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The behavior of mixing flow within a T-junction is highly intricate in energy
transport systems. A 3D numerical model for the T-junction was established,
the flow and thermal characteristics were analyzed in detail. The response
surface methodology was employed to investigate the interactive effects of
angle, velocity ratio, and diameter ratio on the local pressure drop
coefficients of the T-junction. The corresponding correlations for Kac and Kgc
were developed and validated. It could be observed that, compared with the
inlet pressures of the main and branch tubes, the static pressure in the
downstream section of the main tube drops sharply. A symmetrical vortex can
be found at the entrance of the downstream in main tube. Three key
parameters including cos ¢, U*, and D* all have a significant effect on Kac
and Kgc, and the interactions of cos 6 with U* and D* are significant for Kac,
while for Kgc, the interactions among the three parameters are all significant.
Furthermore, the developed correlations demonstrate high accuracy in
predicting the local pressure drop coefficients. To validate their reliability,
two additional tests are conducted. The discrepancies between the simulated
and predicted values of Kac are merely 1.46% and 7.39% for the first and
second tests, respectively, while those for Kgc are limited to 9.7% and 7.02%,
respectively.
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1. Introduction

T-junctions are extensively used in transportation systems, such as nuclear power, chemical and
thermal systems [1]. According to different flow configurations, it can be divided into diverging T-
junction and mixing T-junction [2]. In this paper, the focus will be on the mixing behaviors in T-junction.
When two fluid streams with different temperatures mix in T-junction, particular attention should be
given to two key aspects: thermal characteristics and flow pressure drop [3]. The following summarizes
the research progress in these two aspects.

The research of mixing characteristic in T-junction originated from thermal fatigue in the nuclear
power. Temperature fluctuation-induced thermal fatigue is a major contributor to material degradation
in nuclear power plants, posing a significant risk of loss-of-coolant accidents. To prevent and mitigate

temperature fluctuations in T-junction, numerous researchers have conducted extensive studies to



evaluate the mechanisms and characteristics of thermal mixing. Kamide et al. [4] performed a water
experiment to investigate thermal striping phenomena. The jet flow patterns are categorized into three
distinct forms: wall jet, deflecting jet, and impinging jet. Notably, in cases involving an impinging jet, a
cold spot developed on the upper surface downstream of the main pipe, whereas for the wall jet, a similar
phenomenon occurred on the lower surface. Furthermore, they also analyzed the velocity and
temperature field distributions of three flow patterns and highlighted that the flow regime is determined
by the momentum ratio between the branch tube and the main tube. Lee et al. [5] summarized that the
temperature difference and the increase in heat transfer coefficient caused by turbulent mixing are the
key factors leading to thermal fatigue failure. However, Wang et al. [6] believed that the effect of
temperature difference on temperature fluctuations is limited for the T-junction with porous media. Lu
and his team have done a lot of work on the T-junction, including the mathematical simulation methods,
the installation of distributors and porous, the definition of the mean and root temperature and velocity,
and laying the groundwork for subsequent studies on thermal mixing prediction [7-11]. In short, the
researches on thermal mixing are extensive and well developed.

Currently, most studies on pressure drop in T-junctions are based on experimental results. Abou-
Haidar et al. [12] pioneered the study of mixed flow in T-junctions and conducted a visualization study
using dry air as the working fluid. It can be revealed that the maximum Mach number after flow merging
could reach 0.66. Bassett et al. [13] developed expressions to calculate steady flow pressure loss
coefficients for mixing and dividing flow in T-junction through experiments. Schmandt et al. [14] and
Herwig et al. [15] determined the pressure loss coefficients for mixing laminar flow in square cross-
section T-junctions based on a Second Law analysis, and highlighted the limitations of the previous
model due to its underlying assumptions. Furthermore, Pérez-Garcia et al. [16] conducted experimental
and numerical studies on compressible flow in 90° T-junction, incorporating Mach number as an
additional independent parameter in the correlation. In addition to experiments, numerical simulation is
also a commonly method. For instance, Gan and Riffat. [17] conducted numerical simulations to
investigate the pressure loss characteristics of air flow in square-section T-junction, and concluded that
the pressure loss coefficient is a function of the flow rate ratio, with the branch exhibiting a negative
loss coefficient at low flow rate ratios. Abdulwahhab et al. [18] studied the pressure loss in a 90° T-
junction and found that as the flow ratio increases, the pressure loss in the main tube significantly
increases, and illustrated the interaction between flow ratio and area ratio. Patifio-Jaramillo et al. [19]
investigated the flow characteristics and pressure loss of a 90° T-junction under laminar flow, and
revealed the coexistence of three recirculation zones (A/C/D) in mixing flow, with a particular focus on
its application in the cooling oil flow of oil-immersed power transformer windings.

