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main channel horn mouth pitot tube FDP model pitot tube flow volume hood Meanwhile, to study the influence of the porosity of the FDP emrthe Table 3
,bypass channel flow pressure losses, porosity a is defined as follows+ Geometric dimensions.
—
s — 3) Parameter (mm) Case No.
*= g - ¢ 1-1-1-14 2-1-2-3 3-1 3-2 4-1 4-2
—
—
where s s the area of the channel openings of the FDP, and § is the total Z égg 266 165 315 ;‘gz ;‘gg
area of the FDP. ) ) Ly 26.77 1878 40.16
When the pressure on the front side of the FDP is P;, the pressure on L 25.25 17.63  37.84
Swema 3000md axial-flow fan Testo 417 - the backside is P,. The pressure difference of Fppp in the forward di- Ly 26.12 18.29  39.19
_ 2000 2000 _ rection is APyand the pressure difference of Fgpp in the reverse direction R 6.93 6.93 347 347 243 5.20
’7 . 1000 z 1000 i —‘ is AP,. Pressure loss ratio Frpp can be expressed as follows: 0 195
inlet | | pitot tube 1 | | pitot tube outlet wr e p
Fory — r_ Pn 2 (4)
[ < |L| X F I E D T AP, T Py —Pp 20
(a) measuring plane 1 FDP model  measuring plane 2 The minor loss coefficient, ¢, is usually given as a ratio of head loss e - :’T?:[;ijemgriﬂd
hm = p/(pg) through the plate to velocity head v?/(2g), as shown in Eq. fine grid 9
(OF -221 A experiment
h AP P —P,
(=% =15=" 1,3 ® — 28
% 2PV 2PV -
& 244
The Reynolds numbers (Re) of the supply air in the main channel are o
listed in Table 2. They could be calculated as follows: § -254
Fig. 2. Schematic of (a) Tesla structure; (b) forward flow; (c) reverse flow. The channel junctions of reverse flow are indicated by the orange stars. (For interpretation o ’f"'.#.-.""*
of the references to colour in this figure legend, the reader is referred to the Web version of this article.) - _ HY, o -26+ A |
Re= , 6)
274
where v is the kinematic viscosity of the air, v. = v/a is the air velocity in
E - the main channel, and inflow velocity v is the mean velocity of air at -28+
conduit oy (b) inlet of the duct. 291
= The detail variables and geometric dimensions of the numerical
— imulati li in Tables 2 and 3 ively. E
‘ = S ’ Fig. 5. Experimental setup of FDP and measurement points. simulation cases are listed in Tables 2 and 3, respectively 30 05 04 -03 02 01 00 01 02 03 04 05
= ~ 5. Validation D
~ - Tm ble 1 variables were stable between two iterations.
S Table . . . B . .
S S Measuring scope and accuracy values of measurement instruments. 5.1. Grid independence validation g;fgf.eZe'nf ;erslzl;re profiles at vertical centerline of measuring plane 2 with three
=~ Measuring Items Range Accuracy  Resolution 4.3. Boundary conditions ) . ) .. . .
= — Instrument Different grid arrangements with minimum grid sizes of 1.84 million ) h . 1 his indi h luti £ th
= -~ e 3000MD resure 30010 11500 Pa 0.3 7 o1ra The finite volume method was used to calculate the CFD and trans- (coarse grid), 2.98 million (medium grid), and 3.72 million (fine grid) c Osde% to t e;xperlm;nta data. This mdlCat}fS that the reso l;tlon o ~t e
= -~ Testo 417 Velocity ~ 0.3-20 m/s 01m/s  0.01m/s form the differential equations into discrete equations. For near wall were compared to test the grid independence of the numerical solutions. medium grid was adequate to guarantee the computational precision.
»

Fluid diode plate (FDP)

Fig. 3. Evolution of FDP.
4. Numerical methodology
4.1. Physical model and grid

The geometric model used in a numerical simulation was the same as
the experimental model, as shown in Fig. 6. To validate the simulation
results, 5 test points of the pressure profile were compared with exper-
imental results for the same case. The mesh in the FDP was locally
refined. To verify the independence of the grid, three different grid
configurations were used in the numerical simulation, which were
coarse (1.84 million), medium (2.98 million), and fine (3.72 million).

Fig. 4. Appearance and internal section structure of FDP used in experiment
(reverse side in front).

4.2. Computational fluid dynamics (CFD) modeling

In this study, ANSYS Fluent is used is used to solve governing
equations of fluid dynamics. The governing equation used in the nu-
merical simulation can be expressed in the following general form:

) - .
5 Pe) +div(pug) =div(L',grady) + S, 1)

where ¢ represents the flow variables (velocity, enthalpy, turbulence

parameters, and mass fraction), p is the air density, u is the velocity
vector, I'y is the diffusion coefficient, and S, is the source term. Five
commonly used turbulence models were used to simulate the flow
characteristics: the k-¢ models (including the standard k-e¢ model [34],
RNG k-¢ model [35], and Realizable k-¢ model [36]), SST k-w model
[37], and Reynolds stress model (RSM) [38]. The semi-implicit method
for the pressure-linked equations-consistent (SIMPLEC) algorithm [39]
was employed. A second-order upwind scheme was adopted for the
momentum, turbulence energy, and rate of energy dissipation, with
PRESTO! adopted for the pressure discretization [40]. The convergence
of the simulation could be determined based upon whether the residuals
of the governing equations were less than 1073, and all the monitored

Y
z \ﬁ
X

Velocity outlet

Pressure inlet

Fig. 6. Geometric model and detail of the refined mesh of numeri-
cal simulation.

treatment no-slip wall boundary conditions with enhanced wall function
(EWF) were applied. The experimental channel was considered a
confined space envelope with a defined solid-wall boundary. According
to the experiment setup, the air inlet opening was taken as a pressure
inlet, and the air outlet opening was taken as a velocity outlet.

4.4. Case settings

The flow pressure losses of the FDP are closely related to its pa-
rameters. In this study, the flow characteristics of the FDP and the
variation of the pressure losses under different flow velocities were first
studied, and then the influences of different factors, including the flow
loop number, channel ratio, and porosity, on the pressure losses of the
forward and reverse flows were studied. Two evaluation indices, the
pressure loss ratio (Fppp) [41] and minor loss coefficient (£) [42], were
used to evaluate the flow pressure losses of the FDP. These two evalu-
ation indices are often used in different fields, where Fppp is mostly used
in research on louvers, and ¢ is mostly used in research on pressure losses
such as those of pipes.

To study the effect of the size relationship between the bypass
channel and the main channel on the flow pressure losses, channel ratio
7 is defined as follows:

p=t @

where h is the height of the bypass channel, and H is the height of the
main channel.

The pressure profiles at the vertical centerline of measuring plane 2 are
compared with the experimental data in Fig. 7. Obviously, the data of
the coarse grid deviates from that of the medium grid and fine grid, but
the results for the fine grid and medium grid are similar, which are fairly

Table 2

Simulated variables.
Case Inflow velocity ~ Flow loop Channel Porosity Re
No. v (m/s) number N ratio 7 %
1-1 0.2 4 0.53 0.33 205
1-2 0.44 4 0.53 0.33 450
1-3 0.88 4 0.53 0.33 901
1-4 1.32 4 0.53 0.33 1351
1-5 1.76 4 0.53 0.33 1802
1-6 2 4 0.53 0.33 2048
1-7 3 4 0.53 0.33 3071
1-8 4 4 0.53 0.33 4095
1-9 6 4 0.53 0.33 6143
1-10 8 4 0.53 0.33 8190
1-11 10 4 0.53 0.33 10,237
1-12 12 4 0.53 0.33 12,285
1-13 15 4 0.53 0.33 15,356
1-14 18 4 0.53 0.33 18,428
2-1 1.76 1 0.53 0.33 1802
2-2 1.76 2 0.53 0.33 1802
2-3 1.76 6 0.53 0.33 1802
3-1 1.76 4 0.33 0.33 1802
3-2 1.76 4 0.63 0.33 1802
4-1 1.76 4 0.53 0.35 1699
4-2 1.76 4 0.53 0.29 2050

Considering the simulation accuracy and computational time cost, the
medium grid was adopted in the work discussed in the following sec-
tions of this paper.

5.2. Turbulence model validation

Before conducting a flow pressure loss simulation, five turbulence
models were tested for validation. In this study, measurements were
made at five points in measuring plane 2 for reverse flow with V = 0.88
m/s (as seen in Fig. 5), and then the average measured value at each
point was compared with the simulation results with the different tur-
bulence models. As shown in Fig. 8, the k- SST model agreed better
with the experimental data than the other turbulence models, with a
deviation of only 0.70% from the experimental results. Therefore, the k-
® SST model was adopted for the numerical simulations in this study.

To further validate the accuracy of the numerical settings in different
cases, the values for pressure difference AP of reverse flow under
different flow rates on measuring plane 2 were compared, as shown in
Fig. 9. This indicated that the simulated results agreed well with the
experimental data in each case, which showed that the present CFD
methods performed well in the prediction of the airflow in this study.

6. Results and discussion
6.1. Effect of inflow velocity on flow pressure loss

The effects of different inflow velocities on the check effect of the
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Fig. 11. Minor loss coefficients and pressure loss ratios in two flow directions
for different flow loop numbers.

Fig. 13 shows the values for the minor loss coefficient and the
pressure loss ratio in the two flow directions for different flow loop
numbers. It indicates that when the flow loop number is relatively small
(N = 1, N = 2), the minor loss coefficients of the forward flow and
reverse flow are almost the same. However, when the flow loop number
increases, the minor loss coefficient of the forward flow remains stable,
while the minor loss coefficient of the reverse flow increases rapidly and

nonlinearly, reaching 5.90 times that of the forward flow when N = 6.
Therefore, when using the FDP, a larger flow loop number will provide a
better backflow prevention effect.

6.3. Effect of channel ratio on flow pressure loss

It is easy to understand that most of the flow pressure loss to reverse
flow in the FDP comes from the flow in the bypass channel. Therefore,
the channel ratio # of the FDP should be considered. First, when # was
too small, the flow into the bypass channel was insufficient to improve
the reverse flow pressure loss. When ; was too large, the flow through
the main channel was relatively small, which led to an insufficient
overall flow through the FDP. Therefore, the 5 value for the FDP should
be in a suitable range to not only ensure the flow rate in the forward
direction but also ensure the resistance to reverse flow.

