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Abstract- Predictions are described of fully developed turbulent Row and heat transfer in a narrow isosceles 
triangular duct obtained by means of a computer model in which the Reynolds stresses are calculated from 
algebraic forms of their transport equations, first derived for square duct calculations. The governing 
equations are formulated in an orthogonal curvilinear coordinate frame which is fitted to the shape of the duct 
cross-section, and are solved by an efficient finite volume method. The solutions presented show that, for the 
conditions of the small apex angle duct examined, the local and overall heat transfer is relatively unaffected by 
secondary flow, whilst being quite sensitive to the imposed temperature boundary conditions. The predict&s 

compare satisfactorily with the experiments and were found also to be useful in interpreting them. 
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NOMENCLATURE 

finite volume coefficients 

algebraic stress transport model 

constants in equation (18) : Cel = 1.55, 

c,, = 2.0 

coefficients in the ASTM : C,, = 2.78, 
c,, = 0.358 
equivalent (hydraulic) diameter 
friction factor (Z,/O.5pi7$ 
metric coefficients 
turbulence kinetic energy 
Nusselt number 
pressure 
production rate of k 

laminar Prandtl number 
local surface heat flux 
mean surface heat flux 
local radii of curvature 

Reynolds number (pU@,/1.1) 
turbulent stress tensor 
temperature 
bulk fluid temperature 
local wall temperature 
mean wall temperature 
fluctuating velocity component 

Reynoids kinematic stresses 

turbulent heat Auxes 
local velocity component 
average velocity component 
friction velocity 
Cartesian coordinates. 

Greek symbols 
E dissipation rate of k 

B fluctuating temperature 

P 

ptt 
Si 

P 

“4 

?ij 

r, 
r, 
l- 

f-t 
Yij 

4 

laminar viscosity 
turbulent viscosity 
general orthogonal coordinates 
fluid density 
turbulent Prandtl number : ak = 1.Q 
(r, = 1.2, (T1 = 0.9 
viscous stress tensor 
local wall shear stress 
average wall shear stress 
molecular diffusivity of heat 
turbulent diffusivity of heat 
total stress tensor 
any main variable. 

fNTRODkJCTlON 

THE DESIGN of effective compact heat exchanger 
systems depends critically on knowledge of the local 
mean flow and heat transfer characteristics of non- 
circular passages. Triangular passages with small apex 
angles are one of the many possible shapes which could 
be, and are, used to achieve high compactness. 
However, when the flow is turbulent, very little 
information appears to be available for local mean flow 
and heat transfer distributions in such passages, as 
shown in the summary given in ref. [I]. This is perhaps 
because the acute-angled internal corners pose obvious 
measurement difficulties, particularly when the angle is 
less than 30”. Some turbulent flow measurements of 
fully developed friction factors have been reported for 
isosceles triangular ducts with apex angles of between 
4” and 24.8” [Z-4]. Eckert and Irvine [2] also reported 
local axial velocity data for apex angles of 11.7” and 
24.8”. Their 11.7” angled duct was later extended in 
length from 80 to 167 equivalent diameters, apparently 
toachieve fully developed ff ow, and used for turbulence 
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measurements which were reported by Cremers and 
Eckert [S]. No further local axial velocity distributions 
appear to have been published for this extended duct. 

The equilateral triangular duct experiments of Aly et 
al. [6] appear to be the only other detailed 
measurements reported for triangular ducts. Although 
the corner angles are larger than those discussed above, 
the results are of interest since they include 
measurements of the turbulence driven secondary flows 
which exist in the cross-plane of all straight non- 
circular passages and are in the form, in this instance, 
shown in Fig. 1. This circulation confirmed the earlier 
deductions of Nikuradse [7] from his measured axial 
velocity contours which bulged into the corners 
indicating that there is convection from the duct core 
towards the corners. The measured axial velocity and 
turbulence kinetic energy contours of Aly et al. [6] were 
found also to bulge, the latter even more markedly than 
the former, into the corners. As seen from Fig. 1, from 
symmetry and continuity requirements the secondary 
flow recirculates from the corner back to the core 
through the regions adjacent to the duct wall and the 
normal plane bisecting the wall giving six symmetrical 
counter rotating circulations in the duct cross-plane. 
Indirect evidence of the presence of secondary flows in 
the 11.7” apex angle duct of ref. [2] was apparent in the 
axial velocity profiles which showed larger velocities 
near the corners than in the centre-plane. The velocity 
profiles also showed distortions (rapid changes in 
gradient) in the apex corner region (see Fig. 5) although 
the authors could find no explanation for these. 