Despite extensive researches on mixing T-junctions, most studies have focused on thermal
performance, with relatively few addressing pressure drop. Some researchers have pointed out that the
interaction between parameters has a significant effect on the local resistance coefficient. However,
studies on these interactions remain scarce. The author had previously studied the resistance
characteristics in a diverging T-junction, analyzed the local pressure drop for liquid-liquid two-phase
flow [20] and gas-liquid two-phase flow [21], and obtained correlation equations. This will lay the
foundation for the analysis of mixing T-junction in this study. Therefore, this study aims to explore the
interaction effects of three key parameters, including velocity ratio, diameter ratio, and angle on the
local resistance coefficients, by introducing a response surface methodology and a nonlinear regression
model with quadratic terms. The correlations would be proposed to provide a reference for the optimal
design of pipeline systems.



2. Methodology

2.1. Physical model

Figure 1 illustrates a schematic representation of the mixing T-junction, consisting of a main tube
and a branch tube. The main tube is aligned horizontally, while the branch tube extends upward,
intersecting at a certain angle at the origin. The main tube includes the upstream of the inlet section and
the downstream of the outlet section, with lengths of 10 and 20 times the tube diameter, respectively.
The branch tube is also an inlet section, with a length of 10 times the diameter of the tube. The working
fluid utilized in this study is water, with a temperature of 321.15K at the inlet of the main tube and
306.15K at the inlet of the branch tube. The gravity vertically downwards along the x-axis. The fluid in
the main and branch tubes converges at the intersection of the T-junction, and fluctuations in flow and
thermal performance occur at the intersection of the T-junction. In order to better analyze the flow and
thermal performance, a line in the symmetrical plane (x-y plane) is defined at distance of 0.5D, and its

velocity, pressure, temperature, and other characteristics along the line could be characterized.
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Figure 1. Schematic representation of the mixing T-junction

2.2. Mathematical method

Under the present study, the numerical simulation of the T-junction was conducted using a steady-
state approach. The inlet and outlet of the T-junction were respectively the velocity inlet and pressure
outlet. The wall adopted a non-slip and non-equilibrium wall. The wall was set to be adiabatic.
Considering the relatively small variations in density, buoyancy effects were modeled using the
boussinesq approximation, and the operating density was set to 994.9 kg-m™. The governing equations,

comprising the continuity, energy, and momentum, could be formulated as follows:
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where 1 is turbulent viscosity respectively, which can be calculated as follows:
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The turbulence model is the standard k-& model, and its formulation is provided as follows:
o(puk) o ok
—~=— | (u+p)— |+G —¢ 5
ox  ox (u ”‘)axi ‘ ©)
o(pue) o O¢ £ &
—~=—|(u+u,)— |[+C, =G, -C,p— 6
ox axi{(/l M)GXJ 1) K 2/3k (6)
ou, [ ou, ou;
G =y —L- _'_|__J 7
= oX; (axj axiJ ™

where C, controls the balance between the generation and dissipation of turbulent kinetic energy, while
C, governs the rate of energy dissipation. These constants are empirically derived and have been
validated for a range of fluid dynamics applications. The C; and C; are constants with values of 1.44
and 1.92, respectively. They were selected based on the standard values used in the standard k-¢ model,

which had been confirmed by combining the experimental data in previous research in T-junction [22].

