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Knowing loss coefficients of duct fittings is crucial for designing a duct network for HVAC systems.
Traditionally, the coefficients have been obtained using experimental measurements according to AHSRAE
Standard 120, a process which is time consuming and expensive. An alternative is to use CFD, but this has
uncertainty due to the approximations used in modeling turbulence. This study first validated three
turbulence models by comparing the predicted loss coefficient of an elbow with the corresponding
experimental data from the literature. The Standard k-¢ model and Reynolds stress model could accurately
predict the loss coefficient; however, the more advanced LES model failed. The study found that the surface
roughness of the straight duct connected to the elbow had a significant influence on the predicted pressure
loss and that the accurate surface roughness could be determined. Then, this study applied the same
procedure and turbulence models to predict the pressure loss coefficient of a lateral and a tee junction with
both converging and diverging flows. The results show again that the surface roughness of the straight duct
connected to the junctions was very important and that the best value could be estimated. The pressure loss
coefficients predicted were accurate when compared with the experimental data available to us after the
simulations. Some discrepancies between the calculated and measured results exist that could be attributed
to the approximations used in the simulations or the errors in the experimental measurements.

Introduction

Heating, Ventilation, and Air-conditioning (HVAC) systems in buildings and other enclosed spaces are
crucial for creating a comfortable and healthy indoor environment. These HVAC systems always require
duct systems to deliver air. To increase the energy efficiency of the fans in HVAC systems, the pressure
loss of the duct network should be minimized, which would require accurate estimation of the pressure loss
coefficient of the duct fittings.

The existing design guides for duct systems do not include many of the duct fittings used in HVAC
systems. This compels designers to make intelligent guesses for some of the pressure loss coefficients used
in their calculations (Shao et al. 1995). ASHRAE Standard 120 provides a standard experimental method of
testing to determine the flow resistance of HVAC ducts and fittings. Kulkarni et al. (2009) measured the
pressure loss coefficients of flat oval elbows with various aspect ratios. The experimental measurements
could be accurate, but they are expensive and time-consuming.

Due to the development of computer speed and capacity and the improvements in turbulence
modeling, Computational Fluid Dynamics (CFD) offers a fast and accurate alternative for obtaining the
pressure loss coefficients of duct fittings. Shao et al. (1995) predicted pressure loss of double elbows using
CFD and were able to achieve a relative error of about 10% using the k-&¢ model and the higher order
QUICK scheme. Gan et al. (1995) determined numerically the loss coefficient of a square duct with bends,
and they found that optimal predictions could be achieved using CFD with the standard k-¢ model and
quadratic upstream interpolation scheme. Gan et al. (1997) further studied the pressure loss of a square-
edged orifice and perforated plates by CFD and found reasonably accurate results. Ahmet et al. (2007) also
applied CFD to predict the pressure loss of compressed flexible ducts, and the CFD simulation results
showed close proximity to laboratory experiments for fully stretched and 30% compressed flexible ducts.
Mumma et al. (1997) conducted both a numerical and an experimental study of the coupled ductwork
pressure drop. The close coupling condition resulted in an approximately 27% higher pressure loss of
measured results than the predicted results with the Renormalized Group (RNG) k-¢ model. Mahank and
Mumma (1997) also applied a k-¢ model to predict the pressure loss of a flat oval ductwork and compared
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the predicted results with the measured data. Their study concluded that CFD methods may be efficiently
and accurately used to analytically determine ductwork loss coefficients. However, when Mumma et al.
(1998) applied the standard k-& model to calculate the loss coefficient of nine different ductwork fittings,
their predictions showed notable discrepancies among the experimental data for some cases. The above
literature review concluded that CFD could be used to accurately predict the pressure loss coefficients of
duct fittings, but the performance of CFD was not stable. Many studies have to tune their models with
experimental data, which makes CFD less attractive.

