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Abstract 
 
Fluid flows in rectangular duct systems are measured by using the laser-Doppler velocity meter and computed by commer-

cial software of Star-CD for comparisons between flows. Three rectangular systems are investigated in this study: a rectangu-
lar duct with a 90 degree bent elbow, a rectangular duct with two branches, and a rectangular duct in the middle of which a 
circular cylinder is located. These investigations show that the numerical solutions satisfactorily predict design factors: for 
example, the K -factor for an elbowed duct, the distribution ratio of flow rates into each branch from a main duct, and the 
Nusselt number around the circular duct. However, there are some disagreements in the velocity profile and turbulent kinetic 
energy at each cross section of the duct systems.  
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1. Introduction 

Recent increases in demands for energy generation, 
utilization, and conservation have resulted in the need to 
design a higher capacity and more efficient energy sys-
tem. In order to obtain optimum design and operating 
conditions, several commercial softwares for the numeri-
cal computations have been employed in many engineer-
ing problems. 

However, the numerical simulations are satisfactory 
for simple geometries in which analytic solutions may 
exist or some specific engineering problems. But, in the 
literature, there have not been many cases that research-
ers check the exactness by comparing their numerical 
solutions to experimental data. For example, Hinchcliffe 
and Haidar [1] computed distribution of flow rates in an 
automobile air conditioner duct system without compari-
son of their numerical results with experimental data. 
Shiroyama et al. [2] also designed a automobile air con-

ditioner duct with no comparisons with measurements. 
In the other way, Kim [3] and Kim and Kim [4] com-
puted three-dimensional fluid flows in a duct and a wind 
tunnel, respectively, in order to compare their solutions 
with experimental data from other papers. 

Furthermore, exactness or good simulation of the nu-
merical programs depends on inlet boundary condition. 
Even in computation of complex systems in the literature, 
inlet boundary conditions are unknown. For an instance, 
Kang and Hong [5] assumed mean velocity profiles as 
inlet condition in their paper.  

Besides the mean velocity at the inlet, turbulent inten-
sity may affect numerical solutions. Zhukauskas and 
Ziugzda [6] reported that turbulent intensity increased 
the heat transfer coefficient in the heat transfer system. 
But, Cho et al. [7] assumed simply that the mean turbu-
lent fluctuation velocity is 30% of mean velocity at inlet. 
Lee et al. [8] gave assumed constants to inlet conditions 
of turbulent kinetic energy, K  and turbulent dissipation 
energy, ε  in the paper. 

However, in this paper, the fluid flows, including 
mean velocities and turbulent fluctuations in rectangular 

*Corresponding author. Tel.: +82 55 213 2147, Fax.: +82 55 213 2159  
E-mail address: c9837@changwon.ac.kr 
© KSME & Springer 2008 



 K. H. Kim et al. / Journal of Mechanical Science and Technology 22 (2008) 1800~1807 1801 
 

  
 

duct systems are measured by using the laser-Doppler 
velocity meter and computed with commercial software, 
under local boundary conditions known from measure-
ments, so that comparisons between them can be made. 

This paper introduces three cases: a rectangular duct 
with a bent elbow by Yoon and Park [9], a rectangular 
duct with two branches by Yoon et al. [10], and a cylin-
der in a rectangular duct by Kim and Yoon [11]. 
Through these problems, the mean velocity, the turbulent 
components, and several design outputs are discussed 
with comparisons via numerical computations and 
measurements. 

From this study, it can be said that numerical solutions 
simulate some design parameters satisfactorily. Those 
are the K-factor for frictional coefficient in ducts, distri-
bution of flow rate in duct system, and heat transfer coef-
ficient obtained by integration through a certain area. 
 

