide ranges of Re and Gr. For each combination 

of a and Re (Le., a fixeci value of & / B I ) ,  the solution was obtained for different 

values of Gr (by changing BI or B2) until flow reversa1 was detected. It was decided 

not to advance the solution into the flow-reversa1 region because the parabolized flow 

beliavior assumed in this study would not be applicabie in this region. 

In the foilowing sections' detailed results for a representative sample of t lie veloc- 

ity and temperature profiles are presented first. followed by an examination of the 

beliavior of the overall quantities f Re and Nu. 

4.1 Velocity and Temperature Distributions 

A sample of the velocity and temperature results is presented in this section. It 

mas decided to use a, Re, Pr, and Gr as independent parameters in these figures, 

rather than Bh B2, and & in order to illustrate explicitly the effects of fiee con- 

vection and duct inclination for both thermal boundary conditions. Ail the results 
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presented in this section correspond to Re = 500 and Pr = 7. The velocity and tem- 

perature contours were piotted a t  q u a 1  intends between the indicated maximum 

and minimum t-alues of the respective field. 

4.1.1 Horizontal Orientation 

For the horizontal orientation, figures 4.1 to 4.4 show t hat the maximum velocity 

and the mi~iinium temperature shift to the lower part of the duct cross-section due to 

the secondary flow motion associated with free convection. It should be noted that 

t lie buoyancy force. which acts normal to the main flow? drives the secondary flow 

and causes tliis shift in the maximum velocity and the minimum temperature from 

the center ( O  = n/2) .  

The distortion in the velocity and temperature distributions increases with Gr for 

the Hl condition. At Gr = 2 x IO6, the niaximum velocity and minimum temperature 

in figure 4.2 niove significantly downward towards the lower part of the duct. In the 

H2 boundary condition. sliown in figures 4.3 and 4.4. a strong variation in tlie wall 

teniperature around the circumference (high at tlie top and Ion- at the bottom) causes 

temperature stratification with layers of hot fluid occupying the upper part of the 

cross-section. As a result, the strength of tlie secondary flow is expected to be much 

lower for the H2 case than for the Hl case. C~nsequently~ the enhancement in f Re 

and N u  due to free convection is expected to be niuch more pronounced for the Hl 

case than for the H2 case, as sliow-il later. 

4.1.2 Upward Inclination 

The case of upward inclination is illustrated in this section for the Hl and HZ 

tliermal boundary conditions witli a = 30" and GO0. Starting with Gr = 1 x 10' for 



Isotherms 
Tmax = 0.000 
T m  i n =-a .  052 

Isovels 
Wmax = 2.027 
W m i n  = 0.000 

Figure 4.1: Velocity and temperature contours for Hl: cr = 0" and Gr = 1 x 10' 
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Isovels 
Wrnax = 2.019 
W m i n  = 0.000 

Figure 4.2: Velocity and temperature contours for Hl! a = 0" and Gr = 2 x 106 



CHAPTER 4. NUMERICAL RESUZTS 

Isovels 
Wmax = 1 - 9 9 5  
W m i n  = 0.000 

Figure 4.3: Velocity and temperature contours for H2' a = 0" and Gr = 1 x 10' 
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Isotherms Isovels 
T m a x  = 0.144 Wmax = 1 -901 

Tm i n =-0.068 Wrnin = 0 .000 

Figure 4.4: Velocity and temperature contours for H2, cr = O0 and Gr = 2 x 106 



the Hl thermal boundary condition, figure 4.5 shows the isovels and isotherms for 

a = 30". Comparing with the velocity contours for a = O" in figure 4.1, the maximum 

velocity in figure 4.5 is slightly shifted upwards towards the center ( O  = 7t/2)- and 

the maximum velocity in figure 4.6 for a = 60" is moved further upwards towards 

0 = 7 ~ 1 2 .  However, the isotherms in figures 4.5 and 4.6 look similar to the ones in 

figure 4.1 for the horizontal case where the minimum temperature is confined to the 

lower part of the cross-section. 

In upward inclinations, the net body force is no ionger perpendicular to  the main 

flow. since a component also exists in the flow direction. Thus only a component of 

the buoyancy force is driving the secondary flow due t o  inclination. As Gr increases, 

the velocity increases in the upper part of the cross-section and decreases in the lower 

part. as shown in figure 4.8 for Gr = 2 x 106 and a  = 60". The location of W,, 

within the cross-section appears to  be dependent on Gr and a for upward inclinations. 

Considering equat ion (3.13) we can see t hat as Gr increases and a  increases from 
v arv a = O0 to 90": tlie contribution of tlie terms UE and ET vary from maximum 

to minimum. whereas the contribution of the buoyancy terrn g ~ s i n a  baries froni 

zero to maximum. For the horizontal orientation (a = 0'); the contribution of the 
arv aw is to shift the maximum velocity towards the lower part of t lie ternis UaR and x, 

cross-section since the term E ~ s i n a  is zero. For the vertical case (a  = 90°)0 CI/,, 

de pends on1 y on the relative rnagni t ude of S ~ s i n a  because the secondary velocity 

coniponents U and V disappear. At û = 60" and Gr = 2 x 106 (shown in figure 4.8). 

tlie iiiaximum velocity is pushed towards the upper part of the cross-section because 

V a w  In the of the buoyancy term g ~ s i n a  dominates over the terms U% and R,. 

meantirne, cooler fluid shifts to the lower part of the tube. as noted in [40, 471. 

The H2 thermal boundary condition is illustrated in figures 4.9 to  4.12. At lower 

Gr (e.g., Gr = 1 x IO'), temperature stratification still occupies a major part of 
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Isotherms 
T m a x  = 0,000 
T m i n  =-0.053 

Isovels 
Wmax = 1 ,987 
W m i n  = 0.000 

Figure 4.5: Velocity and temperature contours for Hl '  a = 30" and Gr = 1 x 105 



Isotherms 
T m a x  = 0.000 
Tm i n = - a .  059 

Isovels 
W m a x  = 1 ,959 
W m i n  = 0.000 

Figure 4.6 Velocity and temperat ure contours for Hl' a = GO0 aiid Gr = 1 x 10' 
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Isotherms Isovels 
T m a x  = 0 -000 W m a x  = 1 - 8 6 7  
T m  i n = - a .  026 W m i n  = 0.000 

Figure 4.7: Velocity and teniperature contours for H l '  a = 30" and Gr = 2 x 106 



Isovels 
Wmax = 2 .127  
W m i n  = 0 .000 

Figure 4.8: Velocity and temperat ure contours for H 1 y a = 60" and Gr = 2 x 1o6 
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Isotherms 

Trnax = 0.132 
T m i n  =-0.079 

Isovels 

Wrnax = 1 -929 
W m i n  = 0.000 

Figure 4.9: Velocity and temperature contours for H2, a = 30" and Gr = 1 x 10' 



Isotherms 
Tmax = 0.122 
T m  i n =-a .  079 

Isovels 
Wmax = 1 -947  

W m i n  = 0.000 

Figure 4.10: Velocity and temperature contours for H2' cr = GO0 and Gr = 1 x 10' 
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Iso thems 

T m a x  = 0.069 
T m i  n =-0.033 

Isovels 

W m a x  = 2 -552 
W m i n  = 0.000 

Figure 4.11: Velocity and temperature contours for H2. a = 30" and Gr = 2 x 106 



Isotherms 

T m a x  = 0 -058 
T m  i n = - a .  032 

Isovels 

W m a x  = 2.989 
Wrnin  = 0.000 

Figure 4.12: Velocity and temperature contours for HZ, a = 60" and Gr = 2 x 106 



the cross-section as shown in figures 4.9 and 4.10 for a = 30" and 60": respectively. 

Cornpared with the isovels shown in figure 4.3, the position of the maximum velocity 

in figure 4.9 has now moved slightly above û = 7r/2, while, the maximum velocity in 

figure 1.10 is shifted still further above û = n/2. 

At a liigh enough Gr (e.g.? Gr = 2 x 106) the maximum velocity shifts considerably 

ton-ards the upper part of the cross-section and temperature stratification largely 

disappears indicat ing much less circumferent ial W a t  ion in the wall temperat ure, as 

sliown in figures 4.11 and 4.12 for a = 30" and GO0? respectively. Consequently, the 

corresponding secondary flow is expected to be stronger than that for the horizontal 

case. 

Due to temperature stratification in H2, Nu is expected to be lower for H2 than 

for H 1 at  low values of Gr. However, for high values of Gr, Nurrz may exceed NuH 

for some upward inclinations. Further, due to the axial component of the buoyancy 

force. tlie velocity in H2 increases more in the upper part of the cross-section with 

liotter fluid than Hl. T h s t  f Re is expected to be higlier for H2 than for Hl a t  high 

values of Gr. as shown later. 

4.1.3 Downward Inclination 

For the downward inclination, the buoyancy force has îxo cornponents, one normal 

t O t lie main flow direct ion t hus dnving the secondary flow wit hin the cross-sect ion? 

and t lie ot her axial component acts against the streamwise direction t hus retarding 

the main flow near the wall. For the Hl condition, the secondary flow sliifts the 

locations of the maximuni velocity and minimum temperature towards the lower part 

of tlie cross-section. This situation appears to be opposite to the case of upward 

incli~iatioii~ where the contribution of the buoyancy term g ~ s . i n < r  in the axial mo- 

~iientum equation is to move tlie maximum velocity towards the upper part of the 
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crcss-sect ion. 

For the Hl thermal boundary condition. at Gr = 1 x IO5 the Wvels and isotherms 

in figures 4.13 and 4.14, for cr = -30" and -60°, respectively. are very similar to the 

ones in figure 4.1 for the horizontal case. As Gr increases, the shift of the maximum 

velocity and the minimum temperature towards the lower part of the cross-section 

increases. as shown in figures 4.15 and 4.16. 

For the H2 condition, at low Gr (e.g., Gr = 1 x IO4) temperature stratification 

occupies a major part of the cross-section, as s h o w  in figures 4.17 and 4.18 for 

a = -30" and -60°, respectively, while the axial velocity contours are nearly the 

same as the ones for the forced convection (Gr = O), with the maximum velocity very 

close to the center (0 = ~ / 2 )  of the duct. 

As Gr increases to 5 x 104 for a = -30' in figure 4.19 and for û = -60" in figure 

4.20, temperature stratification act ually becomes more severe, which is consistent 

wit h the wall-temperature results shown later. 

It can be seen that for the downward inclination. the isotherms in H2 show a 

drastic variation of the temperature. Stratification occupies a major part of the cross- 

section as compared with Hl. Thus the intensity of the secondary flow is expected to 

be considerably less than t hat for Hl. 

4.1.4 Ver tical Orientation 

The case of vertical orientations in upward (a = 90') and downward (a = -90") 

flow is presented in this section. Under the effects of free convection tlie velocity 

and teniperature distributions become different from tlie one corresponding to pure 

forced convection (Gr = O). In general, for a = 90" tlie secondary flow is in the 

same direction as the main flow and therefore, the fluid near the duct wall accelerates 



Isotherms 
Tmax = 0.000 
T m  i n =-a. 054 

Isovels 
Wmax = 2.083 
Wmin = 0.000 

Figure 4.13: Velocity and temperature contours for H l o  a = -30" and Gr = 1 x 10' 
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Isovels 
Wmax = 2 .147 
W m i n  = 0.a00 

Figure 4.14: Velocity and temperature contours for Hl? a = -60' and Gr = 1 x 10' 
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Isotherms 
T m a x  = 0 .000 
T m  i n =-B. 039 

Isovels 
Wmax = 2.247 
W m i n  = 0.000 

Figure 4.15: Velocity and temperature contours for Hl! a = -30" and Gr = 5 x 10' 



Isotherms 

T m a x  = 0 .a00 
T m  i n =-B. 047 

Isovels 
W m a x  = 2.574 
W m i n  = 0.000 

Figure 4.16: Velocity and temperature contours for Hl! a = -60" and Gr = 5 x 10' 



Isovels 

Wmax = 2.063 
W m i n  = 0.000 

Figure 4.17: Velocity and temperature contours for H2? a = -30" and Gr = 1 x 104 



Isovels 
Wmax = 2.084 
W m i n  = 0.000 

Figure 4.18: Velocity and temperature contours for H2. a = -GO0 and Gr = 1 x 104 
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Isotherms 

T m a x  = 0.168 
T m  i n = - B .  i 06 

Isovels 

Wmax = 2 .111 

W m i n  = 0 . 0 0 0  

Figure 4.19: Velocity and temperature contours for H2: a = -30" and Gr = 5 x 104 



Isovels 

W m a x  = 2.245 
Wmin  = 0.000 

Figure 4.20: Velocity and temperature contours for H2? cr = -GO0 and Gr = 5 x 104 
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upwards forcing the fluid in the core t o  decelerate. For a! = -90°, however, the 

secondary flow is opposite to the main flow direction and thus resulting in an increase 

in the axial velocity in the corel and deceleration near the wall. 

Figure 4.21a shows the isotherms and isovels at  Gr = 1 x 105 for the Hl case. 

The  temperature and velocity contours are simiiar to  the ones correspondhg to pure 

forced fiow, where the location of the maximum velocity and minimum temperature 

is confined to the horizontai radius (9 = ;7/2). On the other hand. at  the same Gr 

(sliown in figure 4.22a), temperature stratification occupies the upper and lower parts 

of the cross-sect ion in the H2 boundary condit ion and the isovels indicate high velocity 

gradients near the duct walls. However, the position of the maximum velocity and 

minimum temperat ure is st il1 confined t o  the horizont al radius. 

At hi& Gr (e.g., Gr = 2 x IO6) with a = 90°, the isovels and isotherms for Hl  

and H2 get considerably distorted. The concentration of the isovel curves near the 

duct wall: for both thermal boundary conditions, leads to increased shear. These 

isovels increase in magnitude along the radial line up t o  a certain r. Beyond that the 

isovels start decreasing to  minimum indicat ing a minimum velocity at  the core. In the 

niean t ime, the higli concentration of isotherms near the nia11 sliows high temperature 

gradient. The area enclosed by the velocity contour at the top corner of the duct for 

H l  (figure 4.21b) and the smaller one for H2 (figure 4.22b) are Iiigli velocity contours. 

It can be seen tliat. the temperature stratification in H2 (figure 4.22b) is considerably 

reduced indicat ing much less circumferent ial variation in the wall temperature. The 

isovels for H2 are süghtly more concentrated near the wail wliicli resulted in a slight 

increase in the wall sliear as compared with the Hl.  Further, the concentration of the 

isotherm contours near the duct v.all? for both H I  and H2, leads to increased heat 

transfer. These concentrations of the isovels and isotherms near the duct wail are 

consistent with [27]. 



Isovels 
Wmax = 1 -798 
Wrnin = 0.000 

Isotherms 

T m a x  = 0.000 
T m  i n = - B .  050 

Isovels 
Wmax = 1 -864 
Wrnin = 0.000 

Figure 1.21: Velocity and temperature contours for Hl. a = 90"; (a) Gr = 1 x 10' 

and (b) Gr = 2 x 106 



Isotherms Isovels 

Tmax  = 0.090 Wmax = 1 -674 
T m i n  =-0.116 W m i n  = 0.000 

Isovels 
W m a x  = 2.345 
Wmin  = 0.000 

Figure 4.22: Velocity and temperature contours for H2, cr = 90"; (a) Gr = 1 x 10' 

and (b) Gr = 2 x 106 
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With a = -90": the maximum velocity and minimum temperature are located at 

the horizontal radius (O = a/2) of the cross-sect ion, as shown in figures 4.23 and 4.24. 

For the H2 t hermd boundary condition, temperature stratification still occupies the 

upper and lower parts of the cross-section. Figures 4.23a and 4.24a for H l  and H2, 

respectively, show the velocity and temperature contours for Gr = 1 x IO4. The 

isovels and isotherms in these figures are nearly the same as the ones for the pure 

forced convection. With increasing Gr, it can be seen in both thermal boundary 

conditions that the maximum velocity increases in magnitude but is still confined to  

the center. The difference in temperature (berneen T,, and Tm*,) is also increased, 

as shown in figures 4.23b and 4.24b. Consequently, f Re and Nu for both thermal 

boundary conditions are expected to be lower than those for pure forced convection, 

as shown later. 

4.2 Secondary Flow Pattern 

An examination of the secondary flow pattern is presented in this section. It 

is important to mention that the independent parameters used in presenting these 

results are a, Re, Pr and Gr rather than al, B2 and B3, in order to provide a 

conlplete understanding of the flow chctracteristics, by observing the secondary Row 

pattern for buoyancy aided and opposed flow with difTerent inclinations and different 

thermal boundary conditions. The cross-stream velocity vectors are the resultant of 

t lie radial and angular velocity components U and V! respectively. Al1 the results in 

t his section correspond to Re = 500 and Pr = 7. 

The case of horizontal orientation is illustrated in figures 4.25 and 4.26 for the H l  

and H2 thermal boundary conditions, respectively. Figure 4.25a shows two counter 

rotating secondary flow ce lh  one large ce11 with upward flow dong the heated flat 



Isotherms 

Tmax = 0.000 
T m  i n = - B .  099 

Isovels 
Wmax = 2.090 
W m i n  = 0.000 

Isotherms 

Tmax = 0.000 
T m  i n  = - a .  107 

Isovels 

Wmax = 2 . 3 9 4  
W m i n  = 0.000 

Figure 4.23: Velocity and temperature contours for Hlo a = -90"; (a) Gr = 1 x 104 

and (b) Gr = 1 x IO5 
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Isotherms 

Tmax = 0.104 
T m  in = - B .  136 

Isovels 

Wrnax = 2.110 
W m i n  = 0.000 

Isotherms 

Tmax = 0.1 12 
Tmir: =-0.147 

Isovels 

Wmax = 2.339 
W m i n  = 0.000 

Figure 4.24: Velocity and temperature contours for H2: a = -90"; (a) Gr = 1 x 104 

and (b) Gr = 5 x 104 



Figure 4.25: Secondary flow pattern for Hl with a = O"; (a) Cr = 1 x 10j and (b) 

Cr = 2 x 106 
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Figure 4-26: Secondary flow pattern for H2 witli a = 0'; (a) Gr = 1 x 105 and (b) 

CI. = 2 x 106 



wall and another smaller ce11 with upward flow along the heated c w e d  w d .  Both 

rneet a t  the upper part of the semicircular duct, change their directions! and descend 

in the central portion as the fluid moves through the duct. 

As Gr increases, the size of the large ce11 in H l  is enlarged with increased intensity 

of the secondary flow across the entire cross-section, as shown in figure 4.25b for 

Gr. = 2 x 10% The circulation in this cell indicates that the cooler fluid is being 

pushed upward to  absorb more heat energÿ from the duct wall (which results in 

significant fluid mixing wïthin the duct cross-section). This results in a drop of the 

wall-t O-bulk ternperat ure Merence and t hus provides a st rong rnechanism for heat 

t rax~sfer enhancement. as shown later. 

For the H2 case with Gr = 1 x 105, shown in figure 4.26a, the intensity of the 

secondary flow is low in the upper and central parts of the cross-section wliere the 

temperature gradients are quite low. However: the temperature gradient in the lower 

part is higher and consequently. the corresponding secondary flow is more intense. 

Figure 4.2Gb for Gr = 2 x 106 shows also a Iiigher secondary flow intensity in the 

lower part than in the upper part. It can also be seen clearly that, the strength of 

the secondai)- flow for tlie H2 boundary condition is mucli lower tlian Hl '  due to 

teniperat ure stratification. as stated earlier. 

The upward inclination is presented in figures 4.27 and 4.28 for the H l  case. At 

lower Gr (e.g..Gr = 1 x IO5). two counter rotating secondary flow cells exist. The 

secoiidary flow pattern for a = 30" and a = GO0 in figures 4.27a and 4.28a respectively. 

is sirnilar to  figure 4.25a for the horizontal orientation. Hovever, the intensity of tlie 

secondary flow is slightly stronger for o = O" than for both inciinations. 

At Iiigh Gr (e.g..Gi- = 2 x 106), figure 4.27b shows significant intensification in the 

secondary flow compared with figure 4.27a. Similady. for a! = 60" in figure 4.28b: the 

secondary flow intensifies in the two counter rotating cells. At high Gr. in the central 



Figure 4.27: Secondary flow pattern for H l  with a = 30"; (a) Gr = 1 x IO5 and (b) 

Gr = 2 x 106 
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Figure 4.28: Secondary flow pattern for Hl witli a = GO0; (a) Gr = 1 x 105 and (b) 

Cr- = 2 x 106 



part of the cross-section: particularly in the vicinity of the flat wall the intensity of 

the secondary flow for a = 30" is slightly higher t han for a = 60". 

Tlie results corresponding to the upward inclinations for the H2 thermal boundary 

condition are shown in figures 4.29 and 4.30. At Gr = 1 x 105 the secondary flow 

pattern in figures 4.29a and 4.30a for a! = 30" and 60": respectively, is very similar 

to the one for the horizontal orientation in figure 4.26a wîth two counter rotating 

secondary flow cells. At high enough Gr (e-g., Gr = 2 x 106) shown in figure 1.29b. 

the secondary flow intensifies across the entire cross-section due to  the disappearance 

of thermal stratification, consistent with figure 4.1 1. The pattern of the buoyancy 

induced secondary flow for a = 60" in figure 4.30b is similar to  the one for a = 30". 

It is clearly observed that, the strength of the secondary flow in both inclinations is 

much higher than that for a = O" in figure 4.26b. Consequently, the enhancement in 

jRe and Nu is expected to be higher for cr = 30" and 60" than that of a = 0": as 

sbown later. 

The downward inclination is presented in figures 4.31 and 4.32 for the H l  boundary 

condition. At low Gr (e-g.. Gr = 1 x 105) the pattern of the secondary flow for 

û = -30" and -GO0 in figures 4.31a and 4.32a, respectively, is similar to the one for 

the horizontal orientation in figure 4.25a with two counter rotating cells. 

Figure 4.31b for Gr = 5 x 10' with a = -30" again shows two counter rotating 

secondary flow cells exist. It can be seen that, increasing Gr intensifies the secondary 

flow since figure 4.31b shows higher secondary flow intensity than that in figure 4.31a. 

Siniilarly. for cr = -60" in figure 4.32b at Gr = 5 x los, the intensity of the secondary 

flow is higher tlian that in figure 4.32a. However: the strength of the secondary 

flow in figure 4.31 for a = -30" is stronger than that of a = -60" in figure 4.32. 

Consequently, the enhancement in f Re and Nu is expected to be higlier for a = -30" 

than that for cr -= -60°, as shown later. 

The case of the H2 boundary condition in downward inclinations is shown in 
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Figure 4.29: Secondary flow pattern for H2 with a = 30°; (a) Gr = 1 x 105 and (b) 

G.1- = 2 x IO6 
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Figure 4.30: Secondary Bon- pattern for H2 witli a = 60": (a) Gr = 1 x IO5 and (b) 

Gr= 2 x 106 



Figure 4.31: Secondary flow pattern for H l  witli a = -30"; (a) Gr = 1 x 10' and (b) 

GI. = 5 x 105 
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Figure 4.32: Secondary flow pattern for Hl with a = -60"; (a) Gr = 1 x 10' and (b) 

c7- = 5 x 105 



figures 4.33 and 4.34. Figures 4.33a and 4.34a for a = -30" and -60": respectively, 

show that two counter rotating secondary flow celk exist. The secondary flow in 

bot11 inclinations is very weak not only in the upper part of the cross-section but 

across the entire cross-section. At Gr = 5 x IO4 with a = -30°, the secondary flow 

in figure 4.33b is slightly intensifid compared with figure 4.33a. As the inclination 

angle increases to  a = -60° with G r  = 5 x IO4, the intensity of the secondary flow 

becomes loni-er in most of the cross-section. Figure 4.33b shows higher secondary flow 

intensity in the lower part of the cross-section than that for a = -60" in figure 4.34b. 

4.3 Wall Temperature 

The circumferential variation of w d  temperature for the H2 boundary condition 

is presented in tliis section for typical cases of horizontal. upward and downward 

inclinations. The forced-convection case calculated a t  Gr = O is presented as a 

refereiice in all figures in order to  observe the effect of free convection. 

4.3.1 Horizontal Orientation 

For niixed convection in the horizontal orientation: the wall temperature taries 

coiisiderably around the circumference wit h high temperature in the upper part and 

low teniperature in the lower part of the sernicircular duct. The difference between 

the niaxiixium (at the upper part) and minimum (at the lower part) wall temperatures 

remairis nearly constant for the t hree values of Gr. Figure 4.35 shows t hat , increasing 

Gr has no observable effect on the disappearance of the thermal stratification due 

to the strong variation in the wall temperature around the circumference. This is 
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Figure 4.33: Secondary flow pattern for H2 with a = -30°; (a) Gr = 1 x 104 and (b) 

Gr = 5 x 10" 
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Figure 4.34: Secondary flow pattern for H2 with a = -GO0: (a) Gr = 1 x IO4 and (b) 

GI* = 5 x 104 



Figure 4.35: Circurnferential variation of \va11 temperature for the  H2 condition witli 

Cr = oO 
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consistent with the temperature distribution shown earlier in figure 4.4 for the H2 

boundary condition, where the isot herms show temperature stratification for the high 

value of Grashof number used (Gr = 2 x IO6). 

4.3.2 Upward Inclination 

For upnrard inclination, the difference between high and ionr wall temperatures is 

affected by the d u e  of Gr. As can be seen for the upward inclin2tions (figures 1.36 

and 4.37). t lie difference between t hese extreme wali temperat ures decreases as t lie 

value of Gr and rr increase. Therefore, the general trend is that an increase in Gr 

tends to move the results towards a uniform wall temperature for upward inclinations. 

At higli Gr (i.e.: Gr = 2 x 106) with a = 30' and 60' in figures 4.36 and 4.37. 

respectively. the uniformity appearance of Tw may lead to increased heat transfer 

which may exceed the values for the H l  condition for both upward inclinations. This 

trend is consistent wit li the gradua1 disappearance of thermal stratification wit 11 in- 

creasing Gr for upward inclinations. as noted earlier in figures 4.11 and 4.12 for the 

H2 t liermal boundary condit ion. Consequent ly, the corresponding secondas. flow is 

shomn t o  intensify in the upper part of the cross-section as well as in the lower part. 

4.3.3 Downward Inclination 

Figures 4.38 and 4.39 sliow the circumferential variation of wall temperature for 

downward inclinations. The difference between higb and low wall temperatures is 

also affected by the value of Gr. However, for downward inclination (figures 4.38 and 

4.39) t liis difference increases as Gr and a increase. 

The general trend is that a n  increase in Gr tends to  increase the circumferential 

variation of wall temperature for downward inclinations. At low Gr (e-g.. Gr = 
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Figure 4.36: Circumferent ial variation of wall temperature for t lie H2 condit ion wit h 

CL = 30' 



Figure 4.37: Circumferential variation of wall temperature for the H2 condition wit 11 

Cr = GO0 
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Figure 4.38: Circumferential variation of wall temperature for t he  H2 condition with 

CI = -30" 



Figure 4.39: Circumferential variation of wall temperature for the H2 condition with 

a = -GO0 



1 x IO4)? t here is a strong variation in the wall temperature around the circumference. 

This circumferential variation of Tw remains relatively unchanged for CI = -30' and 

û = -60": as shown in figures 4.38 and 4.39. However, at higher Grt a stronger 

variation in the wall temperature arouad the circumference was noted. The difference 

between high and low temperatures is large and becomes slightly larger for a = -60" 

than that for LY = -30". This trend is also consistent with the gradua1 intensification 

of thermal stratification with Gr for downward incünations, where the secondary 

flow is very weak, not only in the upper part but in most of the duct cross-section. 

as shown earlier in figures 4.33 and 4.34. 

4.3.4 Vertical Orientation 

Symmetry around 0 = n/2 is expected in al1 these results. Figure 4.40 shows 

the ch-cumferential variation of Tw for a = 90'. At low Gr (e-g., Gr = 1 x 105) due 

to symmetr~r, the circumferentid variation of Tw is similar to  the one for pure forced 

convection (Gr = O). However, increasing Gr tends to reduce the circumferential 

variation of Tw- For Gr = 1 x 106? Tw becomes nearly uniform from 0 = 45" to 

O = 130" along the curved wall. Sirnilarly for Gr = 2 x 106: Tw becomes uniform from 

O = 35" to O = 145" along the curved wall. Due to symmetry, the maximum wall 

temperature appears to  be the same at the top (0 = O") and bottoni corners (O = a) 

of the cross-sect ion. 

Figure 4.41 shows the circuniferential variation of wall temperature for a = -90". 

At low Gr (i.e. Gr = 1 x 104), the circumferential variation of wall temperature 

is nearly the same as the one for pure forced convection? while a t  higher Gr ? the 

wall temperature becomes slightly hotter a t  the top and bottom corners of the cross- 

section and somewhat lower a t  8 = 7ï/2 than that for the pure forced convection. 

The difference between high and low wall temperatures increases with Gr, wbich is 
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Figure 4.40: Circuniferential variation of wall temperature for the HZ condition witli 

a = 90" 
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Figure 4.4 1: Circurnferent ial variation of wall temperature for t lie H2 condition wit h 

a = -90" 
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consistent with the increased difference between T,, and Tmm, as shown earlier in 

figure 4.24b. As a result ! Nu is expected to be lower t han t hat for the pure forced 

flow, as shown later. 

4.4 Flow Reversal 

The phenornenon of flow reversal, which can be encountered in both upward and 

downward inclinations! is very important because of its effect on the velocity and tem- 

perature distributions, as weil as its possible impact on the steadiness and stability of 

the flow. Figure 4.42 shows a rnap with boundaries corresponding to the conditions 

mliere the onset of flow reversa1 was detected in the present study. In order to make 

this map applicable to wide ranges of Re and a? it decided to use y and w as 

coordinates, wliere 

tan a 
y = B2/B1 = - 

Re ' 

and 

For a = O O .  y = O and w = G r .  while for a =f 90": y =I r: and w = Gr/Re .  

Any combinat ion of a and Re would give a certain d u e  for y and the corresponding 

w from figure 4.42 n-ould be indicative of the value of Gr of which flow reversa1 initi- 

ates. Using [ t ~ n - ' y ] " ~  in the vertical axis of figure 4.42 made it possible to cover al1 

inclinatioils from -90" to +90°. 

For botli upward and downward inclinations, figure 4.42 sliows that the critical 
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Figure 4.42: Flow reversa1 niap 
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value of w decreases as the absolute value of y increases (larger inclination or lower 

Re). For the same 171 w at the onset of flow reversa1 is much higher for upwatd flow 

t han for downward flow. No flow reversal is expected in the horizontal orientation and 

t lierefore? w + m at  7 = O. Flow reversal occurs at lower Gr for the H2 condition? 

prticularly in the downward inclinations. 

4.5 Friction Factor and Nusselt Number 

Due to the free-couvection effect, the friction factor and Nusselt number for buoy- 

ancy assisted mixed convection laminar flow are found to be substantially higher 

t han t liose of pure forced convection (Gr = O) ? while for buoyancy opposed flow? the 

friction factor and Nusselt number showed some interesting resultso as discussed later. 

4.5.1 Friction Factor for Upward Inclination 

Figure 4.43 shows the friction-factor results for upward inclinations using w and 

y as independent parameters. The lines for y = O and y = 3c correspond to the 

liorizontal and vertical orientations' respectively. The general trend in t hese results is 

t liat f Re/( f Re), increases with w for any given value of y' i.e., f Re/(  f Re), increases 

mitli Gr for fixed a and Re. The magnitude of tliis increase becomes larger as 7 

iiicreases (wliicli may be due to an increase in a or a decrease in Re). The critical 

value of w at wliich f Re/(  f Re), starts deviating fiom 1 decreases as y increases. 

The effect of the thermal boundary condition is significant at low values of y 

(sniall inclinations). At the horizontal orientation. (f Re)H exceeds (f Re)Hz due to 

t lie thermal stratification in HZ discussed earlier. As t his stratification disappears 

witli upward inclinations. particularly a t  high Gr? we can see tliat the trend in the 
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Figure 4.43: Friction factor results for uprvard inclinations, Pr = 7 



results reverses with (f Re)H2 exceeding ( f  R e ) H l .  For high inclinations corresponding 

to  larger values of y the effect of the thermal boundary condition appears to  be fairly 

smail. 

4.5.2 Friction Factor for Downward hclinat ion 

For downtvard inclinations. the fiction-factor results are shown in figure 4.44 with 

some expected trends. The value of (fRe)Hi exceeds ( f  Re)H2 for all combinations of 

y and w. Also for both b o u n d q  conditions, the value of f R e / ( / R e ) ,  is highest for 

the horizont al orientation and it decreases as the downward inclination increases. 

4.5.3 Nusselt Number for Upward Inclination 

The results for Nusselt number in upward inclinations are presented in figures 4.45 

and 4.46. Consideration was given to the use of y and w as independent parameters, 

l i o ~ e v e r ~  the behavior of the results is such that this form of presentat,ion makes it 

difficult to assess the individual effects of a. Re, and Gr. Figure 4.45 shows N u  versus 

a at various values of Gr for both thermal boundary conditions with Re = 500. We 

can see from these results that a t  low Gr (e.g.. Gr = 1 x IO4), N.uH1 is aiways larger 

t han N u H 2  and t hey bot11 decrease monotonically with increasing a. At a higher Gr 

(e-g., Gr = 1 x 105), we note that N.uH1 > NuH2 is still valid, but whereas ?YHI still 

decreasing monotonicaily with a, NuH2 experiences a gentle increase with a! up to a 

maximum near cu = 45" and then decreases with further increase in a- As Gr increases 

furtlier, tlie increase in NuH2 with a becornes sharper near o = 0" and the location 

of the maximum Nusselt number shifts to lower values of a- The trend in N,uHr is 

siniilar but with much smaller gradients near cu = O". It is believed that the reason 

for tlie sharp gradients in NuH2 with o is that thermal stratification, whicli inhibits 



Figure 4.44: Friction factor results for downward inclinations, Pr = 7 



Figure 4.45: Nusselt number for upward inclinations with Re = 500 and Pr = 7 
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the secondary flow currents and depresses the value of NuH2 at u = 0°, disappears 

wit h duct inclination a t  a rate that is accelerated by increasing Gr. At Gr 2 1 x 10% 

we can see that NuH2 exceeds N u H l  over a wide range of steep inclinations. 

For higlier Reynolds numbers (e-g., Re = 1500): figure 4.46 shows that the trends 

in Nu-results are similar to those in figure 4.45. At û: = O", both N u H l  and NuH2 

are not affected by Re. For cr > O": values of Nu decrease Mth an increase in Re 

because of the decrease in the intensity of the secondary flow at high Re. This Re- 

effect becomes more pronounced for both boundary conditions as Gr increases. In 

general. the Re-effect is more signiflcant for the H2 boundary condition, probably 

because thermal stratification can be elirninated faster at low Re. 