The question is, if one does not have experimental data to validate the CFD model, could the CFD
results still be trusted? ASHRAE Technical Committee 5.2 on “Duct Design” organized an international
competition to encourage the CFD community to devise solutions to predict pressure loss coefficients of
duct fittings without knowing the experimental data. The competition came about through ASHRAE
Research Project 1493, “CFD Shootout Contest — Prediction of Duct Fitting Losses.” The primary
objectives of the contest were (1) to gain confidence in the use of CFD to determine the loss coefficients for
duct fittings and (2) to eliminate laboratory fitting tests in compliance with ASHRAE Standard 120. Our
team participated in the competition and won first prize. This paper reports on how our team simulated the
pressure loss coefficients for the duct fittings provided by ASHRAE Research Project 1493 and how the
results compared with the experimental data that were presented to us after we delivered the computed
results to ASHRAE. The comparison presented here was without any modifications on the CFD
simulations after we received the experimental data from ASHRAE Project Monitoring Subcommittee
1493.

Method

Governing Equations for CFD. This investigation used CFD to model the flow and pressure
distributions of the duct fittings. Previous researchers (Gan et al. 1995; Gan et al. 1997; Ahmet et al. 2007)
used the standard k-¢ model (Launder and Spalding 1974) and a Reynolds stress model (RSM) (Gibson and
Launder 1978) and showed some good results. Thus, this investigation used these models. In addition,
Large Eddy Simulation (LES) (Germano et al. 1996) uses only one empirical coefficient in the model and
is theoretically more accurate than the other two models. Therefore, this study used LES as well, so we had
a total of three models. All these turbulence model equations can be written in a general form as:
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where ¢ represents variables, F¢,eﬁ- the effective diffusion coefficient, S p the source term of the variable,

P the fluid density, u : the velocity component in the j direction, and X ; the coordinate in the j

direction. As these models are available in commercial CFD software ANSYS FLUENT (2009), it was
used for the present study.

Numerical Method. For the standard k-¢ and RSM models, the SIMPLE algorithm was adopted to
couple pressure and momentum equations. The standard scheme was used for pressure equation
discretization, and the QUICK scheme for momentum equation discretization. This study used the first-
order upwind scheme for all the other variables. The solutions were considered to be converged when the
sum of the normalized residuals for all the cells became less than 107 for the variables:
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where, @, and ¢nb are the variable of the present and neighboring cells, respectively, a, is the coefficient

of the present cell, @,,are the coefficients for the neighboring cells, and b is the contribution of the

constant part of the source term and boundary conditions. This investigation solved only steady-state
equations for the standard k-¢ and RSM models. For LES, the algorithm, discretization schemes, and
convergence criteria were the same as those for the standard k-e and RSM models except that the
discretization technique for the momentum equation is the bounded central differencing scheme. The LES
were first used to calculate the transient flows for 1.0 s to reach a statistically stable state, and then for
another 0.5 s to obtain statistically steady-state solutions. The time step for LES was adjusted to ensure that
the number of iterations for each time step was between five and ten (ANSYS FLUENT 2009).



Pressure Loss Coefficient. Let us use the duct fitting for the diverging and converging flow used by
ASHRAE Standard 120, as shown in Figure 1, as an example. The pressure loss coefficient for the duct

fittings, C; , is defined by Equation 1 as the ratio of the total pressure loss across PL-1 and PL-2 to the
dynamic pressure at PL-8 for the diverging case or PL-7 for the converging case. The branch loss
coefficient, Cy, is defined by Equation 2 as the ratio of the total pressure loss across PL-1 and PL-3 for the
diverging case or PL-3 and PL-2 to the dynamic pressure at PL-9 for the converging case.

AP, ,_ AP, _
C, = L2 (diverging case) or —=% (converging case) A3)
ds d7
AP, AP,
C, = Ll-3 (diverging case) or L322 (converging case) )
9 d9

Where C is the pressure loss coefficient, P is the pressure, and subscripts b is the branch section, c is
the common section (section PL-7 in Figure 1(a) and section PL-8 in Figure 1(b)), s is the straight (main)
section (section PL-8 in Figure 1(a) and section PL-7 in Figure 1(b)), ¢ is the total; d is the dynamic, and
the numbers are for different planes shown in Figure 1. The dynamic pressure at PL-7, PL-8, and PL-9 can
be obtained directly in the calculated results as the flow there is fully-developed. However, the total
pressure at PL-1, PL-2, and PL-3 could not be directly determined since the flow at these planes is not
fully-developed and there normally is significant recirculation in the vicinity of the downstream of the duct
fittings. Therefore this study calculated the total pressure loss between PL-7, PL-8, and PL-9, and then
minus the on-way resistance by using the Darcy-Weisbach equation to obtain the total pressure loss
between PL-1, PL-2, and PL-3. The detailed calculations are shown by Equations (5), (6), and (7),
respectively.