2. Experiments and methods 

Experiments with three duct systems are introduced in 
this paper. The first system is a rectangular duct with 
bent elbow, as shown in Fig. 1. In this figure, a fan blows 
air into a duct and it passes through a gradual contraction 
to a right-angle rectangle. The air flow rate is controlled 
with an inverter by changing the fan speed. After the 
contraction, water particles from an electric humidifier 
are introduced into the duct at the top and bottom plates. 
The mixture of air and water particles then passes 
through a duct with a bent elbow. Measuring section of 
the duct from a bended elbow is made of glass as shown 
in the figure so that a laser beam can penetrate into the 
flow fields inside the duct. The laser beam senses the 
velocities of the water particles in air. Flow fields are 
measured at cross sections before and after the bent el-
bow by a laser transmitter. The second system is identi-
cal to the first except that two branch ducts exist at exit  

 

  
Fig. 1. Schematic diagram of the experimental apparatus for an 
elbowed rectangular duct. 

instead of a bent duct, as shown in Fig. 2. The last sys-
tem is such that an electrically heated brass rod is located 
in the middle of a straight duct. Measurements of air 
velocities are made at the upstream inlet cross section, 
the middle cross section of the rod, and the downstream 
exit cross section of the duct. 
 

3. Numerical analysis  

3.1 Governing equation 
A continuity equation and a momentum equation for 

the flow field are given in Eq. (1) and Eq. (2), respec-
tively. 

 

0=
∂
∂

i

i

X
U

                  (1) 

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
′′−

∂
∂

∂
∂+

∂
∂−=

∂
∂ −−

ji
jjij

i
j uu

x
U

xx
p

x
UU ν

ρ
1

  (2) 

 
The turbulent stress term –ui

’uj
’ of Eq. (2) is defined as 

Eq. (3) 
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Fig. 2. Schematic diagram of the experimental apparatus for a 
rectangular duct with two branches. 

 

  
Fig. 3. Schematic diagram of the experimental apparatus for a 
cylinder in a rectangular duct. 
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where tµ  is the turbulent viscosity defined as Eq. (4) 
with the turbulent kinetic energy, K , and the turbulent 
dissipation energy, ε . 

 
2

t
KCµµ ρ
ε

=               (4) 

 
3.2 Boundary condition 

As the fluid flow in the control volumes is three-
dimensional, steady state, and because it is a turbulent 
flow, the computation needs to solve three velocity com-
ponents (U, V, W) , as well as K and ε  for the turbu-
lence.  

The principal velocity Uin and its perpendicular veloc-
ity component Win are measured with the laser velocity 
meter for the inlet boundary condition. However, Vin is 
assumed to be zero as it is the smallest component at the 
inlet from the geometry of the inlet rectangle.  

The turbulent kinetic energy K at the inlet is written 
as 

 
2 2 21 ( )

2
K u v w′ ′ ′= + +           (5) 

 
Turbulent components, 2u′ and 2w′ of Eq. (5) are 

measured with the laser-Doppler velocity meter at the 
inlet, but 2v′ at the location is assumed to be nearly 
equal to 2w′ such that 

 
2 21 ( 2 )

2
K u w′ ′= + ⋅             (6) 

 
Turbulent dissipation energy ε  at the inlet is also ob-

tained from the following relationship: 
 

1.5
0.75

u
KC

l
ε = ×                  (7) 

 
Here, the turbulent mixing length l  assumed to be 

10% of the smaller width of the inlet rectangular cross 
section. 

A non-slip condition is applied for all walls, such as 
 

wall wall wallU V W= =              (8) 
 
Finally, the zero pressure condition is given at the exit 

as 
 

0=P                     (9) 

4. Results and considerations 

4.1 Rectangular duct with bent elbow 

Velocity vectors from the computations are presented 
in (a) of Fig. 4; in addition, (b) in the figure represents 
coordinate systems (x, y, z) at the inlet, the middle sec-
tion 19 cm from the inlet wall, and the exit section 19x2 
cm from the inlet wall. The dimension of the cross sec-
tion is 6 cm x 20 cm. 