4.5.4 Nusselt Number for Downward Inclination 

For downward inclinations: figure 4.47 shows the behavior of N u  as a function of 

y and w. The trend is similar for the H l  and H2 boundary conditions while N u H i  is 

always higher than NuH2 for any combination of w and y. For al1 downward incli- 

nations, values of Nusselt nuniber are lower tban those of the horizontal orientation. 

The large deviation between NauH and N*uH2 for 7 = O is evident in figure 4.47. 

4.5.5 Cornparison With the Geometry of Smooth Tubes 

In order to assess the effect of duct geometry on the Iieat transfer results! N o  

coniparisons were made with Orfi et al. [45] for upwardly inclined circular tubes with 

H2 boundary condition. The first comparison is based on equal values of Re, Pr, 

and Gr. Therefore, tliis comparison applies to circular and semicircular ducts with 

the same 4, ro? and fluid properties. However, Dh and m d l  not be the same for 

bot11 ducts. Results of this comparison are shown in figure 4.48 and they suggest that 
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Figure 4.47: Nusselt nuniber for downward inclinations with PT = 7 
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Figure 4.48: Comparison with Orfi et ai. [451 for the same Re, Pt*: and Gr 
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the circular cross-sect ion would experience more enhancement t han the semicircular 

cross-section due to free convection. Figure 4.48 shows that the two sets of results 

are similar in trend hcluding the sharper increase in Nu with a near the horizontal 

orientation t hat is associated wit h high Cr. 

A second cornparison was made based on equal values of ko Dh' and fluid 

properties. From the condition of equal Dho we get 

Adding the condition of q u a 1  m, we get 

Applying the above conditions. together with equal q', a-e get 

The condition of the same fluid properties irnplies the same Pr. 

Results based on the above conditions are shown in figure 4.49: indicating better 

k a t  transfer enahancement for the semicircular duct than the circular one, except 

at  CY = O where thermal stratification hinders heat transfer in the semicircular duct, 

but not the circu1a.r one. These results are extremely interest ing in tliat t hey show a 

possible advantage for using the seniicircular geometry in compact heat exchangers. 
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Orfi et al. [45] f I Present 

Figure 4.49: Cornparison witli Orfi et al. [451 for the same m? g" Dhi and Pr 



CHAPTER 5 

EXPERIMENTAL INVESTIGATION 

The expenment was designed for determining the effect of inclination in upward 

and downward flows within &20° on the heat transfer and pressure drop characteris- 

tics of lamina mixed convection in a semicircular duct oriented with the flat surface 

on the vertical position. The range of inclination angles was limited by the space in 

the lab. Using water as the working fluid, the duct was subjected to the boundary 

condition of uniform heat input axially. The test matrix for which results were ob- 

tained included five inclinations (a = 20' :10°,00, -IO0,-20') : three Reynolds numbers 

for each inclination (Re, = 500. 1000? 1500) and a wide range of Grashof numbers 

for each combination of a and Re,. For each combination of Re,, a, and Gr,, the 

nieasured parameters include the axial and circumferential variation of wall temper- 

at ure, t lie local Nusselt number, t be fully-developed Nusselt number, and the overall 

pressure drop across the test section. 

5.1 Experimental Apparatus and Procedure 

5.1.1 Flow Loop 

The test facility used in t h k  experimental investigation is shown in figure 5.1. 

Distilled water (used as the working fluid) was circulated around the loop by a cen- 

trifugal punip. The flow rate througli the test section was regulated by a by-pass line 
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Figure 5.1 : Schemat ic diagram of the experirnental apparat us 
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around the pump and a filter was installed upstrearn of the test section. The test 

section was mounted on a rigid beam which was pivoted at the center (shown in figure 

5.2) to allow for inclination in upward and downward positions within &20°. Follow- 

ing the test section: the outlet bulk temperature was measured in a m k h g  chamber. 

The test fluid was then cooled in one Cr two heat exchangers and its flow rate was 

measured by variable-area type flowmeters before returning it to the accumulating 

tank. 

5.1.2 Test Section 

Tlie semicircular test section was constructed using type K copper tubing (49.8 - 

mm i-d. and 54.0 - mm 0.d.) and b r a s  plates (3.2 - mm thick). The test section 

consisted of three parts: a hydrodynamic developing lengtit of about 2.7 mt a lieated 

length of about 4.7 rn and an outlet length of about 0.3 m. The heat input (in the 

heated section) was generated by flat electric resistance wires with a total resistance of 

6 -85 Q. The heat ed section nias k t  covered by an elect rical insulat ing varnish coat ing 

and t hen wrapped by a layer of fiber glass insulating tape to protect the varnisli from 

the lleater wires. TWO wires were carefully wound in parallel and with a uniform pitch. 

The resist ance of the twin heaters was axially uniform to wit hin 5% .The heating Fvires 

were t lten covered with liigll-temperature, high-t herrnal-conductivity cement to insure 

that the wires remained firmly in place at d l  operating temperatures and also to 

unifornily distribute the input heat. The input power was regulated by an AC power 

variac and measured by a digital Watt meter. Tlie wliole test section riras covered by 

a 5 - cm thick layer of fiber glass thermal insulation. Heat l o s  t hrough the insulation 

\vas nieasured by a heat flux meter (HEATPROBE. model HA-100) and found to be 

within 3% of the total heat input for the wliole experimental range. 

Wall temperatures were measured at 19 axial locations within the heated section 
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Figure 5 -2: Support ing mechanism for the experiment al rig 
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with three thermocouples (aob, and c) at  each locationt as shown in figure 5.1. The 

axial distance between wall thermocouples varieci from 100 mm at  the beginning of 

the heated section, to 300 mm in the middle section, down to 200 mm in the last 5 

stations, as shown in figure 5.3. 

Errors in w d  thermocouples readings were detected by conducting 10 calibration 

runs at different temperatures ranged £rom 20 to 65OC. These runs were carrïed out 

a t  maximum flow rate by closing the by-pass valve and isoiating the fiometers. The 

10 readings of wall temperat ures at each wall t hermocouple wit h the corresponding 

bulk temperatures were used to generate a calibration formula to  correct the readings 

of that particulaï thermocouple during the heat transfer tests. 

The inlet bulk temperature was rneasured at the beginning of the hydrodynamic 

developing length and the measured axial gradient of wall temperature a t  the be- 

ginning of heating was used to correct this value. Following the procedure outlined 

by Rustum [63] the axial gradient of wall temperature a t  the beginning of heating 

was obtained by using the thermocouples a t  stations 1 and 2 located just before the 

beginning of heating and a t  the first station (station 3) in the heated section. see 

figure 5.3. The axial heat conduction \vas then evaluated a t  the beginning of heating 

to be added to the upstream bulk temperature to correct it. A similar procedure was 

used in correcting the out let bulk temperature using the t hermocouples a t  stations 

22 and 33 located after the end of heating and at station 21 in the heated section. A 

straight Iine was fitted between the corrected inlet and outlet bulk temperatures. The 

pressure drop was measured across the entire heated section (t hermally developing 

and fully-developed), using a pressure transducer (with a range of O to 38 mm of 

water) . The pressure transducer was carefully calibrated against a micro-manometer 

and a dual display niulti-meter (FLUKE 45) at room temperature 23°C. The distance 

between the pressure taps was about 4.9 m, as  displayed in figure 5.3. 
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5.2 Procedure and Data bduction 

The three independent parameters in t his expenment are Reynolds number (con- 

trolled by the flow rate): Grashof number (controlled by the input power) and the 

inclination angle. After adjusting the desired values of these parameters, the exper- 

iment was allowed t o  run for at l e s t  4 hours before steady-state conditions were 

acliieved. When steady state was established, the readings of al1 thermocouples, flow 

meters. the input power. and the pressure transducer were recorded. Further. the 

heat losses through the insulation were recorded by placing the thermal electric heat 

flux transducer on  the insulation at  six axial locations. The rate of heat gain by the 

test fluid. QI. was then calculated from the formula QI = m c, (Twk,o - Tbulk.,)! 

where Tbdtqi and TbukP are the inlet and outlet bulk temperatures. respectively. cor- 

rected for axial wall conduction. The sut readings of the heat flux meter (in W/m2)  

were averaged and the average value was multiplied by 2.62 m2, which is the outer 

surface area of the insulation. in order to  get an  estimate of the rate of heat lost by 

conduction through the insulation. The corrected input power: Q,: was then obtained 

by subt racting the rate of heat loss t hrough the insulation from the measured elect ric 

poiver input. The heat balance error was calculated as  [(Q, - QI)/Q,] x 100 and was 

found to be within f G% for all test runs. Actually, the heat balance error was within 

313% for 84 % of the test runs. 

The dimensionless independent parameters Re and Gr were calculated from the 

~neasured quant it ies using the foilowing definit ions: 

and 

where q' is the heat input per unit length calculated as q' = QI/ total lieated lengtb. 



The hydraulic diameter Dh and the cross-sectional flow area are given by 

and 

Al1 fluid properties in equation (5.1) were calculated at the average of the inlet and 

outlet bdk temperatures, which is indicated by the subscript rn for Re, and Gr, in 

t lie folIowing sections. 

The local Nusseit number was calculated from the following definition: 

where i refers to wall thermocouple positions a. b, and c, as displayed in figure 5.1. 

The local average Nusselt number a t  each axial station was calculated in two a-ays: 

( i )  by determining the length-mean average of Nuz,? Nuxb? and NuZ,,. and (ii) by 

deterniiiiing tlie lengtli-niean average (TZSi) of the tliree wall teniperatures and then 

using equation (5.3) for the local mean Nusselt number. The two values obtained 

from (i) and (ii) were vety close and tlierefore. the local mean Nusselt nuniber was 

taken as the average of these two values, Le.? 

Tlie value from equation (5.4) will be called '' the local Nusselt iiumber'. in the fol- 

lowing sections wit hout using the word " meano for briefness. 

Using similar expressions to the ones in [32] (equations (2.1) and (2.2)). as nien- 

t ioned earlier in section 2.2.2: the friction factor was determined using the inclination 



CHAPTER 5. EXPERIMENTAL LNWSTIGATION 

angle cr as follows: 

The term APd, represents the differential pressure reading, AP, is the fnctional 

pressure dropo L is the distance between the pressure taps. and the last term in 

equation (5.5) is the static pressure difference. The last term is equal to  zero for 

the horizontal orientation (a = 0") and for the isothermal condition with no heating, 

( p ,  = p,). The mean density p, nias evaluated at the average of the inlet and 

outlet bulk temperatures, and p, was calculated a t  the room temperature during 

the experimental run. Due to  the sensitivity of the pressure transducer. the static 

pressure difference must be obtained accurately otlienviseo error will arise in the 

frictional pressure drop. 

5.3 Experimentd Uncertainty 

The uncertainty bounds were estimated for the friction factor and al1 the local 

values of Re: Gr: and Nu for al1 89 test runs using the niethod outlined by Kline 

and hIcClintock [64] and Moffat [65]. A sample calculation showing the procedure 

for estimating the uncertainty limits in tliese parameters is outlined in Appendix B. 

A summary of the results for ail test runs is given in the following paragrapb. 

The uncertainty in f was found to be within f 6.4% and the uncertainty in Re 

was found to be within f 3.5% for all test runs. The uncertainty in cr was estimated 
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to be within f 0.2". The uncertainty in Gr and Nu was found to be dependent on 

the values of Re and Gr. As Re increased and/or Gr decreased, the uncertainty in 

N u  and Gr was found to  increase. The reason is that high Re (i.e.? high urater flow 

rate) and low Gr (Le., low heat input) would resuit in low temperature differences 

between the d l  and the bulk, and between outlet buIk and inlet bulk. For example, 

at a = O". Re, = 1000. and Gr,,, = 1.06 x 108, the uncertainty in Gr is within 

M.l% and the uncertainty in Nu is within f 5.4%. These uncertainties are higher 

for cr = O". R e ,  = 1500, and Gr, = 4.58 x 106, where the uncertainty in Gr is within 

f 19.1% and the uncertainty in Nu is within f 26.5%. The highest uncertainties were 

found at a = OO? Re, = 1500. and Gr, =2.36 x 106: where the uncertainty in Gr 

was found to be within f 33% and the uncertainty in Nu to he within f 42%. 

5.4 Experimental Results 

A total of 89 test runs were conducted in this investigation covering the following 

ranges of the independent parameters: 

Re, = 500, 1000: and 1500 

Pr, = 4.6 - 6.5 (water) 

G1;, = 1.54 x 106 - 1.15 x 108 

a = 20": 10",0°, -IO0, and - 20" 

A different range of Gr, was covered for each combination of a and Re,. For example. 

at a = -20° a d  Re, = 500: it was not possible to go beyond Gr,,, = 8.61 x 106 due 

t O oscillations in t hermocouple readings indicat ing flow instabilit ies. In general, the 

inaxirnum Gr, for which steady readings were possible increased as Re,  increased, 

and mas niucli higher for upward inclinations t han for downward inclinations. Table 
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5.1 sumrnarizes the ranges of the independent parameters covered in the experiment. 

The reduced data for al1 experimental runs are listed in Appendices C to  G. In the 

remaining part of this chapter, the nominal values of Re, = 500, 1000, and 1500 will 

be used since the actual values of Rem (listed in Table 5.1) do not deviate much from 

the nominal values. 

5.4.1 Wdl Temperature 

5.4.1.1 Horizontal Orientation 

Results of the wall-temperature measurement for a = 0" and Re, = 1000 are 

shown in figure 5.4 for four values of Gr,. The circumferential variation of wall tem- 

perat ure at each axial station is indicated by the readings of the three t hermocouples 

a. b. and c (see figure 5.1 for locations), and the dope of the bulk temperature is sliown 

for each Grrn. Figure 5.4 shows tliat tlie circumferential variation of wall temperat ure 

increases as Gr, increases. The trend in these results is that TZ,b > TZ.= > Tz,=. This 

trend is consistent with the physics of the problenl whereby the cross-sectionai sec- 

ondas- Row current pushes the heavier (cooler) fluid towards the bottom of the cross- 

section, wliile the lighter (wumer) fluid rises [53]. For each Gr,. a fully-developed 

rcgion is reaclied where the wall and bulk temperatures appear to be increasing a t  

t lie same linear rate with 2. Similar trends were noted for all data of the horizontal 

orientations (Re, = 500 and 1500). 

5.4.1.2 Upward Inclination 

A representative example of the results for upward inclinations is sliown in figures 

5.5 and 5.6 using tlie data for a = 20" and cr = 10" witli Re, = 1000. These data show 



Tabie 5.1 : Ranges of the independent parameters 

No. of runs 
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Figure 5.4: Variation of wall temperature for cr = O" and Re, = 1000 
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T ~ b  
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Figure 5.5: Variation of wall temperature for a = 20" and Re, = 1000 



Figure 5.6: Variation of wall temperature for a = 10" and Re, = 1000 



similar trend as those in figure 5.4 (Le., Tzb > TZ, > TZ,=), and the circumferential 

variation of wall temperatwe increasing with Gr,. However. comparing results of 

similar Gr, (e.g., Gr, = 1.06 x 108 in figure 5.4: Gr, = 1.01 x 108 in figure 5.5 

and Grm = 1-03 x 108 in figure 5.6) we notice t hat the magnitude of circumferential 

variation is lower for upward inchations than the horizontal orientation. This can 

be attributed to the fact that only a component of the net body force is driving the 

cross-sectional secondary flow due ta  inclination. resulting in a weaker secondary flow 

c urrent and less circumferent ial variation of wall temperature. 

It can be noted that, as the inclination angle increases £rom a = 10" to 20" with 

similar liigh Gr, and same R e ,  the circumferential variation of wall temperature 

continues to decrease but a t  a slower rate. The reason is that, the component of the 

net body force? which acts normal to the heated surface. becomes l e s  important (in 

driving the secondary flow) with increasing (Y, resulting in a weaker free convection 

current \vit hin the cross-sect ion. 

5.4.1 -3 Downward Inclination 

For the downward inclination, the net body force has two components; one normal 

to  the niain Row direction (driving the secondary flow within the cross-section). and 

t lie other component acts opposite to  t lie main flow direction. The second component 

would influence the velocity and temperature profiles in the heated section and may 

give rise to  flow reversa1 in the upper part of t lie cross-section a t  high Gr, and low 

Re, [55] .  The temperature development for Re, = 500 and 1500 are shown in figures 

5.7 and 5.8 for û, = -20" and -IO0, respectit-ely. For Re, = 1500, and Gr, up to 

1.12 x IO7 in figure 5.7 and Gr, up to  2.39 x 107 in figure 5.8 the wall-temperature 

development looks sirnilar to  the horizontal and upward inclinations. It was not 

possible to extend Gr,,, to higher values due to temperature oscillations. 
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2/Dh 

Figure 5.7: Variation of waii temperature for cr = -20" and R h  = 500 and 1500 



Figure 5.8: Variation of wall temperature for a = -10" and Re, = 500 and 1500 
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For Re, = 500, the component of adverse net body force has a much stronger 

influence on the development of the hydrodynamic and thermal boundary layers as 

evidenced by the d l - tempera ture  distribution. The wd-to-bulk temperature dif- 

ference is large a t  the beginning of heat ing and it decreases continuously dong the 

heated length without reaching fully developed conditions for Gr, > 5 x 106 with 

a = -20" and for Gr, 2 1 x 107 with a = -10". In the theoretical analysis, it was 

found t hat' when rr = -20". flow reversal starts a t  Gr,,, = 2 x 106 under the present 

conditions of Pr and Re, while decreasing the tilt angle to  CY = -10' the flow reversal 

starts a t  Gr three times higher than that for a = -20" under same conditions of Pr 

and Re. Therefore, it is postulated that the temperature distribution shown in figures 

5.7 and 5.8 for Re, = 500 is due to the flow reversal current rnoving hot fiuid from 

the end of the heated section backward towards the beginning of the heated section. 

With CY = -10" and R e ,  = 1500, it can be seen that Gr, is advanced further 

mith steady laminar flow up to  Gr, = 2.39 x 107 as compared with a = -20°. At 

t liis value of Gr,, fully-developed conditions are reached, as shown in figure 5.8. This 

is because the flow reversa1 develops earlier (at lower Gr,) for a = -20" tlian that 

for cr = -10" a t  same Re,. 

5.4-2 Local Nusselt Number 

Results of the local Nusselt number, Nuz:  are presented in t his section in a man- 

ner that can illustrate the effects of the independent parameters Gr,. o. and R h .  

The forced-convect ion resuks presented wit h t lie experimental data  are for the Hl 

condition [61. 
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5.4.2.1 Effect of Inclination on Nuz 

Figure 5.9 corresponds t o  Re, = 500: cr = 0" and four different values of Gr,. 

For û. = O": Nuz is close to the forced-convection value a t  low Zf . decreases to a 

minimum as Zf increases, and then rises due to  the effect of free convection before 

reacliing a nearly constant (fully developed) value. This behavior is similar to the 

one noted by hiaughan and Incropera [54] and Lei and Trupp 171. It is also clear that 

Gr, lias a strong effect on Nuz  whereby Nuz increases significantly with Gr, in 

bot h the developing and the fully-developed regions. 

For upward inclinations (represented by a = 20' in figure 5.10): the axial variation 

of A h z  is similar to the horizontal orientation. However, for approximately the same 

values of Gr, in figures 5.9 and 5.10, values of Nuz are slightly higher for the upward 

inclination in both the developing and the fully-developed regions. This is because 

tlie net body force has a component in the axial flow direction which accelerates the 

fluid resulting in an  increase in the heat transfer coefficient. Again. this trend is 

consistent mitti the results of Maughan and Incropera [54]. 

For downward inclinations (represented by a = -20" in figure 5. 10). a component 

of tlie net body force acts opposite to  the axial flow direction. thus retarding the 

flow and possibly causing flow reversal in tlie upper part of tlie cross-section. For 

large this axial secondary flow loop may extend over most of the heated sec- 

tion causing significant effects on the velocity and temperature profiles. Under these 

conditions. figure 5.10 shows that Nuz decreases continuesly witli Gr, to the degree 

tliat values lower than the forced-convection value are encountered in the developing 

region. At liigh Gr,. the flow does not reach fully-developed conditions with NuZ 

iiicreasing continuesly witli Zf . 

Figure 5.11 corresponds to Re, = 500, cr = 10" and -10": and the widest possible 
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Figure 5.9: Local Nusselt nimber for Re, = 500 and a = 0" 
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Figure 5.10: Effect of inclination on local Nusselt number for Re, = 500 
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Figure 5.11: Effect of inclination on local Nusselt number for Re, = 500 
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range of Grm. For CI = IO0, the axial variation of NuZ is similar to  that for cr = 20". 

For four difTerent Grashof numbers (2.17 x 106 5 Gr, 5 2.48 x 107), values of 

N u z  in figure 5.11 are also slightly higher than those for t,he horizontal orientation 

(a  = O") in both the developing and hilly-developed regions. For a = IO0, a t  high 

Gr, (e.g.. Gr, = 2.48 x 107 in figure 5.11) Nuz in the fully-developed region is 15% 

iiigher than that for a = 0° with Gr, = 2.54 x 107, whiie a t  a = 20" with similar 

Gr, (e.g.? Grm = 2.54 x IO7 in figure 5-10), the enhancement in the fully-developed 

Nusselt number has increased to  17%. Therefore, for the range of Gr, investigated 

with Re, = 500, it can be concluded that values of Nuz increase slightly when the 

upward inclination changes from cr = 10" to  20'. 

Figure 5.11 shows the case of downward inclination for a = -10". Re, = 500 

and four different values of Gr,. The change in heat transfer is very small dong the 

iieated section as Gr, increases from Gr, = 2.24 x 106 to Gr, = 5.67 x IO6, while a 

further increase in Gr, resulted in a decrease in N u Z .  It can be seen that? a t  higher 

Gr, the data in the developing region are lower than the pure forced-convection 

solut ion. 

5.4.2.2 Effect of Re, on NuZ for Downward Inclination 

The beiiavior of NuZ for downward inclinations was found to  be very sensitive 

to the value of R h .  This is illustrated in figure 5.12 for cu = -20" using Re, = 1000 

and 1500 (data for Re, = 500 are in figure 5.10). In al1 cases: the net body force acts 

to retard the flow: however, the effect on heat transfer depends on the mean velocity 

of the flow. For Re, = 1500, there is enhancement in heat transfer as Gr, increases 

from 1.89 x 106 to 3.50 x 10% However? a further increase in Gr,  from 3.50 x 106 

to 1.12 x 10' resulted in very srnail change in heat transfer. For Re,  = 1000? values 

of N u Z  start out increasing with Gr, up to  a maximum followed by a decrease in 
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Figure 5.12: Effect of Reynolds number on local Nusselt. number for a = -20" 
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NuZ with further increase in Gr,. This is consistent with the reasoning that when 

the adverse buoyancy effect gets strong enough to cause a flow-reversal region within 

the cross-section, the heat-transfer performance begins declining. The reasoning is 

consistent wit h the present t heoretical results for the fuily-developed region. As Re,  

decreases, the value of Gr, at  which Nusseli number begins deciining decreases, as 

evidenced by the results for Re, = 500 in figure 5.10 corresponding to  a = -20°. 

Figure 5.13 illustrates the effect of Re, on NuZ for the downward inclination 

a = - 10". For R e ,  = 1500, there is enliancement in heat transfer due to free 

convection with Nuz increasing with Gr, up to 1.16 x IO7. However, increasing 

Gr, from 1-16 x 10' to  2.39 x 10' resulted in a small change in heat transfer up to 

Z +  ;;. 0.01. For Zf > 0.01, values of NuZ at  Gr, = 2.39 x 10' dropped and became 

lower than those for Gr, = 1.16 x 107. 

Comparing results of a = -20" and a = -10" for Re, = 1500 with similar Cr, 

(e-g.. Gtm = 1.12 x 10'; in figure 5.12 and Gr, = 1.16 x 107 in figure 5-13)? we 

notice that hTuZ in the fully-developed region for a = -IO0 is 25% higher than tliat 

for a = -20". Therefore. tilting the duct downward from horizontal has significant 

effcct on N u Z .  particularly in the fully deveIoped region, wliich is consistent with the 

present theoretical results. Also, comparing the experimental data of R e ,  = 1000 

mitli similar Gr, (e.g., Gr, = 1.10 x I O 7  in figure 5.12 and Gr, = 1.13 x loi in figure 

5.13). we observe tliat values of Nuz are significantly higher for a = - 10" t han t hose 

for a = -20". For the same R h ,  the behavior of N u Z  for a = -20" w-as found to 

be more sensitive to  the value of Gr, than that for a = -10". Therefore, the effect 

of Gr, on NuZ for downward inclination is strongly dependent on Re,  and a. 

5.4.2.3 Effect of Re, on N.uZ for Horizontal and Upward Inclinations 

Typical results on the effect of Re, on NuZ for the horizontal and upward incli- 
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Figure 5.13: Effect of Reynolds number on local Nusselt number for a = -10" 
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nations are shown in figure 5.14 using Gr, of about 1.2 x IO7 and the three values 

of Re,. Early in the developing region @/LIh < 8) where forced convection is dom- 

inant. we note that Nuz increases slightly with R h .  In this region. Nuz decreases 

wit h Z for al1 Re, due to the thickeiiing of the boundary layer. As the wail-to bulk 

t emperat ure difference increases! free convection becomes significant and Nuz starts 

increasing with Z beyond Z / D h  = 8. It can be noted that the rate of increase of 

lV uz Riit h Z increases as R e ,  decreases- This is a IogicaI behavior since the impact 

of free convection is expected to  be strcsnger for slower flows. Beyond a certain value 

of Z/ Dh. the value of NuZ becomes nearly constant (fully developed) and the effect 

of Re, on Nuz is fairly small in this region. These observations are consistent with 

t lie results in [54] for horizontal and upa-ardly inclined parallel plate. It is also fair 

t o  state that the effect of Re, on Nuz for the horizontal and upward inclinations is 

certainly niuch l e s  significant than that for downward inclinations. 

5 -4.3 F'ully-Developed Nusselt Number 

Fully-developed conditions were established in all test runs in the horizontal and 

upward inclinations. as well as most test runs in the downward inclinations (except 

t liese runs of high Cr, and low Re,). Figures 5.10 to  5.14 showed some fluctuations 

in N u z  in the fuily-developed region which may be attributed to property variations 

and buoyancy-induced fluctuations. Values of Nujd  were calculated as the lengt 11- 

inean average of Nuz of the six axial stations precedings the last station in the heated 

section. 

The experimental values of Nuld for al1 values of a and Re, are presented in 

figure 5.15 and lines of least-squares fit are drawn through the data. Judging by t be 

aniount of scatter in the data of a = 0": 10°, and 20": it may be concluded that Re, 

lias a small effect on Nurd for these orientations. Also! going from û. = 0" to a = IO0, 
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Figure 5.14: Effect of Reynolds number on local Nusselt nuniber for a = 0' and 

cl = 20" 
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Figure 5.15: Fuily-developed Nusselt number for al1 values of a and Re, 
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t liere is a noticeable increase in Nuld at high values of Gr,,,. The value of N u  jd 

continues to increase, but at a slower rate, as a increases kom 10" to 20". Keeping 

in mind that for the forced convection case, Nujd = 4.089 [62] we can see that free 

convection can enhance NuId by a factor of up to 8 for O* 5 a 5 20". 

For tlie downward inclinations of a = -10" and -20°, figure 5.15 shows that Nujd  

is strongly dependent on Re,. For any combination of a and R h ,  Nuld appears 

to follow tlie correlation curve for ~ 1 :  = O" up tu a certain value of Gr, where Nuld 

for the dom-nward inclination starts deviating, reaches a maximum and then starts 

droppirig witli further increase in Gr,. The value of Gr, a t  whicli thïs deviation 

occurs iricreases with Re, but it decreases with lai. 

5.4.4 Cornparison of Experimental Nujd With Theoretical Predictions 

Al1 tlie trends discussed earlier for Nuld in the upward and domnward inclina- 

tions are consistent witli the tlieoretical results reported in cliapter 4. As a furtlier 

confirmation, quantitative cornparisons were made between the present experimeutal 

results and tlie tlieory for the case of the Hl thermal boundary condition. Tliese 

coiilparisons are presented in tliis section. 

Figure 5.16, for a = O", denionstrates very good agreement between the predicted 

and the experimental results for the three values of R h .  Figure 5.16 confirnls tlie 

sniall dependence of the experimental Nufd on Re, for the liorizontal orientation, 

which is consistent with the tlieoretical results. 

Figures 5.17 and 5.18 present the values of Nujd for Q = f 20'. The experimental 

data in upward inclination agree very well with the predicted cuves for Re, = 500, 

1000 and 1500. For a = -20" and Re, = 500, t.lie data agree well witli the predicted 

results for Pr = 6.3. It can be seen tliat, tlie experimental range of C h  is low 
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1 - Theoretical Pr= 5.5 I 
l O Measured (5.27 <Pr,  ,< 6.37) 

A Measured(4.56<Prm 66.36)  
O Measured (4.85 g ~ r ,  Q 6.49) & 

Re, = 500 0 

1500 O 

Figure 5.16: Cornparison bebveen data and prediction of Nuld for a = 0" 
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Figure 5.1 7: Cornparison between data and prediction of Nuld for a = f 20° and 

Re, = 500 
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O Measured (4.59 6 Pr, g 6.39) a = 20° O 

A Measured (6.19 6 Pr, 6 6.39) a =-20° 
O 

-Theoreticai Pr = 5.5 a = 20° 
- - Theoreticai Pr = 6.3 a =-2@ O 

O Measured (4.82 ç Pr, 6 6.52) a = 20° O 

- A Measured (6.16 < Pr, g 6.42) =-20 O 
O 

-Theoretical Pr = 5.7 a = 20° - - - Theoreticai Pr = 6.3 a =-20 

- 

- 

Figure 5.18: Cornparison bet-~een data and prediction of Nufd  for cr = &20° and 

Re, = 1000,1500 



(1.54 x IO6 5 Gr, 5 3.61 x 106). The experiment was carried out fwther for a 

narrow range of Gr, up to 8.61 x 106 (see Appendix G) however? hilly-developed 

conditions were not reached. Beyond Gr, = 8.61 x IO6 flow instability was assumed 

due t O oscillations in t hermocouple readings. 

For Re, = 1000 and 1500, and a = -20°, figure 5.18 shows good agreement 

between the predicted and the experimental results a t  low Grm (up to G1;, = 5 x 1 0 ~ ) .  

Howevero for Grm higher than 5 x 106 the expenmental values of Nufd &art deviating 

from the predicted c w e s  and begin declining with further increase in Grm. The 

t heoretical curves extend up to the onset of flow reversal, while the experimental 

data may include cases of flow reversal. This may be the reason for the deviation 

beyond Gr, = 5 x 10% 

Similar trends can be observed for a = f !O0 in fiewes 5.19 and 5.20 for upward 

and downward inclinations. Again, the deviat ion between experiment and t heory for 

the downward inclination a t  high Gr, is attributed to the same reason rnentioned 

above. 

5.4.5 hothermal Pressure Drop 

hleasurements of the pressure drop were made a t  various flow rates, starting with 

low Reynolds number (Re = 200 up to ~ c :  5000). At each flow rate: readings of 

nlass flow rate, upstream and downstream bulk temperatures and the pressure drop 

were recorded when steady state conditions were established. The upstream and 

domnstream bulk temperatures were approximately the same for eacli experimental 

riin and they were nearly equal to the room temperature. Values of the fiction 

factor f and Reynolds number Re were calculated from equations (5.6) and (5.1). 

respect ively. 
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. O Measured (5.29@rm 6 6.39) a= 1 (P 0 
A Measured (6.09@rm ,< 6.32) a=- 10" 

Theoretical Pr = 5.8 a= 100 
---Theoretical Pr = 6.2 a=- 100 

Figure 5 .  ll): Cornparison betnreen data and prediction of Nuld for a = f 10" and 

Re, = 500 
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O M e a s d  (4.59 <Pr, 6 6.39) a = LOO 

* 

- A Measured (5.90 6 Pr, 6 6.42) a =-LOO 
I 

- -Theoretical Pr= 5.5 a = loO - - Theoretical Pr = 6.2 a =-le O 
i 

- 

œ 

- 

I O Measured (4.86 6 Prm g 6.48) a = 
- A Measured (5.98 < Prm 6.49) a =-10' loOI 

Figure 5.20: Cornparison between data and prediction of Nujd  for cr = f 10" and 

Re, = 1000,1500 



Results of the fkiction factor for cr = 30": 0": and -20" against Reynolds number 

are shown in figure 5.21 for Gr = O (no heating). A very good agreement was 

achieved by comparing the experimental data  with the analyticat c w e  of the pure 

forced convection [66? 671 which is valid for laminar flow up to  the cntical Reynolds 

nurnber, Re z 2100. The exact value of the friction factor is l5.77/ Re. Beyond the 

critical value, the experimental data shift from the analytical curve indicating that 

the flow is no longer laminar. Jt can be seen that for Gr = 0, the inclination angle has 

no effect on the frictional losses. It should also be noted that the pressure drop was 

measured across the fully-developed region ( following the hydrodynamic developing 

lengt 11). which explains the good agreement between experiment and t heory. 

5.4.6 Pressure Drop With Heating 

Rleasurements of the pressure drop were obtained for the whole range of a7 Re, 

and Gr, listed in Table 5.1. The pressure drop was measured across the heated 

lengt li and t lierefore: it includes the t hermally developing and fully-developed zones. 

The e'cperimental results of the friction factor for al1 values of Gr, and Re, with 

heating in upward and downward inclinations are presented in this section in order 

to illustrate the effects of al1 independent parameters. Lines of least-square fit are 

included in the figures for each combination of a and Re,. 

5.4.6.1 Upward Inclination 

Figure 5.22 presents the effect of Grashof number and the inclination angle on 

f Re for Re, = 500,1000: and 1500. For Re, = 50G, and a = O": 10": and 20". values 

of f Re increase continuously witli Gr,. As ck increases to  20" the increase of f Re is 

substantial particularly a t  higber values of Gr,. From cil = O" t o  cr = 10": there is a 
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Figure 5.2 1 : Cornparison between data and analysis of the isot hermal friction factor 
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Figure 5.22: Experirnental data of f Re for upward inclinations 
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noticeable increase in f Re with Gr, but a t  a slower rate than that between a = 10" 

and a = 20". Similar trends can be observed for R e ,  = 1000 and 1500, however 

the magnitude of the increase in f Re is lower than that for Re, = 500 at the same 

Gr,. This is consistent with the reasoning that when Re, decreases, the effect of 

free convection on f Re becomes stronger. 'Mie know that for the forced-convection 

caset the exact value of fRe is 15.77, as displayed in figure 5.21. For Re, = 500: 

Ive can see that the free convection can increase f Re (e.g., at Gr, = 2.5 x 107) by a 

factor of 4 for a = 20": while for Re, = 1000 and 1500 at sarne value of Gr, the free 

convection can enhance f Re by a factor of up to 2 for a = 20". At Gr, = 1 x 108 

with cr = 20". f Re is 18% higher for Re,,, = 1000 than for Re, = 1500. 