Fig. 14 shows the velocity distributions of the FDP with 5 = 0.33, =
0.53, and 7 = 0.63, which were established by changing the diameter of
the bypass channel (Case 3-1, Case 1-5, and Case 3-2, Re = 1802). It
shows that the forward flow was almost independent of the channel
ratio, with almost no fluid flow in the bypass channel. However, for the
reverse flow, when y was too small (Case 3-1), the flow rate in the bypass
channel was insufficient to influence the flow velocity at the intersection
of the channels, which resulted in insufficient flow blockage.

Fig. 15 shows the minor loss coefficients and pressure loss ratios of
the FDP for 5 = 0.33, y = 0.53, and 5 = 0.63. It indicates that with an
increase in the channel ratio, the resistance to the forward flow remains
almost the same at a low level. In contrast, the resistance to reverse flow
rapidly increases. For 5y = 0.63 in Case 3-2, the resistance to reverse flow
could reach 4.68 times that of forward flow. In all three cases, the
diameter of the main channel was the same, with only the diameter of
the bypass channel changed. Therefore, to increase the check effect of
the FDP without affecting the forward flow, it would be necessary to
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Fig. 12. Velocity distributions of forward flow (a) and reverse flow (b) with different flow loop numbers of FDP for Re = 1802 (Case 2-1, Case 2-2, Case 1-5, and Case
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Fig. 13. Minor loss coefficients and pressure loss ratios in two flow directions
for different flow loop numbers for Re = 1802 (Case 2-1, Case 2-2, Case 1-5, and
Case 2-3).

increase the diameter of the bypass channel as much as possible while
maintaining the diameter of the main channel.

6.4. Effect of porosity on flow pressure loss

An important index for evaluating the FDP was its porosity, which
was directly related to the flow rate and flow pressure loss. This section

shows how the size and density of the channels were adjusted to
compare three types of FDPs with different porosities under the condi-
tion of making full use of the same circular area (Case 4-1 Re = 1699,
Case 1-5 Re = 1802, and Case 4-2 Re = 2050). Fig. 16 (a) shows the
velocity contours of the forward flow. It shows that with a decrease in
the porosity, the diameter of each main flow channel increases, and the
flow velocity in each main flow channel increases. For the reverse flow
in Fig. 16 (b), it shows that the turbulence in the FDP with low porosity is
more intense. There were two possible reasons for this situation. First,
the flow velocity in the FDP with low porosity was larger. As discussed in
section 6.1, an increase in the flow velocity will lead to an increase in the
flow pressure loss. Second, because more fluid enters the bypass channel
for the FDP with low porosity, according to section 6.3, there will be a
more obvious flow blockage.

Fig. 17 shows the minor loss coefficients and pressure loss ratios of a
FDP and thin orifice plate for @ = 0.35, a = 0.33, and a = 0.29. The thin
orifice plate (the thickness was almost negligible) was used to compare
the influence of the frictional resistance of the FDP on its forward flow.
First, it was found that with an increase in porosity, the minor loss co-
efficients of both the forward flow and reverse flow decreased. The flow
pressure loss of the reverse flow decreased more obviously, while that of
the forward flow remained at a relatively low value. For the case of a =
0.29, the pressure loss ratio reached 3.78, which meant the pressure loss
to the reverse flow could reach 3.78 times that of the forward flow.
Therefore, for the same height, a FDP with a large diameter and small
porosity would be better at preventing backflow. Second, when the
porosity of the FDP increased from 0.29 to 0.35, the thickness of the FDP
had to be significantly increased to ensure the same number of flow loop.
However, it was found that the minor loss coefficients of the FDP’s
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Fig. 15. Minor loss coefficients and pressure loss ratios in two flow directions
with different channel ratios of FDP for Re = 1802.

forward flow, {fonward flows and that of the orifice plate with the same
porosity, (o, were similar in different cases. In other words, the frictional
resistance of the FDP had little effect on the increase in the total flow
pressure loss.

7. Limitations and prospects

Starting with the small-scale laboratory experiments, this study had
numerous limitations. Although the laboratory experiments and nu-
merical simulations could isolate the impact of uncontrollable factors,
field tests in real ventilation systems are still needed to further explore
the influence of the complex flow profiles. First, the influences of the
inflow direction and unsteady inflow velocity on the flow pressure losses
of the FDP were not considered in this study, which is very common in
practical ventilation engineering. Second, in order to adapt to the
characteristics of the Tesla mechanism stack of the FDP used in this
study, the Tesla structure had to be optimized. However, this Tesla
structure still has the potential for further optimization. The optimiza-
tion principles included a larger porosity, more channels under the
premise of minimum thickness, and a larger channel ratio. Finally, when
the FDP is used in engineering, problems that are more practical need to
be considered. These include how to avoid internal deposition and how
to determine the appropriate FDP specifications based on the inflow
velocity. These problems will be further studied in future research.

8. Conclusions

Based on the principle of the Tesla structure, this paper presented a
novel FDP with no moving parts for use in the ventilation field. The
ability of the FDP to prevent backflow was tested experimentally in a
wind tunnel and validated by CFD simulations. Meanwhile, the pressure
loss ratio (Fppp) and minor loss coefficient (¢) were used to evaluate the
flow pressure losses of the FDP. The following conclusions can be drawn.
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(1) The reverse flow resistance of the FDP was much higher than the
forward flow resistance, which have the potential to prevent or
restrain the backflow in building ventilation systems, especially
when the airflow velocity is high.

(2) The inflow velocity, number of flow loop, channel ratio, and
porosity were the four important factors affecting the flow

characteristics of the FDP. When the inflow velocity was
increased, the pressure loss ratio first increased and then tended
to become stable. A larger flow loop number or channel diameter
resulted in a more significant reflux prevention effect. The check
effect of a FDP with a larger porosity was better than that of a FDP
with a small porosity. Within the scope of this study, the pressure
loss ratio could reach 3.78-5.90.

(3) The minor loss coefficient of the FDP forward flow was generally
less than 20, which was close to that of a thin orifice plate with
the same porosity. This means that the FDP did not cause exces-
sive additional flow resistance to the system for the forward flow.
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Fig. 4. Results of the parametric study for all cases, including the pressure loss of the forward flow (APr/p) and reverse flow (APg /p) and the pressure loss ratio (Di)
of the shape. (a) Case L-1 to 4: Di vs. Main channel length (L) with fixed H and 6; (b) Case H»-1 to 4: Di vs. Bypass channel height (H,) with fixed L and 6; (c) Case 6-1
to 4: Di vs. Shape angle (0) with fixed L and H»; (d) Case H»-6-1 to 4: Di vs. Different shape angles (¢) and corresponding bypass heights (H,) with fixed L and Hs.

increase simultaneously. The maximum pressure loss ratio is 4.2 for a
shape angle of 220° with a bypass height of 4.9 mm (Case Hy-0-3), fol-
lowed by 4.1 for a shape angle of 210° with a bypass height of 3.6 mm
(Case Hy-0-2). As the slope angle and height of the bypass channel in-
crease, the pressure loss for reverse flow increases steeply and becomes
more significant. In contrast, the pressure loss for forward flow gradu-
ally increases. However, when the slope angle exceeds 220° and the
bypass channel height exceeds 4.9 mm, the pressure loss for forward
flow grows at a faster rate, leading to a decrease in the pressure loss
ratio.

Additionally, we observed the airflows in Cases Hy-0-1 to 4. Fig. 5
presents the velocity magnitude distribution of airflow for each case in
the Tesla valve.

For reverse flow, all four cases exhibit the characteristic behavior in a
Tesla valve: the collision between the airflow in the main channel and
the backward airflow from the bypass channel. However, the charac-
teristic slightly differs in Cases Hy-6-3 and 4. Especially in the second
unit in Cases Hy-6-4, many small vortices occurred in the main and
bypass channels, as indicated by the red arrow in the figure. Most air
passes the valve through the bypass channel rather than the main
channel. This change in the flow path and those small vortices
contribute to the large pressure loss.

In contrast, no vortexes are generated in the main channel for for-
ward flow, and the flow predominantly passes through the main channel
in all four cases. However, vortexes are formed in the bypass channels.
In the first bypass (i.e., the one on the right), a small portion of airflow
enters with low velocity, and some of it forms a vortex, while the rest
flows out and rejoins the airflow in the main channel. The airflow’s
direction aligns with the main channel, and its low speed has a small
impact on the main channel’s airflow. In the second bypass channel (i.e.,
the one on the left), a portion of the airflow from the main channel re-
verses direction and enters the bypass channel in the upper section close
to the valve outlet. After passing through the bypass channel, it rejoins
the upstream flow in the main channel. Increasing ¢ and Hy leads to a
stronger airflow passing through the bypass channel, contributing to the
increase in the pressure loss.
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The computation domain is shown in Fig. 7, and the mesh consists of
approximately 55000 grid cells. All other simulation conditions are
consistent with those described in Section 3. The pressure loss is
measured at 50 mm upstream and downstream of the shape.

4.4. Simulation results and discussion

Fig. 8 depicts the relationship between Reynolds numbers and the
minor loss coefficient and pressure loss ratio for the forward and reverse
flows through Shape 2. The minor loss coefficient for reverse flow in-
creases with the increase in Reynolds number, while it decreases for
forward flow. The minor loss coefficient gradually converges to a certain
value for either reverse or forward flow.

At a typical flow speed V¢ = 5.3 m/s corresponding to Re = 1800, the
pressure loss ratio Di for Shape 1 with four units is 3.9 [40], while it is
9.2 for Shape 2. At a high Reynolds number larger than 18430, the
pressure loss ratio Di converges to approximately 6 [40] and 22 for
Shape 1 and 2, respectively.

Fig. 9 presents the velocity magnitude distribution of forward and
reverse flows passing through Shape 2 at Re = 1800. In the case of
reverse flow, the introduction of two additional units to Shape 2 leads to
enhanced flow resistance. Clear flow collisions can be observed at the
junctures of the main and bypass channels in the first to third units.
Because of the collisions, the flow gradually becomes uneven in the pipe
with an increasing maximum flow speed over the units. Especially in the
fourth unit, prominent and well-defined vortices appear within the main
channel and the main flow path changes to the bypass channel. All the
above collisions and vortices increase the flow resistance. The forward
flow is similar to that in the two-unit Tesla valve in Fig. 5. The flow in the
first unit (on the right) shows a similar vortex in the bypass channel, like
a cavity flow. In the other three units, a small plume of airflow separates
from the main flow path, enters the bypass channel, and rejoins the flow
in the main channel upstream.

