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ABSTRACT·

A numerical study of heat transfer in 90°,constant cross-section

curved duct,steady, laminar flow is presented. The work is aimed pri

marily at characterizing the effects of duct geometry on heat transfer by

considering, especially, the role of secondary motions during the

developing period of the flow. However, due consideration has al so been

given to varying initial conditions of velocity and temperature at the

entrance section to the duct. In addition, an assessment is made of the

relative contributions of individual duct Walls to heat transfer in the

flow. It is found that, in general, heat transfer increases with Dean

number with the largest transfer rates occurring through the duct side

wa 11 s and outer-curvature wall. Duct geometri es with aspect radogreater

or smaller than unity have weaker secondary motions and are less effective

for heat transfer. Similarly, plug-flow entrance profiles for velocity

retard the development of cross~stream flow thus inhibiting a significant

contribution to heat transfer~ It i~ concluded that short ducts with

strong curvature (2Rc/DH< 10) and intense secondary motions can be as

effective for heat transfer as longer ducts which are less strongly

curved.

Calculations are based on fully elliptic (in space) forms of the

transport equations governing the flow. They are of engineering value

and are limited inaccuracy only by the degree of computational mesh

refinement. A comparison with calculations based on parabolic equations

has been made and it is shown how the latter can lead to erroneous results

for strongly curved flows.
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NOMENCLATURE

iii

a

b

De

k

P

P
Pr
Pref

q

q

r

r.
1

curved duct width

curved duct breadth

heat capacity at constant pressure

friction coefficient at ~ plane

pressure loss coefficient at~ plane

Dean number (Re(D~~2n
curved duct hydraulic diameter (4x surface/perimeter)

perim~ter average heat tr~nsfer coefficient at ~ plane
(q / (Tw-T))

thermal conductivity

perimeter average Nusselt number at ~ plane (hDH/k)

pressure at a point in the flow

surface average pressure at ~ plane
~randtl number l.lCp/ k .
P at ~ = DO plane

heat flux at a point on a wall.

perimeter average heat flux at ~ plane

radial direction in cylindrical coordinates

inner curvature wall

outer curvature wall

Rc duct radius of curvature ((ri + ro)/2)

Re Reynolds nurnber(DH:VB)

T value of temperature at a point in the flow

f mass average temperature at ~ plane

Tin inlet temperature



Tw wall temperature

+IVI modulus of secondary motion vector velocity at a point in the flow

VB surface average longitudinal velocity at ep plane

vep longitudinal velocity component

vr radial velocity component

axial velocity component

;v

z

e

p

axial direction in cylindrical coordinates

non-dimensional temperature at a point in the flow (~w=~ ..)
w 1n

(
f-T. ).

non-dimensional mass average temperature at ep plane. Ti~n

viscosity

density

wall shear stress

longitudinal direction in cylindrical coordinates
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INTRODUCTION

Cons fderab1e effort has been expended on the experimental·

measurement and calculation of flows in curved ducts of rectangular

cross-section, principally because of the practical significance of such

flows. Curved duct geometries frequently arise in engineering con~

,figurations where, besides providing a necessary conduit for the fluid,

it may be requ~red to enhance heat and/or mass transport processes. In

curved ducts this is achieved mainly due to the prolonged residence,

times of fluid elements which must move along spiraling paths as they

evolve in the main (longitudinal) flow direction. Thus, the centrifugal

force-radial pressure gradient imbalance acting onslow moving fluid

near the side walls of the duct induces a motion of the fluid along the

side walls and directed from the outer towards the inner curvature wall.

In turn, faster moving fluid in the core region of the flow moves along

the center (symmetry) plane of the duct, being directed from the inner

to the outer curvature wall. The cross-stream motion just described is

commonly referred to.in the literature as secondary motion of the "first

kind" or, simply, secondary motion [lJ. It is obvious that the extent to

which heat and mass transport can be enhanced in curved duct flows will be

a strong function of the intensity and spatial variation of the secondary

motion.