2.3. Meshing and model validation

The numerical simulations of the T-junction were performed using the finite volume method. The
governing equations for fluid flow and heat transfer were solved with the SIMPLE algorithm for
pressure-velocity coupling, and the spatial discretization was carried out using the least squares cell
based method. For the discretization of the momentum and energy equations, the second order upwind
scheme was selected, ensuring both stability and accuracy of the solution. It is necessary to conduct a
grid independence study to verify the accuracy and reliability of the results. Compared with tetrahedral
grids, hexahedral grids offer high computational efficiency, better accuracy, and easier data storage due
to their regular structure. The grid division with hexahedral grids in the intersection of T-junction was
generated, as shown in Fig. 2. Three different grid schemes were divided for the T-junction, including
1.06 million, 2.14million and 2.98 million, as shown in Fig. 2. The velocity distributions along the line
of x/D = 0.5 under different grid numbers were compared. It can be observed that the minimum velocity
occurs at x =-0.05 m. As the grid number increases from 1.06 million to 2.14 million, the change of the
minimum velocity is relatively more noticeable (-0.178 m's” to -0.212 m's™), but as the grid number
increases further from 2.14 million to 2.98 million, the velocity distribution undergoes minimal changes
(-0.212 m's' to -0.22 ms™), indicating that the solution has largely converged with the finer grid. Since
the comparison is conducted in a region with high turbulence intensity, the grid with 2.14 million cells
is selected as the final grid scheme.
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Figure 2. Meshing and grid independence verification

Figure 3 presents a comparative analysis between simulation results and benchmark experimental
data from Kamide et al. [4] along the line of x/D = 0.5, with particular focus on thermal and flow
characteristics as manifested through temperature profiles and velocity distributions. The conditions of
experiment and simulation are consistent. The inlet velocity of main tube was assigned as 1.46 m-s,
and that of branch tube was assigned as 1.0 m's™.. The temperatures of the main and branch tube were
assigned as 321.15 K and 306.16 K, respectively. It is evident that the temperature and velocity
distributions are in good qualitative and quantitative agreement with that in the experiment.

Minor discrepancies of the temperature and velocity occur in the range of y = -0.075 m ~ -0.03
m. In the current range, the simulated temperature is lower than the experimental value, and the
simulated velocity is greater than the experimental value, which might be attributed to the velocity with
5% turbulence intensity was performed to the inlet, while there was about 10% fluctuation intensity of
the average velocity in the experiment [23]. In short, this area happens to be on the right side of the
intersection between the branch tube and the main tube, where vortices will form during mixing,
resulting in significant fluctuations in physical variables and corresponding errors in experimental
measurements. Overall, the simulation results in this study are highly consistent with the experiment.
Consequently, the employed numerical model was retained for the computation of subsequent scenarios.
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Figure 3. Comparison between simulation results and experimental values



2.4. Parameter definition

Figure 4 illustrates the static pressure distribution along the T-junction. Upon entering the main
or branch tube, the fluid’s pressure gradually decreases due to friction. At the intersection, the pressure
experiences a sharp drop, followed by a brief increase, before transitioning into the fully developed
region. The static pressure difference observed at the junction arises from both reversible and irreversible

pressure drops.
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Figure 4. Pressure distribution along the T-junction

Apacy represents the local pressure at the intersection between the upstream and downstream of
the main tube. Apgc; represents the local pressure at the intersection of branch tube and the downstream.
Therein, pay, pss, and pcy are the pressure values at the intersection of the centerline where the pressure
distribution in the corresponding pipes is linearized and intersects [24, 25]. After obtaining the local
pressure drop through numerical simulations, the local pressure drop coefficients including Kac and Kac,
can be solved as follows:
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2.5. Response surface methodology

Response Surface Methodology (RSM) is an integrated analytical approach that merges statistical
techniques with mathematical modeling. Table 1 shows the test matrix design, which includes 24 sets of
data. Three dimensionless factors (velocity ratio U*, diameter ratio D", cos ) are selected as independent
variables, and two local pressure drop coefficients Kac and Kpc are used as output variables. The velocity
ratio U” and diameter ratio D" can be calculated as follows:

U =tda (10)
uB
. d
D=2 11
5 (11)

In this study, there is a strong non-linear characteristic between the independent variable and the
output variable, so it is necessary to introduce the regression model with interaction term and quadratic
term based on the linear model. A modified two-factor interaction model and the modified quadratic

regression model are shown follows [26]:
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where fo, fi, fij and fi refer to coefficients for the intercept, linear, interaction and quadratic terms
respectively, and ¢ is a total error including random error, modeling error and systematic error. In this
study, the modified two-factor interaction model and modified quadratic regression model were used to

develop the correlations for Kac and Kgc, respectively.