It can be observed that, fRe in figure 5.22 is strongly dependent on Re, and 

a. The general trend in these results is that f Re increases with Gr, for any given 

a. and Re, and the magnitude of this increase become larger as a increases andior 

Re, decreases. Al1 these trends are consistent with the present theoretical resuits. 

However. a comparison between the predicted and e-xperimental f Re is not appre  

priate because of the pressure drop was measured across the entire heated section 

wliicli covers bot 11 the t hermally developing and the fully-developed regions, wliile 

f Re mas predicted for the fully-developed region. The ot her reason is t hat the inde- 

pendent parameters Re,, Gr,, and Pr, were calculateci a t  the average of the inlet 

and outlet bulk temperatures, while the numerical ones were computed at constant 

fluid propert ies. 

5.4.6.2 Downward Inclination 

The experimental data of /Re for al1 downward inclination angles (a = -10" 

and -20") including cr = 0" witli the three values of Re, (500: 1000, and 1500) are 

s h o w  in figure 5.23. Values of f Re for a < 0" are lower than fRe  a t  a = O0 for 
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Figiirc 5.23: Experimentd data of f Re for downw-ard inclinations 



al1 values of R e ,  up to a critical value of Gr,, which could be close to the onset of 

flow reversal, beyond which a sharp increase occurs in f Re for the three values of 

Re,. This critical value of Gr,,, decreases with increasing downward inclination at  

t lie same Re,. Beyond the critical value of Gr, the effect of free convection on f Re 

is significant, in particular at  low R h .  For Re, = 500, f Re (e-g, at Gr, = 1 x 107) 

is 45% higher for a = -20" t han that for a = O". As R e ,  increases the effect of bee 

convection on J Re becornes l e s  important. It can be seen that: a t  same a ( a  = -20°) 

jRe is 24 % and 14 % higher for R e ,  = 1000 and 1500- respectively. than that for 

a = O". At Gr, = 2.5 x 107 with a = -10": /Re  exceeds by 43% the horizontal 

cuve for Re, = 500, by 28% for Re ,  = 1000, and by 14% for Re, = 1500. 

It is clearly observed that the enhancement in f Re decreases with increasing Re, 

at  higher values of Gr,. Again a quantitative cornparison between the measured 

f Re and the predicted results (shom in figure 4.44) is not appropriate because of 

the reasons mentioned earlier. It should be noted thac, for downward inclinations the 

effect of a on f Re appears to be significant even for lower values of Grrn, while for 

upward inclination this effect is signifkant only when Gr, is high. 
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CONCLUSIONS AND RECOMMENDATIONS 

6.1 Conclusions for the Theoretical Study 

A numerical, finite-control-volume approach has been utilized for solving the gov- 

erning equat ions for larninar, fully-developed mixed convection in inc lined semicircu- 

lar ducts. Two thermal boundary conditions were used: uniform heat input axially 

with uniform wall temperature circumferentially (Hl): and uniform heat input axially 

wit h uniform heat flux circurnferent ially (H2). Bot h buoyancy-assisted and buoyancy- 

opposed conditions were considered with the full range of the tube inclinations (from 

vertical upward to vertical downward). Results for W. T t  f Re, and Nu were obtained 

for PI- = 7, -90" 5 a! 5 90": and wide ranges of Re and Gr. From these resuIts. 

the following conclusions can be drawn: 

1. Tube inclination and Gr have a strong effect on the distributions of CV and T. 

The location of W,,, shifts to the upper part of the cross-section and the loca- 

tion of the Tmin shifis to the lower part in upward inclinations. For dom-nward 

incliiiations and the horizontal orientation: botli W,, and Tmi, shift to the 

lower part of the cross-section. Thermal stratification was observed in the H2 

boundary condition and it mas found to inliibit secondary flow, thus decreasing 
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the magnitude of the enhancement in f Re and Nu. This stratification was 

found to  decrease in upward inclinations by increasing Gr. On the other hand! 

increasing Gr for downward inclinations appears to  i n t e n s e  thermal strat ifica- 

t ion. 

2. At high enough values of Gr ,  the onset of flow reversal was detected in the 

lower part of the cross-section for upward inclinations and in the upper part of 

the cross-section for downward i n c h a t  ions. A preliminary map was developed 

that defines the regions of flow reversa1 in terms of 7 and W .  This map shows 

that , for the same y, flow reversal occurs at lower w for H2 compared with Hl. 

Also, for the same 171: flow reversal starts at lower w in downward inclinations 

compared with upward inclinations. AU results of velocity,. temperature, f Re, 

and N u  presented in this study correspond to conditions of no flow reversal. 

3. Tlie value of fRe increases as y and/or w increase for both conditions in u p  

ward inclinations. At the horizontal orientation, fReHl exceeds fReH2 due 

to the thermal stratification associated M t h  H2. This trend reverses with 

f ReHÎ > f ReH 1 for upward inclinations7 especially a t  higli Gr. For down- 

ward i n c h a t  ions, f ReHz is always iower t han f Re a t  the same conditions. 

For any value of y in downward inclinations, j Re/(  f Re), is lower tlian its value 

at the horizontal orientation. 

4. For upward inclinations and low Gr,  N u H l  is always iarger than NuH2 and 

they both decrease monotonically with a. As G r  increases. both N u H l  and 

!vuHZ develop a trend whereby their value increases with cu up to a maximum 

and t hen decrease with further increase in a. The initial increase wit b cu is 

mucli more pronounceci for the H2 boundary condition, particularly at  high Gr. 

Tlie reason for this behavior is that, for H2. strong thermal stratification exists 

in the horizonta1 orientation and as this condition disappears with a, a sharp 
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increase in Nu can occur. 

For downivard inclinations, both N.uHl and NuHZ start out increasing with Gr 

a t  a rate lower than that  for the horizontal orientation. For any combination of 

7 and w? the value of NuHl  exceeds NuHS.  

Conclusions for the Experimental Study and Cornparison With The- 

ory 

An experimental study was performed to investigate the effect of inclination ( u p  

ward and downward) on the pressure &op and heat transfer characteristics of laminar 

rriixed convection in a semicircular duct with uniform heat input axially. Water was 

used as the test fluid and, therefore, only a narrow range of Prandtl number was 

covered. However: five duct inclinations were tested within &20°? three Reynolds 

numbers for each orientation (500, 1000' 1500): and several values of Grashof number 

for each combination of cr and Re,. F'ronl these results, the following conclusions can 

be made: 

The circumferential variation of wall temperature increases as Gr, increases 

for al1 angles of inclinations. This is attributed to free convective currents 

that pus11 hot fluid to  the upper part of the cross-section and cold fluid to  

the lower part. Upward inclinations experience less circumferential variation of 

wall temperature compared to the horizontal orientation at  the same Re,  and 

Gr, due to the weaker free convection currents within the cross-section. For 

dowmard inclinations, the axial variation of wall temperature was found to  be 

strongly dependent on cr, Re,, and Gr,. At high Gr, and low Re, it was 

not possible to  achieve fully-developed temperat ure profiles wit hin the heated 
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section, possibly due t o  flow reversal and the accompanying secondary flow loop 

in the axial flow direct ion. 

2. The axial variation of Nuz followed the trend noted earlier in [50, 530 7, 541 

for the horizontal and upward inclinations. Values of Nuz increased with a 

and Gr, for these orientations. However, the behavior of Nuz for downward 

inclinations was found to  be strongly dependent on the combination of Re,: 

Gr,: and a. For Re, = 500 and cr = -20": Nuz was found t o  decrease 

cofitinuously with Gr,,, while for Re, = 1000 and 15000 Nilz may increase and 

then decrease with Gr,. 

3. Values of Nuld for the horizontal and upward inclinations (up to  a = 20") 

were found to increase with Gr, and to be weakiy dependent on Re,. For the 

downward inclinations. Nuld was found to be strongly dependent on a! Re, 

and Gr,. These results are consistent in magnitude and trend with the present 

t heoretical prediction, except for high Gr, in the downward inclination where 

a deviation is noted and discussed. 

4. Tlie isothermal friction factor for al1 inclination angles (a = &20°) in the 

laniinar region agreed wry weli with the analytical c u v e  of the pure forced 

convection. The experimental data of /Re are strongly dependent on Re, and 

a. For upward inclinations f Re increases with Gr, for any combination of 

a and Re, and the magnitude of this increase becomes larger as a increases 

and/or R e ,  decreases. For downward inclinations fRe is lower than its value 

at the horizontal orientation for al1 values of R e ,  up to a critical values of Gr,, 

which could be close to  the onset of flow reversal. Beyond that a sharp increase 

occurs in f Re for the three values of Re,. 
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6.3 Recommendations for Further Studies 

Following the conclusion of the present investigation, it became apparent t hat 

several important issues require furt her investigation. The following points are rec- 

ommended for furt her st udies: 

The numencal work on sernicircular ducts shou1d be extended to solve the ther- 

nially developing region as well as the adiabatic exit region so that more corn- 

parisons with the experimental data in the upward and downward inclinations 

can be made. 

The present experimental work can be extended by investigating more downward 

inclinations. such as a = -5' and -15O in order to get complete information of 

the effect of downward inclination on the pressure drop and lieat transfer. 

Flow visualization should be attempted in order to obtain a qualitative picture of 

the velocity profile and to show the existence of flow reversal. This will confirm 

the relationsliip between the flow situation and the overall quantities sucli as 

f Re and Nu. 

For downward flow at higlier values of Gr, and lower values of Re,, periodic 

conditions were found to occur in t lie t hermocoupIe readings indicat ing flom 

instability. Tlierefore, it is suggested to use a data acquisition systeni to record 

al1 t liermocouple readings simult aneously. 
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Appendix A 

Numerical Codes 

A.1 Numerical Code for Hl Condition 

C NEW = 1  START UIïHOVT OLD PROFILE 
c NEU = O  UITH am PROFILE 
C NEUCR = 1 START UITH N'EU GR 
C NEUCR = O UIïH OLD CR 

READ8 P1/3.1415926543)0/ ,GROLD, PR/7. DO/ ,GR/O. DO/ ,'THETA/SO .DO/, 
& A L P I U / ~ O . D O / , F R E , C F R E , P ( ~ O , ~ ~ ) , A P A P ( ~ O , Q / ~ O O . D O /  
REAL*8 DUP (3O,48) , DVP (30,481 , FAtSU(30,48) , FALSV(30.48) ,= (30'48) 
REAL*8 FCRW/l.D-5/, 

& FCRU/i. D-5/, FCRTH/l. D-5/, CRM/l. D-5/ 
W * 8  C R W , C R U , C R T H , P H I / ~ . ~ ~ O ~ ~ ~ ~ ~ ~ D O /  
W * 8  UWW, URFW , W H ,  BRHO (5) /5*1. DO/, DH 
REAL*8 U,V,U,m,R,DR,DF,RHO,CRHO,UPA 
COMMON/PVAR/U(~O, 48) , V (30.48) , Y(30, 48) -1, DR, DF, R(3O) 
COMMON/MESH/ITOT,JTOT,M,~,N,NN C-- ..................................... ___ ------------------------------------------- 

OPEN(UNIT=l, FILE = 'fort.lJ,STATUS='OLD') 
READ(l,*) NEU,BOTTOM 
RE AD(^,*) NEWGR, CR 
RE AD(^,*) URFW, W. URFTH 
READ(l,*) MIT 
READ(l,*) FCRW,FCRU,FCRTH,CRM 
ITOT = 30 
JTOT = 48 
FRE = 15. 
THEX'A = THETA*PI/lSO.DO 
ALPHA = ALPliA*PI/l8O.DO 
M=ITOT- 1 
N=JTOT- 1 
MM=M- 1 
NN=N-1 
IC = ITOT/2 
JC = JTOT/2 
WFtITE(24,g) URFUV, W, URFTH 

9 FORMAT(' URFuv= ',E10.3,' URFv= ', 
* E10.3,' URFth = ',E10.3/) 

CLOSE (UNIT=I) 
C A U  GRID(THETA,PHI,GR,PR,ALPHA) 
DO 10 I=l,ITOT 
DO 10 J=l,JTOT 

U(I, J)=O.DO 
V(1, J)=O.DO 
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U(1, J)=O.DO 
10 TH(I,J)=O.DO 
C 
C--INPUT U, V, W, AND T?I FROM DATASETS AHD PRINT OUT 
C - 

CALL D A T A ~ N ( N E V , I N I T O , ~ I T O , I T M , J T O T , H , ~ , N , ~ ,  
& CROLD,PR,FRE,ALPA,PHI) 
UFlITE(24,999) FCRW, FCRV, FCRTH, C M  

999 FORMAT(/' FCRuv= ',E10.3,' FCRw=',E10.3, 
* FCRth = J,E10.3,J CRm = ',E10.3/) 
IF(NEüCR .EQ. O) CR = GROLD 
IF(NEüCR .EQ. 1) THEN 

INITO = O 
ITNITO = O 

END IF 
DH = 2.DO*PHI/(l.DO+PHI) 
üRITE(24,*) ' * * * * * *  
WRITE(24,200) CR,PR 
URITE(24,*) ' * + *  

C 
C--THIS IS THE PUIN LOOP *************************** 

ITNIT = ITNITO + MIT 
*************************** 

NIT = INITO 
NNTT = O 

C 
20 CRW=FCRW 

CRU=FCRW 
CRTEI=FCRTH 

NIT=NIT+1 
N N T T = N N T f + l  
IINIT = NNTT/20 
IINIT = PIOD(IINIT,S) + 1 
RH0 = BRHO(IIN1T) 
CRHO = 1.DO - RH0 
C U  PS~O(DUP,DW.FALSU,FALSV,CR,THETA,ALPHA) 
CALI., PRESS(P,DUP,DVP,FLSU,FALSV) 
CALL WKfUn(DUP,DVP,APAP,MS#P,CR,THETA,IYES,CRW,CRH,URFW, 

* RH0 ,CRHO, BMTOM, ALPHA) 
CALL ~(APAP,FRE,CFIIE,CRU,URFU,PHI.DH,ALPHA,GR,RE,THETA) 
C U  ENERGY (PR, CRTH, IJNTH, PHI 

C IF (NIT . EQ. (NIT/100) *IO0 .OR. NIT .EQ. ITNIT) THEN 
C CALL OUTPOT(NIT,ITOT,JTOTtU,V,W,TH,MS,CRW,CRW,CRTH,CFREt 
C * M,MM,N,NN,IYES) 
C END IF 
C WRITE(25,lOO) NIT,U(IC, JC) ,V(IC. JC) ,V(IC, JC) ,TH(IC, JC) 

IF ( ((CRW*O.9ODO .CT. FCRW) .OR. CCRU*O.9ODO .CT. FCRV) 
* .-OR (IYES . EQ . O) .OR. (CRTH*O. 90~0 .GT. FCRTH) .OR. - 

* (DABS (CFRE) .CT. 1. D-4)) .AND. (NIT . LT. ITNIT)) CO TO 20 
C 
C--SAVE RESULT TO DATASETS AND CALCULATE NUSSELT NUFIBER 
C 

CALL DSAVE(NIT,ITNIT,ITOT,JTOT,M,MM,N,NN,U,V,U,TH, 
* G R , P R , m , A L P U , m A , D H , P H I , R E )  

CALL NUSSLT(ITOT,JTOT,M,N,U,TH,APAP,R,DR,DF#PHI) 
CALL LOCNUSS(NIT,ITNIT,ITOT,JTOT~M,N,W,TH,APAP,R,DR,DF, 

* ALPM,PHI,DH.RE,m,PR#CR) 
C 
100 FORMAT(T2,14,1X,4(D14.7, lx)) 
200 FORMAT(T2,'Cr No. = ?,D8.2,2X,'Pr No. = ',F7.3) 
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SUBROUTINE GRID (=A, PHI, CR, PR, ALPHA) 
REAL*8 T H E T A , ~ O T , P I / ~ . ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ) ~ / , G R , P R , P H I , C P H I , A L P ~ U  
REAL*8 U,V,W,TH,R,DR,DF,COH,DRS,FORP,ROFP.~SIN,FNCOS 
CO~ON/ENER/COH(4,30,48),DR2,FORP,ROFP 
COMMON/PVAR/Il(30,48) ,V(30,48) ,Y (3O,48) ,TH(30,48) ,DR, DF,R(30) 
COmON/HESH/ITOT,JTOT,M,m,N,NN 
COMMON/PERI/FNSIN (50) , FNCOS (50) 

R(I-rOT~=l.ODO 
R(I)=O.DO 

FïOT=2.DO*PHI 
CPHI=PI/2.DO-PHI 

DR=R ( 1 ~ 0 ~ )  / (ITOT-2. DO) 
DF=FTOT/(JTOT-2.DO) 
R(2) =DR* .SDO 
R(IT0T-l)=R(ITOT) -DR*. 5DO 
J=ITOT-2 
DO 10 I=3. J 

R(I)=R(2)+DR*(1-2.D0) 

DR2 = DR*.SDO 
FORP = DF/DR/PR 
ROFP = DR/DF/PR 

DO 20 J = 2, N 
FNSIN(J1 = DSIN( (J-1.5DO) *DF+CPHI-THETA) *DCOS (ALPHA) 
FNCOS (JI = DCOS( (J-1. ODO) *DF+CPHI-THEX'A) *DCOS (ALPHA) 

CONTINUE 
GGRR = -0.  
FAC = 180. /PI 
UFtITE(24,SO) FTOT*FAC,ALPHA*FAC,PR,DR,DF 
DO 40 I=1, ITOT 
URITE(24,60) I,R(I) 
FORMAT(//TiS,'Laminar Mixed Convection Heat TransferJ,// 

*' for a Semicircular Duct with 2*Phi =',F7.1// 
* '  inclined at the angle Alpha =' ,F7.1// 
* T12,'Pr No. = ',F7.3,2X,'dR = ', 
* F7.5,2X,'dF = ',F7.5//T10,#==== R -- COORDINATE ===='/) 
FORMAT (TlO,I3,2X, FIS. 12) 
RETURN 
END c------------------====-----------=------------========~=======~== 

C* "DATAIN" READS U,V,W,TH FROM DATASRS AND PRINTS THEM OUT * 
C* EACH DATASET CORRESPONDS TO THE F O W T  CIVEN ZN SUBROUTINE "DSAVE" * c-------------------=====------------------====================-== 

SUBROUTINE D A T A I N ( N E U , N I T , I T N I T , I T O T , J T O T , M , H M , N , N N ,  
1é CR, PR, FRE ,THETA, PHI) 

REAL*8 U (ITOT , JTOT) , V(ITOT, JTOT) , W(1TOT. JTOT) ,TH(ITOT, JTOT) , 
* FRE,CR,PR,FAC,PHI2,DH,AISA,=AaPHI 

C 
IF(NEU .EQ. 1) TiEN 

NIT = O 
ITNIT = O 
FtEnm 
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END IF 
FAC = 180.0/3.141592654 
READ(i3,400) NIT,ITNIT,CR,PR,PHI2,UA 
DO 10 1=2,M 

1 O READC13,lOO) CU(I,J),J=2,JTOT) 
READ(13,410) NIT,ITNIT,CR,PR,PHI2,ALPA 
DO 20 1=2,n 

20 READ(13,lOO) (V(I,J).J=2,NN) 
READ(13.420) NIT,ITNfT,CR,PR,PHIZ,ALPA 
DO 40 I=2,H 

40 READ(i3.200) (W(I,J).J=2,JTOT) 
READ(l3,*) FRE 
READ (13,430) NIT, ITNIT , SR,PR, PHI:!, AfSA 
DO 50 1=2.U 

50 riuD(13.100) (TH(I,J), J=2,JiOT) 
DH = 2. DO*P?iI/ ( 1. DO+PHI) 
FRE = FRE/DH/DH 

100 FORMAT(T8,1OD15.7) 
200 FORMAT(T8, IODIS .7) 
C * CR=J,D9.3.' PR=',FS.l,' 2*PHI=',F6.1,' ALPHA=',F6.1) 
400 FORMAT(34X.I5,8X,I5,4X,D9.3,QX,FS.1.7X,F6.1,~,F6~1) 
410 MRMAT(34X,I5,8X,I5,4X,D9.3,4X,FS.1.7X,F6.1,~,F6-1) 
420 FOR)UT(34X,I5,8XsI5,4X,D9.3,4X,F5.1,7X,F6.1,7X,F6.l) 
425 FORHAT(12X,F23.15) 
430 M R H A T ( ~ ~ X , I ~ , ~ X , I ~ , ~ X , D ~ . ~ , ~ X , F S . ~ , ~ X , F ~ . ~ . ~ X , F ~ ~ ~ )  

RETURN 
END c----------------------------'--------------- _-_-__________---------------------------------- --------- 

C* w ~ ~ ~ ~ w  CALCULATES FUSE v a o c I n  BY SUBSTITUTINC NEICHBOR VALUES c - - - - - - - = = - ~ = = = = = u ~ ~ = = = ~ = ~ ~ ~ ~ ~ = = ~ ~ = = ~ ~ ~ = = = C _ ~ - ~ =  
SUBROUTINE PSEUW (DUP , DVP , FALSU , FALSV , CR. THETA, ALPHA) 
REAL*8 DUP (ITOT , JTOT) , DVP (ITOT , JTOT) , F U (  1 TOT, STOT) , 

* FALSV(ITOT,JTOT).CR,THETA,RE.illLPHA 
REAL*8 SB,AE,AU,AN,AS,XR,ASUn,Y,Dl,DS 
REAL*8 U,V,ii.TH,R,DR,DF,COU,COV,COU 
COMMON/PVAR/U(30.48) ,V(30,48) ,U(30,48) ,TH(30,M) ,DR,DF,R(30) 
COMMON/COEF/COU(4) ,COV(4) ,COV(4) , SRCl(30.48). SRC2(30.48) . 

* SRC3(30,48) 
COMMON/MESH/ITOT,JTOT,M,Mn,N,NN 

C 
C--CALCULATE THE PSEUDOVELOCITY OF U 

C A U  SRCEGH(~,CR,THETA,RE,WHA,DH) 
C A U  SRCECN(2,CR,THETA,RE,AISHA,DH) 
DO 10 1=2,m 

XR=R(I)+O.SODO*DR 
Dl = 2.DO*DR*DF/XR 
D2 = DF*XR 
DO 10 J=2,N 

CALL COCNl(1. JI 
AE=COU(1) 
AV=COU (2) 
AN=COU (3) 
AS=COU(4) 
ASUEI=AE+AW+AN+AS+Dl 

C C U  SOURCE(l.SB,I,J,CR,THETA) 
SB = SRCl(1,J) 
Y=AE*U(I+I,J)+AY*U(I-1, J)+AN*U(I ,J+I)+AS*U(I, J-1) 
FALsU(1, J)=(Y+SB)/ASUn 

10 DUP(I,J)=D2/ASUH 
C--CALCULATE THE P s m v E L o c I m  OF v 
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DO 10 J = 2, N 
C SB=-XX*DSIN((J-I.SDO)*DF-=A) *(TH(I, J)+TH(I+~, JI) 

SB=-XX*MSIN(JI*(TH(I, J)+TH(I+I,J)) 
SB=SB+V(I+~, JI -vu, JI-V(I+I, J-1) +v(I, J-1) 
s~=(v(I+~,J)+v(I,J)-V(I+~,J-~)-V(I,J-~))*.~~ 
SB=SB-DR3/RR*Sl 
~2=(~(1+1, J)+v(I, ~)+V(1+1, J-l)+V(I, J-1) )*  .25DO 
SRCi(f,J) = SB+RF*S2*S2 

10 CONTINUE 
FErmN 

2000 DO 20 I = 2, n 
w=RF*R(I *CR 
DO 20 J = 2, N 
SB=V(I. J+I)-U(I, J)-u(I-~, J+II+U(I-1, JI 
SB=SB+DR~/R(I)*(U(I, J+I)-U(I, J)+u(I-I, J+O-U(I-I, JI)*-SDO 
SI=(U(I, J+I)+v(I-1 ,J+l)+U(I, J)+U(I-1, J) )*  -2SDO 
SB=SB-RF*V(I,J)*SI 
s2=('ïH(I, J)+TX(I, J+1) )+.SDO 

C SRC2(I,J) = SB-W*SZ*DCOS((J-1)*DF-THFTA) 
SRC2(I,J) = SB-W*S2*FNCOS(J) 

20 CONTINUE 
RETUAN 

C 
3000 DO 30 1 = 2, M 
W=RF*R(I) *DH* (GR/RE) *DSIN (ALPHA) 

DO 30 J = 2, N 
s2 = THCI, JI 

c s~=o.~~Do*(TH(I, J)+TH(I-1, J)+(TH(I, J+l)+TH(1-1, J-1)) 
SRC3(I, J) = W*S2 

30 CONTINUE 
RETURN 
END 

C-------=-------&------------X~=%=====================~ 

C* "PRESSw SOLES PRESSURE EQUATION OR PRESSURE CORRECTION EQUATION c* .................... DIRECT SOLVER--------- (BAND ST0RACE)-------- 
c------------------------~==~==~==-====%-===~==~=sI~=~==== 

SUBROUTINE PRESS(P,DUP,DVP,FALSU,FALSV) 
REAL*8 DUP (30,48) , DVP (30.48). FALSU(30,48) , FALSV(30.48) ,P (30,481 
REAL*8 Y,XE,XY,DRS, U,V,U,TH,R,DR,DF 
COMMON/PVAR/U (30,481 , V (30,481 , U (30.48) , T l  , DR, DF , ~(30) 
COMMON/MESH/ITOT,JTOT,M,m,N,HN 

C REAL*8 A (784.57) , X (784) ,XL (22736) 
FtEAL*8 A (l288,5?) , X ( 1288) , Xi. (37352) 
C-- NOTE THAT A, X, XL NEED TO BE CHANGED UHEN THE EiESH SIZE IS CHANGED 
C-- A(MM*NN, m*2+1) , X (rn*NN) , X L ( E E M * r n * ( H + I + l  
C 

NROW=MH*NN 
NCOL=2*HEI+l 
IDC= (l+NCOL) /2 
DR5 = DR*.5DO 

C 
C--1NITIALIZATION OF A 

DO 10 I=l,NROW 
DO 10 J=l,NCOL 

10 A(I,J)=O.DO 
C 
C--CALCüLATE COEFFICIENTS ALONG J=2 
C 

1=2 
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J=2 
K=l 
XE=R(I) +DR5 
A (K. IDC+I) =DF*XE*DUP (1, JI 
A (K. IDC+HM) =DR*DVP (1, J) 
A (K , IDC) =- (A (K , IDC+I +A (K , IDC+IW 
Y=-DF*XE*FALSU(I, J)-DR*FIiIILsV(I, J) 
X (KI =-Y 
I=U 
K=MM 
XU=R(I) - D M  
A(K, IDC-l)=DF*XU*DUP(I-1, J) 
A(K, IDC+HM)=DR*DVP (1, J) 
A(K, IDC)=-(A(K,IDC-l)+A(K, fx+m)) 
y=DF*XW*FALSU(I-1, J) -DR*FALSV(I , J)  
X (K) =-Y 
DO 30 1=3,W 

K=I-1 
XE=R(I) +DR5 
XW=R(I)-DR5 
A(K, IDC+l)=DF*XE*DüP(I, J) 
A(K, IDC-l)=DF*XU*DUP(I-1, J) 
A (K. IDC+~) =DR*DVP CI, JI 
A(K, IDCI=-(A(K, IDC+i>+A(K, IX-I)+A(K, fDC)) 
Y=DF* (XU*F=(I- 1, J) -XE*FALSU (1 , JI 1 -DP1FV(I J 

30 X(K)=-Y 
C 
C--CALCULATE COEFFICIENTS ALONG 5=3 AND J=JTûl'-2 

70 J=3, NN 
K= (J-2) *m+1 
1=2 
XE=R(I) +DR5 
A(K, IDC+l)=DF*XE*DIJP(I,J) 
A (K , IDC+HPi)=DR*DVP (I, J) 
A(K, IDC-rnl=DR*DVP(I, J-1) 
A (K , IDCI=- (A (K. IDC+l) +A(K, IDC+M~) +A(K, IDC-Ml'!) 
Y=-DF*XE*FALSU(I, J)+DR*(FALSV(I. J-~)-FMSV(I, J) 1 
X (K)=-Y 
I=M 
XW=R ( 1) -DR5 
K=(J-1)*m 
A(K,IDC-l)=DF*XU*DUP(I-L,J) 
A(K, IDC+MM)=DR*DVP(I,J) 
A(K, IDC-Mn)=DR*DVP(I, J-1) 
A (K , XDC) =- (A (K , IDC- 1) +A (K , LDC+MM) +A (K , IDC-MM) 
Y=DF*XU*FALSU(I-1, J) +DR* (FALSV(I:, J-1) -FALSv(I, JI 1 
X (KI =-Y 
DO 60 I=3,M 

K=( J-2) *MM+I-1 
XE=R ( 1) +DR5 
XU=R ( 1) -DR5 
A(K, IDC+I)=DF*XE*DUP(I, JI 
A (K, IDC-l)=DF*XU*DI.JP (1-1, J) 
A (K. IDC+MM) =DR*DVP ( I ,JI 
A (K, IDC-Wl)=DR*DVP(I, J- 1) 
A (K, IDCI=-(A(K, IDC+l) +A (K, IDC- 1) +A(K, IDC+t'U"I)+A (K. 1W-ml) 
Y=DF*(XW*FALSU(I-1 ,J)-XE*FALSU(I ,JI) 
+DR* (FALSV(I, J-1) -FALSV(I. JI 1 

X(K)=-Y 
CONTINUE 
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C 
C--CALCIJUTE COEFFICIENTS ALONG J=JTOT-1 
C 

1=2 
J=N 
XE=R(I)+DM 
K= (NN- 1) *PM+ 1 
A(K,IDC+I)=DF*XE*DUP(I,J) 
A(K, IDC-MM)=DR*DVP(I. J-1) 
A(K,IDC)=-(A(K,IM=+~~+A~K,IDC-~~)) 
Y=-DF*XE*FAfSU(I,J)+DR*FAISV(IvJ-1) 
X(K)=-Y 
I=M 
XW=R(I)-DR5 
K=MM*NN 
A(K, IDC-I)=DF*XU*DUP (1-1 , JI 
A(K, IDC-m) =DR*DVP(I ,J-1) 
A(K,IDC>=-(A(K,IDC-~)+A(K~IDC-~)) 
Y=DF*XU*FAISU(I-1, JI +DR*FALSV (1, J-1) 
X(K)=-Y 

80 X(K)=-Y 
C 
C--SPECIFY A VALUE AT ONE POINT, CALL "LEQTIB" & SUBSTITUTE BACK TO P 

K=MM*NN 
A(K, IDC)=l.DO 
A(K,IDC-l)=O.DO 
A (K , IDC-HH) =O. DO 
X (KI =O. DO 

DO 95 J = ~ , N  
95 P(1, J)=X((J-2)*MM+I-l) 

RETURN 
END 

- 
C* ttUVMTUMw SOLVES THE MOMENTCCM EQUATIONS FOR VELOCITIES OF U AND V * 
c-- ----- ------------------------=----------------------~~z~~= 

SUBROUTINE ~ ( D U P , D V P , A P A P , ~ v P v C R v T H E T A v I Y E S ~ C R W , ~ ~ ~ ~  
& RHO,CRHO,BOlTOW,ALPHA) 
REAL*8 DUP (30,481 . DVP(30,48) , APAP (30.48) ,P(30,48) ,US (30,481 
REAL*8 GR,THETA,CRW,CRn,URNV,RHO,CRHO,BOTTOM,ALP~ 
REAL*8 SB,AN,ASvXEvXU,Y 
REAL*8 A(50) ,B(50) ,C(SO) ,D(SO) ,T(50) ,D1,DR5 
REAL*8 UvVvU,TH,RvDRvDF,COU,COVvCOU 
COWMON/PVAA/U(30,48) ,V(30,48) ,W(30,48) , T l  ,DRvDFvR(3o) 
COHMON/COEF/COU (4) ,COV (4) ,COU (4) , SRCl(3O , 48) , SRC2 (30 , 48) , * SRC3 (30,481 
COMMON/MESH/ITOT,JTOT,M~MM~N,NN 

C 
C--SOLE THE HOENTüM EQUATIONS FOR U 
C 

m = 2 0  
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IYES=1 
MORE= 1 
NI=O 
DR5 = DR*.SDO 

10 NI=NI+1 
IF (NI .LE. 5 )  G M O  12 

CRUV=3. DO*CRW 
12 CONTINIE 

C U  SRCE:CN(l,CR,'META,RE,ALPHA,DH) 
A(l)=l.DO 
B(l)=O.DO 
C(l)=O.DO 
D(l)=O.DO 
A(M)=l.DO 
B CM) =O. DO 
C(U)=O.DO 
D (U) =O. DO 
Dl = Z.DO*DR*DF 

DO 35 J=2,N 
DO 20 1=2,m 

XE=R(I) +DR5 
C A U  COCNl(1, J)  
B(I)=COU(l) 
CCI>=coU(2) 
AN =COU(3) 
AS =COU(4) 
SB = SRCl(1. J) 
A(I>=(B(I)+C(I)+AN+M+Dl/XE)/URFW 
Y=(I.DO-VRNV)*A(I)*U(I,J) 
DUP(1, J)=DF*XE/A(I) 

20 D(I)=AN*U(I, J+~)+AS*U(I, J-l)+SB+DF*XE*(P(I, JI-P(I+l , J))+Y 
C U  TDMA(L,H,A,B,C,D,T) 
DO 30 I=2,MM 

IF (DABS(T(1)) . LT. BOTfOU) GO TO 30 
IF (DABS((U(I, JI-T(I))/T(I)) .Ci. CWV) IYES=O 

30 U(1, J)= RHO*T(I) + CRHO*U(I,J) 
35 CONTINUE 
C 
C--SOLE FOR V; F-DI~CTION SUEEP ALONG THE RADIUS 
C 

CALL sRCEGN(~,CR,THETA,RE,ALPHA,DH) 
A(I)=l.DO 
B(l)=O.DO 
C(I)=O.DO 
D(l>=O.DO 
A(ITOT)=l. DO 
B (ITOT) =O. DO 
C(ITOT)=O.DO 
D (ITOT) =O. DO 

DO 90 J=2,NN 
DO 70 1=2,n 

CALL COCN2(I, J) 
B (1) =COV( 1) 
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70 D(I)=AN*v(I, J+~)+AS*V(I, J-l)+SB+DR+(P(I JI-P(1, J+l))+Y 
CALL TDMA(l,ITOT,A,B,C,D,T) 
DO 80 I=2,!4 

IF (DABS(T(I)) .LT.Bmon) GO TO 80 
IF (DABS((V(1, J)-T(I))/T(I)) .GT. CRW) IYES=O 

80 V(1, J) = RHO*T(I) + CRHO*V(I, JI 
90 CONTINUE 
C 

IF (IYES .EQ. O) GOTO 95 
MORE=O 

95 IYES=l 
IF (UORE .EQ. 1 .AND. NI .LE. I W )  Cm0 10 

C 
C--CALCULATE THE MASS SOUACE B 
C 

IYES=l 
AS=-100000.DO 
DO 240 I=S,M 

XE=R(I)+DEW 
XW=R(I) -Dm 
DO 230 J=2,N 

Y=DF*(XW*U(I-1, JI-XE*U(I, J I )  + DR*(V(I, J-I)-v(I, JI 
IF (1. EQ. U .AND. J .EQ. N) COTO 225 
IF (DABS(Y) .GT. CRM) IYES=O 
IF (DABSCY) . LT. AS) GOTO 225 
AS=DABS (Y) 
ISI=I 
ISJ=J 

225 CONTINUE 
230 MS(1, J)=Y 
240 CONTINUE 
C 

L 
C--CORRECI' U AND V IF THE MASS SOURCE ARE NOT SHAW. ENOUCH 
C 

IF (IYES .NE. O )  COTO 400 
C U  PRESS(APAP,DUP,DVP,U.V) 

C 
C--CORRECT THE VELûCITY FIELD 
C 

DO 320 I=2,HM 
DO 320 J=2,N 

320 U(1, J)=V(I,J)+DVP(I ,J)*(APAP(I, JI-APAP(I+l, JI) 
DO 350 I=2.U 
DO 350 J=2,NN 

350 V ( I  ,J)=V(1,J)+DVP(I, J)*(APAP(I, JI-APAPCI,.J+l)) 
400 CONTINUE 

FlETuRN 
END ............................................................... 