Even though experimental works on curved duct flows abound (a recent

review may be found in [2J), data ava'ilability for engineering purposes is

often defficient or simply inadequate. Whereas considerable work has been

carried out to obtain useful design correlations for pressure losses and

friction coefficients [3J, there is no equivalent body of knowledge de

scribing three-dimensional velocity, energy and mass transport phenomena

1.



in sufficient detail and over a wide enough range of relevant dimensionless

flow parameters. That this should be the case may be understood by

considering the phenomenal task. required only to obtain detailed measure

ments of three velocity components for different conditions of duct aspect

ratio, Dean number, radius ratio 2Rc/DH (for turbulent flows, [4]) and,. for

developing flows, at various duct deflection angles. It is not surprising

to find therefore that available velocity data is mainly restricted to the

longitudinal component direction and that the majority of heat and mass

transfer studies have focussed On cases of fully developed curved duct

flew with boundary conditions of specific relevance to the particular

cases investigated.

Whereas experimentation in curved duct geometries may be laborious

(and complex), it is possible, in principle, to compute these flows quite

accurately ih the laminar regime. This has b~en sho~n by, among others,

Cheng and Akiyama [5], Cheng, Lin and Ou [6] andJo~eph, Smith and Adler [7J

for fully developed flow and by Ghi a and Sokhey [8] and Humphrey, Taylor and

Whitelaw [9J for developing flow. Of the above only the procedure used by

Humphrey, et. al. [9J is based On fully elliptic forms (in space) of the

equations of motion. Calculations for tur~ulent flow regime have been

performed by Pratap and Spalding [lOJ using a semi-elliptic numerical

procedure. However, the agreement between calculations and measurements

of velocity is less satisfactory in this case. Although the authors

attribute the discrepancies to failings in the model of turbulence employed

in the calculations, it is possible that their neglect of higher order

curvature terms in the equations of motion may have contributed to the

under-prediction of secondary velocity components.

Experimental investigations of heat transfer in curved duct flows have

been described by, for example, Kreith [llJ, Mori, Uchida and Ukon [12J

2.
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and Yang and Liao [13J while corresponding numerical calculations are

reported by Cheng and Akiyarna [5J and Cheng, et. al. [6J. Except for the

experimental works of Kreith [llJ and Yang and Liao [l3J (in turbulent

regime) the remaining studies deal with the problem of fully developed

laminar flow. In general, these and similar studies show that heat transfer

in curved duct flow is enhanced relative to that occurring in straight

ducts, with transfer rates at outer curvature walls being typically 2 to 5

times larger than corresponding values at inner walls. Non-dimensionalized

values of temperature profiles show trends simil~rto those displayed by

the longitudinal velocity component, with maximum values shifted towards

the outer curvature wall. Equivalent information appears to be lacking

for the case of developing laminar flow. Especially noticeable is the

dearth of information for ducts with relatively strong curvature (small

radius ratio: 2 Rc/DH < 10) where spatial ell ipticity in the flow field

may be pronounce,d.

The present study is directed toward providing (through numerical

computation) necessary fluid mechanical and heat transfer data for

developing steady laminar flow of an incompressible fluid in strongly

curved ducts with 90 0 deflection angle. The calculations are of engineer

ing accuracy and allow a relative comparison of duct performance and

detailed flow characteristics as a function of relevant dimensionless

parameters, such as Dean and Reynolds number, aspect ratio and radius ratio.

Because of the numerical approach in the study it has been possible to

examine an extensive combination of geometrical configurations for various

initial and boundary conditions for temperature and velocity. The ex

perimental equivalent of this (or a similar) study would be exceedingly

laborious, time consuming and expensive to perform. This substantiates

3.



the need for developing and applying calculation procedures which can be

used with confidence, relatively easily and (by comparison to experiments)

'at moderate costs. ' The numerical procedure used in this study is presently

the basis for similar calculations in turbuient single and two-phase flow

to be rep9rted at a later date.

4.



