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Numerical Investigation
of Multistaged Tesla Valves

The Tesla valve is a passive-type check valve used for flow control in micro- or minichan-
nel systems for a variety of applications. Although the design and effectiveness of a singu-
lar Tesla valve is somewhat well understood, the effects of using multiple, identically
shaped Tesla valves in series—forming a multistaged Tesla valve (MSTV )—have not been
well documented in the open literature. Therefore, using high-performance computing
(HPC) and three-dimensional (3D) computational fluid dynamics (CFD), the effective-
ness of an MSTV using Tesla valves with preoptimized designs was quantified in terms of
diodicity for laminar flow conditions. The number of Tesla valves/stages (up to 20),
valve-to-valve distance (up to 3.375 hydraulic diameters), and Reynolds number (up to
200) was varied to determine their effect on MSTV diodicity. Results clearly indicate that
the MSTV provides for a significantly higher diodicity than a single Tesla valve and that
this difference increases with Reynolds number. Minimizing the distance between adja-
cent Tesla valves can significantly increase the MSTV diodicity, however, for very low
Reynolds number (Re < 50), the MSTV diodicity is almost independent of valve-to-valve
distance and number of valves used. In general, more Tesla valves are required to maxi-
mize the MSTV diodicity as the Reynolds number increases. Using data-fitting proce-
dures, a correlation for predicting the MSTV diodicity was developed and shown to be in
a power-law form. It is further concluded that 3D CFD more accurately simulates the
flow within the Tesla valve over a wider range of Reynolds numbers than 2D simulations
that are more commonly reported in the literature. This is supported by demonstrating
secondary flow patterns in the Tesla valve outlet that become stronger as Reynolds num-
ber increases. Plots of the pressure and velocity fields in various MSTV's are provided to
fully document the complex physics of the flow field. [DOI: 10.1115/1.4026620]
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Introduction

Passive flow control in mini/microchannels can be accom-
plished by integrating no-moving-parts check valves (NMPVs)
[1-5]. Due to their unique structural design, NMPVs possess a
direction-dependent pressure drop, resulting in the promotion of
one flow direction over another. Depending on flow direction,
minor pressure losses may be higher (reverse flow) or lower (for-
ward flow), effectively creating a fluidic diode. NMPVs are easily
scalable and manufacturable and, unlike micropumps with moving
parts, can be used with colloidal suspensions with no detriment.
For these reasons, NMPVs have been used for pumping/mixing in
applications such as: microelectromechanical systems (MEMS),
biotechnological devices, and analytical chemistry [1]. Three
examples of NMPVs are the diffuser (a.k.a. sudden-expansion)
valve [2—4], heart-shaped valve [5], and Tesla valve [1,6—15].

The Tesla valve, first introduced by N. Tesla as a “valvular con-
duit” circa 1920 [6], functions by passively promoting one flow
direction over another via its unique dual-vein, arclike design, as
shown in Fig. 1. During reverse flow through a Tesla valve, minor
pressure losses are primarily due to bifurcation (flow splitting),
sudden expansion, and jet impingement. The effectiveness of a
Tesla valve (and other NMPVs) is typically measured via diodic-
ity Di, which is the ratio of the pressure difference across the
valve in the reverse and forward directions for a specific flow rate,
ie.
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A greater-than-unity diodicity indicates flow promotion in the for-
ward direction. For microscale Tesla valves, the diodicity is typi-
cally between 1 and 2 [7]. However, for macroscale Tesla valves
(D~ 10cm), the diodicity can achieve values on the order
of four due to dynamic flow effects (high Re) becoming more
significant [8].

Forster et al. experimentally determined the effectiveness (i.e.,
diodicity) of a diffuser valve and (separately) Tesla valves in line
with a piezoactuated pump [1]. The fabricated Tesla valve was
termed the T45-R due to it possessing a 45 deg vein angle, similar
to Fig. 1. Two T45-R valves were fabricated onto a silicon wafer
and each possessed a channel width and depth of 114 um and
60 pm, respectively. For low Reynolds number flow (Re < 300), it
was found that the T45-R Tesla valve’s diodicity increased line-
arly with flow rate. At a flow rate of 500 uL/min (Re = 180), the
diodicity was measured to be approximately 1.14. The feasibility
of using Tesla valves for microfluidics was clearly demonstrated
and it was shown that Tesla valves possess a higher diodicity than
their diffuser check valve counterparts.