4.5. Fitting of the performance curves

For convenience of further application, the samples for both forward
and reverse flow are fit into one function. In the case of reverse flow, V
and Re are set to negative, and in the case of forward flow, V and Re are
set to positive. In further simulations for the building ventilation (Sec-
tion 5), this allows the code to conveniently calculate the pressure loss
according to the direction of the normal velocity on FDP and the

0 2 4 6 8 10 12 14 16 18 20
Reynolds number (Re><103)

Fig. 8. Minor loss coefficients ¢ and pressure loss ratio Di in the forward and
reverse flow directions of Shape 2 for different Reynolds numbers.

Fig. 9. Velocity magnitude distribution for reverse (a) and forward flow (b) at
Re = 1800 for the four-unit shape of Case H-6-2.

installing direction of FDP, without using a piecewise function, as the
discontinuity in a piecewise function may bring instability in the nu-
merical iterations in CFD.

The samples of Re and ¢ for both Shape 1 and Shape 2 are shown in
Fig. 10. According to the pattern in these samples, the five-parameter
logistic function is considered suitable to be the fitting function Equa-
tion (6), which can be written as

D—-A

R = A B Re+ O

(8)

where A, B, C, D, and S are the five function parameters. Accordingly,
the performance curve can be given by

aH,

g(v):f(Tv)sz b-a

5
(1+exp(Bo“T"‘oV+C))

where @ = 0.3125, H; =5 mm, and v = 1.5 x 1075 m?/s are all known
constants, and V is the only independent variable in the function.

After the fitting, the five function parameters are listed in Table 2,
and the fitting functions are plotted in Fig. 10. The R? values are 0.9948
and 0.9906 for Shapes 1 and 2, respectively, indicating good fits. Notice
that these curves exhibit nonlinear characteristics when the Reynolds
number is low but converge to a certain value when the Reynolds
number is high, and clear inflection points can be observed in Fig. 10.
These functions of performance curves will be used as a load term rep-
resenting the FDP at the openings in Section 5 when simulating the
natural ventilation in a building without resolving the airflows inside
the FDPs.

9

5. Building ventilation with FDPs

In this section, the FDPs are installed in an isolated building model,
and their performance in building ventilation is investigated. The FDPs
with Shapes 1 and 2 under both forward and reverse flow conditions are
considered, and the volumetric ventilation rates are compared.

5.1. Building geometry and case setting

The building geometry is set according to the wind tunnel experi-
ment of Tominaga and Blocken [46], a classical building model used in
many later studies [47-51]. In this study, the size of the building model
is scaled up by a factor of 20 to restore the model from the reduced scale
to the full scale.

The geometry and dimensions are shown in Fig. 11. This building
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Fig. 10. Curve fitting results of the minor loss coefficients for FDP with Shape 1 (a) and Shape 2 (b) under forward and reverse flows at different Reynolds numbers.

Table 2
Function parameters in the logistic function Equation (8).
Parameters A B Cc D S
FDP with Shape 1 62.25 -1.93 x 10° 0.399 12.91 0.4654
FDP with Shape 2 149.1 —8.46 x 10° 6.314 8.17 0.0416
/4 w

— |
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Fig. 11. Building geometry with the full-scale dimensions of W = 4 m, H = 3.2
m, w = 1.84 m, and h = 0.72 m. The FDP can consist of either Shape 1 or 2.

model has two symmetric openings located at the center of opposite
walls. The wind direction is normal to the openings, and the airflow is
expected to produce significant cross-ventilation in the building. In the
other two cases, an FDP is installed at the opening on the windward wall.
When the forward direction of FDP is along the approaching wind, this
scenario is called the “forward direction”; when the forward direction of
FDP is opposite to the approaching wind, it is called the “reverse
direction.”

A total number of 17 simulations were conducted in this study, as
listed in Table 3. They include the cases with or without the FDPs, those
under forward or reverse direction if an FDP is involved, and cases with
different reference wind speeds at the building rooftop (Uyef). Notably, in
the case without an FDP, the indoor ventilation rate should be propor-
tional to the reference wind speed when the outdoor Reynolds number
(=HUyf/v) is sufficiently large; however, it is no longer proportional
when an FDP is installed because the pressure loss brought by FDP is not
proportional to the dynamic pressure, shown in Equation (9). Therefore,

Table 3
Simulation cases.
Cases Shape of Direction of Reference wind speed at the building
FDP FDP rooftop Uper (m/s)
Case 0 No FDP - 4
Case Shape 1 Forward 2,4,6,0r8
1F
Case Shape 1 Reverse 2,4,6,0r8
1R
Case Shape 2 Forward 2,4,6,0r8
2F
Case Shape 2 Reverse 2,4,6,0r8
2R

only one reference wind speed is considered in the case with no FDP,
while multiple reference wind speeds are considered when an FDP is
installed at the opening.

5.2. Simulation setup

The simulation domain and mesh grid are shown in Fig. 12. The
building was located in a wind tunnel with a width of 48 m (=12W or
15H) and a height of 19.2 m (=6H). The inlet and outlet of the tunnel are
24 m (=7.5H) and 40 m(=-12.5H), respectively, from the center of the
building. The domain size adhered to the recommendations outlined in
the guidelines by Tominaga et al. [52].

The indoor and outdoor meshes are generated in two closed spaces.
In general, the minimum cell size was 0.04 m (=W/100), which was
adjacent to the building walls and openings, and the maximum was 0.64
m, which was adjacent to the tunnel walls. The total cell number is
approximately 4.3 million.

The interfaces of indoor and outdoor meshes are walls and openings
(see Fig. 12 (b)). The surfaces of both sides are set as the wall boundaries
using the wall function of Spalding’s law [43]. The same wall boundary
setting is imposed on the floor. For openings with no FDP, the two
surfaces of both sides are connected by a “cyclic” boundary condition in
OpenFOAM, which directly maps all the physical quantities on the two
sides of the interfaces.

When an FDP is installed at Opening 1, a self-made boundary con-
dition is compiled and used in OpenFOAM. All other physical quantities
are directly mapped as the cyclic boundary except for the pressure in this
boundary condition. A pressure drop (i.e., AP, the outdoor-indoor
pressure loss at the opening interface) is specified according to Equa-
tions (5) and (9), which is determined by the normal speed of the flow
through that interface (i.e., the quantity V in Egs. (5) and (9)). The
normal speed is positive when the forward direction of FDP is along the
approaching wind and negative when the forward direction of FDP is
opposite to the approaching wind. In a CFD solver, the pressure drop and
normal speed are coupled and solved iteratively. For example, according

3) MATHEMATICALLY DEFINED THE PERFORMANCE
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Fig. 4. Results of the parametric study for all cases, including the pressure loss of the forward flow (APr/p) and reverse flow (AP /p) and the pressure loss ratio (Di)
of the shape. (a) Case L-1 to 4: Di vs. Main channel length (L) with fixed H, and 6; (b) Case Hy-1 to 4: Di vs. Bypass channel height (H,) with fixed L and ; (c) Case 6-1
to 4: Di vs. Shape angle () with fixed L and Ha; (d) Case Hy-0-1 to 4: Di vs. Different shape angles (0) and corresponding bypass heights (H,) with fixed L and Hs.

increase simultaneously. The maximum pressure loss ratio is 4.2 for a
shape angle of 220° with a bypass height of 4.9 mm (Case Hy-6-3), fol-
lowed by 4.1 for a shape angle of 210° with a bypass height of 3.6 mm
(Case Hy-0-2). As the slope angle and height of the bypass channel in-
crease, the pressure loss for reverse flow increases steeply and becomes
more significant. In contrast, the pressure loss for forward flow gradu-
ally increases. However, when the slope angle exceeds 220° and the
bypass channel height exceeds 4.9 mm, the pressure loss for forward
flow grows at a faster rate, leading to a decrease in the pressure loss
ratio.

Additionally, we observed the airflows in Cases Hp-0-1 to 4.
presents the velocity magnitude distribution of airflow for each case in
the Tesla valve.

For reverse flow, all four cases exhibit the characteristic behavior in a
Tesla valve: the collision between the airflow in the main channel and
the backward airflow from the bypass channel. However, the charac-
teristic slightly differs in Cases H»-6-3 and 4. Especially in the second
unit in Cases Hy-0-4, many small vortices occurred in the main and
bypass channels, as indicated by the red arrow in the figure. Most air
passes the valve through the bypass channel rather than the main
channel. This change in the flow path and those small vortices
contribute to the large pressure loss.

In contrast, no vortexes are generated in the main channel for for-
ward flow, and the flow predominantly passes through the main channel
in all four cases. However, vortexes are formed in the bypass channels.
In the first bypass (i.e., the one on the right), a small portion of airflow
enters with low velocity, and some of it forms a vortex, while the rest
flows out and rejoins the airflow in the main channel. The airflow’s
direction aligns with the main channel, and its low speed has a small
impact on the main channel’s airflow. In the second bypass channel (i.e.,
the one on the left), a portion of the airflow from the main channel re-
verses direction and enters the bypass channel in the upper section close
to the valve outlet. After passing through the bypass channel, it rejoins
the upstream flow in the main channel. Increasing 6 and Hs leads to a

stronger airflow passing through the bypass channel, contributing to the
increase in the pressure loss.
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Fig. 5. Velocity magnitude distribution of reverse (a) and forward flow (b) for
Case Hy-0-1 to 4.

3.6. Selection of optimal shape in the current study

Among all the studied cases, the largest pressure loss ratio Di values
are found in Cases Hy-0-2 and Hy-0-3, which are 4.1 and 4.2, respec-
tively. While these values are almost the same, the pressure loss in the
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, and the mesh consists of
approximately 55000 grid cells. All other simulation conditions are
consistent with those described in Section 3. The pressure loss is
measured at 50 mm upstream and downstream of the shape.

