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Abstract-The influences of four types of longitudinal vortex generators (delta wing. rectangular wing. 
delta winglet pair and rectangular winglel pair) on heat transfer and flow loss in turbulcnr channel flows 
are investigated in Ihe present work. A numerical solver of the Navier-Stokes equations. based on the 
MAC algorithm, has been extended with the li-~l: turbulence model for this study. The results show that 
the longitudinal vortices produced by the vortex generators elevate significantly the level of turbulence 
kinetic energy in the flows and strongly disturb the thermal boundary layer. The mean heat transfer rate 
can be increased by 16-19X with Ihe vortex generators for an area of channel wall which is 30 times larger 
than the vortex generalor area. The ratio of heat transfer cnhanccment and tlow loss incrcasc indicutcs 

better performance for the rectangular winglet pair. 

1. INTRODUCTION 

TURBULENT flows and heat transfer in a parallel wall 
channel occur frequently in many heating and cooling 
devices. A typical example is a plate fin heat 
exchanger. Figure I shows a configuration of a finned 
tube heat exchanger. which consists of an array of 
channels with parallel walls. Generally a liquid flows 
through the tubes and a gas flows through the chan- 
nels formed by parallel plate fins. In the channels 
boundary layers grow along the two opposite channel 
walls. The growth of the boundary layer increases the 
thermal resistance between the fluid and the channel 
walls. 

In order to enhance heat transfer at the channel 
walls, longitudinal vortex generators can be placed at 
the plates, e.g. refs. [IA]. The vortex generators, 
mostly slender wings or winglets at high angle of 
attack (see Fig. 2), generate strong longitudinal vor- 
tices which rotate the flow. substitute fluid from the 
wall region by fluid with higher momentum from the 
core region of the channel (e.g. Fig. 3) and thus enable 
high rates of heat transfer at the plates. Longitudinal 
vortices have a strong influence on momentum and 
heat transfer far downstream of their origin even in 
turbulent flow, e.g. ref. [4]. The ordered vortex motion 
should result in higher heat transfer at lower flow loss 
increase than at a purely higher Reynolds number 
level. 

Fiebig et al. [2,3] have investigated the heat transfer 
enhancement and drag increase produced by a single, 
slender delta wing, rectangular wing or winglets 
attached to a channel wall for laminar flows. Eaton 
and coworkers at Stanford University [4, 51 observed 
experimentally the interactions of a pair of embedded 
delta winglets with two-dimensional and three-dimen- 

sional turbulent boundary layers and their influcncc 
on heat transfer at wall. 

The purpose of the present work is to predict effects 
of different forms of vortex generators such as delta 
wing, delta winglet pairs. rectangular wing and winglct 
pairs (Fig. 2) on heat transfer and flow losses in tur- 
bulent channel flows. 

2. MATHEMATICAL FORMULATION 

2. I Conipulfrrioriul donwin 
Figure 4 shows the computational domain con- 

sisting of a parallel wall channel and a pair of delta 
winglets (DWP) which can be replaced by other forms 
such as a rectangular winglet pair (RWP). delta wing 
(DW) and rectangular wing (RW), see Fig. 2. Table 
I gives the geometrical parameters of the vortex gen- 
erators with respect to the channel height H. The 
surface areas of the vortex generators and their angle 
of attack (b = 25’ ) are kept equal for all cases. 

The geometrical parameters of the computational 

, [, 1 liquid 

FIG. I. Schematic of a compact gas-liquid heat exchanger 
with extended surfaces (tinned tube). 
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NOMENCLATURE 

A Van Driest’s constant for the mixing 
length 

A, frontal area (A,- = B-H) [m’] 
B channel width [m] 
c,. (‘1. L’,, constants in h--e model 

specific heat at constant pressure 
[Jkg-‘Km’] 
dissipation number, equation (24) 
hydraulic diameter for the cross section 
bl 
constant in logarithmic law of the wall 
dependent variables 
apparent friction factor 
production of turbulence kinetic energy 
[kg m -‘s-Y 
channel height [m] 
turbulence kinetic energy [m’s-‘1 
channel length [m] 
mass flow rate [kgs. ‘1 
Nusselt number 
static pressure [N m -‘I 
dissipation, equation (23) [W] 
Prandtl number 
turbulent Prandtl number 
wall heat flux per unit area [W m ‘1 
Reynolds number (pUc,D,/p) 
Reynolds number (pI/,H/p) 
time [s] 
bulk temperature [K] 
entrance temperature [K] 
wall temperature [K] 
streamwise velocity [m s- ‘1 
mean velocity [m s-- ‘1 
time-averaged velocity [m s- ‘1 

V velocity in vertical direction [m s- ‘1 
W spanwise velocity [m s- ‘1 
.Y streamwise coordinate [m] 
.Y, Cartesian coordinates [m] 
?’ vertical coordinate [m] 
.I’+ wall coordinate 
: spanwise coordinate [ml. 