Truong and Nguyen conducted a numerical study on a single
Tesla valve in order to determine its optimal design features for
various flow rates (Re < 1000) [9]. Two-dimensional (2D),
steady-state numerical simulations were conducted using ANSYS
FLOTRAN 6.0. The optimization was based on the Forster et al.
T45-R Tesla valve as a reference design. The numerically pre-
dicted diodicity [9] of the T45-R at various flow rates
(100 < Re < 600) was validated to be within 10% (overpredicting)
of the Forster et al. experimental results [1]. Multiple correlations
were provided for determining the optimal Tesla valve geometry
for low Reynolds number.

Bardell investigated both experimentally and numerically, in
great detail, the diodicity associated with various Tesla valve
designs for low Reynolds numbers [7]. Numerical data were
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Fig. 1 (a) Tesla valve and (b) forward and reverse flow directions

obtained from a 2D simulation with the solver ANsYs CFx 4.2 and
were validated with self-collected experimental results. Various
case studies were undertaken to demonstrate the optimization rou-
tine for a Tesla valve. The diodicity mechanism of the Tesla valve
at low Reynolds number was found to depend primarily on vis-
cous forces, laminar jets (with varying location and magnitude),
high energy-dissipation regions, and recirculation regions [7].

Zhang et al. performed a three-dimensional (3D) numerical
simulation on a T45-R Tesla valve in order to determine optimal
valve aspect ratio and other design features [10]. Numerical simu-
lations were performed using ANSYS FLUENT® 6.2 for Reynolds
number as high as 2000. Details regarding the laminar/turbulence
solving methods were not clearly provided nor were verifications
of the utilized solution method. It was found that the diodicity
increases with flow rate and that for low Reynolds numbers
(Re < 500), a unity channel aspect ratio provides for maximal
diodicity. For higher Reynolds numbers a Tesla valve channel
with higher aspect ratio is desirable.

Gamboa et al. optimized the Tesla valve shape for application
with piezoactuated plenums [11]. Six nondimensional, independ-
ent geometric design parameters were used in the optimization
procedure, which utilized 2D numerical simulations. In general,
the optimized Tesla valve, here deemed the Gamboa, Morris, and
Forster (GMF) Tesla valve, provided a 25% higher diodicity com-
pared to the standard T45-R Tesla valve design with no detriment
to forward flow resistance. Their experimental results demon-
strated that the diodicity predicted by 2D CFD was significantly
higher than the experimentally determined diodicity.

Thompson et al. [12] integrated capillary/miniscale (~1mm)
Tesla valves into a flat-plate oscillating heat pipe (FP-OHP) for
rectifying its highly oscillatory flow pattern in order to enhance its
heat transfer capability. Using neutron radiography, the internal
flow was visualized and, via image analysis techniques, the fluid
motion was tracked. It was determined that the Tesla valves recti-
fied the internal liquid motion and successfully promoted a net
“circulatory flow,” thus increasing heat transfer. The overall
diodicity was found to increase as the internal liquid speeds
increased with heat input [12].

A multistaged Tesla valve (MSTV) is the in-series configura-
tion of multiple, identically shaped Tesla valves (a.k.a. stages).
The motive for the MSTV design is based on the intuition that
using multiple Tesla valves increases the reverse flow resistance
and, thus, amplifies the fluidic diode effect [6,13—15]. The MSTV
was first introduced, in concept, as the valvular conduit circa
1920 by N. Tesla, specifically for gas flows at the macroscale [6].
In 1993, Reed extended Tesla’s valvular conduit [6] and pro-
duced a patent for an MSTV, termed a “fluidic rectifier,”
designed for high Reynolds number flow of gases [13]. For a
MSTYV with six valves, the diodicity was reported to be as high as
12. In 1999, Afromowitz et al. produced a patent for a MSTV
designed for microfluidic applications [14]. Various design
schemes for the MSTV were provided and a plenum-structured,
piezoactuated pump was integrated into the system. Note that the
valvular conduit concept was actually first integrated at the
microscale for passive flow control of liquids by Forster et al. in
1995 [1].

Tesla valves within an MSTV may be connected in various
configurations. An important example is, for reverse flow, the
relative positioning of the downstream Tesla valve’s entrance
to its upstream neighbor. In order to quantify this relative posi-
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tioning, an intervalve (or stage) angle 0 is introduced, which is
the angle between adjacent Tesla valve entrances. For illustra-
tion, as shown in Fig. 2(a), Reed’s MSTV [13] has an inter-
valve angle equivalent to 0 =7y +o. Since Reed’s design
provides for an MSTV with 0 <90deg, the intervalve flow is
straighter and this MSTV may be referred to as “low-angled.”
In contrast, a “high-angled” MSTV provides for 0 >90deg. As
an example, a high-angled MSTV with # =90deg is shown in
Fig. 2(b) [14].

