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A statically deformable ceiling was used at the Turbulence Dynamic Research facility at the University of
Illinois at Urbana-Champaign. This facility was used to impose static spatially varying pressure gradients in a
favorable-adverse (FAPG) arrangement. This study focuses on the FPG region of this flowfield which experiences
a rapid spatial variation of its pressure gradient over 6.2𝐿. Non-time-resolved particle imaging velocimetry data
were captured for 6 pressure gradients and 6 Reynolds numbers. This manuscript focuses on 𝑀𝑁𝐿 = 953 and
four pressure gradient cases that have maximum acceleration parameters of 𝑂𝑀𝑁𝑂 → 106 = 0, 2.43, 4.77, and 5.97.
The Reynolds stresses and turbulent kinetic energy of the boundary layer were investigated. The results were
analyzed for the occurrence of relaminarization and it was concluded that no relaminarization occurred in any of
the cases. The Reynolds stresses showed behavior suggestive of an internal layer, including knee points in 𝑃

↑
𝑃
↑.

However, no conclusive evidence was found to support this hypothesis.

I. Nomenclature

PG = pressure gradient
TBL = turbulent boundary layer
FPG = favorable pressure gradient
APG = adverse pressure gradient
FAPG = favorable-adverse pressure gradient sequence
ZPG = zero pressure gradient
𝑂 = acceleration parameter
𝑄 = kinematic viscosity
𝑃 = instantaneous streamwise velocity
𝑅 = time-averaged streamwise velocity
𝑃𝑃𝑀𝑄 = RMS of instantaneous streamwise velocity
𝑃
↑ = 𝑃 ↓𝑅

𝑅𝑅 = edge velocity
𝑆 = Clauser pressure gradient parameter
𝐿
↔ = displacement thickness
𝑇𝑆 = wall shear stress
𝐿 = boundary layer thickness
𝑀𝑁 = Reynolds number
𝑀𝑁𝐿 = friction Reynolds number
𝑆0 = Clauser pressure gradient parameter calculated using ZPG parameters
𝑈 = half length of ceiling (length of FPG application)
𝑉
+ = inner-scaled y-coordinate

𝑇↑𝑇↑

𝑈2
𝐿

= uu Reynolds stress
𝑉↑𝑉↑

𝑈2
𝐿

= vv Reynolds stress
𝑇↑𝑉↑

𝑈2
𝐿

= uv Reynolds stress
RS = Reynolds stress
𝑊 = shape factor
𝐿
↔ = displacement thickness
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𝑋 = momentum thickness
𝑌 = threshold for boundary layer edge detection

II. Introduction
Turbulent boundary layers under pressure gradients have been a consistent focus of research for the past decades,

due to their relevance to many aerospace applications. PG flows show a departure from the canonical structure of the
mean profile of a TBL under a ZPG. This departure from the canonical structure of a boundary layer is characterized by
the strength of the PG as well as the accumulated PG or PG history. The strength of a pressure gradient is commonly
represented by the acceleration parameter, 𝑂 ↗ 𝑊

𝑈2
𝐿

𝑋𝑈𝐿
𝑋𝑂 , or the Clauser pressure gradient parameter, 𝑆 ↗ 𝑌↔

𝐿𝑀
𝑋𝑍
𝑋𝑂 .

Under a constant FPG applied immediately downstream of a ZPG, the TBL becomes thinner with an enlargement
(by percentage) of the viscous sublayer and bu!er regions, as well as a thinning of the logarithmic region. For mild
FPGs (𝑂 < 0.5 → 10↓6), this presents as a slight thinning of the log region [1], whereas, for moderate-strong FPGs
(0.5 → 10↓6

< 𝑂 < 6 → 10↓6), this presents as an absence or severe alteration of the log region [2–4]. The Reynolds
stresses also show a decay, primarily in the outer region due to the reduction in turbulent production brought about
by the influence of the PG, and the wake disappears [4]. Under an APG applied immediately after a ZPG, the TBL
experiences nearly the opposite behavior. The BL grows thicker, the viscous sublayer and bu!er regions become thinner,
and the log region is thicker. The log region shows a significant departure from canonical ZPG behavior, especially
large and apparent when 𝑆 > 2 [5]. Besides the strength of local PGs, TBLs have also shown a dependence on upstream
conditions. This has been referred to as "history e!ects" within recent literature [6]. Vinuesa et al. [6] characterize 11
APG TBL datasets, all exhibiting di!erent flow histories.

There is a need for turbulence models that can predict the behavior of TBLs under the influence of PGs, to accurately
predict separation, skin friction, and heat transfer. Pressure gradient flows with a simple history, i.e., flows which
experience a single PG condition applied to an incoming ZPG and held for a long streamwise extent have been studied
extensively in both experiments [1, 2, 4, 7–10] and simulations [11–15]. This type of flowfield is modeled well by
low-order RANS (Reynolds-averaged Navier-Stokes) turbulence models like the Spalart-Allmaras and the 𝑍 ↓ 𝑎 models
[16–18]. However, recent studies, including Balin and Jansen [19], have shown that low-order RANS models are
ine!ective for geometries like bump flows, which impose a complex pressure gradient history. These models are
ine!ective in scenarios with large spatial variations of pressure gradients or sign reversals.