AF, 5 = APy 7 g +(Fy7 = Fyg) = (L1 APy 7 + Ly gAPs 5 ) (5)
AR, 3 =APy 7 o +(Fy7 = Fyo) = (L1 APy 71+ Ly gAP; 5 o) (6)
AR 3 5 = APy g g +(Fyo—Fyg) —(Lo3APr g 3+ Ly gAPr 5 ) (7)

where, L is length and subscript sz stands for static and f for friction.
As an example, L,_; represents the separation distance between the upstream taps and the entrance
plane of the fitting, and AP, ;_; the friction pressure loss per unit length. This friction loss coefficient is

calculated by the Darcy-Weisbach equation (Brown 1999), and the related friction factor can be referred to
in the Moody diagram (Moody 1944).
Case description

ASHRAE provided two sets of duct fittings for the competition: a flat oval with tee junction as shown
in Figure 2(a) and a flat oval with lateral junction in Figure 2(b). Table 1 shows the detailed geometric
information. The material of the duct fittings is galvanized steel, and the surface roughness ¢ of the duct
fittings provided by AHSRAE is 0.09 mm (0.0003 ft). By using the duct fitting for the converging and
diverging flows, a total of four cases stipulated by the competition were studied:

e Case 1: flat oval straight body with tee junction for converging airflow,

e Case 2: flat oval straight body with tee junction for diverging air flow,

e  Case 3: flat oval straight body with lateral junction for converging airflow, and
e C(Case 4: flat oval straight body with lateral junction for diverging air flow.

Our investigation extended the simulated domain according to the standard lab test apparatus in
compliance with ASHRAE Standard 120 as shown in Figure 1, as we believe that any tests should
comprise the standard as well. The length of the straight duct in the upstream was 11.5 times that of the
inlet hydraulic diameter, and the length of the straight duct in the downstream was 15 times that of the
outlet hydraulic diameter. The surface roughness of the straight duct was not provided by ASHRAE and is
probably unknown. The inlet velocity ranged between 5.1 ~ 20.3 m/s (1000 ~ 4000 fpm), corresponding to
a common section Reynolds number of 85,000 to 500,000. To keep the airflow rate and flow ratios varied
over a reasonably wide and realistic range from 0.1 to 0.9, Table 2 shows the inlet boundary conditions and
flow ratios used in this study. The inflow turbulence intensity provided was 10% as provided by the
ASHRAE.



Results

Since the experimental data of the pressure loss coefficients for the duct fittings were not provided to
us before we submitted our simulated results to ASHRAE, this study first validated the CFD models
according to the ASHRAE guidelines for using CFD (Chen and Srebric 2002) by using other experimental
data from the literature. Then this investigation calculated the pressure loss coefficients for the four cases
with the validated CFD model. This section also reported the predicted results compared with the
experimental data that were available after we reported the results to ASHRAE.

Validation of the CFD Models for a Similar Case. According to ASHRAE guidelines for validating
CFD (Chen and Srebric 2002), we found a flat oval elbow through the literature search, as shown in Figure
3(a). Kulkarni et al. (2009) measured the pressure loss coefficients that can be used to validate the CFD
models discussed above. The geometry of the elbow as shown in Figure 3(a) was A x a =356 x 152 mm
(14 x 6 in.). Our simulated domain was also extended according to the standard lab test apparatus in
compliance with ASHRAE Standard 120, by connecting the elbow with a straight duct on both ends, as
shown in Figure 3(b). Kulkarni et al. (2009) stated that the elbow was constructed using galvanized steel.
Since the material of the elbow was the same as that of the two duct fittings used by ASHRAE, the surface
roughness ¢ of the elbow was regarded as 0.09 mm (0.0003 ft), which was provided by ASHRAE. However,
the surface roughness of the straight ducts used by Kulkarni et al. (2009) is unknown to us.