Greek symbols 
heat transfer coefficient p m ~’ K- ‘I; 
kinetic energy correction factor. 
equation (22) 
angle of attack of vortex generator [ ] 
thermal diffusivity [kg m ’ s ‘1 
turbulent thermal diffusivity 
Kronecker delta 
dissipation rate of turbulence energy 
[m’s’] 
von Karman constant 
thermal conductivity [W m - ’ K ‘1 
molecular viscosity [N sm-‘1 
turbulent viscosity 
density [kg m-‘1 
turbulent ‘Prandtl number’ for 

diffusion of k and E 
wall shear stress, [N mm’] 
specific dissipation, equation (22) 
[m’s-‘1 
vorticity [s ‘1 
average vorticity. equation (18) [s-‘I. 

Subscripts 
m average value 
0 value of the base Row. 

Some types of longitudinal vortex generators: A) Rectangular Winglet Pair (RWP) ; 
Winglet Pair (DWP) ; C) Rectangular Wing (RW) ; D) Delta Wing (DW). 

FIG. 2. B) Delta 
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longirudinal vortices 
/! 

\I 
channel walls 

\ 
v0rIe.x generaior 

FIG. 3. Schematic of Row separation at the edges of the 
vortex generators and formation of longitudinal vortices in 

a channel flow. 

domain (Fig. 4) have the rollowing values relative to 
the channel height H: 

L = IQH, B = 6H. u = O.SH. 

The flows are assumed to be symmetric about the 

Table I. Geometrical parameters of the vortex generators 
(e.g. Figs. 2 and 4) 

DWP RWP DW RW 

I ZH ZH 2H 1H 
b 2H IH 
h IH 0.5H 
S 0.5H 0.5H 

where the turbulent viscosity I(, and the turbulent 
dynamic thermal diffusivity I-, arc given by 

p, = l.,,pk~/E (4) 

centre plane (II). so that the computations are pcr- 
formed only in the region between the planes I and II 

The turbulence kinetic energy k and its dissipation 

in the z-direction. 
rate c are computed from the standard X--r: model of 
Launder and Spalding [7] : 

The three-dimensional Reynolds averaged Navier- 
Stokes and energy equations in conjunction with the 
eddy viscosity concept are used to describe the incom- 
pressible flows in the computational domain [6]. These 
equations are written in a Cartesian tensor form as : 

(6) 

7 

+ c’, f  G - C:/I ‘- 
k’ 

(7) 

Continuity G denotes the production rate of li which is given by : 

(1) (8) 

Momentum The standard constants [7] are employed : 

(2) 

c,, = 0.09. c, = 1.44, (‘? = 1.92, 

Ok = 1.0. a, = 1.3, Pr, = 0.9. 

Energy 2.3. Boundarl~ conclirio~~s 
Entrance. fiydrodynamically developed flow and a 

uniform temperature T,, are assumed at the inlet of 
the channel in the present study. The inlet velocity, li 

FIG. 4. Computational domain : A parallel wall channel with a delta winglet pair mounted on the channel 
bottom wall. In a fin-plate heat exchanger the element may be repeated in spanwise and vertical directions. 
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and E profiles are obtained from a calculation of two- 
dimensional turbulent duct flow. 

E.~if. At the outlet the streamwise gradients of all 
variables are set to zero : 

a? 
z=O; .f= {U,v,w,k,~,T}. 

Symmerry. At the symmetry planes (I and II) the 
normal velocity component and the normal deriva- 
tives of all other variables are set to zero : 

W=O; ;=O; .f= {U,V,k,E,T}. (10) 

Walls. Wall functions given by Launder and Spald- 
ing [7] are employed to prescribe the boundary con- 
ditions along the channel walls. The wall functions 
are applied in terms of diffusive wall fluxes. For the 
wall-tangential moment these are the wall shear 
stresses : 

T w  = 
pU,c,!‘4k;‘ZK 

In (Ey+) 

with the non-dimensional wall distance y+ defined as 

and K N 0.42, E = 9.0. 
The subscript p refers to the grid point adjacent to 

the wall. The production rate of k and the averaged 
dissipation rates over the near-wall cell for the k- 
equation as well as the value of E at the point p are 
computed respectively from following equations [7, 
81: 

sdy= 
c3/4k%2 
-In (Ey+) 

KY, 

(14) 

3,4kp3i2 
Ep = c,, 

KYp ’ 

For the temperature boundary condition, the heat 
flux to the wall is derived from the thermal wall func- 
tion [7] : 

4 = (7-w - Tp)pcpc:“‘&!‘* 
w 

1 
(16) 

where the empirical P function is specified as : 

P=&(;)112(&l)@)4 (17) 

and the wall temperature T,,, is a constant in the 
present work, T, = 2T,. 