The computation domain is shown in

4.4. Simulation results and discussion
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Fig. 9. Velocity magnitude distribution for reverse (a) and forward flow (b) at
Re = 1800 for the four-unit shape of Case Hy-6-2.

installing direction of FDP, without using a piecewise function, as the
discontinuity in a piecewise function may bring instability in the nu-
merical iterations in CFD.
The samples of Re and ¢ for both Shape 1 and Shape 2 are shown in
. According to the pattern in these samples, the five-parameter
logistic function is considered suitable to be the fitting function Equa-
tion , which can be written as

D-A

{=f(Re)=A+ —————
(1+exp(BeRe+C))

®)

where A, B, C, D, and S are the five function parameters. Accordingly,
the performance curve can be given by

) —
44%) /(ﬂv) A+ R ©

T (o))

where @ = 0.3125, H; = 5mm, and v = 1.5 x 10> m?/s are all known
constants, and V is the only independent variable in the function.
After the fitting, the five function parameters are listed in .
and the fitting functions are plotted in . The R? values are 0.9948
and 0.9906 for Shapes 1 and 2, respectively, indicating good fits. Notice
that these curves exhibit nonlinear characteristics when the Reynolds
number is low but converge to a certain value when the Reynolds
number is high, and clear inflection points can be observed in
These functions of performance curves will be used as a load term rep-
resenting the FDP at the openings in Section 5 when simulating the
natural ventilation in a building without resolving the airflows inside
the FDPs.

5. Building ventilation with FDPs

In this section, the FDPs are installed in an isolated building model,
and their performance in building ventilation is investigated. The FDPs

with Shapes 1 and 2 under both forward and reverse flow conditions are
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Fig. 8. Minor loss coefficients ¢ and pressure loss ratio Di in the forward and
reverse flow directions of Shape 2 for different Reynolds numbers.

5.1. Building geometry and case setting

The building geometry is set according to the wind tunnel experi-
ment of Tominaga and Blocken [46], a classical building model used in
many later studies [ 1. In this study, the size of the building model
is scaled up by a factor of 20 to restore the model from the reduced scale
to the full scale.

The geometry and dimensions are shown in . This building
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Fig. 10. Curve fitting results of the minor loss coefficients for FDP with Shape 1 (a) and Shape 2 (b) under forward and reverse flows at different Reynolds numbers.

Table 2
Function parameters in the logistic function Equation
Parameters A B Cc D N
FDP with Shape 1 62.25 1.93 x 10° 0.399 12.91 0.4654
FDP with Shape 2 149.1 8.46 x 10° 6.314 8.17 0.0416
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Fig. 11. Building geometry with the full-scale dimensions of W = 4 m, H = 3.2

m, w = 1.84 m, and h = 0.72 m. The FDP can consist of either Shape 1 or 2.

model has two symmetric openings located at the center of opposite
walls. The wind direction is normal to the openings, and the airflow is
expected to produce significant cross-ventilation in the building. In the
other two cases, an FDP is installed at the opening on the windward wall.
When the forward direction of FDP is along the approaching wind, this
scenario is called the “forward direction”; when the forward direction of
FDP is opposite to the approaching wind, it is called the “reverse
direction.”

A total number of 17 simulations were conducted in this study, as
listed in . They include the cases with or without the FDPs, those
under forward or reverse direction if an FDP is involved, and cases with
different reference wind speeds at the building rooftop (Uy.s). Notably, in
the case without an FDP, the indoor ventilation rate should be propor-
tional to the reference wind speed when the outdoor Reynolds number
(=HU,ef/v) is sufficiently large; however, it is no longer proportional
when an FDP is installed because the pressure loss brought by FDP is not
proportional to the dynamic pressure, shown in Equation (9). Therefore,

Table 3
Simulation cases.
Cases Shape of Direction of Reference wind speed at the building
FDP FDP r0oftop Urer (m/s)
Case 0 No FDP - 4
Case Shape 1 Forward 2,4,6,0r8
1F
Case Shape 1 Reverse 2,4,6,0r8
1R
Case Shape 2 Forward 2,4,6,0r8
2f
Case Shape 2 Reverse 2,4,6,0r8
2R

only one reference wind speed is considered in the case with no FDP,
while multiple reference wind speeds are considered when an FDP is
installed at the opening.

5.2. Simulation setup

The simulation domain and mesh grid are shown in . The
building was located in a wind tunnel with a width of 48 m (=12W or
15H) and a height of 19.2 m (=6H). The inlet and outlet of the tunnel are
24 m (=7.5H) and 40 m(=-12.5H), respectively, from the center of the
building. The domain size adhered to the recommendations outlined in
the guidelines by Tominaga et al. [52].

The indoor and outdoor meshes are generated in two closed spaces.
In general, the minimum cell size was 0.04 m (=W/100), which was
adjacent to the building walls and openings, and the maximum was 0.64

m, which was adjacent to the tunnel walls. The total cell number is

approximately 4.3 million.

The interfaces of indoor and outdoor meshes are walls and openings
(see (b)). The surfaces of both sides are set as the wall boundaries
using the wall function of Spalding’s law [43]. The same wall boundary
setting is imposed on the floor. For openings with no FDP, the two
surfaces of both sides are connected by a “cyclic” boundary condition in
OpenFOAM, which directly maps all the physical quantities on the two
sides of the interfaces.

When an FDP is installed at Opening 1, a self-made boundary con-
dition is compiled and used in OpenFOAM. All other physical quantities
are directly mapped as the cyclic boundary except for the pressure in this
boundary condition. A pressure drop (i.e., AP, the outdoor-indoor
pressure loss at the opening interface) is specified according to Equa-
tions , which is determined by the normal speed of the flow
through that interface (i.e., the quantity V in Egs. ). The
normal speed is positive when the forward direction of FDP is along the
approaching wind and negative when the forward direction of FDP is
opposite to the approaching wind. In a CFD solver, the pressure drop and
normal speed are coupled and solved iteratively. For example, according
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to Equation (9), the corresponding pressure drop is large when the initial
normal speed is large. Then, when the Poisson equation is solved, the
too-large pressure drop will lower the normal speed passing to the next
iteration. After many iterations, the solver will find a balanced solution
that satisfies the performance curve in Equation (9) and the Navier-
Stocks equations for the flows on the two sides.

The boundary conditions of the outdoor mesh are similar to all other
previous studies on this building model. The ceiling and two sides of the
tunnel are set as slip walls, and the floor is set as a no-slip wall with the
wall function of Spalding’s law. A velocity inlet and a pressure outlet are
applied in this simulation. The inlet velocity profile U(z), turbulence
kinetic energy k(z), turbulent dissipation rate ¢(z), and special dissipa-
tion rate w(2) are specified as the same as those in van Hooff et al. [47],
that is

v =" m(m), )
20
K(2) = 0.03302 exp(-0327). an
_ )
S<Z)7K(Z+ZU)A 2
_ €@
R o

where the empirical constant C, = 0.09, and the von Karman constant
k = 0.42. The friction velocity u. and aerodynamic roughness length z,

determined based on a fitting procedure to approximate the profile
given in the wind tunnel experiment in Tominaga and Blocken [46]. In
the current study, for the reference speed U, = 4 m/s, these values are
set to u, = 0.3973 m/s and zo = 0.0423 m; for other reference speed Uye¢
= 2, 6, or 8 m/s, the value of u, is scaled accordingly.

Again, the simulations in this section adopt the SST k-» model in
solving the steady RANS equations in OpenFOAM, as those described in
the 2D simulations in Section 3. The SIMPLE algorithm is applied as the
pressure-velocity calculation procedure for the continuity and mo-
mentum equations. The TVD scheme is employed for all the advection
terms. Convergence is assumed to be obtained when all the scaled re-
siduals reach the 10~ level and all the physical quantities do not change
significantly over the iterations. For validation, the simulation results of
the case with no FDP are compared to the experimental results in
Tominaga and Blocken [46], and they show good agreement. Please see
supplementary material B for the details of this validation, along with
the grid independence test.

5.3. Simulation results and discussion

The airflow control performance is evaluated by comparing the
normalized volumetric ventilation rate Q, in forward and reverse di-
rections, and it is defined as

Q

On= Wilng’

a4

where Q (m?'/s) is the volumetric ventilation rate, w is the opening
width, and h is the opening height. Q is also the flow rate passing
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Fig. 14. Velocity fields at the plane y = 0 at the reference wind speed of 4 m/s.

applications.

In summary, this study’s findings underscore the significance of FDP
in enhancing building ventilation efficiency, offering a promising solu-
tion for energy savings and improved indoor air quality. Further
exploration of its practical applications and integration into sustainable
building design can pave the way for greener and more comfortable built
environments.
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through the opening on the windward wall, and it is calculated by
integrating the normal velocity over the area of the opening. The value
of Q, is equal to the average normal velocity over the opening
normalized by the reference speed.

The results of the normalized volumetric ventilation rate Q, are
presented in Fig. 13. The blue part of the figure represents the results of
the reverse flow (i.e., the FDP is installed in the reverse direction so that
the airflow is relatively difficult to penetrate) at different wind speeds,
while the orange part represents the results of forward flow (i.e., the FDP
is installed in the forward direction so that the airflow is relatively easy
to penetrate).

These results show that the volumetric ventilation rate is not pro-
portional to the approaching wind when the FDP is installed, and this is
true for both forward and reverse flows. Q, is relatively higher in the
forward flow and increases with the reference wind speed. For the
reverse flow, Q, is relatively lower, and it decreases as the reference
wind speed increases. The Q, values asymptotically converge to a
certain value with increased reference wind speed for the forward and
reverse flows. However, even in the forward flow with a large reference
wind speed, the Q, value is still lower than that of the case with no FDP
because of the inevitable porosity of the FDP.

Generally, the FDP with Shape 2 provides more ventilation than the
FDP with Shape 1 in the forward direction, while it provides less
ventilation in the reverse direction. For example, at Uy.f = 8 m/s, the Q,
value in that of Shape 2 is 20 % higher than that in the case of Shape 1 in
the forward direction, and it is 14 % lower in the reverse direction. This
indicates better performance in controlling the airflow direction.
Therefore, Shape 2 outperforms Shape 1. In addition, the difference in
volumetric ventilation rate becomes more significant with the increase
in Uy, indicating that FDP performs better with large external wind.