Local and overall heat transfer measurements have 
been made by Eckert and Irvine [S] in a narrow 
isosceles triangular duct with an apex angle of 11.5” and 
stainless steel walls which were heated directly with an 
alternating electrical current. The mean Nusselt 
numbers, based on hydraulic diameter, were found to 
be only 60% of the circular tube values and the 
measured local temperatures on the long wall ranged 
from 0.2 (at the duct base) to 2.4 (at the apex) times their 
mean level. The constant wall heat flux condition 
expected with direct heating was found not to have 
occurred with measurements indicating wall heat fluxes 
in the base region many times those in the apex region 
on the long wall. The authors concluded, in a written 
discussion of their work, that the actual boundary 
conditions were about mid-way between constant wall 
heat flux and constant wall temperature. 

Turning now to theoretical studies, none that include 

Fm. 1. Measured secondary flow pattern in an equilateral 
triangular duct. 

secondary flow have been reported for fully developed 
turbulent flow in acute angled triangles, but some 
investigations have been published for other passage 
shapes. These include square ducts [9, lo], rod bundles 
[ 1 l-131 and an equilateral triangular duct [6]. Ail of 
these employed numerical finite-difference procedures 
and all except refs. [ 10,133 used the method of Gosman 
et al. [14] to solve the vorticity/stream function 
formulation of the equations of motion. The cross- 
plane turbulent stresses were calculated with simplified 
algebraic forms of the Reynolds stress transport 
equations (ASTM) first proposed by Launder and Ying 
[9] and which requires values of turbulence kinetic 
energy k and its dissipation rate E. All methods solved a 
modelled differential transport equation for k and 
calculated E from turbulent length scales which were 
prescribed either from experiment or from the Buleev 
[ 151 geometric formula with the exception of ref. [ 131 
where a differential transport equation for E was solved. 
The methods of Naot et al. [lo] and Bartzis and 
Todreas [13] solved the velocity-pressure forms of the 
momentum and continuity equations with the former 
employing differential transport equations for the 
required stresses and the latter using both the ASTM 
and the algebraic empirical relations suggested by 

Bobkov et al. [ 161. 
In order to obtain reasonable convergence in the 

foregoing studies it was found necessary in most cases 
to simplify the stress derivatives responsible for 
vorticity generation by either omitting the cross-plane 
shear stresses or prescribing the direction of the 
recirculating secondary flow by imposing an im- 
mutable sign. 

The square and triangular duct predictions all 
showed the expected secondary flow circulations and 
were in reasonable general agreement with experiment 
with the convective transport effects of secondary 
motions clearly evident. The rod bundle calculations 
were in less agreement, with predicted secondary flow 
patterns of from one to three separate circulations 

being variously obtained in a symmetry sub-channel of 
an infinite triangular array. Measurements, however, 
indicate that a single circulation is the most likely 
secondary flow in closely spaced rod bundle symmetry 
sub-channels [17]. Comparisons between calculations 
with and without secondary flows in all of these cases 
indicated significant secondary flow effects in the local 
mean flow and turbulence kinetic energy distribution, 

particularly in the latter. 
Little attention appears to have been paid to the 

simultaneous prediction of fully developed local 
turbulent flow and heat transfer in non-circular 
passages with inclusion of secondary flow modelling. A 
few studies are reported for square ducts [9,18], an 
elliptical duct [ 191 and rod bundles [ 19,201. In all cases 
the turbulent heat fluxes in the thermal energy balance 
were calculated from Fourier-law expressions contain- 
ing isotropic eddy diffusivities based on the assumption 
ofconstant turbulent Prandtl number. Secondary flow 
was generally found to have a significant influence in 
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making the peripheral distribution oflocal heat transfer 
more uniform than it would otherwise be. As a 
consequence, and in contrast to laminar flow, turbulent 
heat transfer was seen to be relatively insensitive to the 
applied boundary conditions. 