Table 1. The design of test matrix for RSM

Cases cos 6 u* D* Cases cos ¢ u* D*
1 0.7071 1 1 13 0.7071 1 0.6667
2 -0.7071 1 1 14 0.7071 0.5 1
3 0 1 0.6667 15 0.7071 15 1
4 0 15 1 16 0 1 0.3333
5 -0.7071 15 0.6667 17 0 0.5 0.6667
6 0 0.5 1 18 0 1 0.6667
7 0.7071 0.5 0.6667 19 0 1 1
8 0 15 0.3333 20 -0.7071 0.5 0.3333
9 0.7071 15 0.6667 21 -0.7071 15 0.3333
10 0.7071 1 0.3333 22 -0.7071 1 0.6667
11 -0.7071 1 0.3333 23 -0.7071 0.5 1
12 0.7071 15 0.3333 24 -0.7071 15 1

3. Results and discussion

3.1. Analysis of flow and thermal characteristics

Figure 5 illustrates the temperature distribution at the intersection of the T-junction. It is evident
that as the angle between the branch tube and the upstream of the main tube increases, the temperature
mixing uniformity in the downstream of main tube improves. At small angles, the velocity vectors of
the main tube and branch tube at the inlet are aligned in the horizontal direction, resulting in cooperative
velocities that hinder efficient mixing and cause noticeable temperature stratification. Conversely, at
larger angles, the velocity components of the two inlets oppose each other in the horizontal direction. It
leads to more effective mixing of the fluid streams downstream of the main tube, thereby enhancing
temperature uniformity. Additionally, for a given angle, an increase in the diameter ratio further
improves the temperature mixing uniformity in the downstream of the main tube. It is primarily due to
the increased flow rate of the branch tube as its diameter increases, which intensifies turbulence of the

main tube, which promotes the uniformity of temperature mixing.
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Figure 5. Temperature distribution at the intersection of T-junction

Figure 6 presents the pressure distribution and streamline patterns at both z =0 and y = -0.045 m
within the intersection region. It can be observed that compared with the inlet pressures of the main tube
and branch pipe, the static pressure in the downstream of the main tube undergoes a rapid decrease. This
phenomenon can be explained through the following mechanisms. Firstly, when the fluids from the main
tube and branch tube pass through the T-junction, the flow rate and velocity in the downstream of the
main tube increase significantly, resulting in the conversion of static pressure to dynamic pressure and
consequent reduction in static pressure. Secondly, at smaller intersection angles, the streamlines in the
T-junction exhibit relatively smooth trajectories. With increasing intersection angle, the fluids from the
main tube and branch tube develop opposing tangential force components. The accelerated flow near
the upper wall of the main tube generates centrifugal motion relative to the vortical fluid, leading to the
formation of a vortex near the lower wall at the downstream entrance of the main tube, as indicated by
the vortex highlighted in the red circle. This vortex formation contributes to localized pressure reduction.
Additionally, the vortex at the y = -0.045 m demonstrates pronounced symmetry characteristics.
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Figure 6. Pressure and streamline distributions at different angles

3.2. Analysis of variance (ANOVA)

Analysis of variance (ANOVA) was employed to examine the statistical significance of three key
parameters on the local resistance coefficient. Tables 2 and 3 present the ANOVA results for Kac and
Kgc, respectively. The Adj R? and Pred R? for Kac are 0.9761 and 0.9613, respectively, while those for
Kgc are 0.9473 and 0.9154. Since the differences between Adj R? and Pred R? are all far below 0.2, the
regression models effectively reveal the effects of independent variables on the dependent variable [27].
Furthermore, “Adeq Precision” measures the signal to noise ratio. The ratios for Kac and Kpc are 43.86
and 24.73, respectively, both well above the threshold of 4, further reinforcing the reliability of the
model [28].



During the regression model fitting process, a 95% confidence interval is applied. Consequently,
a p-Value below 0.05 signifies statistical significance and is denoted by a “Y”. It can be seen that for
Kac, the three key parameters including cos 6, U", and D" all have a significant effect on Kac, and the
interactions of cos @ with U and D" are both significant. For Kgc, the interactions among the three

parameters are all significant.