Notably, at Uyt = 4 m/s, the Q, value of Shape 2 exhibits a sudden
jump, and it becomes almost constant when U, further increases to 6 or
8 m/s. This means that when U, > 4 m/s, the volumetric ventilation
rate is almost proportional to the approaching wind. This behavior is in
line with the performance curves in Fig. 10. Notice that in Fig. 10, the
minor loss coefficient becomes almost constant when the Reynolds
number in Equation (8) reaches a critical value, indicating that the

Reverse flow Forward flow

O  No FDP
—©—FDP with Shape 1
05 —©—FDP with Shape 2

=037 1603 2562 3404

1387 1084 761 406 0.1 \

3

Reynolds number

Unet (m/s)

Fig. 13. Normalized volumetric ventilation rate for all cases at different
reference wind speeds. For the case of no FDP, the simulation is conducted only
for the reference wind speed of 4 m/s, while the value is assumed to be the same
for other reference wind speeds. The corresponding Reynolds numbers of the
flow in FDP are also given near the sample points.
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pressure loss becomes proportional to the dynamic pressure, and the
flow becomes fully developed turbulence. For forward flow, the critical
Reynolds numbers are approximately 3000 and 1300 for Shapes 1 and 2,
respectively. In Fig. 13, the Reynolds number in the case of Shape 2 is
546 at U,es = 2 m/s, but it reaches 1693 at U,ef = 4 m/s, which causes
this sudden change and lock down in Q,. However, the Reynolds
numbers in the case of Shape 1 are all lower than the critical value of
3000, so the Q, value increases slowly, and it is lower than that of Shape
2.

Fig. 14 provides the velocity fields at Uyes = 4 m/s for all the cases for
comparison. Notice that the velocity field is affected only by the pressure
drop at the opening, so the ventilation route does not change signifi-
cantly. Though the mechanism is still cross-ventilation, the jet flow in
the building shows a downward trend and quickly goes down to the floor
when the pressure drop is large. In addition, Fig. 14 also shows that the
difference between the forward and reverse flow fields is more signifi-
cant using the FDP with Shape 2 than using the FDP with Shape 1.
Notably, the forward flow field is closer to the flow field of no FDP.

6. Conclusion

This study first delved into a parametric exploration of the internal
shapes of FDPs based on the principles of the Tesla valve. The pressure
loss ratio, indicating the difference between forward and reverse flow,
was used as the main indicator to evaluate the performance of Tesla
valve shapes. The optimal shape (named Shape 2) was selected, and its
relationships between the pressure loss and approaching flow speed in
FDP were modeled. Along with the shape proposed by a previous study
(named Shape 1), the FDPs with these shapes were installed in a typical
building model to compare their flow control performance in a cross-
ventilation scenario.

The parametric study of Tesla valve shapes revealed that the pressure
loss ratio increases with the increase in bypass channel height and de-
creases with the increase in the main channel length or slope. However,
when the main channel length and baffle thickness were fixed, the slope
and bypass channel height became correlated, and the variation of the
pressure loss ratio showed an initial increase followed by a decrease
when the slope and the bypass channel height increased simultaneously.
In this study, the shape with # = 220° and H, = 4.91 mm exhibited the
highest pressure loss ratio of 4.2, followed closely by the shape with § =
210° and Hy = 3.58 mm with a ratio of 4.1. However, the former shape
exhibited a pressure loss in the forward flow that was 40 % higher than
the latter shape, which was unfavorable to ventilation. Therefore, the
latter shape was selected as Shape 2 and was studied further. At a
Reynolds number of 1800, the pressure loss ratio of Shape 2 is double
that of Shape 1.

The performance of FDPs with Shapes 1 and 2 for building ventila-
tion applications was evaluated and compared. The results showed that
the ventilation rate differed when the FDP was installed in different
directions at the building’s windward openings. The difference in
volumetric ventilation rate became more significant with increasing
external wind speed, indicating that FDP performs better with large
external wind. In addition, Shape 2 outperformed Shape 1 at all external
wind speeds. It provides 20-30 % more ventilation in the forward di-
rection and 10-15 % less ventilation in the reverse direction.

While the shape parametric study in this paper holds its own sig-
nificance in delineating the impact of each parameter on the target
performance, it might also be valuable to identify a global extremum for
the optimal shape parameter set, using optimization algorithms, such as
Bayesian optimization [45], genetic algorithms [53] or machine
learning techniques [54]. In addition, sensitivity analysis in geometric
parameter optimization is also a valuable method to evaluate the impact
of different geometric parameters on the performance of FDP. Future
studies could incorporate approaches such as analytical methods [55],
numerical methods [56], and machine learning methods [57] to identify
the most efficient parameter and benefit the FDP design in real-world
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private void RunScript(Point3d O, int N, double Hl, double H3, double L, double Theta, int rows, double extend, double boarderThickness, ref object ¥,
{

//set up data containers
DataTree<Plane> valvePlane = new Datalree<Plane>();
DataTree<Point3d> valvesSpinePoints = new Datalree<Pointdd>();
DataTres<Curve> valveGeometry = new DataTreecCurve>();

List<Curve> channelUpperCurves = new List<Gurve>():
List<Curve> channelLowerCurves = new List<Curve>();

List<Curve> baffleCurves = new List<Curve>();

List < List < Curve >> channelBoundaryCurves = new List<List<Curve>>{channelUpperCurves, channelLowerCurves):

List<Brep> innerSolids = new List<Brep>():
DataTree<Brep> baffles = new DataTree<Brep>():

//convert input angle to calculating values
double Al = 270 - Theta;
double RlRad = toRad(Al);

double A2 = 90 - Al;
double A2Rad = toRad(AZ):

double A3 = 90 - A2;
double A3Rad = toRad(A3):

//get planes
Plane spawnPlane;
Plane[] OPlanes:

getPlanes (0, -A2Rad, out spawnPlane, out OPlanes);

//get valve points
double hl;
List<Point3d> valveSpinePoints = getValveSpinePoints(N, Hl, H3, L, AlRad, A3Rad, out hl);

//get valve gecmetry

double radius;

double width;

List<Curve> singleValveGeometry = getValveGeometry(valveSpinePoints, AlRad, H3, out radius, out width):

double h2 = Math.5in(A2Rad) * width;

List<Curve> channelCurves;
//List<Curve> baffleCurves;

extend = Math.Max(radius, extend):

double externalBoarderWidth;

createValveRow (N, valveSpinePoints, singleValveGeometry, spawnPlane, OPlanes, extend, out channelCurves, out baffleCurves,
double arravHeight = width / Math.Tan(AlRad) + Hl:

externalBoarderWidch += boarderThickness;

arrayValves (channelCurves, baffleCurves, rows, arrayHeight, externalBoarderWidth, radius, ref inmerSolids, ref baffles):

¥ = innerSolids;
B = baffles;

¥

=1

double toRad (double &)
{
return A * Math.PT / 180.0;

Curve joinCurves (params Cuzvel[] curves)
{
return Curve.JoinCurves (curves) [0]:

Curve closeCurves (Curve curvel, Curve curve2)
1
Point3d curvelStart = curvel.PointAtStart;
Point3d curvelEnd = curvel.PointAtEnd;
Point3d curve2Start = curveZ.PointAtStart;
Point3d curvezEnd = curve2.PointAtEnd:

// Create lines between the endpoints

Line connectionl = new Line(curvelStazt, curvelStart);

Line connection2 = new Line(curvelEnd, curve2End):

recurn joinCurves(curvel, connection2.ToNurbsCurve(), curve2, connectionl.ToNurbsCurve()):
List<Curve> closeOuterCurves (double rimSize, double radius, params Curve[] outerCurves)

1

List<Curve> boarderCurves = new List<Curves();

ing[] dir = new incll{-1,1};

double[] rimSizes = new double[l{rimSize - radius * 2, rimSize};
for(int i = 0; i < 2; i++)

1

double d = rimSizes[il;

Curve curve = outerCurves[i]:

Point3d Pl = curve.PointAtStart;

Point3d P2 = curve.PointAtEnd;

Point3d P3 = new Point3d(P2.X, P2.Y + d * dir[i], 0):
Point3d P4 = new Point3d(Pl.X, P3.Y, 0);

Polyline outerBoarder = new Polyline(new Point3d[]{P2, P3, P4, Fl}):

Curve boarderCurve = joinCurves (curve, outerBoarder.ToNurbsCurve ()
boarderCurves.Add (boazdezCuzve);

return boarderCurves;

List<Curve> joinExtendBoundaryCurves (List<List<Curve>> channelBoundaryCurves, double extend)
i

int[] dir = new int[]{-1,1};
List<Curve> finalBoundaryCurves = new List<Curve>();

foreach (List<Curve> OCurves in channelBoundaryCurves)

Curve JCurve = Curve.JoinCurves (OCurves) [0];
Curve[] extensions = new Curve(2]:
for(int i =0
{
Point3d startPoint = JCurve.PointAtNormalizedLength(i):
Line extension = new Line(startPoint, Vector3d.XAxis * dir[i], extend):
extensions[i] = extension.TeNurbsCurve();

i< 2; i+4)

finalBoundaryCurves.Add (JoinCurves (extensions[0], JCurve, extensions(11));
return finalBoundaryCurves:

List<Point3d> getValveSpinePoints(int N, double Hl, double H3, double L, double Al, double A2, out double hl)
i

//create valve geometry world XY

//this will then be translated to the planes

double yl = Math.Cos(Al) * L;

double x1 = Math.Sin(Al) * L;

double y2 = Math.Sin(A2) * Hl;
double x2 = Math.Cos(A2) * Hl;

Point3d PO = Plane.WorldXY.Origin;

Point3d Pl ew Point3d(P0.X, PO.Y + H1, 0):
Point3d new Point3d(PO.X + x1, FO
Point3d 3d (P
Point3d £3d (P3.X

out externalSoarderWidch
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main():
plot_ewvery

Nx = 480
Ny = 180

Velocity magnitude (m/s)
0 1 2 3 -+

——

reverse flow

tau
Nt

NL

xS =

cys = np.array([@,1,1,08,-1,-1,-1,8,1])
weights = np.array([4/9, 1/9, 1/36, 1/9, 1/36, 1/9, 1/36, 1/9, 1/36])

F = np.ones((MNy, Nx, ML)) + .01 * np.random.randn(My, Nx, NL)

context = data_array

print({context)

for it in range(Nt):

for i, cx, cy in zip(range(NL)

= np.roll(F[:,:,i],
np.roll(F[:

Case H2-0-1 Case H2-0-2
reverse flow reverse flow

bndryF Flcontext, :]
bndryF = bndryF[:, [©,5,6,7,8,1,2,3,4]]

rho = np.sum(F,2)
ux = np.sum(F * cxs, 2) / rho
uy[context] = @
Feq = np.zeros(F.shape)

3* (ex *ux + cy *uy) + 9 * (cx * ux + cy *
F + -(1/tau) * (F - Feq)

np.sqrit{ux**2 + uy**2)

]

dfydx = ux[2:, 1:-1] - ux[@:-2, 1:-1]
dfxdy = wy[1:-1, 2:] - wy[1l:-1, B8:-2]
curl = dfydx F

if(it % plot_

(b) (b)
Case H2-6-3 Case H2-0-4

print{it)

data =

plt.cla()

ux[context] = @
uy[context] = @
data[context] = np.nan

T, O

data = np.ma.array(d mask=context)
plt.imshow(data, cmap

plt.imshow(~context, cmap= , alpha=6.0)
plt.clim(-.1, .1)

ax = plt.gca()

ax.invert yaxis()

AR

ax.get xaxis().set wvisible(

X
ax a
x.set_, t

plt.pause(©.001

if __name__ == "_main_ ":
main()
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In the present study, the segregated approach, a pressure-based solver, was used
to solve the governing equations. As implemented in COMSOL Multiphysics, this ap-
proach solves the velocity and pressure in one step. In contrast, other variables, such as
temperature, are solved separately in other steps. This solver configuration allows for
the decoupling and independent solution of different variables, which can help improve
computational efficiency and convergence [43]. This research used a parallel direct sparse
solver (PARDISO) in numerical simulations. The PARDISO solver is a state-of-the-art
direct sparse solver in computational science and engineering. This solver is known for its
efficiency, scalability, and ability to handle large-scale linear systems from various numer-
ical simulations. It employs advanced algorithms and parallel computing techniques to
efficiently handle the matrix factorization and solve the system of equations [44-46].