In Fig. 5, experimental data and numerical results for 
the principal velocity, U at the inlet, middle, and exit 
section described at (b) of Fig. 4 are shown. The first 
graph of (a) for the inlet represents velocity profiles at z 
= 5 cm (see (b) of Fig. 4). The second and third graphs of 
(a) are the velocity profiles at z = 10 and 15 cm, respec-
tively. Graphs for (b) middle section and (c) exit also 
show the velocity profiles in the same way for Re = 
11,643, 19,716, and 24,260, as shown in the legend. All 
velocity profiles at the inlet are measured with the veloc-
ity meter, while the velocity profiles from both experi-
ments and the computations are drawn in the figures in 
the middle and at the exit sections. It is shown that the 
velocity becomes slower as y approaches zero, indicating 
the inner wall of curvature at the middle section. The 
inside velocity then becomes faster and the outside ve-
locity slower. Eventually, velocity profiles tend to be-
come normal distribution at the exit. It can be said that 
the computation makes a relatively good simulation of 
the experiments. Relative errors between the experiment 
and the computation range from 0.51% to 19.17% with a 
mean relative error of 7.71%. 

 

 
(a) 

 
(b) 
 

Fig. 4. Computation result of the velocity vectors and axis 
representation for distributions of the fluid flow at each cross-
section. 
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(a) Inlet   (b) Middle section past elbow  (c) Exit 

 
Fig. 5. Comparison of the x-direction velocity (U) between the 
experimental data and the 3-D computation data. 

 
Fig. 6 presents the turbulent kinetic energy by numeri-

cal computation in addition to that by an experimental 
measurement. The arrangement and the notations in the 
graphs are identical to those in Fig. 5. Profiles of the 
turbulent kinetic energy at the inlet are measured as (a) 
of Fig. 6. At the middle section past the elbow and the 
exit section, the experimental data (marked lines) and the 
numerical computation (dotted lines) are compared to 
each other at various Reynolds numbers. At the middle 
section past the elbow, the experimental turbulent kinetic 
energy becomes greater at the inner curvature, indicating 
that z is approaching zero. In contrast, the computed 
turbulent kinetic energy becomes greater at the outer 
curvature indicating that z is approaching 6 in Fig. 6. It 
appears that the experimental turbulent kinetic energy 
becomes greater, as the eddy current is transported from 
the upstream elbow. However, the numerical results 
directly contrast with the experiments at this middle 
section. At the exit section, the magnitudes of the turbu-
lent kinetic energy from both the numerical computation 
and experimental results become smaller due to the char-
acteristics of turbulence as the fluid flows downstream. 
In addition, it was observed that the magnitude of the 
turbulent kinetic energy is proportional to the Reynolds 
number for all cases in Fig. 6. For reference, the relative 
errors of the numerical computations to the experiments 
for the turbulent kinetic energy range from 0.12 to 
81.78% with an average error of 33.74%. 

The K -factor of the duct elbow is computed from the 
data of the numerical computation with Eq. 10 as Fig. 7. 
In the figure, the K -factor is compared with the ex-
perimental data of Wirt [12] and the design data of 
ASHRAE [13] for the same ratios of the duct sides and  

 
     (a) Inlet  (b) Middle section past elbow    (c) Exit 

 
Fig. 6. Distribution of turbulent kinetic energy K . 

 

 
 
Fig. 7. Friction factor. 
 
the curvature of the elbow. It was found that the K -
factor from the numerical computation is located be-
tween the lines of the data from Wirt and ASHRAE. 

 

2

2

m

PK
V ρ
∆ ⋅=

⋅
               (10) 

 
4.2 Rectangular duct with two branches 

An example of the computed velocity vectors was 
drawn in the computational domain of a rectangular duct 
with two branches, as shown in Fig. 8. 

The percentages of the flow rate to each branch are 
presented with various Reynolds number in Fig. 9. In  
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Fig. 8. Computational result in a duct with two branches. 