This study first examined the grid independence for the three CFD models. The investigation used a
mesh generation program, Gambit 2.4.6 (FLUENT 2006), to generate mesh for the elbow. The mesh
consisted of structured hexahedron and prism cells as shown in Figure 4 since hexahedral mesh results in
fewer cells, while prism mesh is more flexible. Most of the cell sizes were 15 mm, 10 mm, and 8§ mm,
respectively, for the three meshes used to test the grid dependence. The corresponding number of cells were
0.19 million, 0.61 million, and 1.28 million, respectively. In the tests, the surface relative roughness of the
straight duct (¢/D) was assumed to be 0.001, where D is the hydraulic diameter of the duct.

Figure 5 depicts the grid independent study for the elbow with the RSM. The results were the
relationship between different airflow rates and pressure losses that were most important for studying the
pressure loss for the duct fittings. The case with 15-mm mesh deviated most from the experimental data.
The other two mesh sizes gave better results but the discrepancies were still notable between the computed
and measured total pressure losses. Nevertheless, the results of the two cases with mesh sizes of 10 and 8
mm were nearly identical. Therefore, a mesh size of 10 mm was considered to be sufficiently good for the
RSM. Although not shown here, the 10 mm mesh was also found to be good enough for the standard k-¢
model and LES.

Since Figure 5 shows the discrepancies between the calculated and measured pressure loss, this
investigation suspected that the surface roughness of the straight ducts could play an important role. Since
Kulkarni et al. (2009) did not provide the surface roughness, this study tested its impact on the prediction of
the pressure loss by assuming the surface roughness to be 0.01 and 0.001, respectively. Figure 6 shows that
the results with a 0.01 surface roughness were in better agreement with the experimental data for the RSM.
The same trend could also be seen from the results with the standard k-& model, but not for the LES. Figure
6 also shows that the standard k-¢ model and RSM seemed to perform better than the LES in predicting the
pressure loss for this elbow. This was a surprising result as LES is a more advanced model and should
perform better than the other two models. Our investigation could not identify the reason.

As Figure 6 shows the strong impact of the surface roughness on the predicted pressure loss, this study
investigated its impact further by varying it from 1.0x10” to 0.1 under a constant inlet velocity of 22.13
m/s (4356.3 fpm), which was a mean value used in the experiment. Figure 7 shows the impact of the
surface roughness on the predicted loss coefficient for the three CFD models. The measured loss coefficient
at this velocity was 1.446. Clearly, the LES under-predicted the loss coefficient in this range of the surface
roughness, which may cover the possible range for the ducts actually used in the experiment. Therefore,
LES was not used for further studies. When the surface relative roughness was 5.0x107, the standard k-¢
model and RSM predicted a peak loss coefficient that was close to the measured one (Kulkarni et al. 2009).
Moreover, the predicted loss coefficient by the standard k-& model was both the largest and the closest to
the one measured by Kulkarni et al. (2009).

To further verify the impact of the surface roughness on the pressure loss, this investigation calculated
the loss coefficient at different air velocities in the elbow when the surface relative roughnesses of the
straight duct were set as 0.002, 0.005, and 0.01, respectively. Figure 8 shows that the predicted loss
coefficients with RSM were 1.35, 1.39, and 1.29 and with the standard k-& model were 1.29, 1.42, and 1.38,
respectively. The predicted loss coefficients with both CFD models were within 5% of the measured data



from Kulkarni et al. (2009) when the surface relative roughness of the straight duct was 0.005. Therefore,
the RSM and standard k-& model were applied for further studies shown in the next sub-section.

Prediction of Loss Coefficient for the Tee and Lateral Junctions. Using the same procedure as in
the previous sub-section, this study applied the standard k-& model and RSM in predicting the pressure loss
coefficient for the tee and lateral junctions. The inlet boundary conditions were to specify velocity and the
outlet boundary conditions were set as pressure for converging conditions and as outflow for diverging
conditions. Since the geometry of the tee and lateral junctions is quite different from that of the elbow, this
investigation again conducted a grid independence study for the four cases described in the “CASE
DESCRIPTION” section, respectively. The procedure of the grid independence study was the same as for
the elbow, so it will not be repeated here. The required grid numbers for the four cases were found to be
0.43, 0.53, 0.64, and 0.36 million, respectively.