Mohammadzadeh et al. [15] used 2D CFD to numerically
investigate the effect of the number of Tesla valves and Reynolds
number on the diodicity of a high-angled MSTV and directly
compared the results to that of a diffuser-type NMPV. The num-
ber of Tesla valves was varied from one to four and Reynolds
number was varied up to 200. It was found that as the number of
Tesla valves increased, the MSTV diodicity increased for Reyn-
olds number greater than 50. It was suggested that the two-stage
MSTYV is optimal in order to decrease overall pressure drop and
for ease of manufacture. The diodicity enhancement after imple-
menting the second stage was found to be less significant. It was
demonstrated that the high-angled MSTV is superior to the
diffuser-type NMPV for relatively higher Reynolds numbers (i.e.,
Re >200), but inferior at lower Reynolds numbers. The four-
staged MSTV provided for a diodicity of 2.6 at a Reynolds num-
ber of 200.

Since MSTVs can provide for enhanced diodicity, their applica-
tion is of immediate interest for many micro/minifluidic systems.
In terms of future application, low-angled MSTVs may provide
for a lower overall diodicity compared to high-angled MSTVs
[15], but their main appeal is their lower forward flow pressure
loss, which is desirable for rectification of pulsating flows and
active pump integration. Therefore, this study focuses on the nu-
merical investigation of a low-angled MSTV consisting of indi-
vidual GMF Tesla valves (preoptimized valves). The effect of the
number of Tesla valves and Reynolds number on the MSTV
diodicity is investigated for laminar flow conditions. The accuracy
of 3D CFD in simulating Tesla valve flow is also discussed in
detail. Various contours of static pressure and velocity are
included to characterize the flow behavior within the MSTV. This
numerical investigation is unique in that high performance com-
puting was utilized, allowing for the use of highly refined meshes
and the study of very long MSTVs (up to 20 stages). Unlike Ref.
[15], the valve-to-valve distance is investigated and the number of
stages is varied to be much greater than four stages. The investi-
gated MSTVs, unlike Ref. [15], consist of preoptimized Tesla
valves, and the low-angled design allows for broader range of
applications.

Problem Setup

Using 3D CFD, the effect of Reynolds number, number of
Tesla valve stages, and valve-to-valve distance were investigated
to characterize their effect on the diodicity of a multistaged Tesla
valve (MSTV) with low-angled configuration. First, in order to
validate the CFD meshing scheme and procedure, the flow within
a single T45-R Tesla valve [1,9], as shown in Fig. 1, was investi-
gated. The T45-R Tesla valve had a square cross section with

(b)

Fig. 2 Fluidic rectifier/multistaged Tesla valve (MSTV) with (a)
low-angled configuration [13] and (b) high-angled configuration
4]
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width of 100 um. The Reynolds number at the inlet, Re;, was
defined as

__ puiDy

Rej = (@)
u

where ; is the uniform inlet velocity (with respect to forward or
reverse flow). The diodicity, found via Eq. (1), utilized the abso-
lute, mass-averaged static pressure difference between points (a)
and (b) as shown in Fig. 3. These points also correspond to the
original entrance and exit lengths (0.6 mm) utilized by Truong
and Nguyen [9]. Note that for the current investigation, the en-
trance and exit lengths were extended by a distance of 15 mm (on
either side) in order to establish fully developed flow conditions
and to resolve any potential issues related to reverse flow at the
pressure outlet boundary condition.

An unstructured, three-dimensional hexahedral grid was built
using AnNsys GAMBIT, with a total of 400,000 cells, based on the
results of a mesh resolution study (to be described). Because the flow
was at low Reynolds number, viscous effects are not strongly con-
fined to the near-wall region and it was determined that a stretched
near-wall prism layer was not necessary in order to accurately
resolve near-wall velocity gradients. The characteristic mesh edge
spacing was uniform throughout the mesh with a value of 0.05 Dy;.

The boundary conditions included velocity inlet, pressure out-
let, and no-slip (wall) conditions. Location of velocity inlet and
pressure outlet boundary conditions depended on whether forward
or reverse flow was being simulated. For each Reynolds number,
the component of velocity was changed accordingly while the
fluid was maintained as liquid water at a temperature of 293 K.