The present work is based on a general finite volume 
method developed for the prediction of fully developed 
flow and heat transfer in arbitrary shaped passages [ 19, 
21,221. The equations of motion are solved in general 
curvilinear orthogonal coordinate forms with velo- 
cities and pressure as the dependent variables. The 
turbulent stresses are calculated from the ASTM of 
Launder and Ying [9] in the form proposed by Gessner 
and Emery [23] which provides explicit relations 
between stresses and strains for the full stress tensor. 
This ASTM is employed together with the k-E 
transport equations to avoid the need for empirical 
specification of the turbulence length scale 
distributions. 

The case of an acute apex angled isosceles triangular 
duct considered here represents a severe test of 
calculation methods ofthis kind since the velocities and 
turbulence properties change rapidly across the narrow 
duct and exhibit asymmetries caused by the small and 
large angled internal corners. A further unique feature 
of this flow is the significant damping effect of the walls 
on turbulence in the acute angled apex corner. 

THE GOVERNING EQUATIONS 

Mean motion and heat transfer 
In the detailed development of the partial differential 

equations representing the flow and heat transfer in ref. 
[22] they are first expressed in Cartesian tensor 
notation, with Ui, p and T standing for mean velocity, 
pressure and temperature, respectively thus 

a(pui ujyaxi = - ap/axi + a(yijyaxi, 

a(Puiyaxi = 0, 
- 

(1) 

(4 

a(Pui7yaxi = a(raT/axi-24ioyaxi. (3) 

In the above the stress tensor yij is the sum of the viscous 
stress tensor zij, given by the Newtonian law 

Tij = &%Ji/aXj+ auj/dXi), (4) 

and the Reynolds turbulent stresses tij which are 
defined in terms of the fluctuating velocities ui by 

tij = -pu,uj, (5) 

where the overbar indicates time averaging. r stands - 
for the molecular diffusivity of heat whilst u,B are the 
turbulent heat fluxes, 0 being the fluctuating 
temperature. 

For the present application the above equations are 
recast into a coordinate form which is general 
orthogonal in the duct cross-section and rectilinear in 
the axial direction, with the aid of the transformation 
relations derived by Pope [24]. When the appropriate 
simplifications are invoked for fully developed flow and 

heat transfer in straight passages (i.e. a/al3 = 0 for all 
variables apart from pressure and temperature) the 
equations become : 

direction 1 (cross-plane) 

a(h,pU,u,)/a<, +a(h,pu,u,)1a5~ 

= - hz ap/z, - a(hzY1 ,)/atl 

-a(h,y,z)/a52-h,h,(pU,U,+yl,)/r, 

+hl&(@1U, +U/r2; (6) 

direction 2 (cross-plane) 

a(h,pu,u,)/a<, +a(h,pu,u,)/~~ 

= -h, aP/d<2-a(hzY12)/a4:1 

-a(h,Y22)/a52+hlh2(PU1Ul+Y1,)/rl 

-h1h2WlU2+y12Yr2; (7) 

direction 3 (axial) 

a(h,pu, u,)/agl + a(h,pu,u,)/z, 

= -h,h, dpld& -a(h,yl,)/X, 

-a(h,y,,)/a52 ; (8) 

energy 

a(hzpU1T)/a5, +a(h1pu,7-)/a52 

+d(h,h,pU,T)/dS, = 8% aT/h, X1)/X, 

+ a(rh, aT/hz XJ& 

-~(QJ,~)/x, -a(h,~,@)/~,. (9) 

Here r, and lz are the orthogonal coordinates, t3 is the 
axial coordinate and h,, h, and unity are the respective 
metrics. The cross-planar velocity components U, and 
U, are aligned with t1 and t2, respectively, while U, is 
the axial component. 

Turbulent stress and heatjux models 
The Reynolds stresses are here calculated from the 

following simplified algebraic stress model (ASTM) 
versions of the Reynolds stress transport equations as 
proposed by Launder and Ying [9] and Gessner and 
Emery [23]. 

z=Ck 3 1 3 (10) 

u: = C,k- C,C,(k3/&2)(XJ3/h2 a[2)2, (11) 

u: = C,k - C,C,(k’/E=) (XJ,/h, a<,)‘, (12) 

~1~2 = -C2G(k3/~2)(aU3/hl a~l)(a~,lh, X2X 

(13) 

~1~3 = - C,W/4 aU,lh, Xl, (14) 

U2U’ = - C,(k=/c) aU,/h, at=. (15) 

Here C1, C,, C, and C, areconstants linked together by 
the relations given in the Appendix. 