CALCULATION PROCEDURE AND TEST CASES

The calculation procedure used to compute the flows in this study

has already been described in [9]. Extension of the-procedure to arbitrary

orthogonal coordinate geometries and, especially, its application to

developing curved pipe flows of strong curvature have been documented by

Humphrey [14]. The latter reference contains general finite difference

forms of the conservation equations for mass, momentum and transferable

scalar quantities (species and energy).· Detailed information concerning.
the derivation of the difference equations, their numerical solution and

results for various test cases solved to evaluate the procedure are

reported in the above two references and in [2]. This section presents

a summary of the essential features characterizing the calculation

method together with a description of its appl ication to flows in curved

ducts with heat transfer. Some of the results for two calculated test

cases are also reported.

Equations, Boundary Conditions and Procedure for Numerical Solution

Mass conservation, momentum and energy equations for three~dimensional,

steady, incompressible laminar flow in curved ducts of cylindrical geometry

corresponding to Fig, 1 are gfven by

5.
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+ vz

where

p

[

. av vrh avz ..
z + ~ __ +

~ aT·
r a¢

Vz ::z] = - ~~. + "V2VZ

~~] = k[V
2
T]

6.

(4)

(5)

It is required to solve (1)-{5) together withvarious combinations

of the boundary conditions as shown below:

Inlet plane (f=OO).

vr = Vz ~ a ~ v¢ = plug flow or developed duct flow

T = constant or f{r)

Exit plane (all rand z at ~= 90°).

(6)

(7)

= ~ _ aT _
a¢· - a¢ - a ( 8)

with overall continuity of mass and energy imposed.

Side walls (all ¢ at z = + b/2 and r = ri~ ro).

v = v = v = ar z ¢
T = constant or f{¢) at specified walls

q = a at specified walls

Symmetry plane {all rand p atz = 0).

_ aVr· = aV rh~ = aT ::: aVz - az- az az

(9)

(l 0)



The conditions imposed for velocity at the inlet and exit planes have

been carefully discussed in [14]. It is shown there that the curved duct

has a minimal effect on the incoming fluid stream, thus allowing a fairly

arbitrary prescription of the velocity distribution at ¢ = 0°. While not

strictly correct, the velocity condition at the exit plane (¢ = 90°) is a

good approximation and is substantiated by the satisfactory agreement found

here (and in [9,14]) between measurements and calculations.

The finite difference equations are obtained by integrating (1)-(5)

over volume elements on "cells" discretiz;ng the flow domain. The velocity

components, pressure and temperature are the dependent variables computed

on a number of staggered, interconnected grids, each of which is

associated with a specific variable. The general form of the finite

difference expression is given by

7.

¢p =(I Ai ¢i
i =1

(11 )

where ¢p (velocity component, pressure or temperature) is the variable

solved for at a position P in the discretiz~d flow domain. TheA. co
l

efficients are determined at the cell surfaces and represent the combined

contributions of convection and diffusion to the balance of ¢. Other

contributions arising from pressure, body forces and temperature (sources

or sinks) are contained in So' Detailed forms for So in variable property

flows are available in [15].

Solution of the system of finite difference transport equations with

appropriately differenced boundary conditions is achieved ·by means of a

cjc1ic series of predictor-corrector operations as described in [9,14].

Briefly, the method involves using an initial or intermediate value of the



pressure field to solve for an intermediate velocity field. A pressure

correction to the pressure field is determined by bringing intermediate

velocities into conformity with continuity. Corrections to the pressure

and velocity fields are applied and the energy equation is solved for T

(in flows where energy and momentumare not linked through temperature

effects this last step can be taken after the velocity and pressure

fields have been determined). The above step!:, are repeated until some

pre-established convergence criterion is satisfied.

Test Cases

Extensive testing and an evaluation of the calculation procedure for

predicting flows without heat transfer have been documented in [2J and

reported in part in [9,14J. It has been shown in these references that

fully elliptic, three-dimensional computations of sufficient accuracy for

engineering purposes can be obtained on unequally spaced grids as coarse

as 12 x 12 x 20 (r x z x ¢). The predictions presented here and in the

following sections have been performed on a 12 x 15 x 20 mesh. While finer

grids are c~pable of yielding more accurate results, they are increasingly

more expensive to compute. Hhereas numerical schemes based on parabolic or

semi-elliptic forms of the transport equations will handle equivalent and

finer calculation meshes at significantly less cost, for flows such as the

ones of interest here where curvature effects can be pronounced, it is not

possible to determine a priori if less than fully elliptic equations are

justified. For two interesting examples involving flow reversal in curved

ducts, see [9,14J.

