14th International Symposium on Turbulence and Shear Flow Phenomena (TSFP14)
Heidelberg, Germany, July 28-31, 2026

EVALUATING THE ROLE OF TRIP WIRE DIAMETER IN THE
DEVELOPMENT OF RESTRICTED NONLINEAR BOUNDARY LAYERS

Alexandra C. Risha
Dept. of Mechanical Eng.
Johns Hopkins University

3400 N. Charles St.

Baltimore, MD, 21218, USA
arishal@jh.edu

ABSTRACT

This study employs restricted nonlinear wall-resolved
large eddy simulations (RNL-WRLES) to explore the influ-
ence of trip wire size on boundary layer development over
a moving wall. An imposed momentum deficit is used to
model the effect of wall-mounted trip elements of varying di-
ameters. Comparisons to direct numerical simulations (DNS)
indicate that RNL-WRLES transition to turbulence at a later
time, but the asymptotic behavior of integral quantities fol-
low DNS trends. The mean velocity profile and Reynolds
stresses collapse in the near-wall region across trip conditions,
while outer-layer differences diminish as the flow evolves to-
ward fully developed turbulence. Larger trip diameter inten-
sifies early flow excitation in the outer region, thickening the
boundary layers. RNL-WLRES match statistical trends from
DNS for different trip diameters at those from experiments at
fixed momentum Reynolds numbers and time instances. These
findings support the RNL framework as a computationally
tractable approach for investigating the mechanisms govern-
ing boundary layer evolution under varying trip wire effects.

INTRODUCTION

The near surface dynamics of developing boundary lay-
ers affect system efficiency across a range of applications. The
evolution of these flows can be greatly influenced by how tran-
sition to turbulence is initiated (tripped). Physical tripping
mechanisms in experimental studies include rods and sandpa-
per used to disturb the flow field and initiate transition e.g.,
Marusic et al. (2015); Park et al. (2024); Tang et al. (2024).
In simulations, initial velocity profiles are used to model the
behavior of these elements see e.g., Schlatter & Orlii (2012);
Kozul et al. (2016); Watanabe et al. (2019). This flow excita-
tion can lead to long lasting changes to the flow behavior that
persist for long times and distances downstream. For exam-
ple, certain tripping modalities have been shown to “artificially
thicken” the boundary layer which influences flow properties
and can lead to higher Reynolds number behavior that is not
consistent with the actual flow (e.g., see Marusic et al. (2015);
Tang et al. (2024) and references therein). Obtaining flow be-
havior independent of trip modality can therefore require long
inflow regions for studying spatially developing boundary lay-
ers (Schlatter & Orlii, 2012; Marusic etal., 2015).

This need for long computational domains to study the
evolution of spatially developing boundary layers can be mit-
igating by instead using a temporally developing framework.
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Flow over a wall moving at constant velocity, for example,
can be related to zero pressure gradient (ZPG) boundary layers
through a coordinate system change. This approach has been
shown to produce statistics and integral quantities compara-
ble to those observed in experimental and numerical studies of
spatially developing flows (Kozul et al., 2016; Watanabe et al.,
2019). It reduces computational complexity by imposing the
streamwise periodicity of canonical flows, thereby eliminating
the need for the recycling methods typically required to simu-
late spatially developing boundary layers (Kozul et al., 2016;
Watanabe et al., 2019).

A temporally developing configuration was previously
used to study the effect of trip diameter modeled as a hy-
perbolic tangent initial velocity profile with varying magni-
tude using direct numerical simulations (DNS) (Kozul et al.
(2016); Watanabe et al. (2019)). In this work, we perform
a similar study but further improve computational tractability
by using a reduced order model of the flow evolution. We
employ the restricted nonlinear (RNL) model (Thomas et al.,
2015; Bretheim et al., 2018; Gayme & Minnick, 2019) be-
cause it emphasizes streamwise-coherent dynamics, providing
anatural and efficient representation for temporally developing
flows. This approach reduces computational cost by impos-
ing a dynamical restriction that limits nonlinear interactions
to those contributing to the streamwise-averaged mean flow
(i.e., the ky = 0 mode in a Fourier decomposition; see, e.g.,
Bretheim et al. (2018)). Minnick & Gayme (2024) and Risha
et al. (2026) previously used the RNL model to investigate the
evolution of turbulent statistical and integral quantities with
temporal development of the boundary layer.