The axial plane shear stresses pu,u, and pu,u, are 
seen from equations (14) and (15) to be represented by a 



256 C. W. RAPLEY and A. D. G~SMAN 

Newtonian type of relation with a turbulent viscosity p, 
given by 

p, = C,pk’/E, (16) 

where k is the kinetic energy of turbulence and a is its 
dissipation rate. In contrast, the cross-plane stresses, 
which are responsible for secondary motions, are given 
by equations (1 l))( 13) and are seen to depend on strain 
rates in planes orthogonal to the cross-plane. 

The quantities k and B required in the ASTM are 
obtained from the appropriate form of the well known 
k&e turbulence model [25] which, for the present 
circumstances gives rise to the following transport 
equations for these variables 

(17) 

+ cj(h,(p,/a,) ix/h, c’<2)/?<z, (18) 

where ok and cr, are the turbulent Prandtl numbers for k 
and E, respectively, and P is the production rate of 
turbulence kinetic energy, calculated from 

P = -pu,u, ?fJ,/h, St1 -pu2u, dU,/h, (7c2. (19) 

The turbulent heat fluxes are represented by a single 
gradient diffusion model incorporating an isotropic 

turbulent diffusivity of heat F, i.e. 

(20) 

Here F, is taken to be equal to the ratio ~JG, where g,, 
the turbulent Prandtl number for heat, is assumed to 
have a constant value. 

Conventionally, wall functions are used to bridge 
between the boundary surfaces and the interior 
solution. The well-known logarithmic ‘law of the wall’ 
is employed as the velocity function and similar 
universal type relations arising from the equilibrium 
Couette flow assumption are employed for the 
turbulence quantities and temperature [22,25,26]. The 
matching to the interior solution was made typically at 
y+ values in the range l&50, the lower value being in 
the apex corner where the flow was close to laminar. 

The values of the various empirical constants 
appearing in the foregoing equations are taken from 
previous work [6, 9, 19, 22, 261 and are given in the 
nomenclature. 

THE NUMERICAL SOLUTION METHOD 

Thefinite-d{ference equutions 
Thetransportequationsfor U1, U,, U,,T,kandsare 

discretized by the finite volume method on the 

curvilinear mesh arrangement of Fig. 2 on which the 
grid lines and main finite volume boundaries are shown 
as solid and dashed lines, respectively. The dependent 

variables are, with two exceptions, calculated at the grid 
intersections or nodes; the exceptions are the cross- 
planar velocities U, and I/, which are laterally 
displaced so as to lie normal to the finite volume 
surfaces. 

The convection and diffusion terms in the differential 
equations are discretized with a conventional hybrid 
differencing scheme [27] which is essentially central 
differencing with provision to switch to upwind when 
convection dominates. Central diflerencing is em- 
ployed with the remaining (source/sink) terms which 
are linearized where appropriate so as to avoid 
generating negative values of positive definite 
quantities such as U,, k and I: in the course of 
calculation. The cross-planar momentum equations 
are discretized with respect to their own finite volumes, 
displaced so as to be centred about the U, and U, 
velocity locations. The resulting finite volume 
equations are of the general form 

W,fS,k#JP = W4i_tS,, (21) 

where 4 stands for any of the dependent variables U ,, 
UZ, U,, k, E and T, the ALs are non-negative coefficients 
expressing the combined influence of convection and 
diffusion, the s’s are non-negative source/sink 
coefficients and C denotes the summation about the 
four nodes N, S, E, W adjoining the typical node P in 

Fig. 2. The resulting coefficient matrix is therefore 
pentadiagonal and diagonally dominant. 

The finite volumeequations are solved iteratively in a 
sequential fashion, adjusting each variablein turn while 
holding the others frozen, in an outer iteration sequence 
which is repeated until convergence. Within this 
sequence the momentum--continuity linkage connect- 
ing U,, U, and p is handled via the ‘SIMPLE’ [27] 
algorithm, wherein pressure is obtained from its own 
elliptic equation, derived by taking the divergence of 
simplified forms of the momentum equations. The 
solution of the pressure and other equation sets is 
achieved by inner iteration sequences, using an 
alternating direction line iteration procedure. 