Diodicity is an essential factor that evaluates the Tesla valve’s hydraulic performance.
This parameter highlights the effectiveness of the valve based on the ratio of AP in reverse
flow to forward flow in an identical flow rate [1]. By increasing diodicity, the performance
of this device as a check valve will be improved. On the other hand, if this device is used
in thermal applications, the thermal parameters of this device should be improved. The
hydraulic and thermal diodicity of the Tesla valve were presented as PDR (pressure drop
ratio) and TDR (thermal difference ratio), respectively, which were calculated as follows:

AP, (P — Powt),

PDR = =
APr (P — Pout)

®)

AT, (Tot=Tin),

TDR =
AT/ (Tout — Tm)f

)

2.4. Mesh Independency

COMSOL Multiphysics was used to develop a two-dimensional triangular mesh type,
as seen in Figure 3. In this simulation, the average mesh quality is 0.93. According to the
statistics in Table 3, the thermal and hydraulic results of the numerical simulation with
the number of 50.44 elements per 1 mm? are independent of the mesh. As can be seen, by
increasing the mesh elements number to 88.58 per 1 mm?, the time to solve the simulation
increases by 56%, while the results related to the temperature difference and pressure drop
change by 1.23% and 0.44%, respectively.

a) b

Figure 3. (a) Overview and (b) refined mesh near the divider baffle for the computational domain.

Table 3. Mesh independence validation for tesla valve with six-stage and reverse flow at conditions
V=02m/s, Tj, =274.15K, and Ty, = 368.15 K.

Number of AT, AP
Elements per  Solve Time Difference Difference
1 mm Value (K) (%) Value (Pa) (%)
3.89 00:00:48 24.210 2145 1905 7.15
22.68 29.320 4.87 1835 0.83
50.44 30.440 123 1828 0.44
88.58 00:39:27 30.820 - 1820 -
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2.7. Artificial Neural Network Approach

One way to reduce computational time and save financial resources is by using black-
box methods, which deal with input and output data without considering the possible
physical processes. A practical approach in this field is the artificial neural network (ANN),
inspired by the human nervous system. Neurons are the fundamental processors in neural
networks, and each neuron may receive multiple inputs from other neurons and have one
or more outputs based on its activity [33].

In this study, a separate three-layer structure was designed for each response (TDR
and PDR), consisting of input, hidden, and output layers, as shown in Figure 5a. The
input layer has three neurons that serve as the network’s inputs. The hidden layer has four
neurons, and the output layer contains one neuron. Based on the investigations conducted,
it was observed that prediction models with fewer than four neurons in the hidden layer
did not have satisfactory performance. Conversely, an excessive increase in neurons in this
layer led to overfitting in the model’s results. The activation functions must be derivable to
perform the backpropagation function in model training. Therefore, the tangent-sigmoid
activation function was used in hidden layer neurons, and the linear activation function
was used in the output layer neuron to obtain the response value. To better understand
the performance of each neuron in the hidden and output layers, Figure 5b was presented,
which shows the performed calculations.

a) Input layer Hidden layer Output layer
. Summation
Wel.ghts function
// Activation
L )/' % function
[I w, £ ,/I/
1, w, »
X
Neuron | L————— Neuron
inputs | | 5 T output
o /
b
e
/
b) Bias

Figure 5. (a) The three-layer structure of the ANN network was used in the present work, (b) calcula-
tions performed in neurons of the hidden and output layers.
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Figure 6. Pressure contours for (a) Tesla valves with fluid flow in the reverse direction and (b) Tesla
valves with fluid flow in the forward direction.
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Figure 7. Velocity contours for (a) Tesla valves with fluid flow in the reverse direction and (b) Tesla
valves with fluid flow in the forward direction.
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Table 8. Nonlinear error functions for prediction models obtained by ANN method.

ANN
Error Function h 1 Form TDR PDR
R? 1 - L () 0.991 0.992
S (P —Tpred )
w
MAE L3 |rpre r,,mm| 0.009 0.034
i=1
m 2
RMSE 1§ (r,wd ) 0.021 0.095

i=1

In the following, the two-by-two effects of the variables on the responses were investi-
gated according to Figure 10. Figure 10a shows that as L increases, the TDR value remains
somewhat stable and then decreases, and the effect of this decrease is more significant at
lower S. Figure 10b confirms this observation and shows that the effect of the L parameter
on TDR is more pronounced at higher inlet velocities. Figure 10c reveals that the heat trans-
fer capability of the Tesla valve increases with the increase of the inlet velocity (V), and this
increase is more significant at lower S values. Furthermore, it can be seen that increasing
S leads to a decrease in TDR. Turning to the three-dimensional plots for PDR response,
Figure 10d shows that increasing L reduces PDR, and this effect is more pronounced at
smaller S values. Figure 10e,f demonstrate that increasing the inlet velocity increases PDR,
which is more prominent at smaller L and S values. It is worth mentioning that increasing
the L parameter leads to a decrease in the diodicity of the Tesla valve.

vs) 14 0
L (mm) Vi) x; L (mm)

4170

388

L2

= 2 : . 1402
& " — s
O vaws Smm s

o S v o0
Figure 10. The relationship between (a) TDR, L, and S, (b) TDR, L, and V, (c) TDR, S, and V, (d) PDR,
L,and S, () PDR, L, and V, (f) PDR, S, and V was illustrated in these 3D plots.

This section discusses the influence of variables on the performance of the Tesla valve
and the analysis of these effects using streamlines (Figure 11). In this figure, the primary
issue that can be noticed is that in the direction of forward movement, compression of the
lines in the main channel is greater than bent channels, indicating a large fluid flow through
this path. While in the reverse flow direction, the fluid flow is spread in all the channels of
the Tesla valve. The effect of changing the divider baffle length on PDR can be observed
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CURRENT APPLICATION

SCALABILITY

DEVELOPMENT FOCUSES MAINLY
ON OBTAINING FINANCIAL AND
TIME GAIN FOR  TRADITIONAL
CONSTRUCTION METHODS

DEPLOYMENT




Despite decades of development, the adoption of large-scale
3D printing (3DP) in construction remains limited, with a focus
on economic gains over innovative design and construction
methods, hindering efficiency and radical innovation, while
ongoing debate surrounds its cost-effectiveness for traditional
building designs, highlighting the need to bridge the gap
pbetween theoretical advancements and practical industry
needs for innovation and growth within the 3D printing sector.



How can a shift towards a more holistic design approach
facilitate the widespread adoption of additive manufacturing
in the built environment, addressing immediate industry needs
and fostering innovation and growth?
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DU et al. (2023)