 

 
 
Fig. 9. Percentage of the flow rates at each branch of the duct 
system. 

 
this figure, branch 1 and branch 2 represent the upstream 
branch and the downstream branch from main duct, 
respectively. Furthermore, computation (1) is a case in 
which the experimental velocity profile is used as the 
inlet boundary condition for the computation. On the 
other hand, computation (2) is a case in which the uni-
form velocity profile with the same flow rate as the com-
putation (1) is used as the inlet boundary condition. If the 
flow rate of the main duct is 100%, an average of 
37.65% of total flow flows into branch 1 and an average 
of 62.23% of the total flow rate flows into branch 2 in 
the figure. It is also shown that the distribution ratio into 
each branch is nearly invariant to the Reynolds number 
for both experiments and the computations. The errors of 
the distribution ratio range from 0.3 to 4.77% for compu-
tation (1), from 1.2 to 3.14% for computation (2). There-
fore, it can be said that both computations simulate the 
distribution ratios of the experiments well. 

  
Fig. 10. Contours of experimental and computed velocity profiles 
at each branch (Re=12.532) Computation (1): computation with 
measured inlet velocity profile, Computation (2): computation 
with uniform inlet velocity profile. 

 
Fig. 10 shows the velocity contours at each cross sec-

tion of the duct system for a Reynolds number of 12,532. 
This figure consists of three parts. The first part of (a), 
the inlet, shows the velocity contours from the experi-
ments at the inlet of the computational domain. The 
second part is (b), branch 1, in which three velocity con-
tours are given from the experiments, computation (1), 
and computation (2) at the exit cross section of branch 1. 
The last part (c) of the figure represents the velocity 
contours at the exit cross section of branch 2 in the same 
way with part (b). Differences can be observed in the 
shape of the contour between the experiments and com-
putations. There are also differences between the con-
tours of computation (1) and computation (2). 

 
4.3 Fluid flow past a cylinder in a rectangular duct 

The fluid flow and heat transfer were measured and 
computed around a cylinder in a rectangular duct, as 
shown earlier. Fig. 11 shows the principal velocity  
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Fig. 11. Comparison of x-direction velocity, U[m/s] between the 
experimental data and the3 -D computation data.  
 
component, U at each cross section of the duct with a 
Reynolds number of 4,457 based on the diameter of 
the circular cylinder and the mean velocity at the inlet 
cross section. Graphs of the first column in the figure 
present principal velocity profiles at z = 4, 10, and 16 cm 
of inlet cross section. For reference, the height and width 
of the duct is z = 20 cm and x = 10 cm, respectively, 
where the solid lines are the measured velocity profiles 
and the straight lines with triangular marks (∆) are the 
mean velocity profiles obtained from the measurement. 
Graphs of the second column, the middle section, present 
principal velocity profiles at both passages between the 
cylinder and each wall of the duct in which a circular 
cylinder is located at x = 4 to 6 cm. These graphs show 
the measured velocity profiles (solid lines) and computed 
velocity profiles with the standard K – ε  model, the 
RNG K – ε  model, and Chen’s K – ε  model. All 
velocity profiles from the measurements and the compu-
tations are shown as close to each other, and the velocity 
becomes faster close to the wall of the cylinder at x = 4 
and 6 cm. The last graphs of the last column, the exit 
section, present the velocity profiles in the wake region 
behind the cylinder. It appears that the computed profiles 
simulate the measured lines (solid line) while some dif-
ferences exist between them behind the center of the 
cylinder at x = 6 cm. 

 
 
Fig. 12. Distribution of the turbulent kinetic energy. 

 
Fig. 12 shows measured and computed turbulent ki-

netic energy, K, at the same condition and representation 
with Fig. 11. When evaluating the measured turbulent 
kinetic energy, it is assumed 2w′  is equal to 2v′  
because only 2u′ and 2v′ are measured by laser 
velocity meter. Graphs of the first column, inlet, present 
measured turbulent kinetic energy (solid line) which are 
almost uniform because of upstream honeycomb. Graphs 
of the second column, middle section, present turbulent 
kinetic energy at both sides of circle (x = 4 to 6 cm). It is 
seen that the computed value becomes higher to the wall 
of the cylinder (x = 4 & 6 cm). But the magnitude of the 
measured turbulent kinetic energy is much smaller than 
the computed values. Furthermore, there is no significant 
tendency to make turbulence higher to the wall of the 
cylinder. Graphs of the last column, exit section, present 
turbulent kinetic energy in the wake region behind the 
cylinder. It can be seen that turbulence occurs highly past 
the cylinder from solid lines (measured one). However, 
computed values predict turbulence much smaller than 
that of the measured value. 