The strong non-linearities and coupling of the 

FIG. 2. Orthogonal curvilinear grid. 
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equations necessitated the development of various ad 
hoc measures to procure convergence of the above 

procedure. These comprise a special starting pro- 
cedure,in which the Ur and U, calculations areinitially 
suppressed until the other fields are nearly converged ; 
gradual introduction thereafter of the cross-planar 
velocity calculation, with strong (50% or more) under- 
relation; and block adjustment of axial velocities at 
each iteration, in a manner which ensures overall axial 
momentum conservation. The convergence require- 
ment is for thesum oftheabsolute residual sources over 
the whole field to be less than 10e3 times the reference 
quantities based on the overall mass and momentum 
Rows. 

Extensive accuracy tests were performed on the 
numerical procedure, focusing attention particularly 
on the effects of the curvilinear mesh on the solution 
[22]. These included calculations for laminar flow and 
comparisons with analytical solutions, as in Fig. 3 
which relates to flow in an isosceles triangular duct with 
an apex angle of 11.7” and shows good agreement. 
Additional confidence was gained from turbulent flow 
tests which demonstrated that the procedure could 
produce the expected symmetrical secondary flow 
patterns in an equilateral triangular duct [21]. From 
these tests it was also established that meshes with 
around 250 interior nodes usually produced solutions 
that were substantially grid independent 1221. 

PREDICTIONS FOR TURBULENT FLOW 

Hydrodynamics 
Calculations for an isosceles triangular halfduct with 

a total apex angle of 11.7” will now be shown and 
compared with the measurements of Eckert and Irvine 

[2] and Cremers and Eckert [S]. Where appropriate, 
calculations with secondary flow suppressed are also 

included to highlight their effect. 
The predicted secondary flows are shown in Fig. 4 in 

the form of projections of the velocity vectors onto the 
cross-sectional plane and an accompanying sketch 
indicates the implied recirculation cells. Although there 
are no measurements available for comparison, the 
predictions appear plausible with three counter- 
rotating circulations disposed about the corner 
bisecting planes as has also been found from 
measurements in an equilateral triangular duct (see Fig. 
1). However, in this case the recirculation cells are not 
identical, as in the equilateral triangular duct case, but 
are each a different size and shape as may be expected 
with the acute angled geometry, namely: the 
circulation into the long apex corner is elongated and 
the largest whilst that in the short base corner region is 
the smallest. These flows also fit the general pattern 
observed in other non-circular ducts, with flow from the 
core into the corners along the general direction of 
corner bisectors, returning to the core along a path 
adjacent to the wall and planes normal to the wall [22]. 

Axial velocity profiles along the duct centre plane for 
two Reynolds numbers are compared with the pitot 
tube measurements of ref. [2] in Fig. 5. The differences 
between prediction and experiment may be accounted 
for in part by incomplete development and also by 
possible suppression of turbulence in the duct apex 
corner. The co-existence of laminar and turbulent flow 
in narrow triangular ducts is a well-known pheno- 
menon [Z, 28, 291 and the higher measured axial 
velocities in the apex corner could be due to lower drag 
associated withlaminar flow. It isalsoofinterest tonote 
that a weak dependence of U3 on Reynolds number is 

- Analytical, Sparrow [311 

0 Axial velocity 

q Wall shear stress 

Predicted, 

this work 2-c 

FIG. 3. Laminar centre-plane axial velocity and wall shear stress. 
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(b) predicted vectors 

FIG. 4. Predicted secondary velocity vectors and circulation pattern, Re = 10900. 

apparent in the predictions but not in the 
measurements. 

It should be noted here that Jthough the stress 
representation in the present method is valid in the 
limiting cases of fully laminar and fully turbulent flow, 
it may well be in error in the transitional regime. 

Figure 6 compares the local wall shear stress 
measurements of Cremers and Eckert [5] with the 
present predictions for bothlaminar and turbulent flow 
cases. The agreement is moderate and as may be 
expected, both experiment and prediction are close to 
the laminar case in the narrow corner. 