G.Duetal Case Studies in Thermal Engineering 52 (2023) 103670 G.Duetal Case Studies in Thermal Engineering 52 (2023) 103670 G.Duetal Case Studies in Thermal Engineering 52 (2023) 103670 G.Duetal Case Studies in Thermal Engineering 52 (2023) 103670
42]. Babaoglu et al. [43] employed both computational fluid dynamics (CFD) and ANN models to investigate and optimize multi-stage 900 800 Test 5 Test 19 Pa
Tesla valves. Their research revealed that diminishing the valve-to-valve distance in relation to the hydraulic diameter led to the 00 500
highest diodicity and the least deviation in flow performance. They achieved a maximum diodicity value of 1.811, while the lowest b 400 (b)
values for flow performance deviation and maximum relative pressure drop were found to be 194.72 Pa and 352.69 Pa, respectively. 700 600 - i
Despite previous studies proposing different modifications to enhance the performance of Tesla valves, achieving optimal fluid 00 Nu,
control in both directions has remained a persistent challenge. In order to tackle this issue, this study introduces a novel structure for a z g W 20
Tesla valve. In addition to presenting a Tesla valve with a new design, arc-shaped fins are used in the bent part of the channels; so that % fd é} . 100 38
alongside providing a more suitable thermal performance, a greater pressure drop can be obtained in the reverse direction than in the E 400 E_ 0 ’m o 5 o o 36
forward direction. The logic behind the use of these fins is to be able to change the flow path by changing the geometric parameters of 0 300 g o 150 S e & \:\‘“‘“\ Ll — =t ‘M"ea
the dividers and evaluate the performance of the valve in different designs. Furthermore, the heat transfer properties of the Tesla valve &~ Experimental study (Bao & Wang (2022)) &~ Experimental study (Bao & Wang (2022)) “gree) ") 0 (@e¥f -
are investigated to gain a comprehensive understanding of its unique performance. To analyze the thermo-hydraulic performances of 200 ~e- Standard k-cpsilon 0 ~e- Standard k-epsilon % -
the aforementioned valve, two ANN with a 3-4-3-2 architecture are employed. The ANNs are used to obtain models for predicting the 100 -0 Realizable k-cpsilon 100 O Realizable k-cpsilon 200 i 3
performance of the valves. The goal is to reach the results in the shortest time and by performing the least calculations. The present -0 k-omega -0 k-omega
work can be a useful reference in the field of construction of the Tesla valves and conducting research on them. It also can offer re- @) o (b) o . - Fig. 7. Pressure variations in the scrutinized Tesla valve with (a) forward flow and (b) reverse flow. ©
searchers an efficient and cost-effective means of accelerating their investigations in the related fields. The design variables in focus are ! * 0 l::ghl (m:; = w0 0 ! * 0 I:ight (mz:) =0 w0 0 0
the inner radius of the fins (R), the length of the divider’s folded segment (L), and the angle of the divider’s folded segment (6). These minimal flow entering the curved channels in the forward direction. Whereas test structures 3 and 19 exhibit significant fluid flow 7
selected variables are anticipated to have an impact on the objective functions, namely the Nusselt numbers in the forward (Nuy) and * 0 through these channels. This difference in flow behavior can be attributed to the angle 0. The angle of the folded segment of the divider,
reverse (Nuy) directions, as well as the pressure drops in the forward (4Py) and reverse (4P,) directions. The performance of the valve is 4s{ " Experimentalstudy (Bao & Weng (2022)) 45 Duperimcslendy (Raos, Wane (02 which serves as the structural parameter 6, appears to have a critical influence on the distribution of flow between the main channel ) |
assessed in relation to its geometry, and an optimal design is presented accordingly. Finally, by using the predictive models and genetic % -8 Present study (standard k-epsilon) w & Present study (standard k-epsilon) and the curved channels. As observed in test structures 3, 5, and 19, changes in this parameter significantly affect the flow patterns and e T 5 D e w
algorithm, optimal designs for different conditions are acquired and compared with the results obtained by numerical methods. 5 . distribution inside the Tesla valve. The primary purpose of a Tesla valve is to create flow resistance in one direction, while allowing 0 (d:g"recm e ‘L\m“‘\ L (uu,,j' T @ (@
relatively free flow in the other. This flow resistance is due to the tortuous path that the fluid must follow as it navigates through the ) &
2. Model configuration o ¥ o ¥ alternating channels and dividers. The angle of the folded segment determines the degree of resistance. When 6 is higher, it typically
In order to discover the optimal design for Tesla valves, a new configuration is introduced, and two stages of the device are chosen :_V— 3 ::1 3 re.sults-» in greater flow resistance i': the fcrwarc;ll d%rect%on. In _Oﬂ_ler words, ﬂ“,ids hav? a ha'der_ time passing th_rough the va.lve in one .
for examination in this study (as depicted in Fig. 1a). According to the figure, each stage has a divider containing six arc-shaped fins < 2 < d“ef:"o“’ often referred to as t},le check valve 4dLrecnon‘ Thl? increased resllstancle in the "mam channel rei"‘,c‘s tl:‘e flow n that df' (h) Pa
situated within the curved channel. Fig. 1b presents a visual representation of the structural ch istics and precise . p Zz;;‘;“t'oo:;vhie other ha“‘:]’ a higher 0 o also ‘"‘P’g"e,ﬂ."w in the reverse direction (the “.°n'°h§.°k valve” direction). Fluids ﬁad.'dt
of the analyzed valve. The length of the divider’s folded segment is denoted by L. The inner radius of the fin in the curved portion of the gate thfoug the curve C annels Aan 8 dlvl}iers vyhen ﬂowm?; n t}.ns dlrs:‘ctlon. This allow.'s for more effictent flui 450
valve is represented by the parameter R, and the angle of the folded segment of the divider is denoted by 6. The main focus of this 10 i movement when_ ‘_jes‘md' Tesla valves find applications in various fields, ‘"_d“dmg ﬂ“":_l control, pumping systems, and heat ex-
article is to examine how the efficiency of Tesla valves is affected by three specific parameters, while keeping the other parameters 5 s changers. The ab‘!‘ty o co“tf‘ﬂ f'low based on the 6 makef ﬂ"e"} .J ptable to different q The velocity contours and the Nu - 200
unchanged. The channels possess a square cross-section, with a a of 6 mm. Additionally, the outer radius of the © o @ o Yalues presented in Table 4 indicate that the ﬂovo{ behavior W}th"! the Tesla}valv(e, parflcularly through the curved channels, has an &N i ~
curved channel is 8 mm, and the inner curve radius is 2 mm. The Tesla valve under examination is equipped with two ports located at L 0, 30 o 0 L o L %0 100 1o 20 a0 0 50 d . o %0 100 impact on thermal performance. It has been mentioned that directing ﬂ_‘e ﬂ“_'d with a lugl.ler ﬂow,ra‘e \hrou_gh the longer‘ path of the IE(,I'” sy 10 L'( Ui il 350
the top and bottom, which function as the entry and exit points for fluid flow (depicted in Fig. 1c and d). During forward flow, the fluid T, (°C) T, (°C) curved channels le.ac}s to a larger I:Aeat transfer area. ”lihe Nu values prOVl(i'eljl in Table 4 \{ahdate this o.bservanon by reflecting .th'e.heat ) o7 Ny @gg(ﬁc\ ) S e
entering from the top experiences minimal resistance and flows smoothly through the straight channel. Conversely, during reverse i, 4. Comparison of thesimulated an experimental results for the Tesa vlve using diferent turbulence models. transfer characteristics of the various test. cf)nﬁg}lratlons. Neverthelfss, it is worth noting that Flesplte test stfuctl}re 19 e?(hll?ltlng a -
flow when the fluid enters from the bottom, its inertia causes it to be redirected into the curved channel, leading to an increased - 4 - larger heat transfer area and thereby providing higher heat .trfmsfer, it demonstrates a lower Nu in both flow dll’ectan.S,'ThIS disparity gaea e g
pressure drop. The working fluid used in this study is water, and its thermal and physical properties vary with temperature, as specified suggests that test structure 19 has a lower heat transfer coefficient compared to tests 1, 3, and 5. The heat transfer coefficient represents o
in Table 1. the efficiency of heat transfer per unit area and temperature difference. Although test structure 19 achieves more extensive heat (k) 250
n o transfer due to its larger heat transfer area, it does not effectively utilize the available temperature difference, resulting in a lower heat
Variable 1 _,o — transfer coefficient. The difference observed suggests that test structure 19 performs heat transfer less effectively compared to tests 1, AP, 30 200
~ 3, and 5. This evaluation highlights the significance of fine-tuning the design of the Tesla valve to achieve an optimal combination of
e e 3 o > Response 1 heat transfer area and heat transfer coefficient. Such optimization should consider the specific needs and goals of the intended 150
application. In tests 3 and 5, the parameters of L and 6 result in increased flow entering the curved channels, leading to a longer path. 150 y Y - >
Variable 2 —»e . . When the folded segment of the divider (L) is shorter, there is less surface area available for heat exchange between the fluid and the " os s :& et 0. i‘“ o . e ey 0
. . valve structure. This can result in a lower Nu, indicating reduced heat transfer efficiency. Shorter segments restrict the fluid’s contact R (i B A @ (degreey '™ ! ® ) 3T Y (degred)
: : o ——+ Response 2 with the valve walls, leading to less heat transfer and ially slower ure ization. Shorter tend to offer less ) _
X . . —7 resistance to fluid flow. They allow the fluid to move more freely through the channels and dividers, resulting in a lower pressure drop Fig. 10. 3D contours for Nu and AP in forward and reverse flow.
Variable 3 _’° haad across the valve. However, this may come at the cost of reduced flow control capabilities, as shorter segments may be less effective in
—— @ @ Output layer directing flow in the desired direction. Conversely, a longer folded segment provides more surface area for heat exchange. It allows the Table 10
Input layer fluid to come into contact with the valve walls over a more extended path. This increased contact area can enhance heat transfer Evaluation metrics for assessing the performance of the MLP models.
Hidden layers efficiency, leading to a higher Nu. Longer segments promote better mixing of the fluid and the valve structure, facilitating more Error function Mathematical expression Drediction models
effective heat exchange. Longer folded segments create more obstacles and a tortuous path for the fluid to navigate. This increased path P
Fig. 5. Schematic of the MLP models. length and contact with the valve structure introduce higher resistance to flow. As a result, a longer folded segment typically leads to a Nug Nu, APy AP
higher pressure drop across the Tesla valve (refer to Fig. 7). This i d resi: can be ad when precise flow control or R S (T — 1 0.984 0.993 0.995 0.999
backflow prevention is necessary. In test 19, although the fins in the fluid path are larger, the AP is not considerably high. This can be - S (P — Tored)
explained by the effective hindrance of significant fluid entry into the curved channels by the fins. As a result, most of the fluid is MAE 1 zm [ 0.210 0.201 3.278 2775
Table 2 directed through the main channel, which offers a relatively shorter flow path and consequently a lower AP. Test 21, which combines RMSE m . ! 0310 0.283 4,052 3.261
Input variables and the levels at which they vary. the structural characteristics of tests 3 and 19, achieves the highest AP among all the d d tests. This combination involves
Variable Variable levels incorporating larger fins, similar to those in test 19, along with an extended folded segment length of the divider, resembling test 3. By
partially closing off the main path, a greater amount of fluid is compelled to pass through the curved channels. These factors
! 0 i collectively contribute to a substantial rise in frictional losses, consequently yielding the highest observed AP. They have achieved high levels of accuracy and displayed low errors when predicting the Nusselt numbers (Nusand Nu;) as well as the
Reverge flow f ((::)) 2-2 S-g é pressure drops (APyand AP;) of .Lhe “Fesla v?lve. The mo@gls exhibit R? values that are close to 1, indicating a strong fit bem./een @e
0 (degree) 130 1'50 170 predicted results and the numerical simulation data. Additionally, they showcase lower MAE and RMSE values, further affirming their
Fig. 1. () 3D configuration of the model, (b) structural parameters of the valve, schematics of (c) reverse flow, and (d) forward flow.
4 8 1 15
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black arrow reflects the direction of fluid flow; In the local
enlarged view, the streamline results can be clearly seen,
which are represented by white lines. Besides, the veloc-
ity magnitude in different cases can be well expressed by
color bar, and vortex structure can also be observed at
the local mutation position. By comparing the color bars
in Figure 5(a—c), the better the symmetry, the greater the
velocity magnitude in the reverse flow, that is, the greater
the pressure drop. However, in forward flow, the symmet-
rical and asymmetrical Tesla valve systems have almost
the same speed magnitude. In addition, the reverse flow
could more easily form vortex structures than the for-
ward flow at the local mutation position for the same
configuration Tesla valve pipe system under the same
flow rate.