This investigation used the duct network shown in Figure 1 for studying the pressure loss coefficients
of the tee and lateral junctions. The surface roughness of the straight ducts was again unknown. Since the
study in the previous sub-section showed a strong impact of the surface roughness in predicting the
pressure loss of the elbow, this study assumed that a similar impact would occur for the tee and lateral
junctions. In order to estimate the surface roughness, this study first assumed the surface roughnesses to be
0.01 and 0.001, respectively, by using the same procedure as for the elbow. Figure 9 shows the pressure
loss coefficients for the four cases under different flow rates at the two surface roughness values. The loss
coefficient is a function of the flow ratio (Q,/Q, or Q,/Q,), where O, is the flow rate of the branch

section, O, the flow rate of the common section, and Q, the flow rate of the straight (main) section. The

loss coefficient is no longer as constant as that of the elbow. For the converging cases, the loss coefficient
for the branch increased with the flow rate as the higher flow rate led to a higher resistance. However, the
pressure loss coefficient for the main branch in the converging tee junction became smaller when the flow
rate increased, as shown in Figure 9(b). For diverging flow, the pressure loss coefficient decreased as the
flow rate increased. Therefore, the angle of the junction may have a significant influence on the loss
coefficient. Most importantly, the results show again that the roughness played a very important role in
predicting the pressure loss coefficients.

Since a similar trend on the surface roughness was observed in the elbow, this study again investigated
further the impact of the surface roughness by varying it from 1.0x10 to 0.15 under one inlet velocity and
flow rate ratio as shown in Table 3. Figure 10 shows the predicted loss coefficient with different surface
roughnesses for the straight ducts for Case 1. The curve shape in Figure 10 is similar to that in Figure 7
with the two CFD models. The two CFD models again predicted a peak pressure loss coefficient for the
main and branch ducts which corresponds to the surface relative roughness of 0.01. In the elbow case, the
corresponding surface roughness with the predicted peak loss coefficient by the standard k-¢ model was the
closest to the measured coefficient by Kulkarni et al. (2009). This study assumed that the surface roughness
of 0.01 would lead to the best pressure loss coefficient. In addition, the RSM predicted a higher peak loss
coefficient than that of the standard k-& model, which may indicate that RSM is a better model.

Although not shown here, this study conducted the same tests for the other three cases, and all of them
found a peak pressure loss coefficient as summarized in Table 4. Note that the RSM gave a higher peak
loss coefficient for Cases 1 and 2, but the standard k-¢ model produced a higher coefficient for Cases 3 and
4. Therefore, the surface roughness and turbulence models shown in Table 4 were used for predicting the
pressure loss coefficients for the two duct fittings, as requested by ASHRAE.

Figure 11 shows the airflow distributions in the two duct fittings, with converging and diverging flows.
All four cases showed a separated region, although some were larger than others. The airflow patterns look
very plausible. CFD can easily produce such detailed airflow patterns, but it would be rather complicated to
measure them. Such a measurement would need a particle image velocimetry that would cost thousands of
dollars.

After submitting the predicted loss coefficients to ASHRAE Project Monitoring Subcommittee 1493,
they provided us the corresponding experimental data (ASHRAE PMS-1493, 2011). Figure 12 compares
the predicted loss coefficients at different flow ratios with the experimental data. Please note that the
numerical results used in Figure 12 are exactly the same as we submitted to ASHRAE prior to the
ASHRAE sending us the experimental data. In general, this study predicted the pressure loss coefficients
with quite good accuracy. Only on a few occasions did the predictions differ from the experimental data by
more than 20%, as shown in the figure. The differences were particularly apparent when Qu,/Q.—0 in

Figure 12(a), and Qy/Q.—0 in Figure 12(h). This might be caused by the larger velocity difference between



the branch and main duct when Q,/Q.—~0 or Qy/Q.—0. At these extreme conditions, the simulation and
experiment may both have errors. Since the experimental data also show some irregularities and may
contain some errors, it is hard to identify whether the computational results or experimental data are more
accurate when there are discrepancies.