Table 2. ANOVA of Kac

Source Sum of squares df Mean Square FValue p-Value Significance
Model 2.44 6 0.4074 157.5 <0.0001 Y
A-cos @ 1.66 1 1.66 640.88 < 0.0001 Y
B-U 0.032 1 0.032 12.36 0.0027 Y
C-D* 0.3438 1 0.3438 132.91 <0.0001 Y

AB 0.2114 1 0.2114 81.7 <0.0001 Y

AC 0.1453 1 0.1453 56.16 <0.0001 Y

BC 0.011 1 0.011 4.25 0.0549 N
Residual 0.044 17 0.0026

Cor Total 2.49 23

Adj R?=0.9761

Adeq Precision = 43.86
Pred R?=0.9613

Table 3. ANOVA of Kgc

Source Sum of squares df Mean Square F Value p-Value  Significance
Model 3.9 9 0.4335 46.89 <0.0001 Y
A-cos @ 0.8038 1 0.8038 86.95 <0.0001 Y
B-U 2 1 2 216.32 <0.0001 Y
C-D" 0.1442 1 0.1442 15.6 0.0015 Y
AB 0.0466 1 0.0466 5.04 0.0414 Y
AC 0.2616 1 0.2616 28.29 0.0001 Y
BC 0.3144 1 0.3144 34.01 <0.0001 Y
A? 0.0025 1 0.0025 0.2657 0.6143 N
B? 0.1362 1 0.1362 14.74 0.0018 Y
c? 0.0064 1 0.0064 0.6885 0.4206 N
Residual 0.1294 14 0.0092

Cor Total 4.03 23

Adj R?2=0.9473

Adeq Precision = 24.37
Pred R?=0.9154

3.3. Interactive effects of parameters

Figure 7 (a) illustrates the interaction between cos & and U" on Kxc. It can be observed that as the
cos 6 decreases, i.e., as the angle increases, the local pressure drop coefficient Kac gradually increases,
it can be explained as follows. With the increase in angle, the relationship between the velocity in the
branch tube and the velocity in the main tube shifts from synergy to impact, leading to a gradual increase



in energy loss at the intersection of the T-junction. Additionally, when the angle is small, Kac slightly
increases with the increase in the U". However, when the angle is large, Kac decreases with the increase
in the U".
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Figure 7. The response surface 3D plot of Kac
Figure 7 (b) presents the interaction between cos & and D°, showing that Kac gradually increases

with the increase in the D*. As the diameter ratio increases, the flow rate in the branch tube also increases,
resulting in higher turbulence intensity at the T-junction intersection. Moreover, when the angle is small,
the effect of the diameter ratio on the local pressure drop coefficient is minimal, whereas when the angle
is large, the influence of the diameter ratio on Kac becomes more pronounced.

Figure 8 (a) demonstrates the interaction between cos € and U" on Kgc. It can be seen that as cos
0 decreases, i.e., as the angle increases, Kpc gradually increases. Moreover, when the velocity ratio is
relatively low, the effect of angle is more pronounced. Additionally, it can be seen that as the velocity
ratio increases, the Kpc gradually decreases. It can be explained as follows. With the velocity ratio
increases, the turbulence intensity at the intersection of the T-junction rises, leading to an increase in
local pressure loss. However, at the same time, the downstream flow rate and the total dynamic pressure
in the main tube also increase, playing a dominant role, which ultimately results in a reduction of the
local resistance coefficient Kpc. Figure 8 (b) illustrates the interactive effect of cos # and D* on Kpc.
When the angle is relatively small, Kpc decreases slightly with an increasing diameter ratio. In this case,
the increase in the downstream dynamic pressure of the main tube becomes dominant, leading to a
reduction in the local pressure loss coefficient. However, when the angle is large, the turbulence intensity
at the intersection of the T-junction increases with the diameter ratio and becomes the dominant factor,
resulting in a gradual increase in Kpc as the diameter ratio increases.

According to Fig. 8 (c), it can be found that the U has a strong interaction with the D" in
influencing the Kpc. When the diameter ratio is small, the velocity ratio has a more significant effect on
the Kpc, whereas when the diameter ratio is large, the influence of the velocity ratio becomes less
pronounced. Additionally, when the velocity ratio is relatively low, Kgc decreases slightly with an
increasing diameter ratio. Under low velocity ratio conditions, the flow velocity in the main tube is
relatively low, and an increase in the diameter ratio leads to a more noticeable increase in main pipe
velocity, thereby reducing Ksc. However, when the velocity ratio is high, the flow rate in the main tube
is already at a relatively high level. In this case, the effect of the diameter ratio on increasing the main
tube velocity becomes less significant, while the intensification of turbulence at the intersection of the

T-junction becomes the dominant factor, leading to an increase in the Kac.