Profiles of longitudinal velocity and pressure, respectively calculated

using elliptic and parabolic forms of the transport equations, are shown

in Fig. 2(a-c) where they are compared with experimental velocity data from

8.



[9J. The parabolic calculations were readily obtained by modifying the

elliptic procedure of [9,14J as explained in, for example, Launder [16J. The

plots allow a relative comparison between the two approaches for a duct of

relatively strong curvature (case 1 in Table 1). It can be seen that the

elliptic results yield significantly better predictions of longitudinal

velocity (and cross-stream components not shown here), especially between

¢ ="30° and ¢ = 90° where elliptic effects are strongest. The pressure

profiles in Fig. 2-c show, in part, the reason for the discrepancy. In the

parabolic calculations pressure links in the longitudinal direction are

decoupled and lead to over-predicted values at r = ro and under-predicted

val ues at r = r.. Thus, even though the velocity fi e1d is "parabo1i ell in
1

that it contains no reversed flow zones, ellipticity in the pressure field

is still strong and must be dealt with accordingly.

Additional indications of the differences which can arise between

elliptic and parabolic computational approaches in strongly curved flows

may be gleaned from a comparison of the results presented for velocity

components and temperature in Figs. 4-a and 4-h, respectively. The figures

contain plots of calculated results at ¢ =900 which are significantly dis

similar. In particular, the parabolic longitudinal velocity contours show

high speed fluid trapped near the outer curvature wall between the side

wall and sYmmetry plane. This effect contradicts experimental evidence

in [9J and is due to the over~prediction of an unfavorable longitudinal

pressure gradient at the outer curvature wall. The over-prediction~lso

explains why secondary motion at the outer radius wall, near the symmetry

plane, is directed away from the wall and into the flow. Of course,

differences in the temperature contours will arise because of the differences

in velocity and will be in error as well. "It may be concluded that for

9.



developing curved duct flows with De 2 350, significant error can arise

through the use of parabolic schemes. All the calculations performed for

the parametric study presented in the next section have been based on

fully elliptic forms of the transport equations as given in (1)-(5).

As a check for the validity of the calculation procedure in the

presence of heat transfer effects, numerical computations were performed

for two of the experimental cases presented by Mori, et. a1. [12J for

fully developed curved duct flow. The agreement between calculations

and measurements can be judged from the profiles for velocity and

temperature shown in Fig. 3. It is considered to be satisfactory given

the uncertainty reported in connection with the experiments which

were affected by the presence of large turbulence fluctuations at the

entrance section of the curved duct. It is shown in [2J that the largest

turbulent fluctuations in curved square duct flow arise ~t the outer

curvature wall. The fluctuations will contribute to turbulent diffusion

from the wa 11 regi on into the core flow and can account for the lower

experimental values of temperature found in [12J at the outer radius

wa 11.

Rigorously, the procedure should be tested for its capacity to predict

momentum and heat transfer effects during the developing period of duct

flow. However, the authors are unaware of any experimental data in curved

ducts which would serve for such a comparison. Notwithstanding, calculations

performed for developing temperature profiles in straight duct flow show

excellent a~reement with experimental measurements and analytical results.

For this and more detailed discussion of the test cases reported here see

Vee [17].

10.



11.

CASE STUDIES, RESULTS AND DISCUSSION

A summary of the case studies and conditions calculated for this

investigation is presented in tabulated form in Table 1. From the table

it will be seen that various curved duct geometries were combined with

parabolic (fully developed straight duct flow) profiles for velocity and

uniform temperature (Tin = 30QoK) distributions at the entrance plane

(¢ '" 0°). The effects of varying initial temperature and velocity

distribution were also investigated. Finally, the effects of heating

curved duct walls singly, with adiabatic conditions imposed for the re

maining walls,were explored .. In all cases the boundary conditlon was that

of constant wall temperature (Tw. = 3500 K) except for where the adiabatic

condition was enforced. Although not calcu1~ted here, variable wall

temperature or variable (or constant) heat flux conditions could have just

as readily been specified at the boundaries.