Figure 6 shows the velocity distribution at the middle
line of the main straight pipe section of the completely
symmetric Tesla valve system. The solid line shows the
reverse flow, and the dotted line shows the forward flow.
The results show that for the same flow rate, the fluid
velocity changed more dramatically at the branch pipe
section in the reverse flow than in the forward flow.
Meanwhile, the velocity increased with the increase in the
Reynolds number Re at the same position.

From the above simulation results, it can be con-
cluded that symmetrical structure can improve the one-
direction flow characteristics of Tesla valve system. It can
increase the pressure drop of the fluid in the reverse flow.
‘What’s more, fluid inertia is the main factor affecting the

0
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8 reverse:Re=8000 forward:Re=8000
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Figure 6. Velocity distribution on the center line of completely
symmetric Tesla valve system.

one-direction flow characteristics of Tesla valve system.
Therefore, an appropriate increase of fluid velocity may
be beneficial to improve pressure drop characteristics.

4.1.2. Pressure drop variations

Figure 7 shows the change in the pressure drop ratio Di.
With the increase in the Reynolds number Re, the pres-
sure drop ratio Di of both the symmetric and asymmet-
ric Tesla valve systems increased. The Reynolds number
Re increase was achieved by changing the inlet velocity.

(@) completely symmetric: velocity field (Re = 10000)

———p

reverse flow

(c) completely asymmetric: velocity

=

reverse flow

forward flow

Figure 5. Velocity vector of Tesla valve system (Re = 10,000): (a) completely symmetric, (b) partially asymmetric, and (c) completely

asymmetric.
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the influence of the other parameters on the completely
symmetric Tesla valve system. First, the influence of
the shunt angle on the pressure drop ratio of the Tesla
valve system is considered. The change of the shunt
angle 6 (10° < 6 < 60°) increased by 1° each time, and
the variation of the pressure drop ratio Di is shown in
Figure 9.

The results showed that under the same flow condi-
tions, with the increase in the shunt angle 6, the pres-
sure drop ratio Di of the Tesla valve first increased and
then decreased. At a small angle (6 < 30°), the system
characteristics were relatively good. However, when the
shuntangle was large (6 > 40°), the system pressure drop
characteristics deteriorated.

4.2.2. Effect of shunt pipe diameter
As shown in Figure 9, when the shunt angle § = 26°, the
system pressure drop ratio Di was the maximum. Next,
the shunt angle of the symmetric Tesla valve system was
set to 26°, and the influence of the shunt pipe diameter d
was further considered.

Figure 10 shows the velocity contours of the Tesla
valve system for different shunt pipe diameters d (d/D =

0.5,1.0,1.5). In Figure 10, the black arrow reflects the
direction of fluid flow; In the local enlarged view, the
streamline results can be clearly seen, which are repre-
sented by white lines. In addition, the velocity magnitude
in different cases can be well expressed by color bar.

In the reverse flow, the larger the shunt pipe diameter
d, the greater the maximum velocity of the reverse flow of
the Tesla valve system. For these three kinds of Tesla valve
systems, compared with the forward flow, the reverse flow
was more likely to form the energy dissipation of vortex
structure in the shunt pipe section, thus having a better
“fluid diode’ effect.

Figure 11 shows the effect of the shunt pipe diameter d
on the system pressure drop ratio Di. The results showed
that for three Tesla valve systems with different shunt pipe
diameters d, the pressure drop ratio Di increased with
the increase in Re, which is consistent with the conclu-
sion obtained in Section 4.2. Besides, under the same
flow conditions, the pressure drop ratio of the system
increased with the increase in the shunt pipe diameter d.
Taking into account the processing difficulty of the actual
pipeline system, it is more appropriate to choose the same
diameter of the branch pipe and the main pipe.
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Figure 10. Velocity contours of Tesla valve system for different shunt pipe diameters d (Re = 10,000): (a) d/D = 0.5, (b) d/D = 1.0, and

(©d/D=15.
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From the Buckingham Pi theorem (Bridgman, 1922;
Buckingham, 1914), the pressure drop Ap = f(L, D, p,
V, jt) can be replaced by IT; = f(IT>, I3), as follows:

Ap = pV?f (%,Re) (15)

Equation (15) is a universal scaling law for fluid flow in
smooth circular tubes, where the function f (%,Re) can
be determined either experimentally or numerically.
Next, according to the flow state in a smooth pipe,
the force balance relationship in the smooth straight
pipe system is considered. The shear stress 7, pressure p,
pipe length L, and pipe diameter D satisfy the following
equation:
1—p2 D
L 4
Furthermore, the dimensionless drag coefficient A is
introduced, and the relationship is as follows:

(16)
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where u,, is the average velocity of the section. By sub-
stituting Equation (17) into Equation (16), we obtain the
following formula:

(18)

In 1911, Blasius (1913) studied a large amount of exper-
imental data and obtained the formula of the turbulent
drag coefficient A in smooth circular tubes:

—14
P 0.3164(—’7“'”17) (19)
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Substituting Equation (19) into Equation (18) yields the
following equation:
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= 0.03955p" 41, /4 D=1/ (20)
By combining Equations (16) and (20), we obtain
Ap = 0.1582p%*Lul)* u!/* D54 (1)

Therefore, we determine that the dimensional relation
Equation (15) in a smooth circular straight pipe can be
written as

Ap =0.1582Lp VD~ Re~ 1/ (22)
p

Further rearranging this, we obtain the following rela-
tionship between the dimensionless Euler number Eu,

length-diameter ratio L/D, and Reynolds number Re:

Ar L o1
viT 0.1582DRe (23)
For the Tesla valve piping system with a branch
(Figure 2), the modification parameter & can be intro-
duced, and Equation (23) can be further modified as
follows:

Ap

pV?:
In Equation (24), when « =0, it corresponds to the
smooth circular straight pipe system without branches.
For the symmetric Tesla valve system proposed in this
paper, o is a multi-factor parameter related to the shunt
angle 0, pipe diameter d, and number of valve pairs N of
the branch pipeline, namely, « = (6, d, N).

To verify whether the symmetric Tesla valve system
with the branch pipes satisfied Equation (24), the func-
tional relationship between pressure drop Ap and veloc-
ity V of the Tesla valve unit was first obtained. The
finite element simulation data were fitted, as shown in
Figure 13. The results showed that the pressure drop Ap
and velocity V satisfy Ap ~ V7/4, which further proved
the correctness of Equation (24).

As the influence factors of the modification param-
eter o are too complicated, only the influence of the
number of valve pairs N was considered, and the « in
Equation (24) was further improved.

Firstly, the dimensionless parameters L/D and Re
in Equation (24) can be moved to the left side of the
formula and further obtained

~(1 +«>0%Re*‘/4 (24)
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Figure 13. Fitted curve of the simulation results, satisfying Ap ~
V74,
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Figure 14. Relationship between the dimensionless parame-
ter Re'/*DAp/(pLV?) and the number of valve pairs N for
different Re.

Next, Figure 14(a) illustrates the variation of Re'/*DAp/
(pLV?) with N at different Reynolds numbers. The
results show that with the increase in the number of valve
pairs N, the dimensionless parameter Re'/*DAp/(pLV?)
of the system increased. Furthermore, by fitting the sim-
ulated data with the function y = k(1 4 In(1 + x%)), the
scaling law relation can be obtained as follows:

% ~ (1+ln(1+N‘“))%Re—”4 (26)
where « is a parameter related to the Reynolds number
Re. Thus, the relationship between « and Re was given
in Figure 14(b). Naturally, based on data fitting, it is easy
to derive that o and Re satisfy the function relation & =
3/5 x Rel/3.

Therefore, Equation (27) can be further modified to
obtain the scaling law between pressure drop Ap of the
Tesla valve system with branches and other parameters
as follows:

Ap~ (1+In(1 + N3y o2 DR 1A (27)

4.5. Discussion on the flow characteristics of the
Tesla valve

By analyzing the data curves in Figures 5, 7 and 8, we
can draw the following conclusions. Under the same
fluid state, the completely symmetrical Tesla valve sys-
tem has better one-direction flow characteristics than the
asymmetric Tesla valve system. This is because the sym-
metrical Tesla valve system has higher fluid resistance in
reverse flow. Considering the reverse flow of the fluid in
the symmetrical Tesla valve system, based on the inertia

of the fluid, when the fluid in the branch pipe section col-
lides with the incoming flow in the straight pipe section,
due to the sudden reduction of the cross-sectional area
of the pipe, complex flow fields such as local turbu-
lence are formed, resulting in huge energy dissipation of
vortexes.

In addition, the flow performance of Tesla valve can
be significantly improved by reasonably designing the
parameters such as shunt angle, shunt pipe diameter
and the number of valve pairs. Additionally, the mod-
ified parameter o is obviously a multi-factor parameter
related to the shunt angle, shunt pipe diameter and num-
ber of valve pairs. In this paper, we have obtained the
scalinglaw considering number of valve pairs as the influ-
ence parameters, while the scaling law relationship of
shunt angle and shunt pipe diameter as the influence
parameters needs to be further considered in the future
work.

5. Conclusion

This work focused on the flow characteristics of the Tesla
valve piping system with symmetric structure. By using
the finite element method, the effects of the geometry,
Reynolds number Re, shunt angle 6, shunt diameter d,
and number of valve pairs N on the pressure drop char-
acteristics of the system were studied in detail. The fluid
flow scaling law of the Tesla valve system was deter-
mined based on dimensional analysis theory. The main
conclusions of this research are as follows:

(1) For the symmetric and asymmetric Tesla valve pip-
ing system, the higher the symmetry was, the greater
the pressure drop ratio Di of the system became.
After the symmetry was broken, the pressure drop
ratio Di decreased.

(2) When the Reynolds number was large (Re > 2000),

the Hagen number Hg and Reynolds number Re of

the forward flow and reverse flow of the symmetric

Tesla valve system satisfied Hg o« Re?.

The shunt angle 6 had a greater effect on the pressure

drop ratio Di of the Tesla valve system. When 6 <

30°, the pressure drop characteristics of the Tesla
system were better. When 6 > 40°, the Tesla valve
system pressure drop characteristics deteriorated.

That is, the Tesla valve system with small angles had

better pressure drop characteristics.

(4) With the increase in the branch pipe diameter d, the

system pressure drop ratio Di also increased. When

d < D, the pressure drop characteristics of the system

were poor.

For the symmetric and asymmetric Tesla valve pip-

ing systems, under the same flow conditions, as the
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