2.4. Numerical procedure 
A numerical procedure, based on the SOLA algo- 

rithm [9], was modified by the authors’ group for the 
investigation of the velocity and temperature fields in 
three-dimensional laminar channel flows with longi- 
tudinal vortex generators [3]. In the present work, 
this procedure has been extended to solve turbulent 
problems. 

The SOLA algorithm solves the time dependent 
Navier-Stokes equations directly for the primitive 
variables by advancing the solution explicitly in time. 
The modification used here retains the solution route 
of the SOLA algorithm ; an explicit time step for the 
momentum equations is followed by an implicit, iter- 
ative pressure and velocity upgrading. Since the flow 
field is uncoupled from the temperature field, they are 
determined in the following four steps : 

(I) A new velocity field is determined for the new 
time step from the momentum equations with 
use of velocity, turbulence variables (k and E) 

and pressure at the old time. 
(2) The updated velocity field is corrected to obtain 

the pressure field at the new time step by an 
iterative procedure with aid of continuity equa- 
tion until a divergence free velocity field is 
reached within a prescribed tolerance. 

(3) The fields of turbulence variables are updated 
using their old time values and velocity field at 
the new time step. 

(4) After convergence of the flow field calculation, 
the temperature field is determined by solving 
the energy equation iteratively with known vel- 
ocity and turbulence fields. 

The convergence criterion is the maximum gradient 
of the dependent variables max {AflAt} in the whole 
domain, where Af denotes the iteration difference of 
the dependent variables between two consecutive time 
levels and At denotes the advancing time step respec- 
tively. For a converged solution the max {AflAt} 
should be less than IO-‘. 

In order to validate the modified computer 
program, the code has been used to simulate the well 
documented three-dimensional turbulent flow exper- 
iments of Pauley and Eaton [4]. The comparison of 
the numerical and experimental results indicated a 
good agreement [IO]. 

3. RESULTS AND DISCUSSION 

Computations have been performed on a SUN 
4/260 workstation. 91 x I5 x 48 grid points and 60 
CPU h have been used e.g. for the configuration in 
Fig. 4. The Reynolds number Re, based on the chan- 
nel height for all calculations is taken to be 50000 
and the Prandtl number Pr is 0.7. For the sake of 
comparison, a hydrodynamically developed thermally 
developing turbulent channel flow (without vortex 
generator) is calculated with the same flow and 
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boundary conditions as described above. Henceforth 
this flow is referred to as the base flow. 

Figure 5 shows typical computational results of 
cross stream velocity vectors at x/H = 1.3, 2.3, 4.3 
and 9.3 in the channel with a pair of delta winglets. 
The generation and transport of the longitudinal vor- 
tices, eventual flattening of the vortex cores and their 
lateral movement towards the side boundaries are 
evident in this figure. 

Figure 6 shows the temperature field for the same 
case as in Fig. 5. Isotherms in the base flow will be 
straight lines parallel to the upper and lower walls. In 
the flow with vortices, however, isotherms with large 
values appear around the vortex generator due to the 
high heat transfer there. At s/H = 1.3, the vortex 
cores are displayed by the variation of the isotherms 
2 to 10. The empty white area corresponds to the 
isotherm I (T/r, = I), i.e. the flow has not yet been 
heated up. 

In successive cross sections (s/H = 2.3,4.3 and 9.3) 
the mixing of hot and cold fluids due to azimuthal 
velocities of the vortices become evident and higher 

isotherms (lines 4 and 5) appear in the middle of 
the channel. The effect of the secondary flow on the 
temperature field is clear at the downstream location 
x/H = 4.3. In the upwash regions, i.e. in the area 
between the vortices near the upper wall and in the 
area of the outer region near the lower wall, the sec- 
ondary flow is directed away from the wall and it 
sweeps the hot fluid to the core of the channel. In the 
downwash regions, i.e. in the area between the vortices 
near the lower wall and in the area above the vortex 
at the outer side, the strong downflow and lateral flow 
push the cold fluid from the core of the channel to the 
walls. 