Incompressible, constant property (Pr = 1.0) flow was assumed for the

calculations and is an acceptable supposition for the range of temperatures con

sidered here. While the calculation of temperature dependent fluid properties

is a standard feature in the numerical procedure, it does increase the cost

of predictions through additional storage and computing time requirements.

Typical values for storage and CP times for the case studies presented here

were 160 Ka and 235 seconds, respectively on a CDC 7600. The average time

required per node X iteration for all runs was 1.44 x 10-5 CP seconds.

The remainder of this section is devoted to the presentation and

and discussion of some of the results calculated for the test cases in Table 1.

The presentation is subdivided according to the topic of interest both for

ease of discussion and to enhance the separate roles of the various

parameters affecting heat transfer in curved duct flow.
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Velocity and Temperature Distributions

Plots of non-dimensional velocity and temperature distributions

are given in Fig. 4(a-h). Longitudinal velocity and temperature are shown

in the form of equal-value contours whereas the cross-stream motion is

indicated in vectorial form.

Bend angle (cjJ).

The distributions shown in the figures are typical of the bulk of the

results and illustrate clearly the important role played by secondary motions

insofar as heat and momentum transport are concerned. Thus, for example, the

sequence shown in Fig. 4-a;b,c provides a clear impression of the way

the flow and temperature fields evolve to produce maximum values in the

respective distributions displaced toward the outer-radius wall. The

similarity between longitudinal velocity and temperature contours is

striking but not surprising in view of the convective nature of the flow.

The energy field is decoupled from the momentum field and in all cases

evolves i~ a manner dictated primarily by the fluid mechanics.

Aspect ratio (b/a).

The effect of varying aspect ratio may be shown by a relative comparison

of Figs. 4-c,d,e. It is immediately obvious that the vector plots for

cross-stream velocity differ considerably depending on the aspect ratio.

For b/a = 1 the secondary motion is relatively high in the region of the

inner-curvature (r= r i ) and side (z = b/2) walls, whereas for b/a = 3 it

is high at all three walls but localized mainly in the region of the side

wall. For b/a = 1/3 the cross-stream flow is intense along both the duct

symmetry plane and side walls but, by comparison, is relatively weak at

the inner- and outer-~urvature walls. Longitudinal velocity and temperature

12.





contours show distributions corresponding to the sense of the secondary.

motion. For b/a = l/~it is worth remarking on the peak value of longi

tudinal velocity which has been displaced from the duct symmetry plane

whence it evolved. A corresponding peak in the temperature distribution

is not observed. In addition, for this last case, longitudinal velocity

and temperature profiles are most dissimilar and is probably due to a

relatively large contribution to heat transfer through cond~ction along

the z axis.

IndiVidually heated walls.

Figure 4-g shows temperature distributions at 90° for three cases

in Table 1 where only one of the two curved walls or both of the side walls

were heated while ke~ping the remaining walls adiabatic. The fluid mechanics

of these cases are identical to Figs. 4-a, band c but the manner in which

the temperature fields evolve are strikingly different. In all cases the

13.
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calculations show graphically how the secondary motion scoops warm fluid

from th~ vicinity of the heated wall and convects it in the sense of the

secondary motion. It would appear that this is achieved most successfully

for cas~ 11 with heat flowing into the duct through the side walls. The

point that emerges clearly from the comparison is that'heat transfer rates

through the three types of walls present in curved duct flow can. and in

general will. differ markedly depending on flow conditions, geometrical

charact~ristics and fluid properties.

Pr~ssure loss (Cp) and friction (Cf ) coefficients.

Profiles for the pressure loss and frictioncoefficients corresponding

to the qase studies in Table 1 are given in Figs. 5(a) and (b). Cp is

seen to decrease with increasing duct angle ~ and decreasing De, and (from

the trend in the results at ~ = 1.5 radians) with decreasing b/a. The C~

curve for the plug flow entrance profile is also plotted for comparison

with the other cases.