Numerical solutions were obtained for the single-phase, incom-
pressible Navier—Stokes equations, with constant fluid properties

. U 2.,
ui  O(wiwg) — 10P , *u; Ga)
ot 8xj p Ox; 8xj8xj
Ouj _
8_xj =0 (3b)

Simulations were carried out using a pressure-based, finite-vol-
ume, double precision 3D commercial flow solver (ANsYs FLUENT®
Version 14). The Semi-Implicit Method for Pressure Linked
Equations (SIMPLE) algorithm [16] was used for the pressure-
velocity coupling. A colocated variable arrangement was used

Reverse FV

Forward Flow

4 RO.228
0.235 1.200

1.200 45,00°—/

_LO. 100

Fig. 3 T45-R Tesla valve (depth=0.1mm) with extended
entrance/exit lengths and pressure measurement locations (a)
and (b). All units in millimeters.
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with momentum weighted interpolation for computation of the
pressure and mass flux at cell faces [17]. The convective terms
were discretized using a second-order upwind (linear reconstruc-
tion) scheme with slope limiting [18] and spatial gradients com-
puted using a cell-based least squares algorithm. Diffusion terms
were discretized using second-order central differencing. Default
underrelaxation factors were used. Steady-state simulations were
conducted until the root mean square (rms) values of the continu-
ity and velocity residuals were reduced to at least 1E-6 of their
initial values. For unsteady simulations, a second-order, three-
point backward difference scheme was used for discretization of
the local time derivative, and the rms values of the residuals were
reduced at least three orders of magnitude during each time step.

It was determined that complete laminar conditions would exist
throughout the entire Tesla valve structure—especially near the
valve exit where larger channel widths and jet impingement
exist—only for Re =< 300. Larger Reynolds numbers resulted in
local transitional flows within the valve structure, which mani-
fested as unsteady instabilities in the computed flow field, even
when the simulations were run using a steady-state algorithm.
When these instabilities occurred, unsteady simulations were con-
ducted, using global time stepping and a maximum convective
Courant-Friedrichs—Lewy (CFL) number approximately equal to
one. For these unsteady simulations the flow remained unstable,
and it was determined that the flow had entered the early stages of
the transitional regime for Re = 300.

A mesh-independence study was performed for the primary
quantity of interest (diodicity) at the highest Reynolds number
investigated (Re =300) using both 2D and 3D flow simulations.
The 3D results are shown in Fig. 4, in which the diodicity is plot-
ted versus mesh resolution (number of cells). It was found that the
diodicity changed less than 0.2% for the entire cell range investi-
gated. Approximately 400,000 total cells were deemed sufficient
for each Tesla valve (excluding extended entrance/exit lengths)
for ensuring mesh-independent solutions and this was adhered to
for the entire investigation. For the 2D simulations, it was sepa-
rately found that a mesh-independent solution existed for approxi-
mately 40,000 cells.

The employed numerical scheme was further validated by com-
paring the 3D and 2D diodicity of the T45-R Tesla valve with the
2D numerical results of Truong and Nguyen [9] and the experi-
mental results of Forster et al. [1] for low Reynolds numbers.
These results are shown in Fig. 5. It may be seen that the current
3D T45-R diodicity approaches the Forster et al. experimental
data with (1) a different trend and (2) significantly less error rela-
tive to the 2D CFD diodicity. This different trend can be partially
attributed to 3D effects, e.g., secondary flows, not being fully
resolved using 2D models. The current 2D CFD diodicity results
are lower than those obtained by Truong and Nguyen for all Reyn-
olds numbers investigated and this may be attributed to the current
investigation ensuring fully developed Tesla valve inlet flow (via

1.20

1.00

0.80

a
0.60

0.40

0.20

0.00
0.E+00

2E+05 3.E+05 4E+05 5.E+05

Number of Cells

1.E+05

Fig. 4 Diodicity versus number of cells for extended T45-R
Tesla valve at Re = 300
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Fig. 5 Diodicity versus Reynolds number for T45-R Tesla valve
determined using CFD simulations and experimental data

extended entrance/exit lengths) and imposing a more refined
mesh. Since the current 3D CFD results agree within 4% (maxi-
mum relative error) of the Forster et al. experimental results, the
current solution methodology is assumed to be sufficiently vali-
dated for investigation of the effects of multistage valve geome-
tries. It is confirmed that 3D CFD simulations provide for more
accurate predictions of Tesla valve diodicity compared to 2D
CFD simulations that overpredict the experimental measurements
and appear to diverge at higher Reynolds numbers where second-
ary flows are more pronounced.