ASHRAE Research Project 1493 also requested us to develop the relationship between the loss
coefficients and the flow ratios. This investigation found that the loss coefficients C; and C, can be

expressed as a function of Q,,/Q, and O, /0, :
9 &)
Ry~ Ry~
C,=yp+Axe %orC,=y,+Axe & (®)
where y,, A and R, are constant. Table 5 shows the constant for Equation (8). When the O, /Q.or O, /Q.

increases, the second part on the right of Equation (6) will become small and the loss coefficient will
approach y,.

Discussion

In this study, the calculation domain was extended according to the standard lab test apparatus
specified by ASHRAE Standard 120. This extension aims to eliminate the influence of the inlet velocity on
the pressure distribution. In actual situations, the straight duct may not be that long. The pressure
coefficient would vary. CFD models can be used in studying almost all the possible scenarios in practice.

With a certain surface roughness of the straight ducts, the standard k- model and RSM could predict
peak loss coefficients for the elbow, tee, and lateral junctions. The peak loss coefficients were found to be
closest to the measured data in all the cases studied here. The tuned relative roughness was 0.005 or 0.01
and the corresponding absolute surface roughness for the main duct was 0.0026 mm or 0.0051 mm.
Comparing with the absolute roughness (0.09 mm) of the duct fittings, there was one order of magnitude
difference. We do not know whether this was a coincidence or a true mechanism.

Conclusion
This investigation is part of ASHRAE Research Project 1493, “CFD Shootout Contest — Prediction of

Duct Fitting Losses.” The study tested different CFD models for predicting the pressure loss coefficient of

two duct fittings for converging and diverging flows. The investigation has led to the following

conclusions:

e  The grid independent studies found that a mesh size of 10 mm was sufficient for the CFD simulations.

e The surface roughness of the straight ducts had a significant influence on the predicted pressure loss
coefficient. This investigation found that the predicted loss coefficients varied with different surface
roughnesses. The peak coefficients agreed the best with the measured data.

e The performances of the standard k-¢ model and RSM were almost identical, and the predicted
pressure loss coefficients agreed well with the measured data. LES is an advanced turbulence model,
but it failed in predicting the flows in the duct fittings.

e This investigation has developed a procedure on how to use CFD to predict correctly the pressure loss
coefficient of a duct fitting. The accuracy of the prediction is generally within 20% of the measured
data.
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Table 1. Geometry of the Duct Fittings
Nominal Fitting Size, mm (in.) Description
[A xato C xc (Figure 2)]
787 x 356 to 559 x 254 mm Tee junction
(31 x 141022 x 10 in.)
787 x 356 to 559 x 254 mm Lateral junction
(31 x 141022 x 10 in.)

Table 2. Inlet velocity and flow rate ratios for the four cases

Converging cases Diverging cases
. . . . . Branch - -
Main velocit Branch velocit Main velocit - Main veloci
m/s (fpm) g m/s (fpm) Y| e m/s (fom) / vel(z;:ét%)m/s Qu/Q m/s (fpm)ty Qu/Qe
20.3 (3996) 5.1(1004) 0.11 11.1 (2185) 20.3 (3996) 0.48 20.3 (3996) 0.1
17.1 (3366) 5.1(1004) 0.13 8.1 (1594) 17.1 (3366) 0.52 20.3 (3996) 0.15
20.3 (3996) 8.1 (1594) 0.17 8.1 (1594) 20.3 (3996) 0.56 20.3 (3996) 0.2
17.1 (3366) 8.1 (1594) 0.19 5.1 (1004) 14.1 (2776) 0.58 20.3 (3996) 0.3
20.3 (3996) 11.1 (2185) 0.22 5.1 (1004) 17.1 (3366) 0.631 17.1 (3366) 0.4
17.1 (3366) 11.1 (2185) 0.25 5.1 (1004) 20.3 (3996) 0.67 14.1 (2776) 0.5
17.1 (3366) 14.1 (2776) 0.29 14.1 (2776) 0.6
11.1 (2185) 11.1 (2185) 0.34 14.1 (2776) 0.7
14.1 (2776) 17.1 (3366) 0.38 11.1(2185) 0.8
8.1 (1594) 11.1 (2185) 0.41 11.1 (2185) 0.85
5.1 (1004) 8.1 (1594) 0.45 11.1 (2185) 0.9

O, - flow rate of the branch section, Q. - flow rate of the common section.