(c) Interactive effect of U* and D*
Figure 8. The response surface 3D plot of Kgc

3.4. Regression models of responses

Using the RSM and ANOVA, the regression models with the interactions have been developed.
During the model construction process, only the terms with significant contributions are retained to
ensure the model’s conciseness and accuracy. As a result, the correlations for Kac and Kgc, considering
three dimensionless factors, are derived as follows:

Kye =0.13+(0.44U" —0.6)cos0—0.09U" +(0.49—0.48¢0s0) D’ (14)

Kge =2.38+(0.19U" —0.05)cos 6 +(1.22D" +0.64U" - 2.91)U" —(0.93+0.7cos9) D" (15)

Figure 9 presents a comparison between the predicted values from the RSM regression model and
the simulated results. It can be observed that the data points are uniformly distributed around the
diagonal for Kac and Kgc, indicating that the errors between the simulated and predicted data are
minimal. Since the local resistance values remain at a relatively low level, standardized residuals are
utilized to assess the magnitude of prediction errors [29], as shown in Fig. 10. For Kxc and Kgc, the
thresholds of their standardized residuals are +3.627 and +3.713, respectively. The standardized
residuals of both Kac and Kpc do not exceed their corresponding thresholds, indicating that the
correlations obtained from the response surface methodology can accurately predict the local resistance



coefficients of the T-junction.

Two additional tests were conducted to further validate the accuracy of the correlations obtained
through the RSM, and these two tests were not included in the original design matrix. The local
resistance coefficients obtained from the correlations were compared with those derived from
simulations, as presented in Tab. 4. It can be observed that the errors between the simulation and
predicted values of Kac for the first and second tests are only 1.46% and 7.39%, respectively, and the
errors for Kgc are only 9.7% and 7.02%, respectively. It indicates that the correlations exhibit good
predictive capability within the given parameter range.
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Table 4. Additional testing verification results
Kac Kac Kpc Kpc
Cases cos@® U* D° ) ) i Error ] ) ] Error
(Simulation) (Predicted) (Simulation) (Predicted)
1 0.5 0.75 1.00 0.181 0.179 1.46% 0.269 0.243 9.70%

2 -05 055 033 0.540 0.500 7.39% 1.049 0.975 7.02%




4. Conclusions

The flow and thermal characteristics of mixing flow in a T-junction were analyzed using
numerical simulation, and RSM was employed to investigate the interactive effects of angle, velocity
ratio, and diameter ratio on the local pressure drop coefficients of the T-junction. The corresponding
correlations for Kac and Kpc were derived and validated. The correlations developed in this study could
serve as a reference for optimizing T-junction design in pipeline systems, helping to reduce pressure
drops and improve the overall efficiency of fluid transport systems. The conclusions can be summarized
as follows:

1) The distributions of temperature and pressure were described in detail. As the angle and
diameter ratio increase, temperature fluctuations in the downstream region decrease. Compared with the
inlet pressures of the main and branch tubes, the static pressure of the downstream in main tube decreases
rapidly. A vortex forms at the entrance of the downstream in main tube, exhibiting a distinct symmetrical
characteristic.

2) The interaction terms for the local pressure drop coefficients were obtained using RSM and
ANOVA. The signal to noise ratios for Kac and Kgc are 43.86 and 24.73, respectively, both well above
the threshold of 4. For Kac, the three key parameters including cos 6, U", and D" all have a significant
effect, and the interactions of cos @ with U" and D" are both significant. For Kgc, the interactions among
the three parameters are all significant.

3) The correlations incorporating interaction terms were developed for Kic and Kgc. The
correlations can effectively predict the local pressure drop coefficients of the T-junction. Additionally,
two extra sets of tests are conducted to validate the accuracy of the correlations. The errors between the
simulation and predicted values of Kac for the first and second tests are only 1.46% and 7.39%,

respectively, and the errors for Kgc are only 9.7% and 7.02%, respectively.

Nomenclature Greek symbols
T temperature, K 0 angle, °C
D,d diameter, m Ut turbulent viscosity, Pa-s
u velocity, m-s-! U dynamic viscosity, Pa-s
U~ velocity ratio p density, kg-m3
D+ diameter ratio Apacy, Apscy  local pressure drop, Pa
P pressure, Pa Subscripts
Pr prandtl number
Prr turbulent Prandtl number X, ¥,z cartesian coordinates
Kac, Ksc  local pressure drop coefficient A upstream of main tube
RSM Response Surface Methodology B branch tube
ANOVA  Analysis of Variance C downstream of main tube
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