Predictions of turbulence kinetic energy and normal 
stresses are plotted along with the measurements of 
Cremers and Eckert [S] in Fig. 7. The steep gradients of 
these quantities near the base wall are well predicted as 
is the more gradual decay of turbulence, due to the 
damping effect of the walls, into the acute corner. 

The calculated friction factor characteristics for this 

duct are presented in Fig. 8, together with the 
measurements and a curve representing the well- 
known Blasius formula for circular tubes, here 
evaluated using the hydraulic diameter. The present 
method has slightly underpredicted the measurements, 
which may be due in part to lack of full flow 
development in the latter. and also in part to 
inadequacies in stress mode~Iing in the calculations, 
particularly with regard to ‘laminarization’ effects in 
the flow. The Blasius equation substantially over- 
estimates J thus indicating the inadequacy of the 
hydraulic diameter concept for this duct. 

A feature of the calculations which, from previous 
work in non-circular passages [ZZ], appears to be 
largely missing from the present predictions, is 
distortions of the various profiles due to secondary 
flow. Since, from previous measurements and 
calculation in other non-circular passages [6, 11,221, 
turbulence kinetic energy would be expected to be quite 

_-_- 

x/B 
0.2 0.4 0.6 O-8 

I 1 6 I-I_ L_ 

FIG. 5. Centre-plane axial velocity profiles. 
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x Experiment [51 

- Predicted, this work 

no cross-f’ow calculated, 
lamlnar flow 1 this work 

FIG. 6. Wall shear stress profiles, Re = 10 900 

sensitive to secondary motions, Fig. 7 implies a 
generally small effect in this duct. This is confirmed by 
the wall shear stress profiles in Fig. 6. 

Heat transfer 
The heat transfer calculations are compared with the 

measurements of Eckert and Irvine [S] for airflow in an 
isosceles triangular duct with electrically heated walls 
and an apex angle of 11.5”. The nominal experimental 
boundary condition is one of constant heat flux 
(hereafter referred to as ‘constant Q,‘) but, as 
mentioned earlier, the measurements showed a 
significant peripheral variation in both temperature 
and heat flux on the long wall (only one temperature 
point is shown on the short wall) and the authors 
concluded that the actual boundary conditions lay 
somewhere between constant Q, and the combination 
of constant peripheral temperature and constant heat 
input per unit duct length, here denoted as ‘constant T,‘. 

This is supported by the present calculations which 

0 

0 ;;I/uy* Experiment 151 
x ig/u;* 1 k/Ur2 2.0 

Predicted, this work 7 
_!L 

- - - Calculafed, this work 
no rrors-flow UT2 

1.2 

FIG. 7. Centre-plane turbulence kinetic energy and normal 
stress profiles, Re = 10 900. 

show Figs. 9 and 10, the measured heat flux variation on 
the long wall to be less than that predicted for the 
constant T, case and the measured temperature 
variation to be also less than that predicted for the 
constant Q, case. Further calculations were therefore 
made with the measured distributions imposed as 

boundary conditions on the long walls and the intended 
constant heat flux condition, here taken as the mean 
heat flux, set along the short wall. The results from these 
calculations are also plotted in Figs. 9 and 10, and 
suggest that themeasured temperature profile does not 
correspond to the measured heat flux profile, although 
this discrepancy could of course alternatively be due to 
inadequacies in the calculations, perhaps with 
turbulence modelling or wall function. None of the 
predicted profiles agree particularly well with the 
measurements and the response in the calculations, to 
the alternative boundary conditions derived from the 
measurements, is seen to be much less than the 
discrepancies with the data. If, on the other hand, the 
error lies in the measurements, then it is most likely to 
be in the determination of wall heat flux, which was not 
measured directly but inferred from local temperature 
measurements. 