We perform RNL wall-resolved large eddy simulations
(WRLES) for varying trip conditions that are modeled follow-
ing the approach in Kozul et al. (2016). Instantaneous snap-
shots of the velocity field, mean velocity profiles, and skin fric-
tion coefficients through the laminar-to-turbulent transitional
region within the boundary layer are used to quantify the effect
of trip diameter on the resulting flow field. Comparisons of the
RNL-WRLES results with those from direct numerical simu-
lation (DNS) indicate that the RNL framework reproduces the
expected increases in early flow excitation in the outer region,
thickening the boundary layers as the trip Reynolds number
increases. At a fixed trip diameter, we observed the expected
collapse in the velocity field and the Reynolds stress trends
as the momentum thickness Reynolds number increases. To-
gether these results provide evidence that the RNL-WRLES
provides a computationally tractable representation of a devel-
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oping boundary layer suitable for such parametric studies.

METHODOLOGY

We consider flow over a wall where (x,y,z) are the re-
spective streamwise, wall-normal, and spanwise components.
A temporal boundary layer is developed by impulsively mov-
ing a wall at speed U,,. The initial flow field ug = (ug,vo,wo)
consists of a base velocity profile and a fluctuating compo-
nent, i.e., ug = g + ug. Following Kozul et al. (2016), the
streamwise velocity component of the base profile consists of
a hyperbolic tangent function,

o:7+7tanh

_ U, U, D y
[26“(1_5)} ()

and (Vg = wo = 0), which models the momentum deficit de-
veloped in the wake of a wall-mounted trip wire. This profile
depends on a trip wire diameter, D, the momentum thickness
of the shear layer, 6, = 55—:, and kinematic viscosity, v, which

are used to define a trip Reynolds number Rep = %. In ad-
dition to the trip function forcing (1), transition is promoted
through the addition of small amplitude white noise (< 0.1U,,)
to all fluctuating velocity components (i.e., u6) at a near wall-
normal height, y < &, and in regions where the difference be-
tween the wall velocity and the streamwise local mean initial
flow, (U,, —g), is less than 1072U),,. We employ this & as the
characteristic length scale used for normalization (Minnick &
Gayme, 2024).

The restricted nonlinear large eddy simulation (RNL-
LES) equations are derived by decomposing the total filtered
flow field, ur(x,y,z,t), into a large-scale streamwise-averaged
mean, U(y,z,1) = (ir) ,» and small-scale streamwise-varying
perturbations about this mean, U(x,y,z,7), i.e., iy = U+,
where ¢ is time. Brackets with a subscript indicate averag-
ing in the direction indicated. An analogous decomposition is
applied for the total filtered pressure field, pr. The resulting
mean and perturbation dynamics are

AU+U-VU4p 'VPH V- (1), =—(u-Vi), (2

dU+u-VU+U-Vi+p 'Vi+ V- (1—(1),) =0, (3

and V-U = V- =0, where p is density, and 7 is a stream-
wise dependent subgrid scale tensor. The RNL equations differ
from the Navier Stokes equations in that —(u- Vu — (u- Vu),),
i.e., nonlinear perturbation-perturbation interactions not con-
tributing to the large-scale are omitted (while full-nonlinear
interactions between spanwise scales are maintained). Fur-
ther order reduction is achieved by limiting the streamwise
wave number support of the dynamics (Bretheim et al., 2018).
Boundary conditions include no slip and no penetration at the
wall, and no stress at the top of the domain. Periodic bound-
ary conditions are enforced in the streamwise and spanwise
directions. In the discussion that follows, the tilde indicating
filtered flow variables will be omitted to simplify notation.
Equations (2) and (3) are solved in a modified version
of the Johns Hopkins LESGO code (https://lesgo.me.jhu.edu)
using the wall-adapting local eddy-viscosity (WALE) subgrid
stress model from Nicoud & Ducros (1999). Due to the re-
duced RNL streamwise dynamics, a streamwise constant eddy
viscosity operator is assumed, which requires the use of a
higher model coefficient C,, = 0.467 (Bretheim et al., 2018;