In all cases the fri~tion coefficient at the outer wall (r = ro)

increases (at least initially) with increasing duct angle. However. the

rate of increase is largest for bla = 1 and smallest for bla = 1/3. High

values ,qf Cf at r = ro are initially favored by low values of De but the

reverse is true for ~ ~·1.2radians. At the inner curvature wall Cf
appears to be relatively insensitive to changes in De and for ~ ~ .7 is

largest for bla = 3. The potential flow profiles show Cf decreasing at r = ro
and increasing at r = r i , respectively and is due to the boundary layer

growth qccurri ng on these walls.

,

Variation of temperature and Nusselt number.

Fi~ures 6-a, band c show the effects of duct geometry. flow

charact(;1ristics and duct entrance conditions on normalized temperature and

14.



Nusseltnumber, respectively. In the plots the Nusselt number ha~ been

calculated from

where ~ is the (local) heat transfer coefficient averaged over the duct

perimeter at a duct angle ¢. Thus,

~ = Cj/(T -f)w

where q is the (perimeter) averaged heat flux at the ¢ plane and Tw and f

are the wall temperature and average flow temperatures, respectively, at

the same longitudinal position.

The curves in Fig.6-a all show Nu increasing asymptotically with

duct arc-length, after an initial and rather abrupt period of decay. The

initial decrease in Nu is due to the relatively weak mixing effect of the

secondary motion during this stage of the flow. However, as the flow

develops and the intensity of the secondary motion increases, heat transfer

is enhanced and Nu increases with ¢. The minima in the curves are seen

to depend on the value of De and, in general, Nu increases with increasing

De. Initially, the average temperature of fluid in the ducts appears to

be insensitive to variation in the De number. Eventually, however,

15.
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16.

secondary motions in the shorter but more strongly curved duct

(De = 106) enhance heat transfer to the point where a definite trend

in the temperature profiles emerges. It may be concluded therefore·

that. for certain conditions. short ducts with intense secondary motion can

transfer as much heat or more compared to ducts of longer length but with

weaker cross-stream flow. That this is indeed the case was independently

confirmed by performing total hei;l.t balances for cases 1 and lA in Table 1.

Thus. for conditions of equal arc length. 1.15 times more heat was

added to the duct with higher De.

From Fig. 6-b it is seen that Nu is highest for bla = 1 for ¢ ~ .4

radians. It would appear that initial heat transfer gains through increased

surface area are eventually offset by reductions due to weaker cross~stream

flows for both bla = 3 and bla = 1/3. The plots also show that temperature

gradients at the outer radius wall have a more pronounced effect on the

rate of heat transfer than corresponding gradients at the inner wall. This

is partly due to a surface effect but also to the presence of higher

gradients of velocity at the oute}' radius wall.

In order ,to assess the relative contributions to heat transfer

arising from separate duct walls during flow development. calculations were

performed for the conditions corresponding to cases 10-12 in Table 1" The

results for Nu and 8B are· shown in Fig. 6-c. If allowance is made for the

difference in wall areSs among the cases the plots still indicate that the

highest rates of heat transfer occur through the side and outer radius walls

in curved duct flow. This result is linked to the high values of secondary

motion which arise. especially in the vicinity of the side walls. and is the cause

for the pronounced maximum in the Nu plot corresponding to case 11. By



comparison similar variations and maximum values of Nu are less for the

case of heat transfer through the inner curvature wall. Energy balances

for these three cases show that the total heat added to the duct heated

through the outer wall was 1.58 times larger than that ~dded to the duct

heated through the inner wall. In turn, the total heat added to the duct

heated through the side walls (allowing for the fact that there were two)

was 1.02 times larger than that added to the duct heated through the outer

wall.

17.



CONCLUSIONS

The following major conclusions are derived from the present

study:

1. Secondary motions in developing curved duct flow are largely

responsible for enhanced rates of heat transfer after an

initial period transpires to allow significant development of

the cross~stream flow. In the present study this period

corresponded to a bend angle of 300 < ¢ < 500 approximately.

2. Short ducts with strong curvature may transfer as much or more

heat (to a moving fluid in which the secondary motion is

intense) as longer ducts which are not as strongly curved

(and in which the secondary motion is weaker).