Further evidence to support the latter conclusion can 
be found in the overall heat transfer comparison in Fig. 
11. The measured mean Nusselt numbers are seen to lie, 
as expected from the above discussion, between the 
predictions for the constant Q,,, and constant T, 
boundary conditions. However, the prediction based 
on measured heat flux lies well below the data, whereas 
that based on the measured wall temperature 
distribution is in reasonable accord. Also shown in Fig. 
11 is a curve based on the circular tube heat transfer 
correlation of Kays [30] for gases. This lies some 50% 
above the data, suggesting that the hydraulic diameter 
is also not applicable for heat transfer prediction in this 
duct. The reduced surface heat transfer is most likely 
due to the damped turbulence effects in the narrow 
corner region. 
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- Predicted, this work 

--- Blasius equation 

5x103 104 
Re 

3x10L 
I 0 1 III! I I I 

FIG. 8. Friction factor characteristics. 

It is noteworthy that, in contrast to previous peripheral variations of wall heat tlux and temperature 

turbulent heat transfer measurements and calculations which in this case have not been significantly effected by 

in square and elliptical ducts and rod bundles, the secondary flow which would normally have been 

thermal boundary conditions here have a significant expected to reduce these variations. This latter 

effect on local and overall heat transfer. This is most observation is consistent with the small secondary flow 

likely due to the combined effects of duct geometry and effects noted previously in the discussion of the flow 

laminarization which have caused relatively large predictions. 

I.8 

Calculated, this work p\ 

using experimental ’ 

\ 
\ 
‘. 

Calculated, this 

work using constar 
wall temperature 
(constant Tw). 

X/D 

0*4 0;6 Oi8 

I-‘IG. 9. Peripheral wall heat flux. Re = 15 000 and Pr = 0.7. 

\ 
X Experiment I81 

\ ---Assumed experimental wall 

temperature distribution 

I-0 \h------ \ 
Calculated, this work 
using experimental wall 

‘. heat flux. 

Calculated, this work 

FIG. 10. Peripheral wall temperature, Re = 15000 and 
Pr = 0.7. 
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/ 

-80 

-60 

- Nu 

Experiment [Bl 

Standard boundary 1 
conditions 

Using experimental heat 
Predicted, 

flux disW’bution 
this 

work 
Using experimental 
temperature 

Kays equation N ” = 0.022R;’ P;” DO1 

Fit. 1 I Mean Nusselt numbers, Pr = 0.7. 

CONCLUSIONS 

Turbulent flow and heat transfer calculations have 

been made for a narrow isosceles triangular duct. The 
turbulent stress model used has enabled plausible 
predictions of the secondary flows, although the 
calculations made with the latter suppressed indicate 
that these have only a minor influence on local mean 
flow and heat transfer in this type of duct. The stress 
model has also produced satisfactory predictions of the 
turbulence kinetic energy and normal stress profiles 
with the damping effect of the apex corner walls 
apparently well simulated. However, the viscous effects 
due to possible laminarization of the flow in the apex 
corner region cannot be represented with the present 
turbulent stress model and may we11 account for the 
observed discrepancies with measured axial velocity 
profiles. 

The heat transfer calculations have shown that 
imposed boundary conditions have a significant effect 
on local and overall heat transfer and have suggested 
that the measured wall temperatures are probably 
more accurate than the heat fluxes. The results also 

confirm previous evidence that the hydraulic diameter 
concept is not valid for the prediction of friction and 
mean heat transfer in small apexed angled isosceles 

triangular ducts. 
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APPENDIX 

The constants in the ASTM [equations (lo)-(15)] are 
related as follows [9,23] : 

C, = (22C+, - 24C+, + 8)/33(C,, - 2C,,), 

C, = (12C,,-4)/1l(C+, -2&z), 

C3 = (22C,, - 36C,, - 10)/33(C,, -2C,,), 

C, = (44C,, -22C,,C,,-128C,, 

-36C;, + 10)/165(C+, -2C,#, 

where C,, and Cg, are empirical coefficients. 

LE CALCUL DE L’ECOULEMENT TURBULENT ET DU TRANSFERT THERMIQUE DANS 
UN CANAL TRIANGULAIRE ISOCELE ETROIT 

RbumC--On dkcrit le calcul de I’icoulement turbulent Ctabli et le transfert thermique dans un canal 
triangulaire isoctle Ctroit, B partir d’un organigramme dans lequel les contraintes de Reynolds sont calcul&es i 
partir des formes algkbriques de leurs iquations de transport, tout d’abord dtrivtes des calculs dans un canal 
carr& Les kquations de base sent formultes dans un systime de coordonn&es orthogonales curvilineaires qui 
est adapt& $ la forme de la section droite du canal. et elles sont r&olues par une mtthode efficace de volumes 
finies. Les solutions present&es montrent que, pour le canal g faible angle au sommet, la convection thermique 
locale ou moyenne n’est pas sensiblement affect&e par I’tcoulement secondaire, tandis qu’elle est sensible aux 
conditions de temp&rature imposees aux limites. Les calculs se comparent favorablement avec les exptriences 

et ils sont utiles pour leur interprttation. 