Risha et al., 2026). A non-uniform hyperbolic tangent stretch-
ing function is used to define the wall-normal grid. The wall-
normal height is selected to ensure that it is at least two times
greater than the final boundary layer thickness at the final sim-
ulation time, 8(fy) and a max grid stretch of 2.9% is main-
tained. The domain extents are L, /&y =9,L. /8y = 3. During
the simulation, a minimum of 5 points remain below yt <5
and Az" =7 —26. The + indicates inner unit scaling i.e.,
Oy = ug/Vv where ur = \/7,/p is the friction velocity and
T,, is the wall shear stress. The RNL model does not have a
physical streamwise grid, instead streamwise derivatives are
computed in Fourier space and the nonlinear term is com-
puted as a convolution (see Bretheim et al. (2018) for details
of the implementation). The perturbation dynamics are sup-
ported by streamwise-varying modes k.8 = 6,7,8, (and the
streamwise mean mode ky 0y = 0), where k, = nzL—” is the di-
mensional wave number, 7 is a non-negative inteéer, and Ly
is a surrogate streamwise domain extent. The wave numbers
were selected to match the mean profile and log-law indica-
tor function at varying Reynolds numbers when compared to
DNS. They also produced a secondary peak in the outer layer
of the energy spectra (shown in Risha et al. (2026)). While the
dynamics can sustain on a single streamwise-varying mode,
we select three wave numbers to enable interactions among a
broader range of streamwise scales.

As in prior studies (Kozul et al., 2016; Watanabe et al.,
2019), we use a moving wall frame of reference (i.e., U, —ur)
in order to directly compare results to those of a spatially de-
veloping flows. We can then define a temporal Reynolds num-
ber, Re; = Uv%,t /v, which is equivalent to Rex in Kozul et al.
(2016) through a change of coordinates X = U,,t, where X is
the streamwise downstream position. We then define the cor-

responding momentum thickness 6 = f;° %—9 (1 — %) dy,
displacement thickness 6* = [y° <["]—:?dy, and boundary layer

thickness 8gg = 1 — % = 0.99. The shape factor is given by
H=256%/6.

RESULTS AND DISCUSSION

RNL-WRLES are carried out for five trip diameters asso-
ciated with Rep = 250,500, 1000, 1500, and 2000. The com-
putational tractability of the RNL framework enables statisti-
cal averaging over 100 temporally-ensembled realizations.

Figure 1 shows the cross-plane instantaneous streamwise
component of the velocity normalized by the wall velocity, i.e.,
ur /Uy, for each Rep value at an early time Re; = 4.4 x 10°
(top) and a later time Re; = 17.6 X 103 (bottom) in the bound-
ary layer development. The trip wire diameter is observed
to significantly influence boundary layer growth. As Rep in-
creases, the boundary layer exhibits enhanced growth at early
times, which is consistent with the larger wake generated by
increasing trip diameter. Tang et al. (2024) similarly reported
that larger diameter wall-mounted cylinders (in their experi-
ments), generated thicker spatial boundary layers at a respec-
tive downstream streamwise location. The amplified trip wire
wake promotes an extended transitional region and facilitates
an earlier onset of turbulence through intensified mixing. At
the later time, the boundary layer thickness across the range of
Rep becomes comparatively uniform, indicating an approach
toward a fully developed turbulent state that is independent of
the initial conditions.

Figure 2 presents the skin friction coefficient, cr, as a
function of (a) the momentum thickness Reynolds number
Reg = U,,0/v, (b) the displacement thickness Reynolds num-
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Figure 1. Cross-plane (yz) snapshots of the streamwise component of the velocity normalized by the wall velocity i.e., ur /U, for
(a,f) Rep = 250, (b,g) Rep = 500, (c,h) Rep = 1000, (d,i) Rep = 1500, and (e,j) Rep = 2000 at (a-e) Re, = 2.6 x 10° and (f-j)
Re; = 41.8 x 10°. Wall-normal domain is cropped for visualization purposes.
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Figure 2. Skin friction coefficient cy = u2/(0.5U2) as a
function of the (a) momentum thickness Reynolds number,
(b) displacement thickness Reynolds number, and (c) tem-
poral Reynolds number for RNL-WRLES Rep = 250 (—),
Rep = 500 (—), Rep = 1000 (——), Rep = 1500 ( ),
and Rep = 2000 (—). Dots indicate temporally-developing
boundary layer DNS data from Kozul et al. (2016) (same
color scheme). Symbols indicate spatially developing bound-
ary layer DNS/LES data from Schlatter et al. (2010)(©) and
Eitel-Amor et al. (2014)(A). Thin dashed line indicates
Cfaurb = 0.024Rey "/ from Smits et al. (1983). Solid black
line indicates resistive law from Kozul et al. (2016) where
Re; = Cy KU —¢(1)] [(UJ)Z - % + % — %Cle*m(l) and
C1 =4.05,¢(1)="7.1, and k = 0.384.