The dotted lines (isotherm 2) near the upper and 
lower walls at sections s/H = 4.3 and 9.3 show the 
extent of heating in the base flow. The thermal bound- 
ary layer in the channel is strongly disturbed by the 
longitudinal vortices. 

Figure 7 shows the contour of the turbulent kinetic 
energy ratio k/k, for the above case, where k, is the 
k-value in the base flow. Higher turbulent kinetic 
energy is produced around the vortex generators by 

FIG. 5. Cross sectional velocity vectors at axial locations x/H = 1.3,2.3,4.3 and 9.3, showing the formation 
and development of longitudinal vortices in a channel with a delta winglet pair. 
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FIG. 6. Structure of the temperature field in a turbulent channel flow with a delta winglet pair: isotherms 
for a temperature ratio of TJT, = 2 at cross sections s/H = 1.3, 2.3.4.3 and 9.3; Re,, = 50 000, Pr = 0.7. 

the interaction between the main flow and the vortex 
generators. In the core region of the vortices at cross 
section s/H = 2.3 the turbulence energy is 100 times 
of that in base flow (line 9). At x/H = 9.3, k diffuses 
throughout the cross section in such a way that except 
in the upwash and downwash regions near the upper 
and lower walls (isoline 2) it is everywhere larger than 
that in the base flow. Large k signifies large turbulent 
thermal diffusivity and hence large heat transfer. 

The flow and temperature fields with rectangular 
wing, delta wing and rectangular winglet pair will not 
be displayed further. In the following a comparison 
of the global characters of the flows with different 
vortex generators are presented. 

Figure 8 compares the average vorticity component 
C& in the channel with DWP, DW, RW and RWP. 
Here cGV is defined by : 

aw av 
O‘=~-~. (18) 

All configurations show peaks in W, distribution 
slightly in front of the trailing edge of the wing. The 
peak values for wings are 4&50% larger than for the 
corresponding winglets. However the decay in I& for 
winglets is much slower than for wings. At the exit 
(x/H = IO), Us, for RWP is 70% larger than for RW. 
Since W, can be used as a measure of the circulation, 
Fig. 8 also shows that the circulation in the channel 
with winglets has become nearly constant at x/H = 4 
whereas with wings the circulation has not reached its 
constant value even at the exit. 

Figure 9 compares the ratios of the spanwise aver- 
aged Nusselt numbers with (Nu,) and without vortices 
(Nu,,) in the channel for different vortex generator 
configurations. The Nusselt number is evaluated by : 

Nu = 
Re Pr qw 

c,PKl(~w-T,)’ 
(19) 

with Equation (19) is derived from : 
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0.80 
1.00 

3 2.00 

s 
5.00 
15.0 

6 35.0 
7 55.0 
8 75.0 
9 100. 
10 150. 

FIG. 7. Elevation of turbulent kinetic energy in the channel with a built-in delta winglet pair (Fig. 4). 
Re,, = 50000. 

Nu = F (20) 

with the aid of yw = a (T,, - r,) and the definitions of 
Re and Pr. 

The spanwise averaged Nusselt number Ntr, is 
defined as : 

0.8, , I I 

Gc 

FIG. 
wise 

8. Cross sectional averaged vorticity along the stream- 
direction for the four vortex generators, showing 

strength and decay of longitudinal vortices. 

Niidz1, (21) 

The ratio Na,/Na,, indicates the s:reamwise heat 
transfer enhancement produced by the vortex gen- 
erators. On the lower wall where the vortex generators 
are fixed, the Nu,/Nu,, distributions for the wings show 
a sharp change with peak and minimum near the 
base of the wing. These are caused by the spanwise 
flow acceleration at the pressure side due to the 
streamwise blockage and the flow separation at the 
suction side of the wing. Winglets whose span, unlike 
those of wings, are not normal to the main flow, do 
not generate sharp rise and fall in NLI,. The NLI,~- 
enhancement due to vortices appears downstream of 
the vortex generators. For delta winglets, the flow 

does not separate at the suction side and further down- 
stream the vortices enhance Nu,. Hence, the smooth 
increase in Nu,. 