Fig. 13 shows the average Nusselt numbers of the cyl-
inder when the cylinder is heated with an inside electric 
wire. The experiment (with white circle) in the legend is 
the measured Nusselt number from the electric power 
supplied to the cylinder. All other lines in the figure are 
computed Nusselt numbers for comparison with the  
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Fig. 13. Comparison of average Nusselt number between experi-
ment and numerical computation. 
 
measured Nusselt number. First, variable Inlet U indi-
cates computed Nusselt number with inlet boundary 
condition of variable velocity profile from the measure-
ment. Second, Avg. Inlet U in the legend indicates the 
Nusselt number with average velocity profile at the inlet 
of the duct. Lastly, qw = const is the case in which the 
constant heat flux boundary condition is used for the 
cylinder wall; on the other hand, the temperature bound-
ary condition at the cylinder wall is used for the other 
computational cases.  

If experimental Nusselt numbers are compared with 
the computed Nusselt numbers, there is a relatively large 
difference in the relative error, from 23.9% to 24.1%, 
when ReD = 2,337. For the range of Reynolds numbers 
from 4,598 to 7,944, nearly the same range of relative 
errors exists for three cases of the standard K – ε  
model (Avg. Inlet U), the standard K –ε  model (Vari-
able Inlet U), and the standard K – ε  model (qw = 
const): from 3.8 to 4.0%, 2.6 to 3.2%, and 2.6 to 4.0%, 
respectively. However, Chen’s K –ε  model (Variable 
Inlet U) and the RNG K –ε  model (Variable Inlet U) 
have relatively large error ranges from 13.0 to 15%, and 
16.4 to 18.7%, respectively. Therefore, the numerical 
computations with the Nusselt numbers simulate the 
experimental Nusselt numbers within 4.0%, except in the 
cases of the Chen and RNG models. 

 
5. Conclusions 

Fluid flows in three rectangular duct systems are re-
viewed by using comparisons between measurements 
with LDV and numerical computations with commercial 

software. The systems in this study are a rectangular duct 
with a 90 degree bent elbow, a rectangular duct with two 
branches, and a rectangular duct in the middle of which a 
circular cylinder is located. From these studies, the fol-
lowing conclusions are summarized. 

 
(1)  For the case of the rectangular duct with a 90 degree 

elbow, there is relatively good agreement in the prin-
cipal velocity between the measurements and numeri-
cal computations. However, significant disagreements 
were noted in the turbulent kinetic energy levels be-
tween them. However, the K - factor from the nu-
merical computation appears satisfactory in a com-
parison with the ASHRAE data as well as the ex-
perimental data from the literature. 

(2)  In the case of the rectangular duct with two branches, 
the computed velocity contour at the exit of each 
branch differs from the measured velocity contour at 
the same cross section. However, numerical simula-
tions for the distribution ratio to each branch are fea-
sible compared to the measurements of the ratio. 

(3)  For the fluid flow past the cylinder in a rectangular 
duct, disagreements in the velocity and turbulent ki-
netic energy levels in the wake region behind the cyl-
inder were found between the numerical computa-
tions and the measurements. However, there was 
good agreement between them for the Nusselt num-
bers of the heated cylinder. 

(4)  From these considerations about the three systems, 
although there were disagreements in the velocity 
profile and turbulent kinetic energy values of the nu-
merical computations compared to the measurements, 
these findings are relatively satisfactory in terms of 
the simulations of design factors of the K - factor 
through the elbow of the duct, the distribution ratio of 
the flow rate to each branch, and the Nusselt numbers 
of the heated cylinder. These are integrated values 
through a certain area. 
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