ber Reg: = 6*U, /v, and (c) Re; for the five values of Rep.
The RNL-WRLES predictions (solid colored lines) are com-
pared with theoretical expressions from Kozul et al. (2016)

(solid black line) and Smits et al. (1983) (dashed black line), as
well as DNS from Kozul et al. (2016) (colored dots), and DNS
of a spatially developing ZPG boundary layer from Schlatter
& Orlii (2012) (circle symbols) and Eitel-Amor et al. (2014)
(triangle symbols). All of the RNL-WRLES achieve a tur-
bulent state, even the Rep = 250 case which did not transi-
tion to turbulence in the DNS study of Kozul et al. (2016).
This is not unexpected as prior studies indicate larger turbu-
lent kinetic energy and a higher production rate in RNL simu-
lations versus DNS, see e.g., Gayme & Minnick (2019); Min-
nick & Gayme (2024), which could enable the flow to tran-
sition with lower energy input. Figure 2 also demonstrates
that RNL-WRLES simulations show delayed transition com-
pared to DNS Kozul et al. (2016). Prior RNL studies indicate
streamwise-varying interactions control the onset of transition,
while cross-stream interactions dominate subsequent evolution
(Minnick & Gayme, 2024). Therefore, the dynamical restric-
tion to three streamwise varying modes likely affects the tran-
sition time. From the integral momentum balance for a tempo-
rally developing boundary layer, the skin-friction coefficient
is approximately proportional to the temporal rate of change
of the displacement thickness, 6*, rather than the momentum
thickness, 0 (as in spatially developing flows). This distinction
explains the improved collapse observed in figure 2(b) (Kozul
et al., 2016; Minnick & Gayme, 2024). All trip conditions at-
tain a peak at similar Re; and rapidly approach the asymptotic
relations derived in Kozul et al. (2016), indicating that the ini-
tial perturbation does not significantly alter the long-time evo-
lution of c¢y. However, a perfect collapse of the profiles is not
achieved, consistent with Kozul et al. (2016), since the flow
development does not commence at precisely the same ini-
tial time (at the same location in a spatially developing frame-
work).

Figure 3 shows (a) Rez, (b) Reg:, (c) Re;, and (d) H as a
function of momentum thickness Reynolds for all of the Rep
values considered. The RNL-WRLES simulations exhibit a
smaller slope in the Re;—Reg relationship compared to DNS
trends, which would extrapolate to a higher deviation with in-
creasing Reynolds number. While the agreement remains ad-
equate in the Reynolds number range shown, the expected in-
creasing error as Reynolds number increases is consistent with
previous studies indicating that the RNL model accurately
reproduces statistical behavior for low-to-moderate Reynolds
numbers but that the accuracy diminishes with increasing
Reynolds numbers (Minnick et al., 2023). The RNL-WRLES
displacement thickness Reynolds number trends shown in fig-
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Evolution profiles of the (a) frictional Reynolds number, (b) displacement thickness Reynolds number, (c) temporal

Reynolds number, and (d) shape factor as a function of the momentum thickness Reynolds number for all Rep. See figure 2 cap-

tion for legend details.

ure 3(b) agree well with DNS data within the low-to-moderate
Reynolds number regime highlighted here. Figure 3(c) con-
firms the later transition in the RNL-WRLES simulations ver-
sus DNS that was observed in Figure 2. The offset in the
trends is due to the fact that the virtual-origin shift appears
at larger Re; versus the DNS data Kozul et al. (2016); how-
ever, the slope of the RNL-WRLES results remains consistent
with the derived theoretical relation. The Re;—Reg relation-
ship also indicates that, for a fixed Rex (time or analogously
streamwise location in a spatially developing flow) during the
transient phase, the boundary layer thickens (with correspond-
ingly larger momentum and displacement thicknesses), corre-
sponding to a larger trip diameter. This behavior is consis-
tent with the experimental observations of Tang et al. (2024).
Figure 3(d) shows the evolution of the shape factor. An inset
highlights the low-Reynolds-number regime, where the RNL-
WRLES results span a similar vertical range to DNS but do not
follow the same detailed trend at low Reg. Nevertheless, the
mean value H ~ 1.43-1.47 across all Rep is characteristic of
turbulent boundary layers, indicating that the simulations re-
cover realistic integral flow behavior despite discrepancies in
transitional evolution.