On the upper wall the rectangular wings cause the 
highest enhancement in Nu,. This is probably because 
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----- Dwp 
-DW 
- RW 
-RWP 

0.9 i i I 
8 70 12 

A) 

1.4 I 1 

lower wall 

__-__ *wp 
- D w 
-RW 
-RW-P 

0.7L) ’ Ii i I 
2 8 70 7.2 

B) 
FIG. 9. Ratios of the spanwise averaged Nusselt numbers on 
the A) upper and B) lower wall for flows with and without 
vortex generator, comparing the streamwise effects of the 
four vortex generators on heat transfer; AL/A, = 30, 

b = 25", Rc,, = 50000. Pr = 0.7. 

the vortices generated by the rectangular winglets 
move closer to the upper wall. 

The flow losses are evaluated by using the kinetic 
energy equation suggested by Gersten [1 I], which is 
simplified for the present problem as follows : 

where 

is the specific dissipation. The variables CY and P, in 
equations (22) and (23) are kinetic energy correction 
factor and dissipation respectively, which are 
described in detail by Gersten in ref. [I I]. The dis- 
sipation P, indicates the loss of mechanical energy 
due to friction and turbulent mixing. For the con- 
venience of analysis, a dimensionless number, called 
dissipation number [12], is derived from equation 
(22) : 

------ L)y/p 

- DW 
-4RW 
-- RWP 

I 

FE. IO. Relative increase of the dissipation number C,, 
showing the additional flow losses caused by the vortex gen- 

erators along streamwise direction ; Re,, = 50 000. 

with the apparent friction factor ,&,, defined by Shah 
and London [ 131 

j,,, = ! PI -P? H 
2(p/2)11bz 

In equation (24) the index I means inlet, index 2 
means an arbitrary axial location at the downstream 
and As indicates the distance between the locations 1 
and 2. 

Figure 10 shows the relative increase of the dis- 
sipation numbers (C,,-C,,)/C,, over the base flow 
value C,, for the four investigated cases. C,, is inde- 
pendent of streamwise position in a hydrodynamically 
fully developed channel flow. The peak values of 
(C,P,-C,,)/C,,, appear at the leading edge for the 
rectangular wing and rectangular winglet pair whereas 
for the delta geometries the peaks appear near the 
trailing edge. From x/H = 8 downwards, the curves 
for all four vortex generator geometries merge to- 
gether. 

Table 2 compares the global increase of Nusselt 
numbers and flow losses for the four types of vortex 
generators relative to the base flow. The ratio of the 
channel wall to vortex generator areas AL/A, is 30 for 
all cases. The subscript m stands for the average value. 
It is interesting to see from the data in Table 2 that 
except for the delta winglet pair all vortex generators 
produce much more heat transfer enhancement at the 
upper wall than at the lower wall. The enhancement 
of Nusselt number averaged over both walls differs by 
only 3% for different types of vortex generators. The 
increase in flow losses for the four geometries can 
differ by more than 20%. For nearly equal heat trans- 
fer enhancement the rectangular winglet pair brings 
the least flow loss increase among the four vortex 
generators. 

4. CONCLUSIONS 

Heat transfer augmentation in turbulent flows in a 
channel with longitudinal vortex generators is caused 
by the elevation in the turbulent kinetic energy level 
near the wall and exchange of the fluid between the 
near wall and core region of the channel. 
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Table 2. Comparison of global efhccts of the four vortex generators on heat transfer and 
tlow losses in turbulent channel Row: r, = ZT,. AL/A, = 30. p = 25 . R,, = 50000. 

Pr = 0.7 

DWP 
RWP 
DW 
RW 

h,, W,,, N~~,JNuorn 
upper wall lower wall 

1.20 1.18 
I.24 I.10 
I.25 I .08 
I .28 I .04 

WnlNu,, 
average for 
both walls 

I.19 
I.17 
I.165 
I.16 

c,, I C,“<, 

4.2 
4.0 
5.1 
4.9 

Nu,,, = 230; C ,“,I m = 4.6 x IO-‘. 

The mean heat transfer enhancement at an angle of 
attack of 25 and Re, = 50 000 amounts to l&19% 
on a channel wall area which is 30 times larger than the 
face area of the vortex generator, the corresponding 
increase in flow losses is however 4-5 times larger 
than that in a turbulent channel flow without vortex 
generator. 

The results in Table 2 indicate that the type of 
vortex generator should be chosen according to the 
application requirements, i.e. in the situation where 
the demands on heat transfer augmentation are equal 
for the two channel walls, delta winglet pairs should 
be the better choice ; otherwise delta wing, rectangular 
wing or rectangular winglet pairs may be more suitable. 
In the latter case, the ratios of heat transfer enhance- 
ment to flow loss increase suggest better performance 
of the rectangular winglet pair than of other forms of 
vortex generators. 
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