C* "TDMA" SOLVES LINEAR ALCEBRA EQJS (TRIDIACONAL-MATRIX ALCORITHM) * c---------------------------------------------------------------- ------------------------------------------------------------- 
SUBROUTINE TDMA(H,N,A,B,C,D,T) 
REAL*8 ~(50) ,B(50) ,C(SO) ,D(50) ,T(SO) ,P(SO) ,Q<50> 

C 
P (Ml =B(M)/A (PO 
Q (MI =D(M)/A (n) 
J=M+1 
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IF (NI .LE. 5) COTO 145 
CRU=CRU*3.ODO 

CONTINUE 
C U  SR~CN(3,GR,THETA,RE.UPHA9DH) 

A(l)=l.DO 
B(l)=O.DO 
C(l)=O.DO 
D(l)=O.DO 
A(ITOT)=l .DO 
B (ITOT) =O. DO 
C (ITOT) =O. DO 
D(ITOT)=O.DO 
Dl = 2.DO*DR*DF 

DO 160 J=2,N 
DO 150 I=2,M 

CALL COCN3<I, JDRE) 
B(I)=COU(l) 
C(1) =COU(2) 
AN =COU(3) 
AS =COU(4) 
SB =SRC3(I,J) 
A(I)=(S(I)+C(I)+M+AS)/URRJ 
Y=Dl*R(I) 
BPU=Y*FRE+( 1.ODO-üRFU) *A (1) *U(I, J) 
APAP(1, J)=Y/A(I) 

D(I)=AN*U(I, J+1) +AS*U(I, J-l)+BPW+SB 
CALL TDMA(l,ITOT,A*B,C,DJ) 
DO 155 I=2,M 

IF (DABS((U(1,J)-T(I))/T(I)) .CT. CRU) IYES=O 
U(1, J)=T(f) 

CONTINUE 
IF (IYE .a. O) COTO 190 

MORE=O 
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C 
C--CORRECI'ION OF U AND FRE BY USING HASS CONSERVATION 

Y=O. 5DO 
IF(DABS(CFRE/FRE) .CT. 0.100) Y=O.OIDO 
FRE=FRE+CFRE*Y 
DO 200 1=2,n 
DO 200 J=2,N 
W(1, J)=W(I,J)+APAP(I, J)*CFRE*Y 
((MORE ,m. 1) .AND. (NI .LT. IV)) COTO 140 

URITE (24,300 j NI; CRU, MORE, CFRE , FRE*DH*DH 
300 FORMAT(T2,'NI(w)= ',I3,', CRU =',E10.3,', more=',Il, 

* ' CfRe=',E8.2, ', fRe(Dh)=',Fil.G) 
REiZTRN 
END 

~ - - - - = - - - - - - - - - - - - - - - - - - - - - - - = = ~ = . = ~ ~ I - ~ ~ - ~ ~ = ~ ~ ~ = = P & ~ = =  
C* "FINTEG" PERFORnS SIMPLE AREA INTEGRATION: I I = ~ T I O N  OF XI*AI * c---------------------------------------------------- 

DOUBLE PRECISION FüNCfION FINTEC(ITOT,fTOT,X,R,DR,DF) 
INTEGER ITOT,JTOT. I,J#M,N 
REAL*8 X (30,48) , R(3O) ,DR ,DF 

C 
M=ITM-1 
N=JTOT-1 
FINTEG=O . ODO 
DO 10 I=2,M 
DO 10 J=2,N 

10 FINTEC=FImEG+X(I,J)*R(I) 
FINTEG=DR*DF*FINTEG 
RETURN 
END c--------=~==~=======---i====~=~========s============~=======--===== 

C* "ENERGY" SOLVES THE ENERCY EQUATION FOR TH BY "TDEU" CF-SUEEP) * 
SUE 
REA 
REA 
REA 
REA 
COM 
COM 
COM 

IYES=l 
MORE=l 
ITH=20 
NI=O 
NI=NI+l 

IF (NI .LE. 5) COTO 16 
CRTH=CRTH*3. ODO 

CONTINUE 
A(l)=l.DO 
B(l)=O.DO 
C(l)=O.DO 
D(l)=O.DO 
A(ITOT)=1 .DO 
B(ITOT)=O.DO 
C(ITOT)=O.DO 
D ( ITOT) =O. DO 
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XR=R(I) +DR*. SDO 
FF=XFl*DF*U (1,J) 
DD=XR*DF/DR/PR 
IF (1 . EQ. ITOT-1) DD=2.DO*DD 
co~(i,I,J) = DD*AP(FF,DD)+DMAXi(O.DO,-m) 

IF (1 .CT. 2) GOTO 25 
COH(2,1DJ) = O.DO 
COTO 30 

25 XR=R (1) -DR*. 5D0 
FF=X?t*DF*U(I-1, J) 
DD=xR*DF/DR/PR 
COH(2 ID J) = DD*AP(FF DDD)+DW1(O.DO FF) 

30 FF=DR*V(ID J) 
DD=DR/ (R( 1) *DF*PR) 
IF (J .EQ. JTOT-1) DD=2.DO*DD 
COH (3,I, J)  = DD*AP (FF , DD) +DMAX1(0. DO ,-FFI 

FF=DR*V(I, J-1) 
DD=DR/ (R( 11 *DF*PR) 
IF (J .EQ. 2) DD=2.DO*DD 
COH(Q,I,J) = DD*AP(FF,DD)+DMAxL(O.DO,FF) 

IzTlmN 
END c=---------------C==============--===============--==--==--------------================================= 

C* "DSAVE" STORES THE RESULTS TO DATABASE 



FAC = 3.141592654/180.0 
ALPA = ALPHA/FAC 
PHI1 = 2.0*PHI/FAC 
URITE(23,lOl) ALPA,THETA,PHI,ITOT, JTOT,RE 

DO 10 1=2,m 
URTTE(23,lOO) (U(1, JI, J=2, JTOT) 

URITE(23,410) N~,ITNIT,CR,PR,PHII,ALPA,RE 
DO 20 I=2.H 

URITE(23,lOO) (VU, JI, J=2,NN) 
URITE(23,420) NIT,I~ITsGR,PRDPHII,ALPAsRE 
DO 40 L=2,U 

URITE(23,200) (W(I,J),J=2,JTOT) 
WFlITE(23,425) FRE*DH*DH 
WRITE(23,430) NIT~ITNIT~CR~PRDPHII,ALPA,RE 
DO 50 I=2.M 

URITE(23 , 100) (TH(1 , J) J=2 , JTOT) 
FORMAT (T8,lOEiS .7) 
FORMAT(/,8XS3F15. l18217,4X,F6. 1/) 
FORMAT (T8,10E15. 7) 
FORMAT(T12, ' ---- U W C I T Y  Nïï=',I5,' ITNIT==',IS, 

* Gr=',D9.3,' Pr=',FS.l,' 2*PHI=',F6.1,' ALPHA=',F6.1, 
* ' Re=',~6:1) 
FORMAT (T12, ' ---- V VUOCITY NIT=',IS,' ITNIT==',IS, 

8 ' G F ~ , D ~ . ~ , '  Pr=',F5.1,' 2*PHI=',F6.1,' ALPHA=',F6.1, 
* ' Re=',F6.1) 
FORMAT (T12, ' ---- Y VEUICITY NIT='.IS,' ITNIT==',IS, 

* ' Cr=',D9.3,' Pr=',F5.1,' 2*PHI=',F6.lS1 ALPHA=',F6.1, 
* ' Re=',F6.1) 
FOFülAT (T12, F23.15 ,' <=== FRE (Dh) ' ) 
FORHAT (T 12, ' ---- TH= (T-TC) / (Q/K) NIT= ' ,I5. ' ITNIT==' .I5, * ' Gr=',D9.3,' Pr=',FS.l,' 2*PHI=',F6.1,' ALPHA=',F6.1, 

* ' Re=',F6.1) 
RETURN 
END c=========================================== 

C* "NUSSLT" CALCULATES NUSSELT WHBER NURO(H1) AND NU(DH, Hl) 8 

SUBROUTINE NUSSLT(IT[~T,JTOT,M,N,Y,TH,AP~~,~~D~~DF~~~~) 
REAL*8 U (ITOT , JTOT) ,TH (ITOT , JTOT) , R( ITOT) , APAP (ITOT , JTOT) , 

* D R , D F , F I N T E C , N U R O , N U D H , P I / ~ . ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ D O / , P H I  
DO 500 I=2,M 
DO 500 J=2,N 

500 APAP(1, J)=W(I,J)*TH(I, J) 
NURO=-PHI/2. DO/ (1. DO+PHI) /FINTEC (ITOT , JTOT 9 APAP R, DR, DF) 
NUDH=~.DO*PHI/(~.DO+PHI)*NURO 
WRITE(24,lO) NURO, NUDH 
WRITE (23,lO) NURO , NUDH 

10 FORMAT(' NU(RO,HI) = ',~20.15.' NU(D~,HI) = ',~20.15) 
WRITE(25,20) NllRO, NUDH 

20 FORMAT(' Nu(R0,Hl) = ',F20.15,' Nu(Dh,HI) = ',F20.15) 
RETURN 
END 
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SHRl=O. DO 
DO 550 J=2, N 
RR~(J)=~.DO*DH*V(M,J)*~.DO/DR 
SHRl=SHRl+DF*RE€l(J) 
CONTINUE 
SHR2=O. DO 
DO 560 1=2,U 
RR~(I)=~.D~*DH*U(I,~)*~.DO/DF/R(I) 
SHR2=SHR2+DR*RR2(1) 
CONTINUE 
SHR3=O. DO 
DO 600 I=2,H 
RR~(I)=~.DO*DH*V(I ,N)*Z.DO/DF/R(I) 
SHR3=SHR3+DR*RR3 (1 1 
CONTINUE 
DO 650 I=2,U 
DO 650 J=2,N 
APAP(1, J)=U(I, J)*TH(I, J) 
DO 655 J=l,J'ïOT 
W~(J)=PHI*DH*TH(M,J)*~.DO/DR/ 

FINTEG(IT~,JTOT,APAP,R~DR,DF) 
DO 656 I=2, ITOT 
FU~(I)=PHI*DH*TH(I,~)*~.M)/(DF*R(I))/ 

FI~G(ITOT,JTOT,APAP,R.DR,DF) 
DO 657 1=2, ITOT-1 
NU~(I)=PHI*DH*TH(I,N)*~.DO/(DF*R(I) ) /  

* FINTLG(ITOT.JTOT,APAP,R~DR,DF) 
AVNUl=O. DO 
DO 670 J=2,N 
AVNUl=AVNUl+DF*NUl(J) 
AVNU2=O. DO 
AVNU3=O. DO 
DO 671 I=2,M 
AVNU2=AVNü2+DR*NU2 (1 ) 
AVNU3=AVNU3+DR*NU3 (1 
CONTINUE 

WRITE(25,330) (AVNU~+AVMT~+AVNU~;/(~.DO+~.DO*PHI) 
FORMAT( ' AVERAGE NU FROU LOCAL VALUES NU(Dh,H2) - 1 - 

* , F20.15) 

FF(JTOT)=2.DO*PHI 
FF(1) = O.DO 
DF=(2.DO*PHI)/(JTOT-2-D0) 
FF (2) =DF* . SDO 
FF(JT0T-l)=FF(JTOT)-DF* -5DO 
DO 6 J=3, JTOT-2 
FF(J)=FF(2)+DF*(J-2.DO) 

FAC = 3.141592654/ 180.0 
ALPA = ALPHA/FAC 
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WRITE(~S, 420) NIT,  NIT ,GR, PR, PHII ,ALPA, RE 
DO 40 I=2, ITOT 

40 üRITE(25,200) (1. DO+R(I) +(2 .DO*PHI) , 

NLC1 = JBEG 
IF (IJOB .EQ. 2 )  GO TO 80 
RN = N 

RESTORE THE MTRIX 
FIND RECIPROCAL OF THE LARCEST ABSOLUTE VALüE IN ROW 1 

1 = 1  
NC = JBEC + NUC 
hW = NC 
JEND = NC 
IF (N .EQ. 1  .OR. NLC .EQ. O) CO TO 25 
K = l  
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P=zERO 
DO 10 J = JBEG, JEND 

A(I,K) = A(1.J) 
Q = DABS(A(1,K)) 
IF (Q .CT. P) P = Q 
K = K + 1  

CONTINUE 
IF (P .EQ. ZERO) CO TO 135 
XL(1,NLCl) = ONE/P 
IF (K .CT. NC) GO TO 20 
DO 15 J = K, NC 

A(I,J) = ZERO 
CONTINUE 
I = I + l  
JBEG = JBEC - 1 
IF (JEMI-JBEC .W. N) JEND = JEND - 1 
IF (1 .LE. NLC) GO TO 5 
JBEG = 1 
NN = JEND 
JEND = N - NUC 
DO 40 1 = JBEC, N 

P = Z E R O  
DO 30 J = 1, NN 

Q = DABS(A(1,J)) 
IF (Q .GT. P) P = Q 

CONTINUE 
IF (P .EQ. ZERO) CO TO 135 
XL(1,NLCl) = ONWP 
IF(1 .W. JEND) CO TO 37 
I F ( I  .LT. JEND) CO TO 40 
K = N ? J + l  
DO 35 J = K, NC 

A(X,J) = ZERO 
CONTINUE 
NN = NN - 1 

CONTINUE 
L = NLC 

L - U DECOHPOSITION 
DO 75 K = 1, N 

P = DABS(A(K,I))*XL(K,NLCl) 
I = K  
IF (L .LT. N) L = L + 1 
K l = K + 1  
IF (KI .CT. L) GO TO 50 
DO 45 J = KI, L 

Q = DA.BS(A(J, 1>)*XL(J ,NLCl) 
IF (Q .LE. P) GO TO 45 
P = Q  
I = J  

CONTINUE 
XL(I,NLC~) = XL(K,NLCI) 
XL(K,NLCI) = 1 

DSINCULARITY FOUND 
Q = R N + P  
IF (Q .Eu. RN) CO TO 135 

INTERCHANGE ROUS 1 AND K 
IF (K .EQ. 1) CO TO 60 
DO 55 J = 1, NC 

P = A(K,J) 
A(K,J) = A(1,J) 
A(1,J) = P 
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CONTINUE 
IF (Ki .Cf. L) CO TO 75 
DO 70 1 = Ki. L - - 

P = A(I,~)/A(K,~) 
I K = I - K  
XL(K1 ,IK) = P 
DO 65 J = 2 ,  NC 

A(I, J-1) = A ( 1 ,  JI-P*A(K,J) 
CONTINUE 
A(1,NC) = ZERO 

CONTINUE 
CONTINUE 
IF (IJOB .EQ. 1) CO TO 9005 

MRVARD SUBSTITUT ION 
L = NLC 
DO 105 K = 1, N 

- - 
DO 85 J = 1, n 

P = B(K,J) 
B(K,J) = B(I,J) 
B(1,J) = P 

CONTINUE 
IF (L .LT. N) L = L + 1 
K 1 = K + 1  
IF (KI .a. LI CO TO 105 
DO 100 1 = KI, L 

I K = I - K  
P = XL(KI,IK) 
DO 95 J = 1, M 

%(I,J) = B(1.J) - P*B(K,J) 
95 CONTINUE 
100 CONTINUE 
105 CONTINUE 

C BACK SUBSTITUTION 
JBEG = NUC + NLC 
DO 125 J = 1, M 

L = i  
K 1 = N + 1  
DO 120 1 = 1, N 

K = K l - 1  
P = B(K,J) 
IF (L .EQ. 1) GO TO 115 
DO 110 KK = 2, L 

I K = K K + K  
P = P - A(K,KK)*B(IK-1,J) 

110 CONTINUE - - -  

115 B(K,J) = P/A(K.l) 
IF (L .LE. JBEC) L =  L +  1 

120 CONTINUE 
125 CONTINUE 

GO TO 9005 
135 IER = 129 

9000 CONTINUE 
WRITE(24,*) ? ERROR IER = 129 ' 
STOP 

9005 RETURN 
END c--------------------------------------------------------------------- --------------------------------------------------------------- 
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A.2 Numerical Code for H2 Condition 

v-- - 

C N'EU = 1  START UITHOVT OLD PROFILE 
C NEW = O  UITH OLD PROFILE 
C NEUGR = 1 START UITH NEü GR 
C NEVCR = O YITH OLD GR 

REAL*8 P1/3.1415926541)0/, GROLD , P W 7 .  DO/, CR/O. DO/, -DO/, 
& A L P H A / ~ o . D O / , F R E , C F R E , P ( ~ O , ~ ~ ~ , A P A P ( ~ O , ~ / ~ ~ ~ ~ ~ ~ /  

REAL*8 DUP(30.48) ,DVP(30,48) ,FALSU(30,48) .FALSV(30,48) ,HS(30,48) 
REAL*8 FCRW/ 1. D-5/, FCW/ 1. D-5/, FCRTH/ 1. D-S/ , CRM/ 1. D-5/ 
REAL*8 ~~~,CRW,CRm,PHI/1.5707963213)0/ 
REAL*8 URRIV, URFW, URFTHDDB,UpV,U,TA,R,DR,DF,wA*w 
COMMON/PVAR/U(30 ,481 ,V(3O ,481 ,V(3O, 48) ,TH(3O p 48) s DR, DFs 

* R(30) ,TF(30,48) 
CO~ON/WESH/fTOT,JTOT,U,~,N,NN c - - - - - - - - - -  ----------------- ________q______-&_l-------------------------------------- 

OPEN(UNIT=I, FILE = *fort.lp,STAmS='OLD') 
READ(l,*) NEü 
READCI,*) NEüGR, CR 
READ(1,*) URFW, W, IJFWi'H 
READ(I,*) MIT 
READ(l,*) F~W,FCRU,FCRTH,CRn 
ITui = 30 
JTOT = 48 
FRE = 15. 
T H l X A  = THETA*PI/180.DO 
ALPHA = ALPHA*PI/180.DO 
M= ITOT- 1 
N= JTOT- 1 
MM=M- 1 
NN=N- 1 
IC = ITOT/2 
JC = JTOT/2 
WRITE(24.9) URFW, URFU, URFTH 

9 FORMAT(> URFuv= ',E10.3,' ü R F w =  ', 
* E10.3,' üRFth = *,E10.3/) 

CLOSE (UNIT= 11 
CALL CRID(THFTA,PHI,CR,PR,ALPHA) 
DO 10 I=l.ITOT 
DO 10 J=l.JTOT 

U(1, J)=O.DO 
V ( 1 ,  J)=O.DO 
W(I,J)=O.DO 

10 TH(I. J)=O.DO 
C 
C--INPUT U, VI W, AND TH FROM DATASETS AND PRINT OUT 
C - 

CALL DATAIN(NEV,INITO,ITNITO,ITOT,JTOT,H,MM,N,NN,U,V,W,TH, 
8i CR~LD,PR,FRE,~A,~A,DH,PHI,RE) 
WRITE(24,999) FCRW, FCRY. FCRTH. CRn 

999 FORMAT(/' FCRuv= ',E10.3,' FCRw=',EI0.3, 
* ' FCRth = ',E10.3,' CRm = ',E10.3/) 
IF(NEWCR .EQ. O) CR = CROLD 
IF(NEWCR .EQ. 1) THEN 

INITO = O 
ITNITO = O 

END IF 
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DH = 2. DO*PHI/ ( 1. DO+PHI) 
URITE(24,*) ' * * * * * a  
VRITE (24,200) CR, PR 
WRITE(24,*) ' * * *  

C 
C--THIS IS THE MAIN LOOP 
........................... 

ITNIT = ITNITO + MIT *************************** 
NIT =INITO 

C 
20 CRW=FCRW 

CRW=FCRii 
CRTH=FCRlW 

NIT=NIT+I 
C 

CALL PSEUDO(DUP,DVP,FALSU,FAUV,GR,THETA,UPHA) 
CALL PRESS(P,DUP,DVP,FMSU,FMSV) 
C U  ~(DUP,DVP,APAP,HS,P,GR,~A,IYEs,CRW,CRM,URFW, 

* ALPHA) 
CALL UKN~(APAP,FRE,CFRE,CR~,URFV,PHI,DH,ALPHA,CR,RE,TAETA) 
CALL ENERGY(PR,CRTH,URFfH,PHI,mA) 

C 
IF ( ((CRW*O.SODO .CT. FCRW) .OR. (CRW*O.SODO .GT. FCW) 

* . OR. (IYES . EQ . O) . OR. (CRTH*O. SODO . CT . FCRTH) . OR. 
* (DABS (CFRE) .CT. 1. D-4) .MD. (NIT . LT. ITNIT)) CO TO 20 

C 
C--SAVE RESULT TO DATASmS AND CALCULATE NUSSELT NUMBER 
C 

CALL DSAVE(NIT, ITNIT, ITOT,JTOT,M,N.NN,U,V, ,  
* CR,PR, FRE,ALPM,THETA, DH, PHI, RE) 
CALL NUSSLT(ITOT,JTOT,M,N,U,TH,APAP,R,DR,DF.PHI,WA) 
CALL LOCSHR(NIT,ITNIT,ITOT,JTOT,M,N,W,TH,APAP,R,DR,DF, 

* AtPHA,PHI,DH,RE,FRE,PR,CR) 
C 
100 FORMAT(TS,L4,1X,4(D14.7,1X)) 
200 FORMAT(T2,'Cr No. = ',D8.2,2X,'Pr No. = >,F7.3) 

STOP 
END c---------------------------------------------------- _____--------------------------------------------------------- 

C* "GRID" GENERATES THE UNIFORn CRID COORDINATES (MLF NEAR BOUNDARY) 
C* IF "THETA" IS NOT = O & 180 DEC, SOLUTION IS FOR THE ENTIRE AREA * c - - - - - - - - = = = = = ~ = ~ = = = = = i _ ~ = = = = = = = ~ ~ ~ = = = = ~ = - 2 = , - ~ = = = = = ~ ~ ~ = = = =  

SUBROUTINE CRID(THETA,PHI,CR.PR,ALPHA) 
REAL*8 THFTA,FïOT,PI/3.1415926535898DO/,GR,PR,PHI,ALPHA 
REAL*8 U,V,WDTH,R,DR,DF,C0H,DR2,FORP,ROfP,FNSIN,FNCOS,~ 
COMMON/ENER/COH (4.30.48) , DR2, FORP, ROFP 
COMMON/PVAR/U(30,48) ,V(30,48) , V(30, 48) ,TH(30,48) , DR,DF, 

* R(30) , TF(30, 48) 
COmON/HESH/ITOT,JTOT,H,m,N,MT 
cOMMON/PERI/FNSIN (50) , MCOS (50) 

C 
R(ITOT)=l.ODO 
R(l)=O.DO 

FïOT=S.DO*PHI 
DR=R (ITOT) / (ITOT-2. DO) 
DF=FTOT/(JTOT-2.DO) 
R (2) =DR*. SDO 
R(IT0T-i)=R (XTOT) -DR+. 5DO 
J=ITOT-2 
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DO 10 1=3,J 
R(I)=R(Z)+DR* (1-2. DO) 

DR2 = DR*.5DO 
FORP = DF/DR/PR 
ROFP = DR/DF/PR 

DO 20 J = 2, N 
FNSIN( J) = DSIN( (J-1 . SDO) *DF-THETA) *DCOS(ALPHA) 
FNCOS( J) = DCOS( (J-1. ODO) *DF-THETA) *DCOS(ALPHA) 

CONTINUE 
CGRR = -0. 
FAC = 180./PI 
URITE(24,50) FTOT*FAC, ALPHA*FAC, PR, DR, DF 
DO 40 I=1, ITOT 
WRITE(24,60) I,R(I) 
FORMAT(//T15,rLaminar Wxed Convection Heat Transfer3,// 
L' for a Semicircular Duct vith 2*Phi =',F7.1// 
L ' inclined at the angle Alpha =',F7.1// 
T12,'Pr No. = ',F7.3,2X,'d.R = '. 

L F7.5,2XV'dF = y,F7.5//T10,'==== R -- COORDINATE ==' /) 
FORMAT(TlO,I3,2X,F15- 12) 
RETURN 
END 

IF(NEU .EQ. 1) THEN 
NIT = O 
ITNIT = O 
RETURN 

END IF 
FAC = 180.0/3.141592654 
READ(13,lOl) ALPAvTHETAvPHIvITOTvJTOT,RE 
READ(13,400) NIT,I~IT,GR,PR,PHI2,ALPA,RE 
DO 10 I=S,Mn 

READ(13,lOO) (U(I,J)vJ=2,JTOT) 
READ(13,410) NIT.I~IT,GR,PR,PHI2,ALPA,RE 
DO 20 I=2,M 

READ(13,lOO) (V(1,J) ,J=2,NN) 
READ(13,420) HIT,ITNIT,GR,PRVPHI2,~A,RE 
DO 40 I=2,U 

RE AD(^^, 200) WCI, JI . J=2, JTOT) 
READ(13,*) FRE 
READ(l3,430) NITVIRJIT,GR,PR,PHf2,ALPA,E 
DO 50 1=2 .U 

READ(13,lOO) (TH(I,J) , J=2, JTOT) 
DH = 2.DO*PHI/(l.DO+PHI) 
FRE = FRE/DH/DH 
FORMAT(/,8XV3F15. 1l,217,4XvF6. 1/) 
FORMAT (T8.10E15.7) 
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CALCULATE THE PSEUDOVELOCIN OF U 

CALL SRCEGN (1, GR, THETA, RE, ALPHA, DH) 
CALL SRCEGN (2 GR, TETA, RE ALPHA, DH) 
DO 10 1=2.m 

ASUM=AE+AU+AN+AS+Dl 
C CALL SOURCE(~.SB,I,J,GR,THETA) 

SB = SRCl(1, J) 
Y=AE*U(1+1, J)+AW*U(I-1. J)+AN*U(I, J+~)+AS*U(I, J-1) 
FALSU(I,J)=(Y+SB)/ASUM 

10 DUP (1, J) =D2/ASUM 
C--CALCULATE THE PSEUDOVELOCIN OF V 

DO 20 1=2,U 
D l  = DR*DF/R(I) 
DO 20 J=2,NN 

CALL, COGN2(1, J) 
AE=COV ( 1) 
AU=COV ( 2 )  
AN=COV(3) 
AS=COV(4) 
ASUM=AE+AU+AN+AS+Dl 
SB = SRC2(I, J) 
Y=AE*V(I+l, J)+AY*V(I-1, J)+AN*V(I, J+l)+AS*V(I, J-1) 
FALSV (1, J)= (Y+SB) /ASW 

20 DVP (1 , J) =DR/ASUM 
RETURN 
END c--------------------------------------------------------------- ..................................................................... 

C* "COEFCN" GENERATES COEFFICIENTS OF a J S  FOR U, V 8 W UOMENTUH EQ.S 
C* "INDEX" = 1, 2, 3, 4 FOR EASï, U, N, S RESPECTIVELY (E-RADIAL) * 
C* THE POUER LAW IS USED c-----=====-------------------=======~===~=========~================ 

SUBROUTINE COGNl(1.J) 
REAL*8 AP,XX,W,FF,DD,U,V,V,TH,R,DR,DF,COU,COV,COU,TF 
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FF=DF*R(I+~)*(U(I. J)+U(I+l. J) )* .5DO 
DD=2.DO*R(I+l)/DR*DF 
COU(1) = DD*W CFF, DD) + D M 1  (O. Dû, -FFI 

FF=DF*R(I)*(U(I, J)+U(I-1, J))*.SDO 
DD=2.W*R(I)/DR*DF 
cou(2) = DDW (FF,DD) +DWI (o. DO , FFI 

FF=DR*(V(I+l,J)+V(I,J))*.SDO 
DD=DR/(R(I)+OSDO*DR)/DF 
1FCJ.EQ.JTOT-1) DD=2.DO*DD 
COU(3) = DD*AP CFF, DD) + D W ~  (0. DO ,-FFI 

F'F=DR*(V(I, J-l)+V(r+l, J-1))*.5DO 
DD=DR/(R(I)+O.5DO*DR)/DF 

IF(J.EQ.2) DD=2.DO*DD 
COU(4) = DD*AP CFF, DD) + D M 1  (O. M), FFI 

FE'Mw 
END c----------------------~~=~=========~=~====~===~ 
SUBROUTINE COGNZ ( 1, J) 
REAU8 AP,XX,W,FF,DD,XR.U,V,U,TH,R,DR,DF,COU,COV,COW,TF 
COMHON/PVAR/U (30.48) , V (30.48) , W (30,481 ,TH (30.48) ,DR, DF. 