Figure 4 presents profiles of the inner-scaled streamwise
component of the velocity for all trip conditions compared
with DNS of spatially developing boundary layers at Rey ~
2000 and Reg =~ 4060. When expressed in inner units, all
cases exhibit similar behavior in the near-wall region, even at
lower Reynolds numbers. Deviations arise primarily in the
outer region of the boundary layer, where the mean veloc-
ity profiles show greater sensitivity to both Reynolds number
and trip forcing. Consistent with Schlatter & Orlii (2012) and
Kozul et al. (2016), the onset of profile collapse becomes evi-
dent at higher Reynolds numbers. The RNL-WRLES profiles
collapse for Reg > 3030 (not shown), which is a higher value
than for the temporally developing DNS (Kozul et al., 2016)
which shows comparable behavior at Reg = 1968. The later
collapse of the RNL data led to the choice of presenting re-
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Figure 4. Inner-scaled streamwise component of the velocity

at (a) Reg ~ 2000 and (b) Reg ~ 4060 for all Rep. Spatially
developing DNS (grey circles) have sparse data points for vi-
sualization. See figure 2 caption for legend details. Dotted
line indicates (U,, — (ur))™ = y" and dashed line indicates
1/xlog(y*) + B with k = 0.41 and B =5.2.

sults at Reg = 2000 rather than the Reg = 1100 in Kozul et al.
(2016). This behavior is also consistent with the skin-friction
trends in figure 2, which show the RNL-WRLES transitioning
later than the DNS. Larger Rep values generate stronger ini-
tial wakes, leading to an over-excited flow state that requires a
longer adjustment period before reaching a sustained turbulent
regime. These observations suggest that a smaller trip diame-
ter is more appropriate for assessing lower-Reynolds-number
turbulent behavior. As the Rep = 250 does not produce tran-
sition in prior DNS and exhibits different energy growth here,
a trip diameter of Rep = 500 provides the best balance of re-
alistic flow excitation and fast transition to the fully developed
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Inner-scaled root-mean-square (rms) of the (a,b) streamwise; (c,d) wall-normal; (e,f) spanwise components of velocity;

and (g,h) the cross-plane Reynolds stresses as a function of wall-normal distance for all Rep at (a,c.e,g) Reg =~ 2000 and (b,d,f,h)
Reg ~ 4060. See figure 2 caption for legend details. Note the vertical axis changes for each panel set.

state.

Figure 5(a,b) presents the inner-scaled root-mean-square
(rms) of the streamwise component of the velocity fluctua-
tions as a function of wall-normal distance in inner units at
two Reynolds numbers. At the lower Reg, Rep = 2000 (the
largest trip) remains within a transitional regime, leading to
an increased secondary peak. As Rey increases, the profiles
exhibit improved collapse across all Rep. For both Reynolds
numbers, <u’T>;LmY is over-predicted, a well-documented char-
acteristic of RNL dynamics e.g., Minnick & Gayme (2024);
Gayme & Minnick (2019). This excess streamwise energy is
accompanied by a slight under prediction of the wall-normal

fluctuation intensity <V/T>:rms shown in figure 5(c,d) and span-

wise fluctuation intensity <W/T>:-ms shown in figure 5(e,f) iue

to continuity. Similar to figure 5(a), <V;~>jms and (W),
also exhibit the footprint of excess energy in the outer-layer of
the flow for Rep = 2000 at Reg = 2000. Figure 5(g,h) displays
the inner-scaled cross-plane Reynolds shear stress where sim-
ilar trends are observed at Reg = 2000, consistent with Kozul
et al. (2016). As the flow develops to Reg = 4060, all the
statistics collapse.