Table 3 Conditions for testing different surface roughnesses of the straight
ducts
Case 1 3 Case 2 4
Main 11.1 m/s 11.1 m/s Main 14.1 m/s 14.1 m/s
Velocity (2185 fpm) (2185 fpm) | Velocity | (2776 fpm) (2776 fpm)
Branch 8.1 m/s 8.1 m/s
velocity (1595 fpm) | (1595 fpm) O /Q. 0.1 0.2




Q,, - flow rate of the branch section, O, - flow rate of the common section

Table 4 The optimal surface roughness of the straight duct and turbulence

model identified for the four cases specified by ASHRAE RP-1493

Case Model Surface Case Model Surface
roughness roughness
1 RSM 0.01 3 Standard k-¢ 0.005
2 RSM 0.01 Standard k-¢ 0.01
Table 5 Parameters for Equation (6)
Item | Parameter Case 1) Case 2) Case 3) Case 4)
Yo 1.20 1.46 0.54 0.73
Gy A -1.25E+02 | 1.02E+02 -9.86E+01 1.07E+02
Ry -26.52 -15.16 -19.7 -17.63
Yo 0.32 0.16 0.34 0.30
Cs A 81.72 139.67 -220.82 174.54
Ry -6.56 -19.09 -11.67 -17.40
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Figure 1 (a) Diverging and (b) converging airflow test apparatus used by ASHRAE Standard 120
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Figure 2 (a) Flat oval straight body with tee junction and (b) flat oval straight body with lateral junction

(2)

|




(b) PL-Z PLI-3 PL-1

|
I

e oA

I I

| i

From air supply system and flow - i PL-2

measuring system !

I

I

I

I

I

1

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

!

—-—— k- 1-PL-4

|
Figure 3 (a) Mitered 90° easy bend elbow without vanes and (b) its simulation domain

Figure 4 The cell distribution for the elbow when most cell sizes were 10 mm
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Figure 5 Grid independence study for the elbow by using the RSM.
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Figure 6 Predicted pressure loss with different CFD models that had different flow rates at surface relative
roughnesses of (a) 0.01 and (b) 0.001
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Figure 7 The loss coefficient calculated with different surface relative roughnesses for an air velocity of
22.13 m/s (4356.3 fpm) in the elbow

800 ~ — " 5 800 4w pata from Kulkami et al. (2009)
-.] 1?:!;1 :.mm I\u];‘m' Ll;'d 5'009) { —C— Relative roughness = 0.01 . pe)
4 —U— halahve roughness = U ; ;‘ ik - . Do .:'r
- —aA— Relative roughness = 0,005 ,!'_}? ~ 600 - = Rdal!'“: roughtiess = {.00- {é_.&/, &
£ 600 4 ki .;,-8_’/’ = —i7— Relative roughness = 0.002 7
— == Relative roughness = 0.002 = % N
-} = o]} 4 l_f I
- 1 2 £ 7
= £ 400 lg;‘.—-’x
g 400 E T ﬁi’,’,
Z 2 4 el
= £ 5)
Z 200 - 3 200 @/J&/
F.
0 T T T T T T T T T 1 0 T T T T T T T T T
100 200 300 400 500 100 200 300 400 500
Dynamic pressure (Pa) Dynamic pressure (Pa)
(a) RSM (b) Standard k-s model

Figure 8 Comparison of measured pressure loss coefficients for different air velocities with those
calculated by (a) RSM and (b) the standard k-¢ model under different surface roughnesses
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Figure 9 Predicted pressure loss coefficients by the two CFD models under two different surface relative
roughness values for the straight ducts (RR=relative roughness).
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Figure 10 Predicted loss coefficients with different roughnesses for the straight duct for Case 1.