The T45-R Tesla valve, although used to confirm a valid, mesh-
independent CFD approach, is not an optimally designed Tesla
valve [11]. Therefore, in construction of the MSTV, an optimally
shaped (GMF) Tesla valve [11] was used to serve as the individual
building block. The MSTVs possessed a low-angled configuration
(i.e., similar to Reed [13]) with 0=~48deg and each GMF Tesla
valve had a square cross section with width of 1 mm. The GMF
Tesla valve, with marked points for the static pressure measure-
ments (a) and (b)—which are also the original entrance and exit
lengths [11]—is shown in Fig. 6. Again, the entrance and exit
lengths were extended to provide for fully developed flow condi-
tions prior to fluid entering the original entrance/exit. Like the
T45-R Tesla valve, local transitional flows were observed to occur
for Re = 300. As a result, low Reynolds numbers were utilized to
ensure that complete laminar conditions existed along the entire
GMF Tesla valve and only laminar solving methods were used.
Mesh resolution levels for the GMF Tesla valves were consistent
with those obtained from the mesh independent study on the
similar T45-R valves. A planar perspective of the employed
meshing-scheme is shown in Fig. 7 for a two-staged MSTV (with
GMF-styled Tesla valves).

GMF Tesla valves were connected in series to form various
MSTVs. The MSTV parameters varied were: the number of Tesla
valve stages (V) and the valve-to-valve distance (/). The valve-to-
valve distance, which is the distance between adjacent Tesla valves,
was nondimensionalized using the main channel hydraulic diameter

=5 “)

The dimensionless valve-to-valve distance G was varied from a
compact (small clearance) distance, G =0.675 (/=0.675 mm), to
arelative large distance, G = 3.375.

Similar to finding the diodicity of a single GMF Tesla valve,
the MSTV diodicity was found by taking the mass-averaged,
static pressure measurement at 2.1 mm upstream of the first Tesla
valve (with respect to forward direction) and 2.94 mm down-
stream of the last Tesla valve (with respect to the forward

081102-4 / Vol. 136, AUGUST 2014

Forward Flow

'\Reverse Flow

Fig. 6 GMF Tesla valve (depth=1mm) with extended en-
trance/exit lengths and pressure measurement locations (a)
and (b). All units in millimeters.

Fig. 7 Mesh utilized for the MSTV (N=2)

direction) or vice versa for reverse flow. A 3D rendering of the
MSTV with N=8 and G=0.675 is shown in Fig. 8(a). Two
MSTVs with N =4, each with a different valve-to-valve distance,
are shown in Figs. 8(b) and 8(c). The primary cases investigated
are summarized in Table 1.

Results and Discussion

Diodicity. The effect of varying the number of Tesla valves
and Reynolds number (for minimum G) on the MSTV diodicity is
shown in Fig. 9. It is observed that the MSTV diodicity, like the
diodicity of a single Tesla valve, increases nonlinearly with Reyn-
olds number. For a given Reynolds number, the MSTV diodicity
increases with higher valve number and this becomes more pro-
nounced at higher Reynolds numbers. The percent enhancement
in diodicity, defined as the percentage increase in diodicity rela-
tive to a single GMF Tesla valve, for the low-angled MSTV
(0=48 deg, with GMF Tesla valves) is illustrated in Fig. 10.
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Fig. 8 Multistaged Tesla valve with (a) N=8 and G=0.675;
and MSTV with N=4: (b) G=0.675 and (c) G=2.025

Table 1 Parameter values used for the MSTV numerical
investigation
Parameter Values
Re 25,50, 75, 100, 125, 150, 175, 200
N 1,2,4,6,8, 10, 20
G 0.675, 0.84, 1.35, 2.025, 3.375
1.8
16
- 14
a
12
1.0
0.8

25 50 75 100 125 150 175 200
Re

Fig. 9 Diodicity versus Reynolds number for various number
of Tesla valve stages (G = 0.675)

From the figure it may be observed that for Re =200, increasing
the valve number from N =1 to N = 10 increases the diodicity by
almost 25% to values near Di~ 1.9. It may also be seen that the
percentage enhancement in diodicity depends heavily on Reyn-
olds number, with three distinct regimes being observed. In the
ultra-low Reynolds number regime (Re = 75) the percent
enhancement is approximately linear regardless of valve number.
For 75 = Re = 125, the percent enhancement still increases line-
arly with Reynolds number but with a lower slope. Finally, for Re
= 125, the percent enhancement increases much more rapidly and
nonlinearly with Reynolds number. These results indicate that
MSTVs may be more beneficial for larger channel diameters and/
or fast-moving fluids.