* R (30) ,TF (30,481 
COMMON/COEF/COU (4) , COV (4) , CON41 , SRCl(30.48) , SRC2 (30,481 , 

8 SRC3 (30,481 
COMHON/HESH/ITOT,JTOT,M,~,N,NN 
AP (XX, W) =DMAX~ (O. DO, (1. DO-0. ~DO*DABS (XX/W) **5) 

XR=R (1 ) +O. 5DO*DR 
FF=XR*DF* (U(1, J) +U(I. J+l) ) . SDO 
DD=XR*DF/DR 
IF(I.EQ.ITOT-1) DD=2.DO*DD 
COV(1) = DD*AP(FF,DD)+DP~AX~(O.DO,-FFI 

IF(I.GT.2) GOTO 25 
COV(2) = O. DO 
GOTO 26 

25 XR=R(I)-O.SDO*DR 
FF=XR*DF*(U(I-l,J)+U(I-l,J+I))*.SDO 
DD=XR*DF/DR 
cov(2) = DD*AP(FF,DD)+DHAX~(O. DO ,FFI 

26 FF=DR*(V(I,J)+V(I,J+l))*.SDO 
DD=2.DO*DR/R(I)/DF 
COV(3) = DD*AP (FF, DD)+DHAXl (O - DO, -FFI 

FF=DR*(V(I,J)+V(I,J-1))*.SDO 
DD=2. DO*DR/R (1) /DF 

cov(4) = DD*AP(FF,DD)+DMAX~(O.DO,FF) 
FlETuRN 
END 
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w (XX, W) = D M 1  (O. Dû, (1. Dû-O. lDO*DA.BS (XX/YY) **SI 

XR=R(I)+O. SDO*DR 
FF=XR*DF*U(I , J) 
DD=XR*DF/DR 
IF(I.Eq.ITM-1) DD=Z.DO*DD 
COV(1) = DD*AP CFF, DD) + D M 1  (O. DO, -FFI 
IF(I.CT.2) COTO 35 
COV(2) = O-DO 
COTO 36 

35 XR=R(I)-O.SDO*DR 
FF=XR*DF*U (1-1, J) 
DD=XR*DF/DR 
COU (2) = DD*AP (FF , DD) + D M  1 (0. DO, FF) 

36 FF=DR*V(I . J) 
DD=DR/R(I)/DF 
IF(J.EQ.JTOT-1) DD=2-DO*DD 
COW(3) = DD*AP (FF, DD) + D M 1  (O. DO, -FF) 

FF=DR*V(I, J-1) 
DD=DR/R(I) /DF 

IF(J.EQ.2) DD=2.DO*DD 
COV(4) = DD*AP (FF, DD) + D M 1  (O. DO, FFI 

RETURN 
END c - - - - - - - - - - - - - - - ~ i i ~ = = ~ ~ ~ ~ = = = - A ~ = ~ = = ~ = = = = = = = ~ ~ ~ = =  

C* "SRCEGN" COMPUTES THE SOURCE T E M  FOR U-AND-V MOMENTW EQUATION 
C - - - - = - - - - - - ~ = - - - - - - ~ = = ~ = - - - - - ~ ~ ~ ~ - ~ ~ - - - - - s ~ = c = = ~  

SUBROUTINE S R C E C N ( f N D W , G R , ~ A D R E D A f 9 H A D D H )  
REAL*8 SB,GR,THETA,RR,Sl,SZ,M,DR3,RF,DRS,~SIN,FNCOS 
REAL*8 UDVDV,THDRDDR,DFDCOUDCOVDCOW,UPHA,RE,DHDTF 
COMMON/PVAR/U(30,48) pV(30D48) gU(30,48) ,TH(3Oa48) nDR,DF, 

8 R(30) ,TF(30,48) 
c~MMON/COEF/COU(~) ,COV(4) ,COU(4) , SRC1(30,48), SRC2(30 ,481 , 

* SRC3 (30.48) 
COMMON/MESH/XTOT, JTOT, M, MM, N, NN 
COMMON/PERI/FNSIN (50) ,FNCOS (50) 

C 
DR3 = DR*J.DO 
RF = DR*DF 
DR5 = DR*.SDO 
GO TO (1000,2000,3000), INDEX 

1000 DO 10 1 = 2, M 
RR=R ( 1) +DR5 
XX=RF*RR*CR*.5DO 
DO 10 J = 2. N 
SB=-XX*FNSIN(J)*(~(I, J)+TH(I+i,J)) 
SB=SB+V(I+I, JI -VU, JI-V(I+I , J-L)+V(I, J-1) 
S~=(V(I+~,J)+V(I,J~-V(I+I,J-~)-V(I,J-~))*-~DO 
SB=SB-DR3/RR*Sl 
s~=(v(I+~,J)+V~I,J)+V(I+~,J-~)+V~I,J-~))*.~~DO 
SRCl(1,J) = SB+RF*S2*S2 

10 CONTINUE 
RETURN 
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C 
NROW=MM*NN 
NCOL=S*MM+l 
IDC= (l+NCOL) / 2  
DR5 = DR*.SDO 

C 
C--1NfTIIILIZATION OF A 

DO 10 I=l,NROU 
DO 10 J=l,NCOL 

10 A(1, J)=O.DO 
C 
C--CALCULATE COEFFICIENTS ALONG J=2 
C 

1=2 
J=2 
K= 1 
XE=R(I)+DRS 
A(K, IDC+~)=DF*XE*DUP(I, JI 
A (K , IDC+M~) =DR*DVP CI, JI 
A(K, IDC)=-(A(K, IDC+i)+A(K, IDC+HM)) 
Y=-DF*XE*FALSU(I , J)  -DR*FALSV(I , J) 
X (KI =-Y 
r=n 
K=MM 
XU=R(I) -DM 
A(K, IDC-11 =DF*XV*DUP(I-1, JI 
A(K,IDC+~)=DR*DW(I,J) 
A(K,IDC)=-(A(K,IDC-l)+A(K,IDC+Mn)) 
Y=DF*XW*FALSU(I-1,J)-DR*FALSV(I,J) 
X (K) =-Y 
DO 30 I=3,MM 

K=I -1 
XE=R ( 1) +DR5 
XU=R(I) -DR5 
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A (K. IDC+1) =DF*XE*DüP(I , J) 
A (K, IDC-I)=DF*XU*DUP(I-1, JI 
A (K. IDC+Ml) =DR*DVP (1, J) 
A(K, IDCI=-(A(K, 1DC+l)+A(K, IDC-I)+A(K, I D C )  1 
Y=DF* (XW*F=(I-1, J) -XE*FALSU (1, J) 1-DR*FALSV(I, JI 

30 X(K)=-Y 
C 
C--CALCULA?€ COEFFICIENTS ALONC J=3 AND J=JTM-2 
C 

DO 70 J=3,NN 
K=( J-2) *Ml+l 
1=2 
XE=R(I) +DR5 
A (K, IDC+l)=DF*XE*DUP(I, J) 
A (K. IDC+Ml) =DR*DVP(I, J) 
A(K, IDC-MH)=DR*DVP(I. J-1) 
A (K. IDCI=-(A(K, IDC+l)+A(K, IDC+F¶M)+A(K, IDC-HM) 
Y=-DF*XE*F&SU(I,J)+DR*(FALSV(I,J-I)-FUV(I,J)I 
X (K)=-Y 
I=H 
XY=R(I)-DR5 
K=(J-11*m 
A (K, IDC-l)=DF*XW*DüP(I-1, J) 
A(K, IDC+PM)=DR*DVP(I, J) 
A(K,  IDC-m)=DR*DVP(I, J-1) 
A (K. IDCI=- (A (K, IDC-1) +A(K, IDC+MM) +A (K. IDC-MM) 
Y=DF*XU*FALSU (1- 1, J) +DR* (FMSV (1, J- 1) -FALV (1, J) ) 
X (KI=-Y 
DO 60 I=3,HH 

K= (J-2) *Mn+I- 1 
XE=R ( 1) + D M  
XW=R(I) - D M  
A(K, IDC+l)=DF*XE*DUP(I, J) 
A(K, IDC-l)=DF*XU*DUP(I-1, J) 
A(K , IDC+MH) =DR*DVP (1 , J) 
A(K, IDC-MH) =DR*DVP(I, J- 1) 
A(K, IDCI=-(A(K, IDC+II+A(K, IDC-L)+A(K, IDC 
Y=DF* (XU*FALSU(I-i. JI -XE*FALSU(~, J) 

* +DR*(FAL~v(I,J-~)-FUSV(I,J)) 
60 X (K) =-Y 
70 CONTINUE 
C 
C--CALCULATE COEFFICIENTS ALONC J=JTOT-1 
C 

1=2 
J=N 
XE=R (1 1 +DR5 
K= (NN-1) *m+1 
A(K, IDC+~)=DF*XE*DUP(I, JI 
A(K, IDC-HH)=DR*DVP(I, J-1) 
A(K, IDC)=-(A(K, IDC+~)+A(K,IDC-~) 
Y=-DF*XE*FALSU(I , J) +DR*FALSV(I , J- 1) 
X(K)=-Y 
I=M 
XW=R(I)-DR5 
K=MM*NN 
A(K, 1DC-l)=DF*XW*DUP(I-1, J) 
A(K, IDC-MM)=DR*DVP(I, J-1) 
A(K,IDC>=-(A(K,IM=-I)+A(K,IDc-~)) 
Y=DF*XW*FALSU (1-1.3) +DR*FALSV(~, J-1) 
X (K) =-Y 
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DO 80 I=3,HM 
K=(NN-1) *KPi+I-1 
XE=R ( 1) +DR5 
XU=R(I)-DR5 
A(K , IDC+l) =DF*XE*DW(I, J) 
A (K , IDC-1) =DF*XW*DUNI-1 , J) 
A(K, IDC-M)=DR*DVP(I, J-1) 
A(K,IDC)=-(A(K, IDC+~)+A(K,IDC-l)+A(K,IDC)) 
Y=DF*(XW*FIILSU(I-1, JI-XE*FALSU(I, J) )+DR*FALSV(I, J-1) 

80 X(K)=-Y 
C 
C--SPECIFY A VALUE AT ONE POINT, C A U  "LEQTiB" & SUBSTITüTE BACK TO P 

K=MM*NN 
A(K,IDC)=l.DO 
A(K, IDC-t)=O.DO 
A(K,IDC-MM)=O.DO 
X (KI =O. DO 
CALL LEQT~B(A,NROW,~,~,NROW,X,~,NROV.O,~~I:ER) 
DO 95 1=2,M 
DO 95 J=2,N 

95 P(1, J)=X((J-2)*PM+I-1) 
RETURN 
END 

C-----==------------==------------------=__%-e__=I= 

C* mmw SOLVES THE n o m  EQUATIONS FOR VELOCITIES OF u AND v * 
c===~~~~~~~~-----C============-===-ZU=-o==========I======--C============-===-ZU=-o==========I======------~---------~~~----~~~~~~~==~~== 

SUBROüïINE ~ ( D U P , D V P , A P A P , ~ , P , G R , ~ A ~ I Y E S s C R W ~ ~ ~ ~ ~  
8 ALPHA) 
REAL*8 DUP(30,48) , DVP(30.481, APAP (30,481 ,P (30,48) (30,481 
REAL*8 CRsTHETADCRWsCRM,URFWpALPHA 
REAL*8 SB,M,AS,XE,XW,Y 
REAL*8 A(50) ,B(50) ,C(50) .D(50) ,TC501 ,D1,DE€5 
REAL*8 U,VDWDTHsR,DRDDFDCOUDCOVsCOWsTF 
COMMON/PVAR/U(SO ,481 ,V(30,48) ,w(30s 48) ,TH(3Os48) s DR, DFs 

R(30) ,TF(30,48) 
COMMON/COEF/COU (4) ,CoV(4), COW(41, SRCl(30 , 48) ,SRC2(30 ,481 

* SRC3(30,48) 
COHMON/HESH/ITOTDJTOTsUD~DNsNN 

C 
C--SOLE THE MOMENTü?¶ EQUATIONS FOR U 
C 

IW=20 
IYES=l 
MORE= 1 
NI=O 
DR5 = DR*.5DO 

10 NI=NI+l 
IF (NI .LE. 5 )  GûTO 12 

CRW=3.DO*CRW 
12 CONTINUE 

CALL SRCECN(l,GR.THETA.RE,ALPHA,DH) 
A(1)=1 .DO 
B(l)=O.DO 
C(l)=O.DO 
D(I)=O.DO 
A(M)=l.DO 
B(M)=O.DO 
C(M)=O.DO 
D(M)=O.DO 
Dl = S.DO*DR*DF 

DO 35 J=2 ,N 
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DO 20 1=2,m 
XE=R(I)+DRS 
CALL COCNl(1, JI  
E(I)=COU(l) 
C(I)=COU(2) 
AN =COU(3) 
AS =COU<4) 
SB = SRCl(1, J) 
A(I>=(B(I)+C(I)+~+AS+DI/XE)/URFW 
Y= (1. DO-VRNV) *Ac11 *U(I , J) 
DUP(1, J)=DF*XE/A(I) 

20 D(I)=AN*U(I,J+~)+AS*U(I,J-~)+SB+DF*XE*(P(I,J)-P(I+~,J))+Y 
CALL TDiU(l,U,A,B,C,D,T) 
DO 30 r=a,nn 
IF (D~S((U(I,J)-T(I))/T(I)) .Cl'. CRW) m = O  

30 U(I,J)= T(1) 
35 CONTINUE 
C 
C--SOLVE FOR V; F-DIRECTION SYEEP ALONG THE RADIUS 
C 

CALL SRCEGN(2,GR,THETA,REDALPKADDH) 
A(I)=l.DO 
B(l)=O.DO 
C(l)=O.DO 
D(l)=O.DO 
A(ITOT)=l.DO 
B(ITOT)=O.DO 
C(ITOT)=O. DO 
D(ITOT)=O.DO 

DO 90 J=2,NN 
DO 70 I=2,M 

CALL COCN2U ,JI 
B(I)=COV(l) 
C(I)=COV(2) 
AN =COV(3) 
AS =COV(4) 
SB = SRC2C1,J) 
A(I)=(B(I>+c(I)+M+As+DR*DF/R(I) )/URFW 
Y=(i. DO-VRNV)*A(I>*V(I , JI  
SB = SRC2(I, J) 
DVPCI, J)=DR/A(I) 

70 D(I)=AN*V(I ,J+I)+AS*V(I, J-~)+SB+DR+CP(I, J)-P(I , J+I) )+Y 
CALL TDMA(1, ITOT.A,B,C,D,T) 
DO 80 I=2,M 
IF (DABS((V(I,J)-T(I))/T(I)) .m. CRW) IYES=O 

80 V(1,J) = T(1) 
90 CONTINUE 
C 

IF (IYES .EQ. O) COTO 95 
MORE=O 

95 IYES=l 
IF (MORE .EQ. 1 .AND. NI .LE. IW) COTO 10 

C 
C--CALCULATE THE MASS SOURCE B 
C 

IYES=1 
AS=-1OOOOO.DO 
DO 240 I=S,M 

XE=R(I)+DR5 
XW=R(I)-DM 
DO 230 J=S,N 



Y=DF*(XU*U(I-1,J)-=CI, JI) + DR*(V(I,J-1)-V(I,J)) 
IF (1. EQ. M .AND. J .EQ. N) COTO 225 
IF <DABS(Y) .GT. C W )  IYES=O 
IF (DABS(Y) .LT. AS) COTO 225 
AS=DABS (Y) 
ISf =I 
ISJ= J 

225 CONTINUE 
230 MS(1, J)=Y 
240 CONTINUE 
C 

URITE(24,300) NI,CRW,UORE,AS,ISI,ISJ,IYES 
300 FOFü¶AT(T2,~NI(uv)=',I3,', CR~v=*,E10.3,~, more=',Il, 

* ', Uax Srce=',E10.3,' at 1=',12,' J=*,IS,*, IYES=',II) 
C 
C--CORRECT U AND V IF THE USS SOURCE ARE NOT SMAU ENOUCH 
C 

IF (IYES .NE. O) COTO 400 
CALI. PRESS (APAP , DUP , DVP , U , VI 

C 
C--CORRECT THE VELOCITY FIELD 
C 

DO 320 I=2,MM 
DO 320 J=2,N 

320 NI, J)=V(I, J)+DUP(I, J)*(APAP(I, J)-APAP(I+~, JI) 
DO 350 I=2,U 
DO 350 J=2,NN 

350 V(1, J)=V(I, J)+DVP(I, J)*(APAP(I, JI-APAP(1, J+l)) 
400 CONTINUE 

RFNRN 
END ---------------------------------------------------------------- 

C* "TDMA" SOLVES LINEAR ALCEBRA EQ'S (TRIDIACONAL-MATRIX ALCORITHH) * 
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COMMON/MESH/ITOT,JTOT~M~MPIeN~HN 
C 

IU=20 
NI=O 
IYES=l 
MORE=l 

140 NI=NI+1 
IF (NI .LE. 5) COTO 145 

CFlW=CEIU*3. ODO 
145 CONTINUE 

C U  SRCEGN (3, CR, ïHEïA, RE , ALPHA, DH) 
A(l)=l.DO 
B(l)=O.DO 
C(l)=O.DO 
D(l)=O.DO 
A(ITOT)=l .DO 
B ( ITOT) =O. DO 
C ( ITOT) =O. DO 
D ( ITOT) =O. DO 
Dl = 2.DO*DR*DF 

DO 160 J=2.N 
DO 150 1=2,n 

CALL COCN3(I,J,RE) 
BCI) =COUCI) 

BPW=Y*FRE+(l. ODO-URFUI *AC11 *U(I, J) 
APAP(Is J)=Y/A(I) 

150 D(I)=AN*W(I, J+1) +AS*% J-l)+BPW+SB 
CALL TDHA(l,ITOT,A,B,CsDeT) 
DO 155 I=2,U 

IF (DABS((W(1,J)-T(I))/T(I)) .GT. CRU) IYES=O 
155 W(I, J)=T(I) 
160 CONTINUE 

IF (IYES .EQ. O) COTO 190 
MORE=O 

190 IYES= 1 
C 
C--CORRECTION OF U AND FRE BY USINC MASS CONSERVATION 
C 

AE=PHI-FINTEC(ITOT,JTOTeWsR,DR,DF) 
CFRE=AE/FINTEC(ITOTsJTOTsAPAP~R,DR,DF) 
Y=0.5DO 
IF(DABS(CFRE/FRE) . CT. 0. 1DO) Y=O -01DO 
FRE=FRE+CFRE*Y 
DO 200 1=2,n 
DO 200 J=2,N 

200 W(I,J)=W(I,J)+AP@(I,J)*CFRE*Y 
IF ((MORE . EQ. 1) .AND. (NI .LT. IW) COTO 140 
WRITE(24,300) NI,CRW,UORE,CFRE,FRE*DH*DH 

300 FORMAT(T2,'NI(u)= 3,13,3, CRU =',E10.3,', more=',Il, 
* ' ,  CfRe=J,Eû.2,>, fRe(Dh)=s,F11.6) 
REnmN 
END 

C - - - - - - - - - - - - - - - - - - - - = = = - ~ = = = = = = = = ~ = = = =  
C* "FINTEC" PERFOFlMS SIMPLE ARW INTECRATION: II=Süi¶HATION OF XI*AI * c================----------------------__===================---===-===- 
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DOWLE PRECISION FUNCTION FI~G(ITOT,~OT,X,R,DR,DF) 
INTEGER ITOTDJTOTD I,J,HnN 

n 
REAL*8 XC30,48) ,R(30) ,DR.DF 

IYES= 1 
MORE= 1 
ITH=20 
NI=O 
NI=NI+1 

IF (NI .LE. 5 )  COTO 16 
CRïH=CRTH*3.ODO 

CONTINUE 
DO 78 1 = 2,U 
TF(1, ~)=TH(I,~)+DF*R(I)/~.D~/(~.DO*PHI+~.DO) 

Dl = DR*DF/PR/PHI 
DO 35 J=2,N 

A(ITOT)=I .DO 
B ( ITOT) =O. DO 
C(IT0T) =1 .DO 
D(ITOT)=DR/2.D0/(2.DO*PHI+2.D0) 
DO 20 1=2,n 

C U  CMHGN(I,J,PR) 
B(I)=COH(l.I. J) 
C(I)=COH(L,I, J) 
AN =COH(3,1D J) 
AS =COH(4,1DJ) 
A(I)=(B(I)+c(I)+~+As)/~ 
Y=(l .DO-URFTH)*A(I) 
BP~=Y*TH(I,J)-DI*R(I)*W(I,J) 

D(I)=AN*TH(I.J+l)+AS*TH(I,J-l)+BPTH 
C A U  TDMA(2,ITOT,ADB,C,D,T) 

DO 21 1=2,1TtK 
TF(I, J) = T(1) 
CONTINUE 

DO 79 1=2,n 
TF(I,JTOT)=~(I,JTOT-~)+DF*R(I)/~.DO/(~.DO*PHI+~.DO~ 
SwMi=O. DO 
DO 550 J=2.N 
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SUM2=0. DO 
SUN3=O. DO 
DO 560 1=2,n 
SüM2=SUMS+DR*TF (1,l) 
SUM3=SUW3+DR*TF(I,JTOT) 

560 CONTINUE 
TVA=(SUMl+SUM2+SüM3)/(2.D0+2.DO*PHI) 

DO 61 1=2, ITM 
DO 61 J=l.JTM 

IFCI .EQ. ITOT .AND. J .m. 1) COTO 61 
IF(I .EQ. ITM .AND. J .EQ. JTûT) CûTO 61 

TF(1, J)=TF(I, J)-TUA 
61 CONTINUE 

DO 30 J=l,JTOT 
DO 30 1=2, ITM 

IF(1 .EQ. ITOT .AND. J .a. 1) COTO 30 
IF(1 .EQ. ITOT .AND. 3 .a. JTOT) GMO 30 
IF (DABS((TH(I,J)-TF(I,J))/TF(I,J)) .GT. CRTH) IYES=O 

30 TH(I J)=TF(I , J) 
IF (IYES .W. O) COTO 67 

HORE=O 
67 IYES=l 

IF (MORE .EQ. 1 .MD. NI .LE. ITH) COTO 15 
TH(ITOT, l)=TH(MD l)+(DR/2-DO)*(TH(ITOTD2)-m(HDl))/ * (DR/2.Dû+DF/2.DO) 
TH(ITOT, JTOT)=TH(H,JTOT)+(DR/2.Dû)*(TH(I:TOT~N)- 

* TH (H , JTOT) / (DR/2. DO+DF/2. DO) 

XR=R(I)+DR*.5DO 
FF=XR*DF*U ( 1, J ) 
DD=XR*DF/DR/PR 
IF (1 .EQ. ITOT-1) DD=2.DO*DD 
COH(l,I,J) = DD*AP(FF,DD)+DPUX~(O.DO,-FF) 

IF (1 .Gr. 2) COTO 25 
COH(2,X,J) = O.DO 
GOTO 30 

25 XR=R (1) -DR*. 5DO 
FF=XR*DF*U(I-1, JI 
DD=XR*DF/DR/PR 
COH(2,1, J) = DD*AP(FF,DD)+DMAXl(O. DO,FF) 

30 FF=DR*V (1, J) 
DD=DR/ (R(1) *DF*PR) 
IF (J .EQ. JTOT-1) DD=2.DO*DD 
COH(3,I,J) = DD*AP(FFDDD)+DMAX1(0.Do,-FF) 

FF=DR*V(I, J-1) 
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SUBROüTINE DSAVE(NIT,ITNIT,ITOT,JTOT.M,HH,N,~,U,V,Y,TH,CR,PR.FRE, 
* ALPHA,T~A,DH,PHI,RE) 
REAL*8 U(ïTOT, JTOT) , V(IT0T. JTOT) ,Y (ITOT, JTOT) , TH(IïOT, JTOT) , 

* FnE,CR,PR,ALPHADTHETA,DH,PHI,ALPA,P~IDFACDRE 

FAC = 3.141592654/180.0 
ALPA = ALPHUFAC 
PHI1 = 2.0*PHI/FAC 
URITE (23.10 1) ALPA , THETA, PHI, ITOT , JTOT , RE 

UR1T~(23,400) NIT,ITNIT,CR,PR,PHII,ALPA,RE 
DO 10 1=2,m 

VRITE(23.100) (U(I,J),J=2,JTOT) 
URITE(23,410) NIT,ITNIT,CR,PR,PHII,ALPA,RE 
DO 20 I=2,M 

üRITE(23,lOO) (V(1, J) ,3=2,NN) 
URITE(23,420) NIT,ITNIT,CR,PR,PHII,AfSA,RE 
DO 40 I=2,M 

üRITE(23,200) (V(I,J),J=2,JTOT) 
URITE(23.425) FRE*DH*DH 
UR1~~(23;430) NIT,ITNITDCRDPRsPHIIDAiSA,RE 
DO 50 I=2.M 

üRITE (23,100) (TH (1, JI , J=2, JTOT) 
FORMAT (T8,lOElS. 7 )  
FORMAT(/,8XD3F15. 11,217,4X,F6.1/) 
FORMAT (T8, lOElS. 7) 
FORMAT (T 12, ' ---- U VELOCITY NIT=',ISDJ ITNIT==',IS, 

* Cr=',D9.3,' Pr=',F5.1,' 2*PHI=',F6.1,' ALPHA=',F6.1, 
* ' Re=',F6.1) 
FORHAT(T12, ' ---- V VELOCITY NIT=',IS,' ITNIT==',IS, 

* Cr=',D9.3,' PF~,FS.~,' 2*PHI=',F6.1,' AtPHA=',F6.1, 
' Re=',F6.1) 

FOFMAT(T12, ' ---- V VELOCITY NIT=',IS,' ITNIT==',IS, 
' Gr=',D9.3,' Pr=',F5.lS1 2*PHï='.F6.1,' ALPHA=',F6.1, 

* ' Re=',F6.1) 
FORMAT(T12,F23.15,' <=== FRE(Dh)') 
FORMAT(T12, ' ---- TH=(T-TC)/(Q/K) NIT=',15,' IRIIT==',f5, 

' G F ~ , D ~ . ~ , ~  Pr=',F5.1,' 2*PHI=',F6.1,' ALPHA=',FG.I, 
* Re=',FG.l) 
RETURN 
END 
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SHRl=O. DO 
DO 550 J=2,N 
RRi(J)=2.DO*DH*U(M,J)*2.DO/DR 
SHRl=SHRl+DF*RRl (JI 
CONTINUE 
SHR2=O. DO 
DO 560 I=2,M 
RR~(I)=~.Do*DH*u(I,~)*~.DO/DF/R(I) 
SHR2=SHR2+DR*RR2(1) 
CONTINUE 
SHR3=O. DO 
DO 600 I=S,M 
RR~(I)=~.DO*DH*W(I,N)*~.DO/DF/R(I) 
SHR3=SHR3+DR*RR3 (1 
CONTINUE 
FF(JTOT)=2.DO*PHI 

FF(1) = O.DO 
DF=(2.DO*PHI)/(JTOT-2.D0) 
FF (2) =DF* -5DO 
FF (JTOT- l)=FF( JTOT) -DF* . SDO 
DO 6 J=3,JïOT-2 
FF(J)=FF(2)+DF*(J-S.D0) 

FAC = 3.141592654/180.0 
ALPA = ALPHA/FAC 
PHI1 = 2.0*PHI/FAC 
üRITE(25,400) NIT,ITNIT,CR,PR,PHII,ALPA,RE 

DO 10 J=l,JTOT 
üRITE(25,2OO) FF( J) . RR1 (JI 
üRITE(25.410) NIT.ITNIT.GR.PR.PHII.ALPA,RE - - -  

DO 20 1=2, ITOT~L - 
20 URITE(25,2OO) (1. DO-R(ITOT+l-1)+(2.DO*PHI)), 

* RR3 ( ITOT+ 1 - 1 ) 
WRITE(25,420) NIT,ITNIT,GR,PR,PHII,ALPA,RE 

DO 40 1=2,ITOT 
40 üRITE(25,200) (I.DO+R(I)+(~.DO*PHI)) ,W(I) 

IJRITE(25,425) FFIE*DH*DH 
WRITE(25,430) NIT,ITNIT,CR,PR.PHII,ALPA,RE 

DO 50 J= 1, JTOT 
50 üRITE(25,lOO) FF(J) ,TH(ITOT, J I ,  (THCITOT, JI-TH(l,l)), 

* (TH(ITOT,J ) -FINTEG(ITOT,~ ,APAP,R~DR,DF) /PHI)  
WRITE(25,430) NIT,ITNIT,GR,PR,PHII,UPA,RE 

DO 60 I=2, ITOT-1 
60 URITE(25,lOO) (1. DO-R(ITOT+l-1) +(2.DO*PHI) 1, 
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*TH(ITOT+l-I,JTOT), (TH(ITOT+l-1,JTOT)-TH(1,l)). 
*(TH(ITOT+~-I,ROT)-FINTEC(ITOT~~~OT~APAP,R~DR~DF~/PHI~ 
URITE(25,430) N~sITNIT,GR,PR,PHIIsALPAsRE 

DO 70 I=2, ITOT 
URITE(25,lOO) (l.DO+R(1)+(2.DO*PHI)) ,TH(IS 11, (TH(I , 1)- 

* TH(l,l)) , (ni(I,l>-FImc(ITOT#nOT#APAP,R,DR#DF~/PHI~ 
FOFlMAT(T4,E15.7,3X,E15.7,3X,E15.7,3X,E15.7) 
FORMAT(T4,El5.7,4XsE15.7) 
FORMAT('LOCU SHR(CURYED WALL) NIT=',I5,' IWIT-',I5, 

* > CF',D~.~,~ Pr=*,F3.1,' 2*PHI=',F5.1,' ALPHA=',FG.l, 
* 2X, 'Re=',F4) 
FORMAT('L0CAL SHR(BOTT0M V A U )  NIT=',IS,' Il?JIT==',I5, 

* ' Cr=',D9.3,' Pr=',F3.1,' 2*PHI=',F5.lS' ALPHA=',F6.1, 
* 2X, 'Re=',F4) 
FORHAT('LOCAL SAR(TOP V U )  NIT=',15,' ITNIT=',15, 

* Cr=',D9.3,' Pr=',F3.1,' 2*P81=',F5.lS' ALPHA=',F6.1, 
* ut, 'Re=',F4) 
FORMAT (T 12, F23.15, ' <=== FRE (Dh) ' ) 
FORPiAT('TH=(T-TC)/(q/K) NIT='s15~' ITNIT=='sIS, 

* ' Cr=',D9.3, ' Pr=' ,F3.1, ' 2*PHI=',F5.lS' ALPHA=',F6.1, 
* 2 X ,  'Re=>,F4) 

SUBROUTINE L E Q T ~ B ( A , N , N L C , N U C , I A , B , ~ , I B ~ ~ J O ~ ~ ~ ~ I ~ ~ ~  
REAL*8 A(IA,L), XL(N,l), B(IB,1) 
REAL*8 ZERO/O.DO/,ONE/l.DO/,P,Q,RN 
IER = O 
JBEC = NLC+1 
NLCl = JBEC 
IF (IJOB .EQ. 2) CO TO 80 
RN = N 

C RESTORE THE HATRIX 
C FIND RECIPROCAL OF THE LARCEST ABSOLUE VALUE IN ROU 1 

1 = 1  
NC = JBEC + NUC 
NN = NC 
JEND = NC 
IF (N .EQ. 1 .OR. NLC .EQ. O) GO TO 25 

5 K = l  
P = Z E R O  
DO 10 J = JBEC, JEND 

A(1,K) = A(I,J) 
Q = DABS(A(1,K)) 
IF (Q .GT. P) P = Q 
K = K + l  

10 CONTINUE 
IF (P .EQ. X R O )  GO TO 135 
XL(1,NLC.l) = ONE/P 
IF (K .CT. NC) GO TO 20 
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DO 15 J = K ,  NC 
A(1,J) = ZERO 

CONTINUE 
I = I + 1  
JBEG = JBEG - 1 
IF (JEND-J3EG .EQ. N) .END = JEMI - 1 
IF (1 .LE. NLC) GO TO 5 
JBEG = 1 
NN = JEND 
JEND = N - NUC 
DO 40 1 = JBEG, N 

P = ZERO 
DO 30 J = 1, NN 

Q = DABSCA(1,J)) 
IF (Q .m. Pl P = Q 

CONTINUE 
IF (P .EQ. ZERO) CO TO 135 
XL(1,NLCl) = ONE/P 
IF(1 .W. JEND) GO TO 37 
IF(1 .LT. JENû) GO TO 40 
K = N N + I  
DO 35 J = K, NC 

A(I,J) = ZERO 
CONTINUE 
N N = N N - 1  

CONTINUE 
L = NLC 

L - U DECOMPOSITION 
DO 75 K = 1, N 

P = DABS(A(K. l))*XL(K,NT..Cl) 
I = K  
IF (L .LT. NI L = t + 1 
K l = K + l  
IF (Ki .CT- L) CO TO 50 
DO 45 J = KI. L 

P = Q  
I = J  

CONTINUE 
xL(I .NLC1) = XL(K.NLC1) 
XL(K;NLCI) = I 

DSINCüLARITY FOUND 
Q = R N + P  
IF (Q .EQ. RN) CO TO 135 

INTERCHANCE ROUS 1 AND K 
IF (K .EQ. 1) GO TO 60 
DO 55 J = 1, NC 

P = A(K,J) 
A(K, J) = A(I,J) 
A(I,J) = P 

CONTINUE 
IF (KI .CT. L! CO TO 75 
DO 70 1 = KI, L 

P = A(I,l)/A(K,l) 
I K = I - K  
XL(K1,IK) = P 
DO 65 J = 2, NC 

A(I, J-1) = A(I,J)-P*A(K, JI 
CONTINUE 
A(1,NC) = ZERO 
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CONTINUE 
CONTINUE 
IF (IJOB .EQ. 1) GO TO 9005 

FORVARD SUBSTITUT ION 
L = mc 
DO 105 K = 1, N 

1 = XL(K,NLCl) 
IF (1 .EQ. KI GO TO 90 
DO 85 J = 1, n 

P = BCK,J) 
B(K, J) = B(1,J) 
B(I*J) = P 

CONTINUE 
IF (L .LT. N) L = L + 1 
K i = K + l  
IF (KI .GT. L) GO TO 105 
DO 100 1 = Ki* L 

I K = I - K  
P = XL(K1,IK) 
DO 95 J = 1, H 

B(1, J) = B(I, J) - P*B(K,J) 
CONTINUE 

CONTINUE 
CONTINUE 

BACK SUBSTITUTION 
JBEC = NUC + NLC 
DO 125 J = 1, n 

L = l  

P = B(K,J) 
IF (L .EQ. 1) CO TO 115 
DO 110 K .  = 2, L 

I K = K K + K  
P = P - A(K,KK)*B(IK-1,~) 

CONTINUE 
B(K,J) = P/A(K,1) 
IF (L .LE. JBEC) L = L + 1 

CONTINUE 
CO NT INUE 
GO TO 9005 
IER = 129 
CONTINUE 
WRITE(24,*) ' ERROR IER = 129 ' 
STOP 
RETURN 
END 



Appendix B 

Sample Calculation for the Error Analysis 

A sample calculation for the error analvsis, descnbing the method of estimating uncertainty in 

the experimental data, is presented in t his Appendix. The procedure outlined by [64, 651 was used 

in estimating these uncertainty bounds. 

riz = 0.025 f 0.05 [kg s-'1 

DI, = 0.0304 f 0.0006 [ml 

A ,  = 0.60 f 0.001 [m2] 

A,[ = 9.723 x I 2 x 10-"m2] 

AP, =5.26 IO.l [Pa] 
- 
T2.i = 42.50 f 0.2 PC] 

TZ.MA- = 37.08 I 0.2 YC] 

Tbu~k.~ = 39.41 * 0.2 [ O C ]  

Tbulk.i = 22.76 I 0.2 [ O C ]  

The abow data (presented in Appendix C) are for the experimental run HORIZONTAL ORI- 

ENTATION 6 - 1000 at station 18. We wish to estimate the uncertainty in the friction factor and 

t h e  local values of Re, Gr and N u z .  Al1 properties were calcdated at the mean buik temperature 

(Tbulksm = 31. 10°C) and the uncertainty in these values was ignoreci. 

p = 7.821 x 10-"Pa.s] k = 0.619 [W m-' K-'1 

c, = 4178.15 [J kg-' K-'1 p = 995.33 [kg rn-3] 

< = 3.138 x IO-" [K-'1 
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B.1 Uncertainty in Re 

The dimensioniess independent parameter Re was defined in equation(5.1) as fotiows: 

Follon-ing the procedure in [64, 651 Re is a giwn function of rn ,  Dh, and Afr . Thus, 

Re = Re(riz, Dh, Art) 

and the uncertainty in Re is defined as 

Now eïaluate the uncertainty in each term when the nominal d u e  of Re is 1129.5 

Re Dh 1129.5 = 45 180 ls kg- 1 
d m  p Afr 0.025 

d Re -- m 1129.5 
- - = - = 37154.6 [m-'1 dDh A 0.0304 

a Re -- rii Dh ---=- 1129.5 
BA f i  p A;l 9.723 x IO-" 

= -1.16 x 106 [m-*] 

Using equation (B.2), thus the uncertainty intenal in Re is 

w f i  = 39.31 

and the fractional uncertainty interval in Re is 

UR, 39.31 -- - - x 100 = 3.5'2 
Re 1129.5 

B.2 Uncertainty in f 

The friction factor is given by equation (5.6) as foHows 
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Thus, 

f = f (riz, D h ,  Ajl, Apt) 

and the uncertainty in f is defined as 

Deterrnining the uncertainty in each term with the calculated value of f = 0.024517, m;e get 

Using equat ion (BA), the uncertainty i n t e d  in f is 

uf = 0.001 56W 

and the fractional uncertainty interval in f is 

B.3 Uncertainty in QI 

The computation for Gr and Nuz depends on the total heat gain, Qf, which can be obtahed 

using t ht following equation 
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where, Tbulk,= and Tbulk,o are the idet and outiet bulk ternperatures, respectively. The heat rate Qf 

is a @\lin function of m, Tbulkeo, and T ~ k , i -  Thus, 

and the uncertainty in QI is defined as 

Determinhg the uncertainty in each term when the calculated value of Q is 1738.8 W, we get 

Using equation (B.7), the uncertainty interval in Q is 

and the fractional uncertainty interval in Qf is 

B.4 Uncertainty in Cr 

Tbc dimensionless independent parameter Gr WBS defined in equation(5.1) and it can be modifieci 

by using the following expression 

whcre, A ,  is the surface area. Thus, 

Gr = Gr (Q,, Dhr A,,) 
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and the uncertainty in Gr is defined as 

The uncertainty in each term for Gr = 6.68 x IO7 can be obtained as follows: 

Using equat ion (B.9), the uncertainty interval in Gr is 

and the fractional uncertainty interval in Gr is 

B.5 Uncertainty in Nuz  

The local mean Nusselt number W'BS defined in equation (5.4) and it can be written as 
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The uncertainty in each term for Nuz  = 26.06 can be obtained as follows: 

Substitute these values into equation (B.11) to obtain the uncertainty interval in Nuz 

Thus the fractional uncertainty intend in Nuz is 



Appendix C 

Experimental Data for a = 0" 

The following notation applies to Appendices C to G 

A, B, C = thermocouples a, b, and c in figure 5.1 

RE, PR, GR = local Reynolds, Prandtl, and Grashof nurnbers 

FFtEh.1, REM, GRM, = f Re, Re, Gr, Pr, and Ra calculated at the average of 

P Fnf, RAhl the inlet and out let bulk temperatures 

T = indicating Nusselt number caiculated at the length-mean average of 

the t h m  wall temperat ures 

H = indicatuig Nusselt number calculated as the length-mean average of 

the three Nuz,,, N.uZ,bi and Nuz,, 

T+H = average of the T and H values 
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---- - -- 
SA- z -YU -TUE (DE CI- lm mz PR CR z+ -- ~ E L T  mn 
m0.a A O c A-- cc) A B c -  AVEUCE - 
!CL--  A= -- - T D T*l  
3 5.5 23-12 23.W 23.10 23.10 22.31 485.8 6.55 O . ~ + O 7  0.00051 15-89 16.66 16-21 16.27 16.27 16-27 