X [m]

i
I

T BT ST ‘l““lw“l” FTENN BRI R

15 -1 -05 0 05 1 -15 -1 -0.5 0 05 1
z[m]
(a) Flow Field aty = 0, Converging Tee

05 15m/is 05 15m/is

e
0 0
N ———a——2a
E
-0'5,_ ] -0'5,_
-1 1k
7\|\\\\|\\\\|\\\\|\\\\l\\\\l 7\|\\\\|\\\\|\\\\|\\\\l\\\\l\\\
-15 -1 -0.5 0 05 1 -15 -1 -0.5 0 05 1
z[m] z[m]
(c) Flow Field aty = 0, Converging Lateral (d) Flow Field aty = 0, Diverging Lateral

Figure 11 Airflow patterns at the central cross section for the (a) converging tee, (b) diverging tee, (c)
converging lateral, and (d) diverging lateral junctions

[ -
- 104 4 - i
- s _:‘_r_;n&"'+ﬁ:‘l‘_l-‘|—. A-AA A A 15 O Eﬁp(‘rlmcntal data
] A% gd \ —A—RSM -RR: 0.01
0 A N
-1 4 /
2 . i 'y
= ] I L ‘
d A
3 4 A
== | O Experimental data 2 | I—hglﬂj‘f
: J : : T ey
-5 4 A A— REM -RR: 0.01 o ¥ -
E n'l"-]i-l }[“‘ Ak
R e e T Tt S o+—v 7177
0.1 0.2 0.3 0.4 0.5 0.6 07 0.3 0.4 0.5 0.6 Q.7 0.8 0.9
2,/Q, Q/Q
e - . . - i € .
(a) Branch loss coefficient - converging tee (b) Main loss coefficient - converging tee
25 =
54 4 & | s id | O Experimental data
- xpermmental data | A —A—RSM -RR: 0.01
4 |\ —&— RSM -RR: 0.01 - \
\ 154 |
154
= ) DU
Ol & 10 L
A i
5 - \
“3"1531.1_5%_ ‘A A-A-A ] Ta
0 - =1 T 0 A — A kA rA-A-A
NI U E e B N DL L G T T T T T "~ T "~ T 1"
01 02 03 04 035 06 07 08 09 01 02 03 04 05 06 07 08 09

nt - diverging tee (d) Main loss coefficient - diverging tee



1 A —A-A
- Ak AR
‘l
24
1‘/
4 /
SR jf
-6 4 !
A
4/ :
O Experimental data
a0 4 — A Standard k-z -RR: 0.005
N e
0.1 0.2 0.3 0.4 0.5 0.6 0.7
- Q'b € .
(e) Branch loss coefficient - converging lateral
105
1|I 0O Experimental data
8 A\ A— Standard k-¢ -RR: 0.01
69 '\
= I"\
044 A
\\\.
]
i m"‘m-—eﬂ A—A— A A-A
— T T T T T T T T T " T T T
0.1 0.2 0.3 0.4 05 06 0.7 0.8 0.9
Q,/Q

b e
(2) Branch loss coefficient - diverging lateral

m,!q_g—é‘j-: AAAA 44

0+ fﬁd‘
-1 g
A°
% /
o2/
1 A
-3 ,." .
] / 0 Experimental data
gl —A— Standard k-¢ -RR: 0.005
A
—r—— 77T
0.3 0.4 0.5 0.6 0.7 0.8 0.9
() Main loss coefficient - converging lateral
i
- l" O Experimental data
\\ A Standard k-¢ -RR: 0.01
14 \'\‘
\
- \\
D24 A
"
A,
0 o DA TOrAr—A-A-4A
24
1T T rrrrrr~rrrr
0.2 0.3 0.4 0.5 0.6 0.7 0.8 09

(h) Main loss coefficient - diverging lateral

Figure 12 Comparison of the predicted pressure loss coefficients for different flow rates with the

experimental data provided by ASHRAE (RR stands for relative roughness, Experimental data was from

ASHRAE)