The static pressure differences across various-staged MSTVs
and Reynolds numbers for forward and reverse flow directions are
shown in Figs. 11(a) and 11(b), respectively. The forward pres-
sure difference is observed to be always less than the reverse pres-
sure difference, confirming the fluidic diode effect of the MSTV.
The forward pressure difference is also more linear for the range
of Reynolds numbers investigated. The nonlinearities in the
reverse flow pressure difference are attributed to the minor

Journal of Fluids Engineering
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Fig. 10 Percentage enhancement versus Reynolds number for
various number of Tesla valve stages (G = 0.675)

pressure losses such as flow bifurcation and impingement at each
stage. During forward flow, the arcs of the Tesla valves are almost
completely bypassed, allowing for a nearly linear pressure profile
that is governed primarily by major, viscous flow losses similar to
simple duct flow. The forward and reverse pressure difference
increases as the number of Tesla valve stages increases for a given
Reynolds number.

The effect of dimensionless valve-to-valve distance on the
MSTYV diodicity for various Reynolds numbers is shown in Fig.
12. It is apparent that the MSTV diodicity is sensitive to the
valve-to-valve distance and this dependence becomes more pro-
nounced as the Reynolds number increases. For Re > 100, mini-
mization of the valve-to-valve distance will significantly increase
the MSTV diodicity. For very low Reynolds numbers (Re = 50),
the MSTV diodicity is nearly independent of valve-to-valve dis-
tance. Figure 12 also demonstrates that the MSTV diodicity
approaches the diodicity of a single Tesla valve as G — oo, as
expected. Interestingly, however, for Re =200 and G = 3.375, the
MSTV (N =6) diodicity is actually lower than for a single Tesla
valve (Di < 1.52).

It may be seen in Fig. 13 that as the number of Tesla valves
increases (for a given Reynolds number); the valve-to-valve dis-
tance may be increased with little detriment to the MSTV diodic-
ity. For fully laminar Tesla valve flow (Re = 200), the MSTV
diodicity becomes nearly independent of the number of Tesla
valves utilized for G > 2. However, based on Figs. 12 and 13, this
“critical” dimensionless valve-to-valve distance increases slightly
with higher Reynolds numbers.

The effect of the number of Tesla valves on the MSTV diodic-
ity for various Reynolds numbers is shown in Fig. 14. It may be
seen from the figure that, for a given Reynolds number, a critical
number of Tesla valves exists, beyond which increasing N pro-
vides little further increase in MSTV diodicity. This critical valve
number increases as the Reynolds number increases. Therefore,
more Tesla valves are required for higher Reynolds numbers in
order to maximize diodicity. For example, at Re = 50, two tightly
packed (i.e., G=0.675) Tesla valves are sufficient for near maxi-
mization of MSTV diodicity. However, for Re =200, approxi-
mately ten tightly packed Tesla valves are required for
maximizing MSTV diodicity. For all Reynolds numbers investi-
gated, increasing the valve number from one to two can provide
for significant enhancement in diodicity, consistent with the
results reported by Mohammadzadeh et al. [15].

Multivariable data fitting was performed numerically with the
assistance of MATLAB® (v. 7.14) and Mathematica® (v. 9) in order
to determine a correlation for MSTV diodicity based on the
dimensionless parameters investigated. First, for G=0.675, a
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Static pressure difference versus Reynolds number various number of Tesla valve

stages (G = 0.675) during (a) forward flow and (b) reverse flow.
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Fig. 12 Diodicity versus nondimensional valve-to-valve dis-
tance for various Reynolds numbers (N = 6).
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Fig. 13 Diodicity versus nondimensional valve-to-valve dis-
tance for various number of Tesla valves with Re = 100

custom function was constructed as to minimize the coefficient of
determination (R?) for predicting the dependent variable Di for
the independent variables N and Re. It was found that diodicity is
well predicted (R*220.9931) using

Di = 1+4.78x107° (N*'0Re' 7?) ©)
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Fig. 14 Diodicity versus number of Tesla valves (N) for various
Reynolds numbers (G = 0.675)

Considering the entire parameter space, it was found that the gen-
eral functional form may be expressed as

Di ~ a+ b(N‘G‘Re*) (©)

where a ~ 1, b~107% ¢~107",d ~ —107", and e ~ 1. Based on
this functional form, a correlation was found to predict Di based
on all investigated independent variables (with ranges summar-
ized in Table 1)

Di ~0.92 +2.67x107° (N*''G*¥Re!¥7) %

The maximum of the absolute value of residuals (infinity norm)
from Eq. (7) was minimized to be approximately 0.12. When
comparing the diodicity predicted from Eq. (7) with that of
numerically predicted diodicity, the maximum relative percentage
error did not exceed 11%. The data-fitting procedure clearly indi-
cates that there is a power-law dependence of the diodicity on the
number of Tesla valves, valve-to-valve distance, and Reynolds
number.