----- -- ------ z* ---- ---- 
~ T A -  z -YU ~ T U I I ~ :  C D ~  CI- lm uz P I ~  GR m a ~  m a  -- 
TION a A s c AVEU- CC) A B c - -  AVERAGE -- 

A E E  N E  ------,-p-p -- T 0 T-8 
3 5.5 24.12 24.22 24.17 24.17 22-60 471.9 6.50 O.428E+07 0 . W 9  16.86 15.73 16-28 16.28 16.29 16.28 

4 15.5 24.37 24.59 24.42 24-45 22.71 473.0 6.48 0.43Z47 0.00166 15.42 13.61 14.93 14.69 14-72 14.71 
5 25.5 24.51 24.75 24.64 24.64 22.82 474.2 6.47 0.436D07 0.00274 15.16 13.22 14.m 14.07 14.11 14.09 

6 45.5 24.69 24.93 24.77 24.79 23-01 476.5 6.43 O.444E+07 O.OMM 15.45 13.51 14.76 14.59 14.62 14.60 

7 75.5 24.84 25.10 24.93 24.95 23.37 480.0 6.38 0.456&+07 0.00811 17.31 14.76 16.36 16.15 16-20 16.17 
8 105.5 25.06 25.37 25.16 25.19 23.70 483.6 6.33 0,468L+07 0.03134 11.69 15.25 17.40 17.09 17.19 17-14 
9 lS.5 25.37 25.60 25.53 25.53 24.03 487.2 6.m 00.481E+07 0.01458 le.% 15.44 16-94 16.98 17.07 17.03 

10 165.2 25.61 26.00 25.84 2S.M 24.S 490.9 6.22 0.494E-7 0.01778 19.41 15-50 17.17 17.20 17.31 17.26 

11 205.2 26.05 26.4û 26.29 26.26 24.79 495.9 6.16 0.512€+07 0.02212 20.25 15.89 17.01 17.40 17-54 17.47 

12 245.2 26-59 26.m 26.71 26.71 25.23 501.0 6.09 0.631EOI 0.01646 11.TI 15-92 17.23 17-23 17.21 17.26 
13 275.2 26.84 27.12 27.05 27-01 25.56 Sû4.9 6.03 O.MSE07 0.01Otl 19.97 16-36 17.10 17.53 17.63 17.58 

14 305.2 27.20 27.52 27.36 27.36 25.89 508.8 5.91 O.S6ûE+07 0.03299 19.50 15-64 17.- 17.37 17.47 17-42 
15 333.3 27.43 27.74 27-66 27-62 26.m 551.6 5-93 0.57Sf07 0.03606 20.69 16.56 17.51 17.94 11-07 18.01 

1s 363.3 27.87 28.16 2û.01 2ô.01 26-55 516.7 5-88 0.59C€+07 0.03933 18.99 15.61 17.13 17.15 17.23 17-19 

17 383.3 28.09 28.34 21-11 2û.20 26-76 519.5 6-85 O.M)lE+07 0.04152 19.00 15.98 17.82 17.58 17.66 17.62 
18 (03.3 28.30 21.61 28.43 2U-45 26.97 522.0 5.81 O.6llE+û7 0.04371 19.M 15-46 17.37 17.22 17-31 17.26 
19 423.3 28.57 28-86 28.74 28.73 27.19 624.3 5.79 0.62oEN7 0.04589 18.S 16-24 16.38 16-61 16.59 16-55 
20 443.3 28.74 29.01 28-88 28-88 27-41 526.7 S.76 O.63OE07 0.04ôOû 19.16 I5.m 17.23 17.21 17-36 17.32 
21 463.3 29.04 29.31 29.18 29-18 27.63 529.0 5.73 0.633EM7 O.OS026 17.97 15.08 16.42 16.41 16.47 16.44 
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- 
S A - Z  - V I U ~ ~ C D D G C ) -  ïü RS P l  GI Z, -- llllgEI.7 llllBEI 
n o n  a A m c & v a -  cc) A I C -  A V R A G T i  - 
11%- A u !  T R T*R 
3 5.5 25-31 26.57 15.44 25.44 22.49 451.0 6.52 0.821L+O7 O.oagb2 17-60 16.14 16.84 16.84 16.86 16 .m 

4 15.5 25.64 26.15 2S.72 26-81 22.71 4S3.2 6-48 O.M7E+O7 0.00173 16.97 14.43 16-50 16-04 16.10 16.W 
5 25.5 25.99 26.43 2 6 . a  26.24 22.93 466.5 6.46 O.ôS3E.07 0.00286 16-23 14.19 14.85 14.99 15.03 15-01 
6 46.5 26.26 26.69 26.39 26.44 23.38 460.0 6 . m  O.W5E*07 0.00510 17-19 14.95 16.45 16.22 16.26 16.24 
7 75.5 26.59 27.04 26.74 26.m 24.04 467-0 6.27 0.9348+07 0 .u0W 19.44 16.51 18.3s 18.10 18.16 18.13 
8 105.5 27.04 27.69 27.23 27.m 24.71 474.2 6.17 0.987E+O7 0.01186 21.21 16.59 19.64 19.12 19.27 19.19 

9 135.5 2 7 . n  28.Y) 28.04 2E.04 25-38 481.7 6.W 0.1W+O8 0.01526 20-65 16.$1 18.55 18.57 18.66 18.62 

10 165.2 28.36 28.M 29-73 lû.10 26.01 4ô9.3 5-96 O.llOE01) 0.01464 2l-23 16.R 14.37 16.66 11-68 18.62 

11 m . 2  29-12 29.72 19-46 19-11 26.93 499.7 S.= o . ~ m w m  o.ozni z u a  n . s a  19-54 1 s . s t  19.81 r9.74 
12 245.2 30.09 30.63 3û.38 30.37 27.m 548-9 5.71 0.126E+O8 0.027?7 21.66 17.51 19.24 19.W) 19.41 19-36 

13 275.2 30.66 31.22 31.- 31.01 28.49 515.9 5-62 0.132E48 0.03120 22.67 17.97 18.92 19.46 19.62 1 9 . s  

14 305.2 31.31 31.89 31.61 31.61 29.16 523.2 5-64 0.138lbO8 0.03464 22-62 17.94 19.M 20.02 20.16 20.09 
15 333.3 31-01 52-53 32-33 32-zs 29-19 530.2 5.- o . l u m a  o . m  22-69 i 7 . m  19.21 1 9 . ~ 9  19-74 19-66 

16 363.3 32-66 33.2s 32.98 32.97 30.46 S37.S 5 . 3  0.151E48 0,04133 22.- 17.43 19.30 19.39 19.53 19.46 
17 383.3 33.12 33.69 33.40 33-40 30.90 543.1 5.32 O.lSSE48 0.04364 21.- 17.47 19.53 19.50 19.62 19.56 
18 403.3 33.62 34.15 33-84 33.W 31.34 S48.S 5.26 0.16OL+O8 0.04595 21.44 17.36 19.63 19.36 19.46 19.41 
19 423.3 34.011 34-65 34.42 34-30 31.79 554.0 5.21 0 .165648 0.04827 21.28 17.04 18.53 18.73 18-85 18.79 
20 443.3 34.39 34.99 34.70 M.7û 32.24 558.8 5-16 0.17OE4â 0.06061 22-51 17.66 19.10 19.75 19-90 19.83 
21 463.3 34.74 35.31 36-09 36.06 32.68 563.7 S.10 0 .175848 0.06297 23.57 18.16 20.14 10.42 20.58 20.50 
AYERICE v u l m 3  nmJU;I S T A T I O I l S  1s TII 20: 

391.6 33.30 33-88 33.61 33.60 31.08 546.4 5.30 0.158E+O8 0 . W 1  22.00 17.47 19.30 19.38 19.52 19.45 ----- ---- --- 

------ --- - 
S A -  2 - V U  m U I L  CDEC Cl- TB Ni- PR G1 z+ ------ l t s S a T  IïÜiEEn ------ 
T i O N  fX A B C A M -  CC) A B C -  ~ m a i  - 

ACE 2 - - - p  
T B T*E 

3 5.5 26.61 27.13 26.87 26.87 22.44 411.2 6.53 0.13OE+O8 0.00û67 18.93 16.86 17.83 17.83 17.86 17.85 
4 15.5 27.07 27.91 27.32 27.41 22.83 414.7 6.47 0.134ErO8 0.00100 18-61 15.53 17.58 17.25 17.33 l 7 . m  
5 25.5 27.64 28.41 28.08 28.05 23.22 418.3 6.40 0.139E08 0.00313 17.83 15-18 16.24 16.32 16.37 16.34 

6 45.5 27.97 28.76 28.35 28.36 23.99 425.7 6.28 0 .148848 0.00560 19.11) 16.50 18.07 18.03 18.10 18-07 
7 75.5 28.70 29.56 29.06 29.09 25.16 437.3 6.10 0 .163848 0.00931 22-14 17.89 10.11 19.95 20.06 20.- 
8 105.5 29.64 30.71 29.97 33.07 26.32 449.6 5.91 0.179E48 O - 0 1 s  23.59 17.83 21.48 20.88 21.09 20.99 
9 135.5 30.90 31.M 31.39 31.38 27.M 461.2 5.75 0.196E48 0.01681 zLZ.lg 17.93 19.99 20.05 20.20 20.12 

10 165.2 31.98 33.05 32.57 32.54 2û.M 472.2 5.60 0.2liEM8 O . O S 3  23-30 17.63 19.82 19.95 20.14 20.05 
II 205.2 33.31 34.29 33.79 33.79 30.19 488.0 5.41 0 .235648 0.02551 24.87 18-93 21.58 21.54 21.74 21.64 
12 245.2 34.93 35.82 36.41 35.39 31.74 W . 9  5.21 0.262E48 0.- 24.25 11-96 21.06 21.17 21.34 21.25 
13 275.2 35.95 36.86 36.W 36.50 32.90 616.7 5-08 0.281E*O8 0.03451 25.31 19.50 20.85 21.43 21.63 21.53 
14 305.2 36.98 37.91 37.47 37.46 34-01 528.8 4.94 O.JO2E48 0.03841 26.41 19.99 22.69 22.68 22.90 22.79 
15 333.3 38.20 39-16 38.87 38.m 36-16 510.6 4.82 0 .32%48 0.04211 25.15 19.19 2û.63 21.19 21.40 21-30 
16 363.3 39.33 40.36 39.97 39.91 36.32 663.8 4.68 0.347EM8 0.04609 25.42 18.91 20.93 21.31 21-55 21.43 
17 383.3 40.14 11.15 40.62 10.63 37-10 562.6 4.60 0.36%+08 0.04874 25.11 ll .B1 21.63 21-57 21.79 21.68 
18 403.3 40.95 dl .% 41-40 41.43 37.117 570.8 4-53 0.379E48 0.05lJS 24.74 18.62 21.61 21.41 21.63 21.52 
19 423.3 41.76 42.79 42.42 4 2 . S  m.65  579.3 4.46 0.396EM8 0.063% 24.46 18-38 30.15 20.56 20.78 20.67 
20 443.3 42.44 43.44 43-00 42.97 39.42 588.0 4.38 0.414E48 0.066M 25.18 11-90 21.26 21.43 21.65 21-54 
21 463.3 13.30 43.H 43.47 43.55 40.20 596.9 4.31 0.43lf+08 0.û5921 24.44 20.16 23.16 22.62 22.73 22.67 
AVERAGE v u m s  m u w  snnows 16 m 10: 

391.6 40.47 4 l . M  41.06 41.01 37.42 566.9 4-58 0.37OEM8 0.04981 25.01 18-00 21.03 21-24 21.47 21-36 ------------ - ---- 
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- - STA-z - Y A L L ~ ~ ~ A N I E ( D E C C ) -  n PR ca Z* --nrtsurmn 
mon A B c AM- CC> A 1 c --- AVERAGE -- 
NO.--- A= -- -- T n T.8 ------ 
3 5 .5  24.34 24.31 24.32 24.32 23-10 975.5 6.41 O.43OE47 0.00029 21-46 22.03 21.74 21.74 21.74 21.74 
4 15.5 24.86 24.92 24.84 24.86 23.25 976.6 6-40 0.431):47 0.00081 15-15 14.62 15.42 15.14 15.15 15.15 

5 25.5 25.06 25.17 25.06 25.06 23.30 977.7 6.39 0.433307 0.00134 13.94 13.12 13.92 13.72 13-72 13.72 
6 45.5 25.11 25.24 26.13 25. 15 23.40 980.0 6.37 0 .43IE47 0.00240 14.31 13.33 14.14 13.97 13.98 13.97 

7 75.5 25.20 25.m 25.21 25.25 23.56 983 -4 6.35 O.443E+O7 0.00398 14.85 13.44 14.82 14.46 14.48 14-47 
8 105.5 25.29 25.51 25.33 25.38 23-71 916.8 6.33 O . i lS I07  0.00556 16.53 13.18 15.09 14.66 14.T2 14.69 
9 135.5 25-43 25-71 25.56 25.56 23-87 990.3 6.30 0.454E47 0.00714 15.65 13.28 14-43 14.40 14.45 14.42 

10 165.2 25.53 25.80 25.64 25.65 24.02 993.8 6.28 0.46OE47 0.00871 16.20 13.69 15.05 14.95 15.00 14.97 

I l  205.2 25.66 25.92 25.84 25.82 24-23 998.4 6.24 0.46âE+O7 0.01083 17.02 14.39 15.10 15.34 15.40 15.31 

12 245.2 25.95 26.19 26.04 26.06 24.43 l0O3.2 6-21 0.476L47 0.01294 16.08 13.86 15.19 15.04 15.01 15-06 

13 275.2 26.00 26-25 26.18 26.16 24.59 1006.8 6 .19  0 .4WE47 0.01453 17.26 14.65 15.29 15.56 15.62 15.59 

14 S . 2  26.13 26.45 26.29 26.29 24.74 1010.4 6.16 O.4üUE*07 0.01612 17.51 14.24 15.74 15.72 15.81 1S.m 
15 333.3 26.26 26.48 26.40 26.39 24.89 1013.8 6.14 0.494E47 0.01761 17-15 15.27 16.11 16.26 16.31 16.29 

16 363.3 26.39 26.65 26.47 26.60 25-04 1017.4 6 -12  O.SOOE47 0.01921 11.06 15-18 1 7 . w  16.77 16.84 16.80 

17 383.3 26.47 26.71 26.59 26.59 25.15 1019.9 6 .10  0 .5ME01  0.02027 18-43 lS.59 16-91 16.90 16.96 16.93 

18 403.3 26.59 26.81 26.67 26-68 26.25 1022.3 6.00 O.SOIE*07 0.02133 18.15 15-55 17.16 16.95 17.01 16.98 
19 423.3 26.70 26.96 26.83 26.83 25.35 1024.8 6.07 0 . 5 1 M  0.02240 18-01 15.20 16.47 16.41 16.54 16.51 

20 443.3 26.74 21.01 26.86 26.87 25.45 1027.3 6 .05  0.517€*07 0.02346 18.97 15.63 17.33 17.23 17-32 11-28 

21 463.3 27.08 27.15 27.16 27.13 25.56 1029.8 6 .03  0.52IL47 0.02453 16.02 15.29 15-22 15-43 15-44 15.44 
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XllPVÏELECnIC WYEI- W . 8  U KEAT RATE üV YAYU - 646.7 Y I l l t n U C E ~  - 2.59% 
KAS3 Mu RA= - 28-3221 WS PI&SSiM DUlPl O.SU74ma20 N C n O I  F A m  - 0.020923 M1 20.9632 
: ioo1.9 cm - O irss imoe ripsnui mpnrm - 2 1 . m  c ~ h l [  m l l l l ~  : 28.1- c 

6.049 LM -0:6884SE*os  ME -22.7-C 2S.lmEC C --- srr-2- - v u  Tmwmb'IVIl (Da C)- R 
ROl u b B C A m -  (Cl 
MO.- AQ 
3 5 .5  25.37 25.34 26.36 25.36 22.- 
4 15.5 25.91 26.21 2S.97 26-01 2 î .92  
5 25.5 26.18 26.64 26.33 26-36 23.03 
6 45.5  26.29 26.64 26.39 26.43 23.26 
7 15.5 26.48 26.96 26.63 26.68 23-61 
8 105.5 26.68 27-JO 26.04 26.92 23.96 
9 135.5 27.06 27-60 27.32 27.32 24.31 

10 165.2 27.25 27.92 27.61 27.60 24.66 
11 m . 2  27.56 2 8 . ~ 1  27.91 a.91 u . 1 2  
12 215.2 2B.17 28.73 28.46 28.46 25-59 
13 m . 2  28.40 28.99 28.m 28.75 25-94 
14 335.2 28.65 29.26 m.% 28-96 26.29 
15 333.3 29.02 29.63 29.43 29-30 26-61 
16 363.3 29.35 29-96 29.61 29-06 26-96 
17 303.3 29.60 3û.14 29.W 29.W 2 7 . m  
18 403.3 29.79 30.3 30.m 30.01 27.43 
19 423.3 30.05 3Q.70 30.45 30.42 27.66 
20 443.3 30.23 3Q.aI 30.57 30.56 27-69 
21 463.3 30.56 31.22 30.91 30.90 2â.13 

--- -- 
PB CI Z* m R T  

A B C -  bvmbcz -- -- T II Tel  ---- 
942.8 6.47 0.915L47 0.000X) 21.01 21.20 21.10 21. IO 21.10 21.10 
916.2 6.46 0.924E47 0.- 17.98 16-37 17.66 17.39 17.42 17-10 
917.7 6.43 0 .933t47 0,00138 17.09 15.35 16.33 16.25 16.27 16.26 
952.6 6-10 0.961E47 O.Oû246 17.79 IL.% 17.21 17.02 17-04 17.- 
960.1 6.34 0.979E47 0.- 18.76 16.07 17.82 17.56 17-62 17.59 
967.7 6.29 0.101E48 0.00610 1 9 . n  16.10 18.68 18.20 18.31 18.26 
975.5 6-23 O.IME+OI 0.00f33 19.64 16.32 17.87 17.84 17.92 1 7 - m  
983.3 6-18 O.lOiE48 0.00ô95 X . 6 8  16.43 18.21 18.26 16.- 18-32 
994.0 6.10 O.IIIE*(M 0.01113 22.01 17.06 19.21 1 s . n  19-rr  19.2s 

IOO1.9 6-03 0.1156@0 0.01331 20.71 17.W 18.74 18.72 1R.81 18-16 
1013.2 5.97 0 .118t48 0.01496 21.75 17.54 18.59 19.00 19-12 19.06 
1021.7 6.92 0.122€48 0.01660 22.62 18.01 20.05 20.06 20.18 20.12 
1029.8 5.W O.125E4il 0.01815 22.23 17.71 18-94 19.32 19.46 19.39 
1038.1 5.61 O.IZG48 0.019m 22-39 17.78 19.71 19.m 19-90 19.83 
1043.0 6.79 0.130L48 0 . m 9  22.21 18.10 19.- 19.91 20-02 19.97 
1Ol7.9 5.76 0.133E.çM 0.02199 22.54 18-04 2 0 . a  20.16 20.29 2V.P 
1052.9 5.73 O.tJa&48 0.02309 22.26 17.52 19.- 19.34 19.49 19-41 
1057.9 5.70 O . l m 4 8  0.02419 22.a 17.80 19.90 19.98 20.13 20.05 
lû63.0 6 . e  0.139E+08 0.02529 21.W 17.23 19.10 19.19 19-33 19.26 



APPElNDDC C. EXPEmIENTAL DATA FOR a = 0" 

--------- --------- --- 
S A - Z  - U I L L T D 6 W T u R E C D U ; C ) -  rn Pm W Z* ---- -KT -ER ------ 
~ O N  ai A B c !=- CC) A 8 C - -  AVERAGE -- 





APPELVDL~C C. EXPERlbIENTAL DATA FOR û. = 0" 

INPW - C m  O 695.2 U EUT MTC CAIm BY MATER - 704.2 Y IUXT MuJK& W l  --1.302 
KIss FiûY RITE - 43.0754 G/S PnESSW DIOP- 0 . 8 9 1 ~  FNCnOW F A m I  - 0.013725 FIDI 10-617û 
: rzqgJ - O . I I ~ ~ ~ E * O B  WLK YZIWIZM~~RE = Z Z . ~  c DOYISII~~~~ IAILI[ ~~OU'NIE : =.~LDEG c 

IW( - o . m n + o t ~  I ~ A R I ( T R W R A T U I E  P . ~ ~ E G C  R~~~E~RUX~PBEUTURE ~ ~ . O U J € G  c 
------ --- 

2. ---- ----- 
~ T A -  z -YU ~ ~ I R E  < D E ~  c)-  TU IE PI C. nasnr m a  --- 
n o n  a A cl c A m -  CC) A  B C - -  A V E U C E  -- 
HO.---- AQ ------ T B T*II 

3 5.5 25.34 25.34 25.34 25.34 22.94 I4M.5 6.45 O.lOlE41 0.a0020 24.55 24.51 24.53 24.53 24.53 24.53 



APPENDLX C. EXPEI3lMENTAL DATA FOR or = 0" 

------ -- 
f l A -  Z - Y U  TaPtlu- CDCZ Cl- TB IL Pl U Z* -ELT llllQP ----- 
non ar A i c A=- cc) A B c - -  AVRACE - 
m.- -- AQ -- T Il Te8 
3 5.5 26 .m 2 6 . S  26.29 26.29 21.44 1380.6 6.70 O. l t lE48 0.00070 23.97 23.11 23.53 23.53 23.54 23.53 
4 15.5 27-07 27.72 27.21 27.30 21.60 1386.2 6 . m  0.174E48 0.00065 30.85 18-65 20.33 20.01 20.04 20.02 
5 25.5 27.53 28.25 27.94 27-91 21.76 1391.9 6.64 O.l7?E*oS 0.00091 19.76 17-58 18.47 18.54 18.57 18.55 
6 45.5 27.58 28.29 27.76 27.8s 22.09 1402.2 6 . U  0.102E41 0.00162 20.74 1 8 . S  20.07 19.77 19.81 19.79 
7 75.5 27.87 28.71 2û.11 2û.n) 22.- 1417.3 6.51 0.100E4B 0.00269 21.49 18.54 20.55 20.22 20.28 20.25 
8 105.5 28.08 29.26 2U.36 28.51 23.06 1432.6 6.43 0.197E48 0.00jrr 22.67 18.34 21.51 20.81 21.01 20.94 
9 135.5 28.75 29.72 29.10 29.17 23.56 1448.4 6.35 0.205B48 0.00185 21.04 18.40 2û.45 20.21 20.28 20.24 

10 165.2 28.53 29.79 29.18 a . 1 7  24.03 1464.3 6.28 O.214E.04 0.00591 15.21 19.70 22.06 22.09 22.26 22.17 
i l  205.2 28.- 30.21 29.46 29.53 24-68 1416.3 6.;7 0.22S€+CM 0.0073S 26.34 20.46 23.n 23.39 23.58 23.48 
12 245.2 29.93 31.13 30.49 30.51 25.33 1m9.0 6.07 0.23Eë48 0.00881 24.62 19.51 21.94 21.85 22.W 21-93 
13 TTS.2 30.24 31.47 31.- 30.97 25.82 1526.4 5-99 0.247E48 0.0099û 25.58 19.99 21.46 21.94 22.12 22.03 
14 205.2 30.47 31.72 31.05 31.07 26.31 1544.3 5.92 0.257E.08 0.01099 27.13 2û.M 23.77 23.67 23.88 23 .m 
15 333.3 31.19 32.50 32.- 31.96 26.77 1561.4 6.84 O.26fE.48 0.01101 1S.M 19.66 21.21 21.69 21-89 21-79 
16 363.3 31.49 32.86 32.n) 32.19 27-25 16TI.4 5.78 O.Tf6E48 0.01311 26.55 20.- 22.77 22.81 23.04 22.93 
17 383.3 31.86 33.01 32.42 32.44 11-58 1587.9 5.74 0.283&48 0.013U4 26.26 20.M 23.24 23.16 23.33 23.24 
18 403.3 32-21 33.45 =.TT 32-00 n.oo 1soa.s 5 . m  o.lspr+ot~ o-olrsr 2 s . m  20.27 23-07 22.9s 23-13 13-01 
19 423.3 32.60 33.89 33.36 33.30 28.23 1609.2 5.66 0.296E.08 0.01530 25.71 19.M 21.94 22-16 22-36 22.26 
20 443.3 32.73 34.00 33-41 33.39 28.55 162û.1 5-62 0.302E48 0.01603 26.86 20.00 23-11 23.21 23.42 23.32 
21 463.3 33-17 34.33 33.k- 33-79 28.ilâ 1631.2 5.57 O.JOPE48 0.01676 26.14 20.53 22.65 22.W 23.01 22.92 
AVERICE VAUES nmoua s n n o m s  1s m 20: 

391.6 32.01 33.29 32.70 32.W 27.71 1592.4 5.72 0.286Ea8 0.01414 26.16 20.17 22.56 22.66 12-86 22-76 ---- -- 

---------- ------- f* ---- ----- 
S A -  Z - Y U  -TUME OEC C)- TB IE PB Cl iNSSEl.7 -ER --- 
T I O N  ac A B c A M -  (Cl A 0 C --AYEIICE-- 

r a  E L  ---------- --- T H Tell ----- 
3 5.5 34-69 35.98 35.34 36.34 23.59 1172.6 6.35 0.507E48 0.00024 25.13 22.52 23.75 23.75 23.79 23.m 
4 15.5 35.07 37.18 U.52 36.82 24.08 1185.8 6.27 0.528E48 0.00069 25.36 21.28 24.38 23.75 23.85 23-80 
5 25.5 36.12 38.23 37.29 37.23 24-58 1199.3 6.19 0.549E48 0.00113 24.13 20.39 21.90 22.00 22.08 22.04 
6 45.5 36.13 38.33 36.91 -.O7 25.51 1227.3 6.03 0.595E48 0.00202 26.29 21.76 24.49 24.14 24.26 24.20 
7 ~ 5 . 5  36-81 39.41 =.TB 3 - 9 5  27-05 1270.7 s . e i  O.~TOEUX o . m m  a . 2 8  t1.a 25.81 25.40 25-50 25.49 
8 105.5 37.65 40.95 38.48 38.69 28.53 1304.9 5.62 0.742E41 O.UJ472 30.26 22.22 27.73 26.64 26.99 26.81 
9 125.5 39.05 41.93 (0.15 40.32 30.01 1561.6 5.43 0.823E*O8 0.- 30.45 23.07 27.13 26.69 26.95 26.82 

10 165.2 39.88 43.31 41.42 41.51 31.48 1395.7 5.25 0.911E.01 0.00742 32.65 23.16 27.53 27.33 27.74 27.53 
11 205.2 41-07 44-44 42.57 42.66 33.46 1452.1 5.01 0.103EW O.oUs27 36.84 24.M 29.95 29.64 30.14 29.89 
12 245.2 43.21 46.42 44.90 U . 8 6  35.43 1511.4 4.78 0.116EW 0.01115 34.89 24.70 21-68 28-00 29.24 29.02 
13 275.2 44.45 47.74 46.71 46.40 36.92 1568.9 4.61 0.127E49 0.01259 35.89 24.91 27.60 28.50 29.02 28.76 
14 305.2 45.45 48.70 47.02 47.06 38.40 1602.7 4.48 0.13ôEW 0.01399 38.26 26.18 31.26 31-17 31.74 31.46 
1s 333.3 47.39 5 0 . s  49.- 49.40 39.79 1 ~ 6 . 1  4.35 0 . 1 5 0 ~ ~  0 .01~31 35.36 24.32 n . 1 9  27.98 28.52 28.25 

16 363.3 48.58 52.10 $0.39 60.36 41-27 1695.0 4.21 0.163549 0.01673 36.66 24.76 29.41 29.48 30.06 2 9 . T  
17 385.3 49.56 52.75 50.92 51.W 42.26 1227.0 4.13 O. l?2E*09 0.01769 36.m S . 5 0  30.- 30.48 30.99 30.73 

18 403.3 50.82 53.97 51.97 52.18 43.25 1156.9 4.05 0.16OE49 0.01864 S . 2 8  24.92 3û.64 29.91 30.37 30.14 

19 423.3 52.12 55-35 s 3 . m  53.80 «.W m t . 9  3.97 o .  mm09 0.01960 u . 8 2  23.99 27-70 27-88 20.30 28-09 
20 443.3 52.66 56.07 54-35 54.36 45-22 1820.0 3.90 0.199EW 0.02056 35.00 74-54 29.14 29.13 29.66 29.39 
21 463.3 53.72 57.20 54.80 55.13 46.21 1863.3 3.82 0.209E49 0.02153 35-38 24.18 30.92 29.78 30.35 30.07 
A ~ G E  VALUES THROUC~~ STA~OIIS 1s m 20: 

391.6 50.19 53.51 51.86 51.86 42.67 1734.8 4.10 0.175649 0.01809 35.60 24.67 29.16 29.14 29.65 29.40 ----------------- ---- ----- 



Appendix D 

Experimental Data for a = 10" 



APPEIL'DIX D. EXPERIMENTAL DATA FOR a = 10" 

------------ ---- 
STA- z - u u  TEmTAATVIE. (Du Cl- TB Mi PI c. Z* --- nroçar nuQn ------ 
TION OI A B C  A m -  (Cl A  B C - -  A V E M C E  -- 
!!L---- A L  -------- T O T.0 -- 
3 5.5 24.03 24.M 24.06 24.06 22.55 471.4 6.51 0.425E97 0.00069 17.28 16.70 16.98 16.98 16.99 16.99 





APPENDLX D. EXPER3hlERrTA-L DATA FOR cr = 10" 

--- = E t  -UILLTDBQ.'IUL(DCGC>- n RE PR G. Z+ IRH?IRT Mm--- 
=OU U A 8 C &=- (C> A B C -  AVEBACE - 
No.- AQ ----- T ll T+I 
3 5.5 23.34 23.m 23.32 W.= 22.73 987.0 6-48 O.ZQJE+û7 0.- 19.R 20.95 20.32 20.32 20.32 20.32 

--------------- z* ------ - 
=A- z -UUL mwwu~vill am c)- n rr PR ci W R T  mot ----- 
T ï O N U  A O C A m -  (Cl A 8 C --AVEUCE--  

ICE No: --------- r B Tell ----- 
3 5.5 24.34 24.31 24.32 24.32 23-09 975.7 6.42 0.428t47 0.- 19.79 20.27 20.03 20.03 20.03 20.03 





APPE-NDlX D. EXPER12c.iENTAL DATA FOR a = 10" 

-- -- 
STA- z -VU m 9 6 ~ ' ~ n  (DU; c)- BE PR C. z+ - nssa~ umn --- 
~ O H  u A B c ~na- (c)  A I c -  AYDUC~ - 
EL- A- T I 14 
3 5.5 27.34 27.55 27.44 27-44 22.72 -5.5 6.- 0.15aE48 O.oo<ul 20.56 19.46 19-90 19.90 19-90 19.90 

899.7 
901.0 
912.7 
926. O 
939.8 
963.9 
968.4 
98a.u 
tas. 3 
1018.7 
1032.4 
1045.6 
lm. 1 
1069.9 
1080.0 
1090.3 
1100.0 
1109.1 



APPEIVDLX D. EXPERIMENTAL DATA FOR a = 10" 

~ r r  -WALL m m  a)= Cl- ln 
n o n  a A B c A m -  cc) 
NO.- r a  
3 5 .5  32.17 33.- 32.61 32.61 23.- 
4 15.5 32.48 34.03 32.81 53-03 23-60 
5 25.5 33.36 34-79 34.22 34-15 24.m 
6 45.5 33.41 34-87 34-41 34-41 25.63 
7 15.5  34.15 3s.w ~ . m  M.& n.js 
8 105.5 35.28 37.48 =.TI 36.W 29.23 
9 i3S.5 37.71 39.M 38-48 3ô.W 31.08 

10 166.2 39.21 41.20 40-19 40.n) 32-91 
I l  206.2 4 l . m  43.21 42.01 42.16 3S.S 
12 l (5 .2  43.99 46.M 44.76 4 4 . n  57-84 
13 TI5.2 45.54 17.27 &.Ti 46.58 39.69 
14 3û5.2 47.12 48.64 4 7 . S  47.71 41.54 
15 333.3 49.31 W.76 50.47 60.06 43.28 
16 363.3 51.12 61.74 51-79 61.86 46.13 
17 383.3 52.13 53.65 62.6s 6 2 . n  46.36 
18 W . 3  53.54 56-15 54-07 64.21 47.59 
19 423.3 5 4 . a  66.50 65.69 65.W 48-83 
2û 443.3 55 .H  57.23 66.27 56.34 53.06 
21 463.3 56.69 58-61 57-06 57.36 61.29 
A V E B I ~  VI~UOI ~1l l l0~3 S T A ~ W  1s m zo: 

391.6 52-76 54-34 65.42 63-48 46.m 

IWPVTELECIIUCWYEI - 165.2 Y EATUTL CAIm ûï UAïEâ- 161.4 Y BUT 8ALMCE ERRU. - 2.29% 
UASS FLOW BATE - 45.2450 WS P- DIOP- 0.899PIIPM F U C n W  FAmR - 0.012566 FIDl - 18.91W 

---- - 
STA- 2 - G U  CDEC Cl- TB @E PR CL z* --- IIaSmT ÜüZai 
n o r a  A B c A-- cc) A I c - -  AVQAGE -- 
XO.-- AQ. - T 0 Y*# 
3 5 .5  22.95 22.94 22.94 22.94 22-34 1491.1 6.54 0.22OE-07 0.00019 22.28 22.66 22.47 22.47 22.47 22.47 
4 15.5 23-18 23.19 23-18 23.18 22.36 1491.7 6.54 0 .221I47 0.00062 16.49 16.27 16.49 16.43 16.43 16.43 
5 25.5 23.29 23.32 23.29 23.m 22.38 1492.3 6-51 0.221E-07 0.- 14.76 14.33 14.M 14.71 14-71 14.71 
6 45.5 23.43 23.45 23.43 23.43 22.42 1493.6 6.53 0.222E-07 0.00153 13.30 13-08 13.35 13.27 13.27 13.27 
7 15.5 23.51 23.60 23.50 23-53 22.47 1495.3 6.52 0.223307 0.00255 12.97 11-96 13.05 12.74 12.76 12.7s 
8 105.5 23.56 23.67 23.55 23.- 22.53 1497.1 6-51 0.214E-07 0.003M 13-00 11-82 13.22 12.81 12.84 12.83 
9 135.5 23.59 23.70 23.64 23.64 22.68 1498.9 6.60 0.2256-07 0.00467 13.39 12.04 I 2 . n  12.72 12.74 12.73 