BERECHNUNG DER TURBULENTEN STROMUNG UND WARMEUBERTRAGUNG IN 
EINEM ENGEN, GLEICHSCHENKLIGEN DREIECKSKANAL 

Zusammenfassung-Die Berechnung der voll ausgebildeten turbulenten Striimung mit WPrmeiibertragung 
in einem engen, gleichschenkligen Dreieckskanal wird beschrieben. Sie wurde durchgefiihrt mit Hilfe eines 
Rechenmodells, in welchem die Reynoldsschen Spannungen aus algebraischen Formen ihrer 
Transportgleichungen berechnet werden, und welches zuerst fiir Rechnungen im Zusammenhang mit einem 
Rechteckkanal hergeleitet wurde. Die Bestimmungsgleichungen werden in einem orthogonalen 
krummlinigen Koordinatensystem aufgestellt, welches der Form des Kanalquerschnitts angepal3t wird, und 
durch eine leistungsfihige finite Volumenmethode geliist. Die vorgelegten Ergebnisse zeigen, daJ3 fiir die 
Bedingungen des untersuchten Kanals mit einem kleinen Scheitelwinkel die iirtlichen und mittleren 
Wlrmeiibergangskoeffizienten relativ wenig durch die SekundHrstrijmung beeinflul3t werden, wlhrend sie 
ziemlich empfindlich gegeniiber der angenommenen Randbedingung fiir die Temperatur sind. Die 
vorgelegten Rechenergebnissestimmen gut mit den Experimenten iiberein und erweisen sich als brauchbar fiir 

deren Interpretation. 

PACqET TYPBYJIEHTHOTO TEqEHMII M TEIUIOIIEPEHOCA B Y3KOM KAHAJIE C 
CE’-IEHMEM B mOPME PABHOEEAPEHHOI-0 TPEYrOJIbHHKA 

AHHOra~-(hwaHb1 pacgerbl nomiocrbm pa3euToro ryp6ynenTHoro Tegemia A Tennonepenoca 
a y3KOM KaHiUIe C Ce'IeIiHeM B +OpMe paBtiO6enpeHHOro TpeyrOJIbHHKa, nOJIy'IeHHbIe C IIOMOUlbIO 

Moflena,&nX KOTOpOfi Hanpn~eHm PefiHOnb&za Onpe~eJInmTcn ~3 pelueHsn anre6paerecKax ypaeee- 

HHii IIepeHOCa, nepBoHaranbH0 n,LW"lOmeHHbIX Anann KaHanOB KBaapaTHOrO CVIeHAII. OCHOBHbIe 

ypa~HeHHK~OpMy~~py~TC~BC"CTeMeOpTO~OHa~bHbIXKp~BO~HHeiiHblX KOOpLVfHaT, COOTBeTCTByloLWX 

+opMe nonepevHor0 ceqeHm KaHana, w pemamo-rcn ~+@KT~BH~IM MeTonoM KoHeworo o6aeMa. 

nOJIyVeHHbIe peIIleHHn nOKa3bIBalOT,'ITOMll HCUIenyeMOrO KaHaJla C He6OJIbLUAM yrJIOM y BCpIUHHbI 

JIOKa,IbHbIii B CYMMaPHbdi TeIUIOnepeHOC n04TH He 3aBIICIIT OT BTOpUYHbIX TeYeHHfi, HO JBBRCRT OT 

H~araeMbIXTeMnep~TypHbIX~paHW~HblXy~OB~ii.~OKa3aHO,~TO~3y~bTaTbIpaC~eTOB yl,OBJleTBOpW- 

Te~bHOCO~~aCyH3TCXC3KC~~pHMeHT~bHbIMUAaHHbIMHUMO~yTUC~O~b30BaTbCUMU~X o6o6memin. 