Figure 6 shows the same quantities in figures 4 and 5(a,b),
respectively (U, — (ur))™ and <“/T>r+ms at fixed times Re; =
2.6 x 10° and Re; = 41.8 x 10° (i.e., the same temporal loca-
tions presented in figure 1) in analogy to fixed downstream
positions in a spatially developing boundary layer. It is impor-
tant to note that the profiles at each Re; correspond to different
values of Reg, Reg+, and Rez (see figure 3). Thus, the com-
parison reflects the temporal evolution of the flow under dif-
ferent trip conditions at a common physical time, rather than
a comparison at matched Reynolds numbers (as in figures 4
and 5). However, this analysis enables the isolation of the in-
fluence of the tripping device (Marusic et al., 2015; Tang et al.,
2024). At the earlier time, the boundary layer is still adjusting
to the disturbance introduced by the trip. By the later time,
the flow has evolved substantially, and the boundary layer ex-
hibits characteristics of a fully developed turbulent state, with
reduced sensitivity to the specific trip diameter. An extended
logarithmic region is observed as Rep increases, while near the
wall (y© < 100) profiles collapse even at this early stage. The
wake region becomes increasingly pronounced with increas-
ing Rep, and the inner-layer peak decreases with trip diameter.
At the later time, the profiles exhibit greater collapse, and the

inner peak of (u});,,; becomes more consistent across cases.
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Figure 6. Inner-scaled (a,b) streamwise component of the

velocity and (c,d) rms streamwise component of the veloc-
ity as a function of wall-normal distance for all Rep at (a,c)
Re; = 2.6 x 10° and (b,d) Re; = 41.8 x 10°.

Although a larger wake region persists for increasing Rep, the
outer-layer peak shows improved agreement among the differ-
ent trip conditions at the later time.

Figure 7 illustrates the temporal evolution of the turbulent
kinetic energy (TKE) kr = 0.5 (uf. - w7 ) as a function of wall-
normal distance for all Rep. As Rep increases from 250 to
2000, the geometric modification of the trip diameter is evident
across a range of wall-normal heights. These geometric varia-
tions directly influence the amplitude of the TKE and temporal
evolution of the flow, as previously observed in the skin fric-
tion plots (Figure 2) . This behavior is consistent with prior ex-
perimental measurements immediately downstream of a wall-
mounted elements, which show differences in the flow energy
and boundary layer evolution that depend on the characteris-
tics of the trip (Tang et al., 2024). For Rep = 250 (figure 7(a)),
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Figure 7. Turbulent kinetic energy, k7, normalized by Uv% for (a) Rep = 250, (b) Rep = 500, (c) Rep = 1000, (d) Rep = 1500, and (e)
Rep = 2000 as a function of temporal Reynolds number and wall normal distance. The vertical and horizontal directions are cropped

for visualization purposes.

the trip itself does not seem to be creating any TKE, rather
the production within the developing boundary layer drives the
transition (consistent with figure 2). The slightly higher pro-
duction rate in RNL dynamics, see e.g., Gayme & Minnick
(2019) may explain why the RNL-WRLES transitions to tur-
bulence while the DNS does, but further analysis is needed to
validate this conjecture. For Rep > 250 (figure 7(b,c,d,e)), the
TKE rises more sharply downstream of the trip and persists
over a longer duration, indicating a prolonged influence of the
trip on the flow field, again consistent with the behavior seen
in Figure 2. This elevated TKE can help explain the enhanced
outer-layer activity observed in the boundary layer where the
secondary peak increases in <u’T>+ with increasing Rep as

rms

the flow develops (seen in figure 6 (c,d)).

CONCLUSIONS

This study demonstrates that RNL-WRLES capture the
essential features of the influence of trip size on the temporal
development of a boundary layer over a moving wall. Larger
trip diameter is shown to produce stronger early excitation, el-
evated turbulent kinetic energy, and a prolonged transitional
regime, consistent with DNS trends. While the trip size ef-
fects the time evolution of TKE and outer-layer activity, these
differences diminish as the boundary layer approaches a fully
developed turbulent state. RNL-WRLES show larger initial
energy amplification and a longer transition time versus DNS,
but reproduce integral growth trends, the asymptotic value of
the skin friction coefficient, and accurate statistical features
in the low-to-moderate Reynolds number regime. These re-
sults suggest the promise of RNL-WRLES as a computation-
ally efficient yet physically meaningful framework to analyze
the mechanisms by which trip wire characteristics influence
boundary layer transition and development.
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