10 1 6 s . ~  23-61 23-71 23.a 2 3 . ~  22.64 i m . 7  6-50 o .nse-07 0.mss-r i 3 . m  12.50 13.24 13. ia  13.20 13.19 
11 206.2 23.65 23.78 23.75 23.73 22.71 1543.1 6.48 0,227E-07 0.00693 14-28 12.61 12.97 13.17 13.20 13.19 
12 245.2 23.84 23.W 23.m 23-83 22-78 1505.5 6.47 0.228E-07 0.00828 12.74 12.31 13.19 12.85 12.86 12.86 
13 275.2 13-80 23.94 23-86 23.86 22.84 1507.3 6.46 O.229E-07 0.00919 13-96 12.22 13.16 13.10 13.13 13.11 
14 305.2 23-07 23.99 23-94 23.93 22.89 1609.2 6.46 O . m a 7  0.01030 13.72 12.25 12-84 12.89 12.91 12.90 
15 333.3 23.81 23.89 23-07 23.86 22.94 1610.9 6-45 O.231E-07 0.01125 15.48 14.12 14-66 14.66 14.67 14.66 
16 363.3 23.91 24.00 23.M 23.95 23.00 1612.7 6.44 O.232E47 0.01227 14.71 13.42 14.19 14.11 14.13 14.12 
17 583.3 23.89 24.00 23.M 23.H 23.03 1613.9 6.43 0 .233Eal  0.01295 15.60 13.84 14.47 14.57 14.59 14.- 
18 403.3 23.89 24.00 23.98 23-06 23.07 1515.2 6.43 O.ZW-07 0.01362 16.35 14.39 14.m 15-05 15.08 15.07 
19 423.3 23.97 24-10 24.05 24.04 23.10 1516.4 6.42 O.USE-07 0.014% 15-63 13.52 14.27 14.38 14.42 14.40 
2 0  443.3 24.01 24-11 24.06 24.06 23.14 1617.6 6.42 O.USE47 0.01498 IS.53 13-90 14.04 14.76 14.71 1 4 . n  
21 463.3 24.24 24-12 2 4 . m  24.24 23.18 1518.9 6-41 0.236E-07 0.01565 12.65 14.25 12.03 12.68 12.74 12.71 



APPENDLX D. EXPER.lhiENTAL DATA FOR cr = 10" 

--- 
STA- 2 - Y U  m U  CDEC Cl- T9 PB GI te- 

---- mm.7 lama n o n  CM A B c A ~ O -  (cl A O c - L V E ~ C ~ - -  
Mo.-- 4Q - T 0 T-II 
3 5.5 23.75 23.72 23-74 23.74 22.64 1476.8 6.50 0=9€47 0.00019 2 3 . 4  24.20 23.83 23.n 23-04 2 3 . m  

4 15.5 24.23 24.31 24.23 24.25 22-68 1478.0 6.49 O . W 4 7  0.00063 16.m 16.03 1 6 . S  16.64 16.65 16.64 
5 25.5 24.48 24.62 24.59 24 .m 22.71 1479.2 6.48 O . U S 4 7  0.- 14.m 13.75 13-95 14.11 14.12 14.12 
6 45.5 24.61 24.76 24.69 24.69 22-78 1481.5 6.47 0 .444307 0.00156 14.34 13.22 13.76 13.76 13.77 13.76 
7 75.5 24.68 2 4 . S  24.68 24.72 22.89 1485- 1 6.46 0.448E47 0.00259 14.66 13.37 14.65 14.31 14.33 14.32 
8 105.5 24.70 24.95 24.75 24.79 23.00 1488.7 6.44 0 . 4 S t t 4 7  0.00362 15.37 13.39 14.98 14.64 14.68 14-66 
9 135.5 24.81 25.01 24.86 24.119 23.11 1492.2 6.42 0.456E+û7 0.001é5 15.31 13.74 14.89 14.68 14.71 14.69 

IO 165.2 24.18 25.02 24.91 24.91 23.21 1495.8 6.4û 0.460€+07 0.00567 16.72 14.45 15.38 15.44 15.48 15.46 
I f  105.2 25.36 2S.14 26-03 25-15 23.M 1500.6 6 . a  0.46S*QT 0.- 12-01 14.64 15.60 14.6û 14.69 14.W 

12 245.2 25.W 2 5 . S  26.14 25.16 23.50 1505.5 6.36 0 .471E07 O.WM3 16.75 14.m 15.90 15.80 15-03 L5.81 
13 275.2 25-05 2S.33 25.20 25-20 23.61 1509.1 6.34 0 .475E97 0.00916 18.01) 15.16 16.39 16.44 16.51 16.47 
14 305.2 25.16 25.42 25.28 15.29 23.72 1512.8 6.33 0.479E.07 0.01019 18.14 15.36 16.67 16.65 16.71 1 6 . a  
15 333.3 25.23 25-51 25-37 25.37 23.82 1516.3 6.31 0.40JC.07 0.03146 18.48 15-44 16.82 1 6 . m  16-89 16.86 
16 363.3 25-33 25.56 S . 4 9  15.47 23.93 1520.0 6.29 0.4a8E47 0.01250 18.55 15.97 16.71 16.94 16.99 16-96 
17 383.3 25.40 25.69 S.56 25-65 24.00 1522.5 6 . a  0.4-W 0.01319 18.55 15.30 16.m 16.80 16-07 16-04 
18 403.3 25.47 25.75 25.60 35.W 24.07 1625.0 6.27 0.4S3fAO7 0.013ûü 18-69 15.56 17.02 17 .m 17-07 1 7 - a  
19 423.3 25.59 25.81 25-76 25.73 24.14 1527.6 6.26 0.496E.07 0.01451 18.06 15.67 16.10 16.43 16-46 16.46 
20 443-3 25.61 2 5 . M  25.76 25-76 24.21 1630.0 6.25 0.499€47 0.01526 14.65 15.61 I 6 . M  16.92 l 6 . 9 I  16.95 
21 463.3 25.87 25.97 26-03 25.98 2 4 . a  1532.5 6.24 0.50Z.07 0.01595 16.46 15.50 14.91 15.42 15.45 15.43 

-----I_P________ 

2e ----- -- 
S A -  Z - V U  mOIN1L CDEG Cl- 18 IiE PR CA IUXSELT M8R -- 
n o n a  A B c AVR- (cl A B c - - & ~ C E -  

Ac& no: - - - - - - - - -  --- T II T z  
3 5.5 25.39 25.37 25-38 15.U) 22.97 1439.2 6.44 0.100E48 0.00020 23.93 24.16 24.M 24.04 14-04 24.04 



APPEhrDE D. EXPERMENTAL DATA FOR cr = 10" 

--- - 
S A -  Z - Y U  mPOUNIt CD= Cl-  TB U PB CR 21 -- I IaSEL? Bumm 
non CM A a c rvn- t a  A 0 c -  A ~ G E  - 
ID.-- h a  r B r+n 
3 5 .5  25.84 25.93 25.88 2 5 . a  22.41 1412.2 6.W 0.1$3L48 0.- 23-61 23.- 23-30 23.30 23.30 23.m 

------ 
S A -  Z - Y U  -TUME (Dl% Cl- rn RE PI C1 Z* ----- lllgSELT IU8EI 
TION a A 6 c AVU- <CI A B c - -  AVEUGE -- . - - .~ .-. 

NIL--- A* --. -- T a Te l  ----- 
3 5 .5  26.03 26-21 2 6 . 1 2 F . 1 2  21.26 1374.6 6.73 0.167E48 0.00020 23.62 22.78 23-19 23.19 23.19 23.19 



APPENDE D. EXPERIfifEiVTAL DATA FOR a = 10" 

I*PVTELEcTuCwni- 2234.8U QAT MTE GU- ET UTn - 12S1.9 U n r T  suJI& y --o.= 
iUSS MY RATE - 39.17W WS P a m S m E  D U l P l 1 . ~ ~  FUCïlW F A m  - 0.019313 F.D1 19.0149 

% : 1 ~ ~ ;  
CUI - o.sn~aaa upsnuri mmc -mm - m.= c mmmw a m  mmmm - x.660~~ c 
lrUl - 0.2m1eE4m 1- UJLK -nmE ' ZZ-SBXG C (IlfLEf InLu m n m l ?  - 36.050U; C 

------ --- 
STA- Z - Y U  m R M  (DU C l -  ïB PB CSL Z+ -- llPLfEtr -5 ----- 
TIOW U A O C A m -  CC) A O C ---AVERAGE -- 
no-~_,- AQ T R T*ll 
3 5.5 30.14 30.68 m.41 30.41 22.44 1 2 9 r  6.53 0.3lOE.08 0.00021 24.45 22.86 23.63 23.63 23.64 23-64 



Appendix E 

Experimental Data for a = 20" 





APPENDlX E. EXPERIMENTAL DATA FOR a! = 20" 

------- 
STA- Z - Y U  TP901- a)= Cl- ïü PR a- Z+ nrSSEl.7 R~U: 
nar a A s c A-- tc) A a c -  AVEUCE - 
M L  AGE T I T*I 
3 5 .5  25.06 25.20 26.13 2S.13 22.- 4S2.9 6.54 0.812t.07 0.00061 18.50 17.57 18.02 18.02 18.03 18.03 

4 15.5 25.53 25.76 25.56 15-60 22-60 465.1 6 .50  0 .826147 0.00172 16-94 15-68 16.m 16.53 16.54 16.53 
5 25.5 25 .m 26.10 25.94 25.94 22-82 467.3 6.47 0.842E.07 0.00284 16.79 15.10 15.86 15.88 15.90 15.89 
6 45.5 25-90 26.22 26.00 26-03 23-26 461.8 6-40 0.87JEM7 0.00541 18-77 16.73 18.06 17.87 17.91 17.89 
7 75.5 26.26 26.63 26.33 2 6 . a  23.93 468.7 6-29 0.922EIO7 0.00U42 21.14 18.26 20.56 20.07 20.13 2û.10 
8 105.5 26.74 27.22 26-04 26.91 24.59 475.9 6.19 0.973&01 0.01179 22.91 18.73 21.61 21.22 21.34 21.m 

9 135.5 27.61 27.94 27.74 27.75 25.25 483.3 6.08 0.1031.08 0.01516 20.87 18.29 19.77 19.63 19.67 19.65 
10 166.2 28.17 28.59 28.36 28.37 25.90 490.8 5.98 0.108EMM 0.01852 21.67 18.26 19.97 19.89 19.97 19.93 
t t  106.2 28.90 29.3s m .12  m . 1 2  2s.n ~ 0 1 . 3  s . u  o . ; I Q + ~  0.- a . 1 8  19-oa 21.03 20-90 21.or 21-03 
12 245.2 29.84 30.21 30.01 30.02 27-67 510.5 S.73 0.124E.08 0.02759 2î.48 19.23 20.85 20.79 20.85 2O.m 
13 276.2 30.40 30.77 30.66 30.63 28.33 517.5 6.54 O.lJOE08 0.03100 23.51 19.W 20.90 21.24 21.32 21.28 
14 305.2 31.03 31.39 31.17 31.19 28.99 524.7 5.66 0.I36E.08 0.03441 23.94 2 0 . S  22.39 22.19 22.26 22.23 

15 333.3 31.58 31.91 31-83 31.79 29.61 531.6 5.48 0.14ZE.08 0.03762 24.70 21.12 21.92 22.34 22.41 22.- 

16 363.3 32.27 32.64 32.39 32.43 30.27 539.2 5.10 0.148&08 0.01106 24.24 20.50 22-88 22-54 22.63 22.W 
17 383.3 3 2 . 1 ~  U.OT jz.m -.an 30.71 1 x 4 3  6.34 o . i s3mos  o . t n w i  24.06 20.57 ri.53 22.3s 22.42 z 2 . s  
18 4û3.3 33.22 33.56 3 3 . S  33.- 31.15 549.6 5.29 O.lSTE08 0.01664 23-41 20.13 21.92 21.79 21.85 21.82 
19 423.3 33.71 34.12 33.94 33.93 31.59 565.0 5.23 0.161E48 0.01794 22.83 19.20 20.65 20.75 20.83 20.79 
20 443.3 34.05 34.10 34.2s 34.24 32.03 560.2 5.18 0.161LM8 0.06026 23.94 20.48 21.80 21.93 22.00 21.01 
21 463.3 34.- 34.99 34.81 34.83 32.47 565.0 5.13 0 . 1 N . 0 8  0.05260 21.86 19.18 20.6U 20.56 20.60 20.58 
A ~ C E  V~U~GS mua = m o u s  15 m lo: 

391.6 52.93 33.28 33-11 33.11 30.89 546.7 5 .32  O.lSSf.08 0.01131 23.86 20.33 21.95 21.95 22.02 21.99 -- --- 

------- --------- ---- 
STA- Z - V U  -7UB.E WU; C) -  lm IE  PR GE Z+ --- HWSlXT mm= --- 
SION a A B c A Y ~ -  CC) A 8 c --AVEIICE - 

AGE !!O- ------- ------- r II T*B ----- 
3 5 .5  26.45 26.71 26.- 26-58 22.37 410.5 6 .54  O.l3C€-8 0.00461 19.39 18-22 18.79 18-79 18.80 18.79 



APPENDLX E. EXPERQLiENTAL DATA FOR a = 20" 

------------------ z* ---- --- 
Sn- Z - Y U  m l V I E  (DEC C)- It: PR Cl luSfmX rUaroi ---- 
R O K a  A 0 C A m -  <Cl A 8 C - -  A V E U C E  -- 

A c €  !!O ---- - -  - -  -- -- -- T 0 T*E ---- 
3 5.5 24.23 24.20 24.21 24.21 23.09 975.5 6.42 0.41IE47 0.00039 20.70 21.27 20.98 20.98 20.91 20.9% 

4 15.5 24.64 24.64 24.62 24.63 23.14 976.5 6.42 0.4IX47 0 . W 1  15.67 15.66 15.S 15.81 15.81 15.81 
5 25.5 24.81 24.97 24.m 24.89 23.11 977.6 6.41 0.414EI07 0.001M 14.56 13.11 13-84 13.84 13.86 13-05 

6 45.5 24.92 24.99 24.91 24.93 23.28 979.8 6.39 O.4l8E47 0.00239 14.46 13.87 14.U 14.34 14-36 14.34 
7 75.5 24.98 25.15 25.01 25.01 23.43 983.1 6.37 0.423307 0.00397 15.24 13.71 14.94 14.69 14.71 14-70 

8 105.5 25.01 25.26 lS.11 25.13 23.- 986.4 6-36 0.42ôE47 0.00554 16.24 14-06 15.46 15.26 15.30 15.28 

9 135.5 25.21 25.W 25-25 25.m 23.73 989.7 6.32 0.433E-7 0.00712 16.00 14-13 15.49 15.24 15.28 15.26 

10 165.2 25.25 25.53 25.36 25.38 23.M 993.0 6.30 0.439E47 0.00869 17.19 14.32 15.89 15.76 15.82 15.79 
11 205.2 25.33 15.64 25.48 25.50 24.W 997.5 6.27 0.446E47 0.010W 18-07 16.M 16.00 16-60 16.67 16-64 

12 245.2 25.62 25.W 25.68 25.69 24-21 1002.0 6.24 0.463E47 0.01291 17.67 15-45 16.âî 16.63 16.67 16.65 

13 275.2 25.67 25.89 25.82 25.80 24.42 1005.5 6.21 0.459€47 0.01449 18.96 16.07 16.89 17.14 17-10 lf.17 
14 305.2 25.m 26.03 25.90 25.92 24.57 ldo8.9 6.19 0.464E47 0.016Oâ 16.78 16.12 17.76 17.55 17.60 17.58 

15 333.3 26.93 26.15 26.09 26.07 24.71 1012.2 6.17 O.470E47 0.01756 19.39 16.39 17.06 17.40 17.47 17.43 

16 363.3 26.09 26.34 26.19 26.20 24.86 1015.7 6.14 0.47'15847 0.01915 19.23 15.92 17.72 17.57 17.65 17-61 
17 383.3 26.19 26.37 26.25 26.26 24.S 1018.0 6.13 0.479E47 0.01021 19.19 16.70 18.24 18.05 10.09 18-07 

18 403.3 26.25 26.48 26.42 26.39 25.W 10Î0.4 6.11 0.463EU37 0.02127 19.73 16.60 17.36 17.69 17-76 17-73 

19 423.3 26.42 26.67 26.m 26.56 25.16 1012.7 6.10 0.487E47 0.02233 18.60 15.53 16.60 16.76 16.83 16-00 
20 443.3 26.48 26.67 26.61 26.59 25.26 1025.1 6-00 O.491E47 0.02339 19.19 16.62 17.45 17.63 17.68 11-66 

21 463.3 26.71 26.n 26.86 26.- 25.36 1027.6 6.07 0.495E47 0.02446 17.37 16.59 15.78 16.36 16-38 16.37 



APPENDIX E. EXPEIUMENTAL DATA FOR a = 20" 

- -- -- 
S n -  Z - V U  -Tut ( D t t  C>- TB PB C1 Z* lllL13UT mai 
TIaN a A  B C A m -  (Cl A I C - A V E U C E -  
MO.-- r a  T 8 T,I 
3 5.5 25.53 25.61 26.52 25.52 23-04 945.5 6-43 0.93%% 0.00030 21.62 11-82 21.72 21.72 21-72 21-72 

---- ---------- --- 
Sn- z - V U  TEWEmnilE <DU; C) -  ln IE PR CR 21 -- m E L T  m m  ------ 
n o n  u A 8 c AM- cc) A B C - -  A V E U C E  -- 
no: ------- A=--- -- T Il T*R ---- 
3 5.5 25.81 25.90 25-85 75-86 22.44 920.9 6.53 0.12ûE48 0.- 21.66 21-11 21.39 21.39 21.39 21.39 



APPEXDIX E. EXPEMlbIENTAL DATA FOR cu = 20" 

--a-------- -- --- 
S A -  Z - Y U  'IDBEL.lWW (DUS C)- TB Le P. Ca Z+ nsSELT -ER --- 
TIOY U A 1 C A m -  <Cl A 1 C - y -  AVER&Z& ---- 



APPENDLX E. EXPE2UMENTAL DATA FOR a: = 20" 

I N F V r ~ C P 0 y E . -  166.2Y lIllT RATE UIm üï YATEIi O 163.5 Y H E A T a U r r a a U n -  1 . a  
lllSS FIAU RATE - 46.2460 WS P m  DIOP- O. 897- F U C T I O I  FACTüB - 0.012539 TPEII - 18.7662 



APPENDLX E. EXPEmIENTAL DATA FOR a = 20" 

INPUï ELECïIIC WVf* - 695.2 W lflt U I ~  CAIIEIJ m UA- - 696.4 w OUT BIWa EUOR --O. ln 
HASS M Y  RA= - 43.0754 C f S  P m  DROP- 1.061-29 FUCIIMI F A m R  - 0.016362 FIM- 24.5660 

------- z+ ---- --- 
STA- Z - V U  -WNZ C D S  C>- TB IE PR CR IIICEIELT lllQR 
rror a A s c AM- cc> A B c --AVWCE -- 
WL---- ---- AQ ----- T E T*E ----- 
3 5.5 25.37 25.43 25.10 25.40 22.97 1439.2 6.44 O.IO(W+O8 0.000)0 24.11 23.63 23.92 23.92 23.92 23.92 

4 15.5 26.19 26.49 26.19 26.26 23.05 1441.9 6.43 0.1OIE-8 0.00055 18.50 16.89 18.50 18.07 18.10 18.09 

5 25.5 26.54 26.82 26.72 26.70 W .  13 1444.5 6.42 O.lOlEUl8 0.00090 17.03 15.76 16.19 16.28 16.29 16.29 

6 45.5 26.57 26.89 26.67 26.70 23.30 1449.9 6.39 0.103t?+O8 0.00162 17.73 16.16 17.20 17.05 17.07 17.06 

7 75.5 26.70 27.41 26.77 26.83 23.54 1457.9 6.35 O.lOSEM8 0.0(3268 18-36 16.44 17.97 17.66 17-69 17.67 

8 105.5 26.79 27.36 26.90 26.99 23.79 1466.1 6.31 0.107EUl8 0.00375 19.32 16.26 18-68 18.15 18.23 18.19 

9 135.5 27.10 27.55 27.26 27.29 24.04 1474.4 6.27 0.109Ea8 O.aOI82 18.92 16-52 17.98 17.81 17-85 17.83 

10 165.2 27.11 27.70 n.44 27-42 24.28 1482.6 6.24 o.~rlrn.as o . w m  20.47 16-96 18.n 18-46 18-54 1a.50 

I l  205.2 27.28 27.m 27.58 17.- 24.61 1493.9 6.18 0.115ErO8 0.00731 21.71 17-75 19.a 19.53 19.63 19.58 
12 245.2 27.70 28-14 27.06 n.89 24.- rsos.4 6-13 o.trs~a8 o.ma74 20.97 18-07 19.1~ 19.63 19-68 19.66 
13 275.2 27.73 28.29 28.09 28.06 25.19 1514.1 6.09 O.lZOEIO8 0.00081 22.m 18.66 19.96 20.23 20.34 20.29 
14 305.2 27.04 28.42 28.08 28.11 25.44 1522.9 6.05 0.123EUl8 0.01089 24.06 19.41 21.03 21.66 21.79 21.72 

15 333.3 28.15 28.74 2û.M 20.50 25.67 1531.3 6.02 O.125EUY8 0.01190 23.25 18.82 20.10 m.44 20.57 20.51 

16 363.3 28.37 28.93 28.66 28.66 S.92 1540.3 5.98 0.127E~a 0.01298 23-53 19.14 21-06 21.08 21.19 21.14 
17 383.3 28.54 29.07 28.76 28.78 26.08 1646.4 5.95 O.fZSEUl8 0.01370 23.53 19.X) 11-53 21.36 21.47 21.42 
18 403.3 28.73 29.29 28.94 28.97 26.26 1552.5 5.93 O.t31E+O8 0.01442 23.28 18.97 21.45 21.17 21.29 21.23 
19 423.3 28.94 29.47 29.25 29.23 26.41 1568.7 5-90 0.133iEUl8 0.01514 22.64 18.05 20.35 20.50 20.60 20.55 

20 443.3 29.05 29.46 29.31 29.28 26.50 1564.9 5-87 O.134ErO8 0.01581 23.36 19.97 21.13 21.33 21.40 21.36 

21 463.3 29.60 29.72 29.65 29.66 26.74 1571.1 5.85 0.136E108 0.01659 20.14 19.38 19.81 19-78 19.78 19.78 



APPENDLX E. EXPERL21IENTAL DATA FOR cr = 30" 

---- 
S A -  Z - V U  m m  (Dffi Cl-  ln  If PR CL 2, --- -UT mU 
T K O I  U A I C A V R -  CC) A 8 C - -  A'VLUQ - 
!!EL-- AQ T I Tel 
3 5.5 26.03 26.07 21-05 26.06 t l . 4 4  1413.1 6 . 5 3  0 .13584ô 0.000n) 2 2 . n  22.5s 22-66 22.66 22.66 22.66 

INRJT ELEîXUC FQUEü - 1324.0 Y I i U t  Ult CIIlED û ï  WAILI - 1344.5 V B I T  MLuCE W R  --l.SSZ 
M Y  M E  - 42.7860 G/S P m D u ) p I  1-203aePIZO FUCnOl FA- - 0.018701 FIPI - 2 8 . 1 W  

--- ----------- 
2, ------ ----- 

SA- z -YU m m  (DU; CI- TB RE PI CR ~ S U T  ma ----- 
fIO* Q1 A B C A m -  (Cl A B C --- AVERAGE -- 
IL--- -- ~a ----- -- T I ~ * i l  
3 5.5 26.11 26.32 26.22 26.22 21-43 1380.3 6.70 0 .169646 0.00030 24.03 23.03 23.52 23.52 23.52 23.52 
4 15.5 27.01 27.72 27-13 27.25 21.59 13û5.8 6.61 0.172E48 0.00055 20.63 18.37 2û.33 19.87 19.91 19.89 
5 25.5 27.53 28-16 27.94 27.89 21.75 1391.4 6.64 0.174E48 0.00091 19.46 17.54 18.18 18.31 18.34 18.33 
6 45.5 27.52 28-15 27.71 27.77 22.07 1401.7 6.59 0.179848 0.00162 2û.61 18.49 19.94 19.72 19.75 19.73 
7 75.5 27.73 28.49 27.92 28.01 22.55 1416.5 6.51 O.laIE+08 0.00269 21.68 18.91 20.93 20.56 20.61 20.58 
8 105.5 27.91 28.95 28.12 2 ô . a  23-03 1431.7 6.43 0.194E48 O.00Jn 23.00 18.95 22.03 21.39 21.50 21.45 
9 135.5 28.55 29.39 28.85 2ô.91 23-61 1447.2 6.36 0.202E48 0.- 22.23 19.07 20.99 2û.76 20.82 20.79 

10 165.2 28.56 29.62 29.09 29.09 23.99 1462.9 6.28 O.ZlOE4B O.OûS91 24-60 19.67 21.94 21.94 22.06 22.00 
11 205.2 28-79 29.81 29.20 29.25 24.63 1484.5 6-18 0.221848 0.00736 26.89 21.51 24.47 24-18 24.33 24.26 
12 245.2 29.45 30.43 29.93 29.94 25-27 1606.8 6.08 O . w E 4 8  0.00881 26.70 21.63 23.97 23.93 24.07 24.00 
13 275.2 29.76 30.80 30.41 30.36 25.15 1524.0 6.00 0.243E48 0.00989 27.80 22.- 23.93 24.27 24.44 24.36 
14 305.2 30.02 31.02 34.41 30.47 26.24 1541.6 5.93 0.252E48 0.01099 29.43 23.27 26.67 26.32 26.51 26.42 
15 333.3 30.72 3 1 . n  31.33 31.29 26.69 1568.4 5.M 0.262E48 0.01201 27.60 21.86 W . %  24.18 24.35 24.26 
16 363.3 31.10 32.14 31.60 31.60 27.17 1574.7 5.79 0.271848 0.01311 2û.23 22.36 25.18 25.06 25.24 25.15 
17 383.3 31.44 32-51 3 i . n  3 1 . 1 ~  27-49 1685.0 5.7s 0.2fn+oa 0 . 0 1 3 1 ~  ze.m 21.75 2 6 . 8 ~  25-51 25-65 25.sa 
18 4û3.3 31.85 32.86 32.21 32.28 27.81 1596.4 6.71 0.283E48 0.01466 27.48 21.97 26.18 24.80 24.95 24.M 
19 423.3 32.29 33.28 32-81 32.80 m.13  1606.0 5.61 0.790E48 0.01629 26.65 21.54 23.66 23.74 23.81 23.81 
20 443.3 32.42 33.41 32.82 32.87 28.45 1616.7 5.63 0.296648 0.01603 27.89 22.34 25.36 26.01 25.23 25.16 
21 462.3 32.78 33.75 33.21 33.24 2 a . T  1627.5 5.59 0.303E48 0.01676 27.64 22.22 24.92 24.78 24.93 24.8s 



APPEniDLX E. EXPERLMENTAL DATA FOR a = 20" 

-- -- 
SA- z -YU TDWE~A~JBE a=~)- ~n PB G. z* I I C C I ~ T  m m  ----- 
gon u A s c f2- CC) A 8 C - -  A w y E  - 

T.I m u .  ---- -- - - - -  
3 5.6 30.21 30.a 30.a 30.48 21-40 1294.7 6.52 0.33üC+08 O.OW21 23.91 22.76 23.32 23.32 23.33 23.22 

--------- --- --- 
STA- z -WALL m m  au; c)- PB c i  z+ mxsa~ mmn ---- 
~ O W  QI A B C !=- (CI a 8 C -  AVEUCE - 



Appendix F 

Experimental Data for a = -10" 



APPENDIX F. EXPERMENTAL DATA FOR û. = - 10" 

!EL-- r a  --- T II Tel 
3 5.5 23.75 23-73 23-75 2 X T 6  22.61 480.4 6.50 0.31LIL107 0.OûOSU 16.64 16.62 16.58 16.58 16.58 16.511 



APPE,rVDlX F. EXPERIkIENTAL DATA FOR <r = - 10" 

---- -- 
2.--- 

-- 
SA- Z - V U  -'IvIiT CD= C)- 'Ib RE PR C1 ltPPTELT mai 
noir cn A i c rvœ- cc) A I c -LVEUGE- !o.- Am T II T 4  
3 5.5 24.03 24.- 24.06 24.06 22-53 475.2 6.51 0.3ü2E47 0.0005a 15.36 14.84 S.09 15.09 15.10 15.10 

I h W T L E C t R I C W V u -  320.7W WT UTE GAI- m UA- - 317.8 v ü?%T IIWQE E U O R  --2.2191 
i!ASS FLOU RATE - 14.2339 G/S P- DIOP- 0.=8162(3 NCnm FA- - 0.040139 f.D1 - 20.1044 

500.9 C M  -O.!àôôâOE*07 L T S l U % R W U ~ N I E : 2 2 . 4 6 ü E G C  ~ W L K m e E U T V l E : 2 7 . 9 ~ C  %: 6.007 BAH -0.344ô9E*Oü I l l U T W m N I E  22.4-C W I L E r W L K m ' N I E  27.9- C 
- ----.---- -------- 
STA- 2 - V U  -W (DEC Cl- TB R& PI GIi f+  - M S E L T  llVQU ----- 
n o n  a A i c ~vu- cc) A I C - -  AVERAGE -- 
N O ~ ~  --------- ACE T B T*% ---- 
3 5.5 24.28 24.36 24.32 24.32 22.U 471.2 6.51 0.454L47 0.00059 15.66 14.96 15.30 15.30 15.30 15.30 

4 15.5 24.53 24-81 24.62 24.64 22.65 472.4 6.49 0.469E-7 0.00166 14.56 12.61 13.93 13.74 13.n 13.75 

5 25.5 24.78 25.06 24.95 24.93 22.77 473.7 6.47 0.463E+07 0.00274 13.60 11.97 12.56 12.64 12.67 12.66 

6 45.5 24.95 25.21 15-11 25.09 23.00 476.1 6.44 0.47X47 0.- 14.09 12.39 13.01 13.10 13.12 13.11 

7 75.5 25.18 25.51 25.36 25.36 23.36 479.9 6.à8 0.486E.07 0.00811 15-01 12-33 13.72 13.63 13-70 13.66 

8 105.5 25.45 25.- 25-64 25.65 23.71 483.7 6.33 O.SûIE+07 0.01134 15-64 12.60 14.14 14.05 14.13 14.09 

9 135.5 25.82 26.21 26.06 26.04 24.06 487.6 6.27 0.515E.07 0.014- 15.52 12.70 13-63 13.79 13.87 13.83 

10 165.2 26.17 26.61 26.40 26.10 24.41 491.5 6.22 O.SME.07 O.Oln9 15.51 12.51 13.70 13.73 13.82 13-78 

II 205.2 26-53 27.01 26A2 26-80 24-88 496.9 6.14 O.S5tE+07 0.02212 16.54 12.78 14.02 14.21 14.34 14.28 

12 245.2 27.15 27.50 27.33 27.33 25-35 502.4 6.41 0.672007 0.01646 15.15 12.64 13.76 13.n 13.82 13.80 

13 275.2 27.42 27.82 27.70 27.66 25.70 606.6 6-01 O.S89E+07 0.02973 15.813 12.06 13.64 13.90 13.98 13.94 

14 305.2 27.81 28.25 28.08 28.06 26.05 510.8 5.06 0-6066.07 0.03300 15.46 12.39 13-38 13.56 13.65 13.61 

15 333.3 28.15 28.57 28.49 28.43 26.38 514.9 5.90 0.62Y*07 0.03607 15.34 12-41 12.90 13.30 13.39 13-34 

16 363.3 28.59 29.04 28.86 28.84 26.74 519.3 5-85 0.641E47 0.03934 14.60 11.75 12.m 12.91 12.99 12.95 

17 383.3 28.- 29.19 29.04 29.03 26.97 522.0 6-81 0.652E+07 0.04154 14.49 12.24 13.09 13-18 13.23 13.21 
18 403.3 29.01 29.43 29.24 29.23 27-21 524.5 5-78 0.66Y47 0.04373 15.05 12.19 13.29 13.38 13.46 13.42 

19 423.3 29.27 29.m 29.63 29.50 27.44 527.0 5.76 0.674E.07 0,04691 14.79 12.17 12.94 13.17 13.23 13.20 

M 443.3 29.41 M.00 29.70 29.70 27.68 529.5 6.73 0.685EM7 0.04810 15.61 11.65 15-38 13.36 13-51 13.43 

21 463.3 29.8) jO.24 30.16 30.09 27.91 632.1 5.70 0.696E47 0.06028 14.33 11.64 12.05 12.43 12.52 12.- 



APPENDLX F. EXPERLMENTAL DATA FOR Û: = -10" 



APPEniDLX F. EXPElun/IENTAL DATA FOR = - 10" 

--- 
STA-Z - W U L T P P P U n l U ( D U : C ) -  TB IE PI CR Ze -- ns(R.T m a  ---- 
m i r  a A i c A-- (CI A 0 c - -  A Y D I ~  -- 
10.-- A a i  ---- t I I*I 
3 5 . 5  36.33 38.55 J I . 4 4  3 - 4 4  22.49 411.6 6 . 5 2  0 . 1 2 6 E 4 8  0 . 0 0 M  5 - W  4 . 7 4  5-09  5 - 0 9  5.11 5 -10  

R a -  997.5 CEW -0.21519EdF7 ~ ~ ~ ~ - 2 2 . ~ C  D O V I a T W I W L K m e E l l N I I l : - 2 3 . 6 9 D E C C  
P M -  6.423 PUI - 0 . 1 3 8 2 2 E * ~  ~ m R l t ~ T l l l l l  -22 .S lDECC OVT(RWLKmBEIlTUW -23 .6!3DECC 



APPENDIX F. EXPERIME-NTAL DATA FOR a = - 10" 

--- -- 
=A- Z - W A L L  T c W E U T U U  (Dm C) -  Tn LE PR Cl Z* --- RESELT m m  --- 
nom cn A s c A m -  to A II c - -  r v o l ~ t  - 
~!!--- Aa - r D T*E 
3 5.5 23.92 73-89 23.91 23.91 22.78 971.3 6-47 0.4166.07 0.00029 21.52 22.15 21.83 21.83 21.83 21.83 



APPENDIX F. EXPERL21IENT;1L DATA FOR 0 = -10" 

---- ---- 
~ T A -  z -YU m m  (DU; CI- m E P. C. z* - - - - m a T - n  
T I O i  Cn A 8 C A V R -  (Cl A  8 C -  A V E U C E  - 
!!!L-- AQ T I T*I 
3 5.5 25.56 25.70 25-63 2s.m ~2 .m 942.8 6.47 o.ooaa7 o.oam i9.n 18.41 18.m 1s-sa 18-88 i8.m 
4 15.5 26.00 16-30 26.06 26-12 22.92 945.2 6.45 0.917E-7 0.- 17.36 15.G 17.06 16.69 16.73 16-71 