3. Higher rates of heat transfer are favored by large De,

b/a ~ 1, parabolic velocity entrance conditions, and large

temperature and velocity gradient conditions at outer curvature

and side walls, respectively.

4. For a plug-flow entrance velocity condition initial heat

transfer rates are large but are subsequently reduced (quite

considerably) due to the much slower development of the cross

stream flow.

5. Whereas high values of De number favor large heat transfer rates,

the advantage must be weighed against corresponding increases in

friction losses.

18.
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6. Flows in curved. ducts with str6ng curvature require a fully

elliptic numerical treatment to yield satisfactory computations.

Calculations based on parabolic forms of the transport equations

can produce erroneous results.

In general, the study shows that heat transfer in developing curved

duct laminar flow can be usefully and comprehensively investigated through

numerical computation of finite difference transport equations. The

·results obtained are of sufficient accuracy for engineering use and are

1imited in resolution only by the degree of mesh refinement imposed in the

calculations. Equivalent experiments would be laborious, time consuming

and expensive to perform.

The calculation procedure used for this work is presently the basis

for turbulent single and two-phase flow predictions in curved duct geometries.

Because of the high turbulence fluctuations observed at the curved and

side walls in these flows [2J, it is anticipated that contributions

through turbulent diffusion of particles and/or heat will significantly

influence scalar transport even though the fluid mechanics appear to be

dictated primariiy by pressure gradient and body force field effects.

19.
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FIGURE CAPTIONS

Fig. I Curved duct cylindrical coordinate geometry.

Fig. 2-a,b Comparison of ell iptic (._) and parabol ic
(---) calculations with experimental (0)
measurements of longitudinal velocity.
Measurements are from Humphrey, at. al. [9].
(a):z/(b/2) =0; (b): z/(b/2) =0.5.

< '

Fi.g. 2-cCon1parison of elliptic (-) and parabolic (- ... -)
cal~ulations of pressure at inner and~uter

curvature walls.

Fig. 3-a,b Calculated (-)and measured (o,tJ longitudinal
velocity. Experiments are from Mori, et. al.
[12]. (a): K = 12 De = 389; (b) K = n De = 876.

Fig. 3-c,d Calculated (--) and measured (o,~) temperature.
Experiments are from Mari, et. al.[12]. T
is wal.l tem.p£.rature gradient 0.49.o C/cm. . .'
(c) ~ K = I 2 De = 389; (d): K = 12 De = 876.

Fig. 4-a Longitudinal velocity (V¢/Vs)' secondary
motion ( t /Vs) and temperature e at .

¢ =0° for Case 1 in Table 1.

Fig. 4-b Longitudinal velocity (V¢/Vs)' secondary
motion ( t /Vs) and temperature e at

¢ = 45° for Case 1 in Table 1.

Fig. 4-c Longitudinal velocity (V¢/VB), secondary'
motion ( t /VB) and temperature e at

¢ = 90° for Case 1 in Table 1.

Fig. 4-d Longitudinal velocity (V¢/Vs)' secondary
motion ( V/VB) and temperature e at
¢ = 90° for Case 2 in Table 1.

Fig.4-e Longitudinal velocity (V¢/VS), secondary
motion ( V /VS) and temperature e at

¢ = 90° for Case 3 in Table 1.

Fig. 4-f Longitudinal velocity (V¢/Vs), secondary
motion ( V/VB) and temperature e
¢ =90° for Case 7 in Table 1.
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Fig. 4-g

Fi g. 4-h

Fig. 5-a

Fig. 5-b

Fig. 6-a

Fig. 6-b

Fig. 6-c

Temperature at 90° for Cases lo~ 11 and 12
in Table 1.

Longitudinal velocity (V<j/VB) ,secondary
motion ( V/VB) and temperature 8 at
~ = 90° for Case 13 in Table 1 .

Pressure loss curves for case studies in
Table 1.

Friction coefficient curves for case
studies in Table 1.

Longitudinal vari~tion of Nusselt and
temperature for different De.

Longitudinal variation of Nusselt for
different b/a (Cases 1,2~3) and for
different temperature and velocity
entrance conditions (Cases 7,8,9).

Longitudinal variation of Nusselt and
temperature for individually heated walls.
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