Static Pressure and Velocity. Contours of the static pressure
(along the half-depth plane) in the forward and reverse flow direc-
tions for the MSTV with N=2 and G =0.84 for Re =200 are
shown in Figs. 15(a) and 15(b), respectively. It is apparent that
the two-staged MSTV provides for a higher static pressure
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difference (~ 323 Pa) in the reverse flow direction than in the for-
ward flow direction (~ 275 Pa). In both flow directions, the major
pressure loss due to viscous flow is observed in the channel seg-
ments prior to the Tesla valves. In the forward flow direction,
minor pressure loss is primarily between Tesla valves and this is
attributed to the bended structure disturbing the flow. In the
reverse flow direction, minor pressure loss due to flow bifurcation
and impingement is observed at the inlet and outlet of each Tesla
valve stage, respectively.

These minor losses are more clearly apparent when plotting the
centerline, static pressure along the two-staged MSTV distance
for forward and reverse flow scenarios (with Re =200, G =0.84)
as shown in Figs. 16 and 17, respectively. As shown in Fig. 16,
this centerline is along the half-depth plane and does not include
the arcs of the Tesla valve flow paths. For the forward flow case,
the pressure losses are nonnegligible in the vicinity of each Tesla
valve. Although the GMF Tesla valve is designed to minimize the
amount of forward flowing fluid entering the arc, during low
Reynolds number flow a small amount does enter and this leads to
pressure recovery due to self impingement at the Tesla valve out-
lets. This is observed around 2-3mm and 8-9mm along the
MSTV centerline length for the first and second Tesla valve,
respectively. Note that the intervalve turns provide for a minor
pressure loss that may become significant for MSTVs with higher
intervalve angles. Pressure recovery from self-impingement aids
in reducing the severity of the intervalve pressure loss.

For reverse flow, the pressure losses in the vicinity of each
Tesla valve are significantly higher, as shown in Fig. 17. There is
still pressure recovery, but it is more acute and occurs at the Tesla
valve inlets due to combined flow bifurcation and circulation. In
between the valve inlet and valve outlet, the static pressure is
nearly constant due to two-dimensional flow effects; however, at
locations near the valve outlet a significant pressure loss occurs
due to the jet impingement and recirculation effects. The pressure
loss due to impingement, during reverse flow through the two-
staged MSTV, accounts for nearly 75% of the total pressure loss
and is the primary mechanism for the fluidic diode effect. Note
that the second-stage pressure loss is similar in magnitude to the
first-stage pressure loss. Minor loss due to the bent intervalve
channel structure is not significant in the reverse flow case due to
the employed MSTV design.

Contours of the velocity magnitude during reverse flow through
an MSTV with N =10 and G = 0.84 for Re =25 and Re =200 are
shown in Figs. 18 and 19, respectively. During reverse flow, high
velocities exist between adjacent valves and low velocities exist
in the Tesla valve outlet region where the jet impingement occurs.
Also, during reverse flow, the maximum velocity is generally
higher due to jetting effects in the vicinity of the recirculation
region. The flow bifurcation and impingement during reverse flow
are clearly visible, as well. During forward flow, the velocity is
more uniform with near-zero velocity magnitude in the arc of
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Fig. 15 Contours of static pressure (in Pa) in MSTV (N=2,

G =0.84) for Re =200 (on XY plane for Z=0.5mm) for (a) for-
ward and (b) reverse flow
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Fig. 17 Centerline static pressure versus position along a two-
staged MSTV for reverse flow with Re =200, G=0.84
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Fig. 18 Velocity magnitude (in m/s) for reverse flow in MSTV
(N=10, G=0.84) for Re =25 (on XY plane for Z = 0.5 mm)

each Tesla valve structure. Figures 18 and 19 also demonstrate the
apparent symmetry in the velocity field throughout the entire
MSTYV, with the velocity magnitude distribution being similar for
all Tesla valves. Note that; as a result of the extended entrance
lengths, the flow is clearly fully developed prior to entering the
MSTYV either in the forward or reverse flow direction.
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Fig. 19 Velocity magnitude (in m/s) for reverse flow in MSTV

(N=10, G=0.84) for Re =200 (on XY plane for Z = 0.5 mm)
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Fig. 20 Z-component of velocity (in m/s) for (a) forward flow
and (b) reverse flow in MSTV (N=2, G =0.84) for Re =200 (on
XZ plane for Y = 0.49 mm)