5 75.5 26.32 26.76 26.S 26.55 23.03 947.7 6.43 0.925347 0.0013 16.24 14.33 15-17 15.20 15.23 15.21 

6 45.5 26.46 26-89 26.59 26-63 23-26 962.6 6.40 0.943E-7 0.00246 16.70 14.72 16.06 15.85 15.88 15.m 

7 75.5 26.70 27.24 26.m 26.93 23-61 960.0 6.34 0.970€+07 0.- 17.24 14-70 16.29 16.08 16.13 16.10 

8 105.5 26.96 27.69 27-20 27.26 23-95 967.5 6.29 0.998E-7 0.00570 17.73 14.26 16.42 16.11 16.21 16.16 

9 135.5 27.38 28.06 27.71 27.71 24.m 975.2 6.23 0.103E+O8 0.00733 17.29 14.21 15.63 15.62 15.69 15.66 

10 165.2 27.59 28.3'7 2û.05 28.02 24-64 982.9 6.18 0.106E+08 0.00896 18.09 14.29 15.61 15.79 15-90 15-81 

11 205.2 27.m 2%71 2a.36 28.33 2S.11 993-6 6.11 0.11ûE*a8 0.01113 19.07 14.75 16-34 16.48 16.62 16.56 

12 245.2 28.45 29.15 2û.m 28.81 s.57 1004.4 6.03 o . l r 4 ~ u ~  o.or331 18-41 14.83 16.30 16.41 16.60 16.46 

13 275.2 28.68 29.41 29.18 29-11 25.91 1012.6 5.91 O.l17E+O8 0.01495 19.21 15.20 16.15 16.60 16.73 16.61 

14 305.2 28.90 29.70 29.40 29.37 26.26 1011.0 5.92 0.120€+01 0.01660 19.66 15.40 16.W 17-07 17.21 17-14 

15 333.3 29.38 30.13 29.94 29.86 26-58 1029.0 5.07 O.l24E+OI 0.01814 18-96 14.94 15.81 16-26 16.M 16.32 

16 363.3 29.71 30.62 30.15 30.13 26.93 1037.4 5.82 0.127E+O8 0.01979 19.06 14-74 16.46 16-54 16-68 16-61 
17 583.3 29.s JO.~UJ 30.33 30.32 27.16 1042.2 5-79 a.i2~~+as o.ma9 18.o1 15.015 1s.n is.74 16.8s i6.eo 

18 403.3 30.16 30.92 m.66 30.56 27.39 1-7.1 5.76 0.131E*01 0.01199 19.12 15.00 16.69 16.75 16-88 16-81 

--------------- ---- 
S A -  Z - Y U  TDWEMïüùE (DU; C ) -  TB U PR W Z+ --- LtBSaT -El ---- 
T l O N O I  A  1 C Am- CC) A 8 C - -  A V E U C E  
! L - - - ~  a=-- T H T 4  
3 5.5 26.70 27.10 26.90 26.90 22.75 922.5 6 . 4  0.124E48 0.00050 18.52 16.80 17.62 17.62 17.64 17.63 



APPENDLX F. EXPERLMENTAL DATA FOR ûi = -10" 

IIPVi m C P O Y U  - 1176.2W Q A T  UTL UIIED üT WATP - 1132.0 W 161T w CLLO. - 3.76f 
UâSS MY MYE - 26.- C/S P I t f S U L  mm- 0.78?lmK!O FUCrrOr FbfXm - 0.031282 M - 31.3479 

30.74 
31-19 
31.31 
31.m 
32.m 
31-92 
34-01 
J(-4s 
36-41 
36. 06 
36-2a 
JI. 13 
37.a 
JI. 65 
37-91 

38.22 
38.21 
S.71 

------------------ --- 
S T A - z  - W A L l m 8 u ) . n m E ( D F % C ) -  TB a P I  cl 2- lluSsUT m u  
TfON U A  B C  A M -  (C) A B C -  AYDICE - 

r a  H I z - -  ---- T II n a  
3 5.5 22.84 22.80 =.ô2 22.82 22.23 1487T6.s O.--7 0.00019 22.43 23-07 23.18 23.18 23.19 23.18 
4 15.5 22.99 23.00 22-96 22.98 22.25 1488.1 6.56 0.220EtO7 0.00052 18.46 18.25 19.18 t8.76 18.77 18.TI 
5 25.5 23.07 23.13 23.09 23.10 22.27 1488.7 6.55 0.220&47 0 . m 6  16-88 15-60 16.50 16.41 16.42 16.42 
6 45.5 23.21 23.25 23.23 23.23 22.31 1489.9 6.55 0.221EtO7 0.00153 15-08 14.36 14.68 14-70 14-70 14.70 
7 75.5 23.26 23.36 23.25 23-28 22.36 1491.7 6.54 0.22%47 0.00256 15.09 13-76 15.22 14.80 14.82 14.81 
8 1 0 5 . 5  23.28 23.39 23.32 23.33 22.42 1493.5 6-53 0.223E47 0.00356 15.n 13.99 14.99 14.91 14.94 14.92 
9 135.5 23.36 23.U 23.41 23.42 22.47 1495.3 6.52 0.224147 0.00167 15.21 13.50 14.41 14.36 14.38 14.37 
10 165.2 23.28 23.41 23.43 23.38 22.53 1497.1 6.51 0.225647 0.00557 18.09 15.41 15.03 15-80 15.89 15.85 

11 205.2 23.43 23.64 23-61 23-57 2 î .60  1499.5 6.50 0.226847 O.a)692 16-37 13-01 13.46 13.98 14.09 14.04 
12 245.2 23.67 23.74 23.69 23.70 22.67 1501.9 6.49 O.PüE47 0.00827 13.S 12.76 13.33 13.25 13.25 13.25 
13 275.2 23.66 23.77 23.72 23.72 22.73 1603.7 6-48 0.229847 0.00929 14-54 13-02 13.69 $3.71 13.73 13.R 
14 305.2 23.70 23.85 23.m 23.79 22.78 1506.6 6.47 O.WOE47 0.01030 14.72 12.72 13.56 13.50 13.53 13.52 
15 333.3 23.73 23.84 23.81 23.80 22-83 1507.3 6.46 0.231E97 0.01125 15.18 13.50 13-88 14.08 14-11 14.69 
16 363.3 23.83 23.94 23.89 23.89 22-89 1509.1 6.46 0.23%-7 0.01227 14.46 12.86 13-51 13.59 13.62 13.W 
17 383.3 23.84 23.95 23.91 23.90 22.93 1510.4 6.45 0.233&tOf 0.01294 14.84 13.25 13.82 13.91 13-94 13.92 
18 403.3 23.81 23.95 23.89 23.89 22.M 1511.6 6.44 0 . m - 7  0.01362 16.01 13.76 14.55 14.68 14.73 14.70 
19 423.3 23.8s 23.99 23-94 23.93 23.00 1512.8 6.44 0.2.34647 0.01430 16-85 13.71 14.47 14.58 14.62 14.60 
20 443.3 23.90 24.02 23.H 23.96 23.04 1514.1 6.43 0.235E47 0.01497 I5.n 13.71 14.61 14.64 14.67 14.65 
21 463.3 24.13 24.06 24.21 24.15 23-07 1515.3 6.43 O.236E47 0.01565 12.a 13.66 11.89 12.52 12.57 12.55 



APPENDIX F. EXPERJMENTAL DATA FOR Û: = - 10" 

-- 
S n -  z - Y U  ~ n m c  <Dl% Cl- Tn Lt PI CR Z* IiiISSFLt W E I  

A B c y  

A r n e  VUES n t l ~ ~ u a  STATIOU 15 m zo: 
391.6 25.47 25.73 25-61 25.61 24.06 1524.8 6.27 ---- -- 

------ ------- -- 
S A -  Z - Y U  TDBELI- ( D G  C l -  Lt PR CI Z* In6SEX.T IIIIQEB ----- 
n o n  u A B c rvn- cc) A B c - -  AVEUCE -- 
!!,--p-A- a=- T R T*R 

---A 

3 5 .5  24.70 24.61 24-69 24.69 22.87 1460.2 6.46 O.m2E*07 0.00019 22.45 22.79 22.62 22.62 22.62 22.62 

AYERICE VLLUCg TWDUEll STATIONS 15 TO 20: 
391.6 27.09 27.57 27.55 27.34 25.08 1535.7 6.11 O.MZE47 0,01373 20.39 16.46 18.06 18.13 18.24 18.19 -- ------- ----- --- ----- 



APPENDLX F. EXPERIMENTAL DATA FOR cr = -1 O" 

--------- ------ ---- 
S A -  2 -WALL TEWa4nJRE (DEC C>- ln IE PR CR Z* --- IUQIa ----- 
n o i u  A B c AM- t a  A B c -AVRAQ-- 
!!LI--- A- -- T T*I ------ 
3 5.5 26.39 26.43 26.41 26-41 22-68 1418.1 6.49 O.lW48 0.00020 21.- 21.26 21.37 21.37 21.37 21.37 

4 15.5 26.93 27.38 26.99 27.07 22-79 1421.7 6.47 O. 135E48 0.- 19.26 17.38 19.01 18.63 18.66 18.65 

5 25.5 27.37 27.94 27.60 27.63 22.91 1425.3 6.45 0.13TE+a8 0.00091 17-88 16.83 16.97 16.88 16.91 16.89 

6 45.5 27.41 27.95 27.- 27.63 23.14 1432.6 6.42 0.139E48 0.00163 18-63 16-54 17.98 17.75 17.78 17.76 
7 75.5 27.73 28.46 27.92 28.01 23.U 1443.6 6-35 0.143&+08 0.00270 18.72 15.97 17.93 17.58 17.64 17-61 

8 105.5 27.97 28.92 28.24 28-34 23.m 1454.8 6.31 0.147E48 0.00378 19.19 15.59 18.02 17-60 17.70 17.65 

9 135.5 28.50 29.m 28.80 2B.M 24.16 1466.2 6.25 0.15lE48 0.00486 18.33 15.54 17.15 16.99 17.05 17.02 

10 165.2 28.06 29.15 28.73 28-67 24.50 1477.6 6.20 0.156E48 0.00593 22.33 17.08 18.80 19.07 19.25 19-16 

1 1  205.2 28.70 29.72 29.12 29-16 24.96 1493.3 6.13 0.16ZE48 0.00738 21.1% 16.68 19.08 18.87 19.01 18.94 

12 245.2 29.26 30.18 2 9 . a  29.70 25.42 1509.3 6.06 0.16ûE48 0.00ôôZ 20.62 16.63 18.59 18.50 18.61 18.55 

13 275.2 29.46 30.47 30.13 30-06 25.76 1621.6 6.00 O.17lta8 0.00991 21.40 16.81 18.10 18.46 18.60 18-63 

14 JOS.2 29.68 30.66 50.16 30.16 26.10 1534.0 5.96 O.ITn48 0.01100 22.07 17.36 19.50 19.47 19.61 19.54 

15 333.3 30.27 31.24 30.97 %.ô6 26-47 1546.8 6.90 0.182E41 0.03203 20-54 16.39 17.39 17.80 17.93 17.86 

16 363.3 30.46 31.56 3t.W 31.01 26.76 1558.7 6.84 0.187E48 0.01312 21-36 16.49 18.57 18.59 18.74 18-61 

17 383.3 30.72 31.66 21.19 31.19 26.99 1566.4 6.81 0.1!3C€41 0.013ôS 21.20 16.90 18.W 18.80 18.92 18.86 
18 403.3 30.92 31.93 31.43 31.43 27-21 1573.7 5.78 0.19X48 0.01458 21.33 16.75 18.74 18.75 18.89 18.82 

19 423.3 31.14 32.21 31.78 31.73 27.45 lM1.0 6.75 0.196E48 0.01530 21.34 16.55 18.23 18.43 18.59 18.51 

X )  443.3 31-24 31-34 31-81 31-83 27.- 1ssa.4 5.73 o.zoa~+or o . 0 1 ~ 3  n.12 16-91 i8.m 1s.99 19.17 19.oe 

21 463.3 31.99 32.95 32.76 32.62 27.W 1596.8 5.70 O.MX48 0.01616 19.29 15.63 16.21 16.72 16.83 15-70 
AVERAGE v w  TIDOUCE S I A T I O S  1s ro 20: 

391.6 30.79 31.82 31.37 31.34 27-09 1569.0 5.80 O.lSlE48 0.01415 21.31 16.66 18.42 18.56 18.71 18.63 --------- ----- ----- 



APPENDDC F. EXPERIMENTAL DATA FOR ÛI = -10" 



Appendix G 

Experimental Data for (Y = -20° 



APPEIVDIX G. EXPERIAIENTAL DATA FOR (Y = -20" 

------ 
S A -  Z - U U  -IVRE (DEG C ) -  TII L I I  PR U t* - -  iiissELT I~Û~~ER --- 
n o n a  A n c A-- (CI A B c -  d u c e  - 
IL- r a  --- t I T*l  
3 5 . 5  23.40 23.44 23.46 23.46 22.94 492.5 6.46 0.144EO7 0.00067 15.59 16.68 16.12 16.12 16.13 16.12 

1 m  E~ECIWC P(MI - 1 ~ 1 . 4  v n m ~  un urm a UA= - 145.0 u arr-anor - 4 . 2 4  
ltLSS FLOU RATE - 14.7600 G / S  PIGSSIIIE DMP- 0.225UIQZO FlICïIOf FACTOR - O. 0296Oô FLPI - 14.7528 
RM - 498.3 GUI - 0.21696E*O7 WUî T E 3 W E U N U  - 2 2 . 2 a C  C W U  - 24.6WG C 
P M -  6.366 RIll -0.1381ZE*OE INUSWLKTDSZMTuiiE -22.2a>ECC Q V N T B W U - a  - 2 4 . w C  



APPENDE G. EXPERTMENTAL DATA FOR = -20" 

--- -- 
STA- z -VU TERLU- (DU; c>- UL PL te ----- mat mnmn - 
n o n  a A B c AVR- tc) A B c -AVEUCE-- 
NO.---- r a  T m ?*l 

3 5.5 23.17 23.22 23-20 23.10 22.06 483.0 6.59 0.255E47 0.OWSï 14.32 13.74 14.02 14.02 14.02 14-02 

--------- - ---- 
STA- Z - W A L L  m m  (DEC C>- TB IE PL G. Z* ---- n s S a T  WumfS --- 
T i O N  U A B C A M -  CC> A B C - -  A-GE - 
No,---- --- A C E  ------ T H n a  ---- 
3 5.5 24.00 24.20 24.10 24.10 22.44 481.5 6-53  0.311EM7 0.- 12.07 10.75 11.37 11.37 11.39 11.3S 

10.91 

10.27 

10.3n 
10.93 

11.08 
11.23 
10.73 

10.59 
10.73 

IO. 88 

10.89 
11.62 

11.43 
11.91 
12.25 
12.20 
12.95 
12.24 



APPENDLX G. EXPERL2MENTAL DATA FOR cr = -20" 

IWlJr ELEmUCPaYEl- 320.7V QAT UTL GItrm üT VATL. - 317.3 V IElT malm - 1 . W  
!US MY U'IE - I4.1Ja9 WS 0.N9- FUCrIOI FA- - 0.040851 20.4714 

-- 
S A -  Z - Y U  Ta9fu'Illlt CDU; Cl- IE PR Ga Z* m m T  -O 
n o n  a A B c A=- cc> A I c -  AVEUCE - 
W.- -- AQ T U Y*# 

3 5.5 25.78 26-32 26-06 26.0s 22.~4 472.3 6.- O.ME-7 o.oaos9 8 . u  7.20 7 . n  7 . n  7-80 7.711 
4 15.5 25.91 26.49 26.24 26.22 22-75 473.5 6 .M 0 . m - 7  0.00166 8.39 7.10 7.59 7.64 7.67 7.66 
5 25.5 26.10 26.66 26.47 26.42 22-87 474.7 6.46 0.462E47 0.00274 8.19 7.00 7.56 7.45 7.47 7.46 
6 46.5 26.29 26.83 26.62 26.59 23.10 477.1 6.42 0.441E07 0.- 8-28 7.- 7.52 7 .58  7.60 7.59 
7 fS.5 26.51 27 .m 26.m 26.80 23.44 480-8 6.37 0.47-47 0.00811 8.61 7-28 7.86 7.87 7.90 7 . m  
a 105.5 26.71 2 7 . x  27.01 n.oz 2 3 . m  4t34.5 6 . m  0 .4a-m~ 0.01134 9.01 7 . ~ )  8 . m  8-15 8.19 8 .1 t  
9 135.5 26.96 27-55 27-29 n . 2 7  24-12 488.3 6-26 o . s o 1 ~ ~ 7  0 . 0 1 4 ~ ~  9-29 7.70 8.m 8-37  6-41 8-39 

10 165.2 27.42 28-12 27-03 27.- 24.M 492.1 6.21 0.515&47 O.OIT19 8-91 7.21 7.82 7.90 7.94 7.92 
11 2ûS.2 2 7 . a  21-46 28-26 2B.19 24-91 497.3 6.14 O.53SE.07 0.02912 9 .18  7.43 7.90 8 .06  8.10 8.- 
12 245.2 28.23 20.76 28-53 21-51 25-57 602.6 6.-  ~~~~~~7 0.01646 9.20 1-76 8.33 8 .37  8.44 8.39 
13 275.2 28.40 28.96 2S.M 29-76 26.71 506.6 6.01 O.SïlE.07 0.02973 9.7â 1.09 8.39 8.62 8.66 8.64 
14 S . 2  28.65 29.20 29.01 29.00 26.06 510.8 6-96 0.587E-7 0.- 10.11 8.34 1.72 8.92 8.97 8.95 
15 333.3 28.88 29-36 29.30 29.21 26-37 514.7 5.91 0.602L.07 0.03607 10.47 8-81 8 - 9 8  9.16 9.31 9.39 
16 363.3 29.21 29.71 29.53 29.50 26.71 518.9 5-85 0.6lPE47 0.03936 10.51 1.74 9.31 9.42 9.47 9.46 
17 333.3 29.3s 29.m 29-63 29.59 26.94 521.6 5.E2 0.630C.07 O.MlM 10.90 9.24 9.7s 9.87 9.91 9.89 
18 403.3 2 9 . a  29-93 29.n 29-23 n . 1 7  524.0 5-79 O . W Y E . O ~  O . M ~  11 .m 9-47 10.1s 10.23 10.27 1 0 . s  

AVERICE V u u F z  nMm srrnoia 1s ro 20: 
391.6 29.37 29.m 29.67 29-63 27.03 522.4 5.01 O.KME47 0.01246 11.21 9.47 9.99 10.14 10.18 IO. 16 ------- -- 



APPEIVDLX G. EXPEIUMENTAL DATA FOR a = -20" 



----- ------ 
STA- z - Y U  mPOUTmE mic Cl- ln PI CI z+ -- nssar llumm------ 
n o n u  A B c AM- (c) A n c - - - A ~ c & - -  =- r a  - t II 1% 
3 5.6 23.67 23.64 23.66 23.66 22.W 978.9 6.47 0.29L06E.07 0.00019 20.01 20.83 2û.42 20-42 20.42 20.42 
4 15.5 24-04 24.06 24.01 24.03 22.84 979.7 6.46 
5 25-5 24.12 24.26 24.14 24-17 22.87 980.5 6.46 
6 45.5 24.33 24.W 24.32 24.34 22.94 982.1 6.45 
7 75.5 24.37 24.62 24.37 24-41 23-05 964.5 6.43 
8 105.5 24.42 24.62 24.47 24.49 W. 16 916.8 6.41 
9 135.5 24.54 24.13 24.61 24.62 23.27 989.3 6.40 
10 165.2 14.61 24.16 24.X 24.74 23.38 991.6 6.38 
Li Z(H.2 24.m 25.- 24.S 24.92 U.62 994.9 6 . S  
12 246.2 24.95 25.13 25.00 25.02 13.61 998.S 6.33 
13 275.2 24-97 zs.16 25-12 25-09 23.m m0.6 6 . u  
14 3ûS.2 25.05 25.26 25.17 25.17 23.89 1003.1 6.30 
15 333.3 25.09 26.31 26.n) 15.2û 23.- 1005.4 6.2â 
16 363.3 25.19 25.42 26.26 25.23 24.10 1007.9 6.26 
17 383.3 25-16 15.44 25.36 25.36 24.17 1009.6 6.16 
18 403.3 25.30 25.47 25-30 25.a 24.24 1011.3 6.24 

19 423.3 25.36 25.56 25.48 25.48 24..32 1012.9 6.23 
20 443.3 25.41 25.00 25.411 25.50 24.39 1014.6 6.22 
21 463.3 25.64 25.68 25.75 25.71 24.46 1016.3 6.21 
AVEUCE VAUJES TUMW snnom 15 m n): 

391-6 15.27 25.47 25.36 25.37 24.X) 1010.3 6.25 --- 

---- z* ---- ---- 
SA- z -~ALI.  T E W E U A ~ ~ E  (DIX CI- ~n PI el ~ ~ S E L T  ~ E P  --- 
Z O N  U A B C !M- (Cl A B C - -  AVERAGE -- 

t P 7.. 



I M  ftLCïI1IC - 451 .O Y  UT UR curn, BT UA= - a 7  . 1 Y -1 MLmCZ I y R  - O. 862 
UASS MV UTE - 28.7560 C f 9  P m  DUIPI O.mO5118Îa FBICnMI - 0.019716 MI 19.6475 
m -  996.5 - O.TJJ1&m7 UPSnEN m X K  - 22.7ZDCC C rPPQlnnE - 26.44üCC C 
P M -  6.189 % -0.463ôûEMB I ~ R J L K - m - 2 2 . ~ C  W n E T W - m  - 26.44ûECC --- f* ----- --- 
SA- z -YU m m  (DIG CI- TB RE PI c1 ~IICISEL'T m n  ----- 
n o u a  A O c A=- (CI A I c --~mm- 
?!A --- Act --- T R T4lt 

3 5.5 24-04 24.M 24.84 24.- 22.76 956.5 6.48 0.632E47 0.- 18-00 17.99 17.99 17.99 17.99 17.99 
4 15.5 25.28 25.54 26.36 25.38 22.84 958.2 6.46 0.636E-7 0.- 15.33 13.85 14.82 14.69 14.71 14.70 
5 25.5 25-60 25.M 26.7s 2S.76 22.92 959.9 6.45 O.--7 0.0013S 14.06 12.27 13.19 13.15 13-18 13-16 
6 45.5 25-76 26.11 25.m 25.91 23-06 963.3 6.43 0.648E47 0.00242 13.93 12.33 13.28 13-18 13.21 13.19 
7 75.5 26.01 26.46 26.16 26.20 23.32 961.4 6.39 0.661E47 0.00«)1 13.115 11-86 13.13 12.95 12.99 12.97 
8 105.5 26.18 26.74 26.37 26.41 23-66 973.6 6-35 0.674EOT 0.00561 14.21 11-70 13.27 13-04 13-11 13.- 
9 135.5 26.46 26.91 2 6 . a  26.61 23.80 978.8 6.31 0 .688E47 0.00721 13.97 11-97 13.05 12.97 13.01 12.99 

10 165.2 26.58 27.14 26.- 26.87 24-03 984.1 5 . a  0.701E47 O.me8o 14.51 I l . %  13.Oü 13.11 13.17 13-14 
11 206.2 2 6 . m  27.43 27.13 27.12 24.36 991.3 6.23 O .RClCe  0.01094 16-31 12.07 X3.37 13.43 13.63 13-48 
11 2C5.2 27.15 27.M 27-17 27.44 2 4 . a  998.5 6-11 O . t 3 & 4 7  0.0:3Oâ 14.W 12.25 13.27 13.37 13.44 13-41 
13 275.2 27.31 27.93 27-72 27-67 24.90 1001.0 6.14 0.753E+O7 0.01469 15.43 12.28 13.17 13-42 13-51 13.47 
14 305.2 27.56 18-16 27.92 2ï.W 25.14 1009.6 6.10 0.76üEIOT 0 . 0 l W  15.36 12.28 13.37 13-51 13.60 13.56 
15 355.3 27-85 28.- 28.27 la.20 26-36 1014.9 6 .M 0.7ElEIo7 0.01781 14.94 12.m 12.79 13.10 13.18 13.14 
16 363.3 28.01 28.68 2 8 . U  28.40 26.60 1010.6 6.03 0.797E-7 0.01943 15.23 l 2 .M 13.09 13.27 13.36 13.31 
17 383.3 28.30 28.76 28.54 28.51 26.76 1014.4 6.00 0.807Ea7 0.02061 15.20 12.36 13.34 13.48 13-56 13.52 
18 403.3 28.28 28.- 2S.71 28.66 26.92 1011.3 5.- 0 . 8 1 a 4 7  0.02159 15.72 12.46 13.27 13-58 13.68 13.63 
19 423.3 28.44 29.05 28.6 28.80 26.08 1032.2 5-96 0.828E47 0.02266 15.72 12.46 13-36 13.62 13-72 13 .m 
20 443.3 28.45 29.10 28.88 l a .=  26.24 1û3ô.I 6.93 0.839E-7 0.0237S 16.70 12.94 13.99 14-28 14.41 14-31 
21 463.3 28-82 29.- 29.29 29.20 26.W 1040.1 5.90 O.ôWE47 0.132483 15.29 12-37 12.m 13.21 13.30 13.26 
AYERICE VUES WOUQ STATIOIIS 1s m 20: 

391.6 28.21 28.82 28.61 28-56 25-83 1016.1 5.99 0.812E47 0.02096 15-59 12.41 13.30 13.56 13.65 13.60 

IN= m C  P û U U  - 657.8 Y IEATUiE CIIIEI) ûT VATU- 629.2 Y UEAf B A L A R u i f l l O l -  4.3% 
n u s  FLOU RITE - 2a.3221 G/S P B  DIOP 0 . 8 1 8 ~ 1 0  F U C T i O W  F A C m R  - 0.029152 M - 29.1149 
: 999.8 CUI - O. IlOOOE*ûâ WU -ïïiUE - 22.7- C AIU - 2 8 . W  C 

6.064 U H  - 0.66?!561*08 IIILT WLK TEWEUWRE - 22.7lDEû C WnET DULK - 28.OJDfG C 
---------- PP * ---- ---- 
STA- z -YU - ~ R E  (DEG c)- TB RE PI c1 ~ ~ S U T  nnsn ----- 
RON 01 A 1 C A m -  (C) A 8 C -AYE1ICE-- 

A G E  NO- -- ----- -------- f II f*ll ------ 
3 5 .5  27.09 27.97 27.53 27.53 22.78 942.3 6.47 0 . 8 0 0 f 4 7  0.00030 12.19 10.12 11.06 11.06 11-10 11.021 
4 15.5 27.35 28.22 27.71 27.74 21-89 914.7 6.46 O.89IIE47 0.00û84 11.78 9.115 10.W 10.82 10.86 10.84 
5 25.5 27.59 28.52 28.19 S . 1 2  23.00 947.1 6.44 0 .90-47 0 .001N 11.45 9.51 10.13 10.26 10.31 10.2% 
6 45.5 27.72 28.57 2B.18 28.16 23.23 951.9 6.- 0.924E47 0.00246 11.68 9 . m  10.59 10.63 10.67 10.65 
7 75.5 27.95 28.82 28.36 28-38 23.n 959.2 6.35 0.950E47 0.- 11-96 9.98 10.94 10.91 10.95 10.93 
8 105.5 28.13 29.15 28.57 28.61 23.91 %6.6 6.29 0.9TIE97 0.00570 12.41 10.00 11.24 11.16 11.22 11.19 
9 1 U . 5  2e.50 29.36 28-94 28.93 24.25 974.1 6.24 0.100E48 0.00733 12.32 10.25 11.17 11.18 11.23 11.20 

10 165.2 28.64 29.88 29-40 20.33 24.59 981.7 6.19 O. lOK48 0.00895 12.90 9.89 10.87 11.03 11.13 11.08 
11 205.2 29.26 30.38 29.93 29.87 26-01 992.0 6.12 0.107E48 0.01113 12.38 9.7U 10.70 10.81 10.89 10.85 
12 245.2 29.51 30.57 30.12 3û.a 25.49 1002.6 6.04 O.l l1E48 0.01331 13.00 10.28 11-27 11.38 11.46 11.42 
13 275.2 29.79 30.83 30.52 J0.42 25.83 1010.7 5.99 0 .114848 0.01495 13.18 10.44 11.12 11.38 11.47 11.42 
14 J05.2 30.02 31.06 30.66 30.60 26.17 1019.0 5.94 0.118E48 0.01660 13-56 10.69 11.61 11.78 11.87 11.83 
15 333.3 30.44 31.33 31.16 31.02 26.49 1026.8 5.89 0.121E48 0.01814 13.21 1O.n 11-16 11.50 11.57 11 .H  
16 363.3 30.60 31.61 31.21 31.16 26.M 1035.3 5.83 0 .124848 0.01979 13.81 10.90 11 .m 12.03 12.12 12-07 
17 383.3 3 0 . n  31.64 31.27 31.24 17.06 1040.1 5-80 0.126E48 0.02099 14.02 11.37 12.34 12.45 12.52 12.48 
18 403.3 30.89 31.79 31.46 31.W 27.29 1044.9 5 . n  0.128E48 0.02199 14.43 11.55 12.46 12.64 12.73 12.68 
19 423.3 31.06 31.88 31-61 31.54 27.51 lM9.7  6 . X  0.130E48 0.02308 14.65 11.91 12.70 12.91 12.99 12-95 
20 443.3 31.02 31.86 31.53 31.48 27.74 1054.6 5.72 0.132E48 0.02418 15.86 12.61 13.72 13.88 13.98 13.93 
21 463.3 31.23 32.08 31.75 31.71 27.97 1059.6 5.69 0 .134948 O.MS28 15.90 12.62 13.70 13.89 13.98 13-93 
AVERAQ VUES TBI[LUII STATTOIS 15 m 20: 

391.6 30.80 31.68 31-37 31.31 27.15 1011.9 5.79 0.127E48 O.MI36 14.33 11.52 12.58 12.57 12.65 12.61 
--------A------- ----- ------ 





APPE-NDLX G. EXPERIMENTAL DATA FOR 0 = -20" 

--- -- ----- 
Sa-  Z - Y U  TDPLLImlaE (Dffi Cl- Tn U- PR CL + --- NESEL1 m m  ----- 
r r m a  A i c ~on- cc) A B c -  A V E U ~  - 
10.- AGt T I T*U - 
3 6.5 23.59 2 3 . S  23.59 23.59 22-72 1U4.3 6 . U  0.332E407 0.00019 22.75 22.92 22.84 22.84 22.84 22.84 
4 15.6 23.84 23.89 23.84 23.m 22.76 1U5.2 6.48 0.33ptQ7 O.OOû63 11.02 1 7 . a  18-02 17.83 17.84 17.03 
5 25.5 24.01 24.09 24.06 24.06 22.M 1486.1 6.47 0.334t47 0.- 15.97 14.97 16.33 15.39 15.40 1 5 . a  
6 45.5 24.16 24.23 24.15 24.18 22.03 1487.9 6.47 0.333307 O.ûûl56 14.81 14.06 14.88 14.65 14.66 14.66 
7 75.5 24.26 2 4 . 3  24.26 24-29 22.91 1490.6 6.45 O.JJdL407 0.002Sâ 14-60 13.44 14.62 14.30 14.32 14.31 
8 105.5 24.31 24.51 24.33 24.37 21-99 1493.2 6.44 O.340&407 0.00361 14.94 13.02 14.75 14.32 14.36 14.34 
9 135.5 24.37 24.54 24.45 24.46 23.07 1196.9 6.43 0.342E407 0.- 15.m 13.45 14.36 14.31 14.34 14.32 

10 165.2 24.25 24.47 24.44 24.- W. 15 1498.6 6.41 O.345E407 0.00665 17.- 15.00 15.32 15.82 15.90 15.86 
11 105.3 24-43 24.64 24.59 24.56 23.X 1502-2 6-40 O.34&+07 0.- X6.79 14-26 14.m S.14 15-19 15.16 
12 245.2 24.64 24.m 24.73 24.73 23.37 1606-9 6 . 3  0.3SrL47 O.ûOû4û 15.43 13.52 14-51 14.46 14.49 1 4 . a  
13 275.2 24.66 24.89 24.75 24.76 23.46 1504.6 6.37 0 .35U47  0.00942 16.21 13.70 15-08 14.96 15.02 14.99 
14 305.2 24.74 24.97 24.89 24.87 23.63 1511.3 6.36 0.365tM7 0.01015 16.30 1 3 . n  14.46 14.66 14.12 14.69 
15 333.3 24.81 25.- 24.95 24.94 23.61 1513.9 6.34 0.368€47 0.01142 16.30 13.76 14.61 14.76 14.82 14.79 
16 363.3 24.91 26.11 25.01 25.01 23.69 1516.7 6.33 O.#(N407 0.01245 16.02 13-7E 14.86 14.44 14.18 l 4 . M  
17 383.3 24.W 25.16 25-06 25.05 23.74 1518.6 6.32 0.262E407 0.01314 16.17 13.87 15.01 14.97 15.02 14.99 
18 403.3 24.93 25.16 25.07 25.06 23.79 1620.4 6.31 0.363€47 0.013û2 l7.3û 14.44 15.42 15.68 15-64 15.61 
:9 423.3 25.03 25.25 25.17 25.15 23.S 1622.3 6.X) 0.365E47 0.01461 1 6 . a  14-06 14.86 15-06 15.12 15.- 
20 4 3 . 3  25.11 25.29 15.20 15.20 23.W 1524.1 6.X) 0.366647 0.01520 16.36 14.14 15.15 16.16 15.20 15.18 
21 463.3 25.36 25.36 25.47 25.42 23.M 1626.0 6.29 O.368E407 0.01Sô8 13.97 13.99 12.96 13-45 13.47 13.46 

1 ~ ~ 7  -C m - 310.7 v üf%T Um GAI= ûï  UATL. - 308.1 U EAT EALAlKE EILOI - 0.83% 
lllSS MV RATE - 44.5220 G/S P m =  DIOP. 0 . 8 1 4 ~ 2 0  FUCTIOI FACTOR - 0.01174E FLDI - 17.6710 
REM - 1501.6 C1)( - 0.4ô172DO7 lRSrWl AIU -Mt - 22.6SîX C wnrmful SVU - 24.3lDEG C 
P 6.363 W1 -0.293âM*ûô UL€îûüUCfDeELIIVIC: - 2 2 . 6 6 D E C C  [IVrttfBüïK-Tlllt - 2 4 . w E C C  
----- ---- ----- 
SA- z - w u  -mu CDÉGIEI- rn m PR ta z* -- ll~~at mmn --- 
rrox a A a c A=- (CI A I c --AVERAGE- 
!O:--- A= T II T*B 
3 5.5 23.89 23.81 23.85 23.86 22-67 14TI.8 6.49 0=2E*07 0.00019 20.91 22.61 11-77 21.77 21.78 21-77 