The 3D characteristics during forward and reverse flow were
investigated for a two-staged MSTV (N =2) with G =0.84 and
Re =25 and Re =200 as shown in Figs. 20(a) and 20b, respec-
tively. The magnitude of the z-velocity in the X-Z plane aligned
along and near the valve-side wall of the downstream valve was
investigated. It may be seen that a Z-component of velocity indic-
ative of secondary flow does exist for both Reynolds numbers and
is located in the vicinity of the Tesla valve outlet. The magnitude
of the Z-component of velocity is at least an order of magnitude
less than the X and Y components and increases with Reynolds
number. However, the Z-velocity magnitude is nearly 15% of the
X-velocity magnitude for Re =200, and this is significant. Note
that, near the Tesla valve outlet, the top half of the MSTV channel
has a positive Z-velocity component, while the bottom half has a
negative Z-component. This indicates that there is out-of-plane
circulation near the corner of the Tesla valve outlet. This is a
result of three-dimensional flow turning, leading to complex sec-
ondary flow features within the shear layer. The details of the sec-
ondary flow affect the reverse flow pressure drop and help explain
the need for 3D CFD to accurately simulate the Tesla valve fluid
dynamics.

Conclusions

Using 3D CFD, the effectiveness of multistaged Tesla valves
(MSTVs), created by arranging multiple Tesla valves in series,
was quantified in terms of diodicity and investigated for low
Reynolds numbers and various valve-to-valve distances. Each
MSTV consisted of identical, preoptimized Tesla valves and pos-
sessed an intervalve angle of approximately 0 =48deg (i.c., low-
angled MSTV). The implemented CFD ensured fully laminar flow
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conditions throughout the entire MSTV and fully developed flow
prior to first-stage MSTV inlet. The major conclusions are as follow:

(1) Utilizing the Tesla valves in series provides for a marked
increase in diodicity. Depending on flow/design, the MSTV
can provide up to Di ~ 1.9 for Re =200, versus Di ~ 1.5 for
a single-stage valve (~ 23% enhancement).

(2) The MSTYV diodicity increases nonlinearly with Reynolds
number. For a given Reynolds number, the MSTV diodicity
increases with higher valve number. There is a power-law
dependence of the diodicity on the number of Tesla valves,
valve-to-valve distance, and Reynolds number.

(3) Minimizing the valve-to-valve distance yields a higher
MSTV diodicity, with the increase becoming greater as the
Reynolds number increases.

(4) For a given Reynolds number, increasing the valve-to-valve
distance decreases the MSTV diodicity until it eventually
becomes equal to (or in some cases slightly less than) the
single Tesla valve diodicity.

(5) For low Reynolds number (Re ~ 50), the number of Tesla
valves, as well as the valve-to-valve distance, has little
effect on MSTV diodicity.

(6) For fully laminar Tesla valve flow (Re =< 200), the MSTV
diodicity becomes nearly independent of the number of
Tesla valves utilized for nondimensional valve-to-valve
distances, G > 2.

(7) As the Reynolds number is increased, more Tesla valves
are required to maximize the MSTV diodicity. For a given
Reynolds number, the MSTV diodicity is asymptotic with
respect to the number of Tesla valves used.

(8) The primary mechanism responsible for flow resistance in
the reverse flow direction through a MSTV is jet impinge-
ment at the individual Tesla valve outlets.

The current investigation has also demonstrated that using 3D
CFD, as opposed to 2D CFD, more accurately predicts the diodic-
ity of a Tesla valve. The velocity vector field has three-
dimensional secondary flow characteristics near the vicinity of the
Tesla valve outlets. The importance of ensuring fully developed
flow prior to the Tesla valve inlet and fully laminar conditions
throughout the entire Tesla valve structure have also been deter-
mined. For example, although the Reynolds number may be lami-
nar at the Tesla valve inlet (i.e., Re < 2300), local transitional and
turbulent flows occur at or around the Tesla valve junctions, and
this influences the selected CFD solver accuracy and convergence.
Based on the investigated Tesla valves, transitional flows were
found to occur around Re ~ 300.

Nomenclature

D = diameter, m
Di = diodicity
G = nondimensional valve-to-valve distance
| = valve-to-valve distance, m
N = number of Tesla valves (stages)
P = static pressure, Pa
R? = coefficient of determination
Re = Reynolds number
u = speed or velocity vector, m/s
x = spatial coordinate, m

Greek Symbols

1 = dynamic viscosity, Pa-s
v = kinematic viscosity, m?/s
p = density, kg/m*

0 = intervalve angle

Subscripts
f = forward

H = hydraulic
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i = inlet
i, j = Cartesian indices
I = reverse
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