The types of PG histories with large spatial variations of pressure gradients and/or sign reversals are an especially
interesting area of study. The PG strength generally varies significantly over a relatively small streamwise extent, with
regions of strong and weak pressure gradients. The spatial variation in strength as well as the local PG can a!ect the
response of the flow. Additionally, the bump geometry has a transition from a strong favorable pressure gradient to a
strong adverse pressure gradient, two PG configurations that show essentially opposing behavior. The behavior of flow
over a bump has been studied for decades, and there are several studies now on pressure gradients that vary spatially,
including with sign changes and curvature changes [19–24]. These studies [19, 23, 24] show a quicker deviation from
canonical in comparison to either pure APG or FPG flows. They [19, 23, 24] have also shown the presence of multiple
humps or knee points in the Reynolds stress profiles for these flows. These studies were performed on a geometric
configuration where the boundary layer was investigated over a smooth bump. The upside-down configuration of this
geometry, where the turbulent boundary layer is investigated over the flat plate under the pressure gradient applied by a
bump geometry, is also of interest. This type of flowfield will be referred to as a favorable-adverse pressure gradient or,
FAPG, due to the spatial arrangement of the two pressure gradients, namely favorable followed by adverse. The work of
Parthasarathy and Saxton-Fox [22], conducted in the same facility and flowfield as this work, is of particular interest.

In their work, [22] investigated the APG region of the flowfield under several steady as well as unsteady pressure
gradient configurations. They discovered the presence of an internal layer within this region [22]. This internal layer
was characterized by plotting the velocity, 𝑅/𝑅𝑅 against

√
𝑉/𝐿. The edge of the internal layer presents as a kink in the

velocity profile following two intersecting lines. The study observed a bifurcation between the internal layer and the
remaining boundary layer, where the internal layer became “active” and the remaining boundary layer, or outer region,
became “passive.” Here, becoming passive refers to the lack of production of turbulent kinetic energy in this outer
region, where TKE production remains suppressed as a result of the FPG application. The internal layer on the other
hand becomes “active,” referring to the spike in production of TKE as characteristic of an APG TBL.

This work is interested in investigating the FPG region of this flowfield, where a rapid spatially changing FPG is
applied to an incoming ZPG TBL. Accordingly, this work evaluates and presents the statistics within the FPG region of
interest for this flowfield.
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III. Experiment

A. Wind tunnel, test conditions, and setup
This experiment was performed at the Turbulent Boundary Layer Wind Tunnel Facility located in the Aerodynamics

Research Laboratory at the University of Illinois as pictured in figure 1. Dormant air enters the wind tunnel through
a 10.19 cm thick honeycomb straightener. This air then passes through four layers of turbulence-reducing mesh,
followed by a 24:1 contraction ratio inlet. The air then enters the test section, which is 0.381𝑏 → 0.381𝑏 → 3.687𝑏
or 15” → 15” → 12↑. The freestream turbulence intensity in the test section is ↘ 1%. A flat plate is introduced at the
beginning of the test section, featuring a strip of sandpaper at the leading edge to act as a trip. The test area is located
2.3𝑏 downstream of the leading edge. The zero pressure gradient 99.5% boundary layer thickness, 𝐿, at the test area was
44𝑏𝑏. Measurements were made at six friction Reynolds numbers, 𝑀𝑁𝐿 , of which this paper focuses on 𝑀𝑁𝐿 = 950.

Fig. 1 Schematic of the wind tunnel facility, including the x-location of the test section with reference, 𝑐 = 0, at
the leading edge of the flat plate [25]

Fig. 2 Flexible ceiling panel used to apply the spatial FAPG within the test area. The green arrow indicates the
flow direction and the blue box shows the field of view within which data were collected

A flexible ceiling panel is used to apply a favorable-adverse pressure gradient over the test area. This assembly can
be used to apply continuously varying as well as unsteady pressure gradients. However, this experiment focuses on
steady pressure gradients. The acceleration parameter, 𝑂 , and Clauser PG parameter, 𝑆0, are presented in figure 3. 𝑆0 is
𝑆0 =

(
𝑌↔
𝐿𝑀

)
𝑎𝑏𝑐

𝑋𝑍
𝑋𝑂 , the Clauser PG parameter calculated using the ZPG values of 𝐿↔ and 𝑇𝑆 . At present, we will focus
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on the four PG cases detailed in table 1. Note that the pressure gradients shown in figure 3 extend further downstream
up to 𝑐/𝑈 = 1.0, however, the flow separates from the ceiling just downstream of 𝑐/𝑈 = 0.8 and the subsequent pressure
distribution flattens out [25]. The FPG is applied over the length of ↘ 6.2𝐿0, where 𝐿0 is the ZPG Boundary layer
thickness.

Side-by-side Planar PIV (particle image velocimetry) was performed in a streamwise wall-normal plane located
at the centerline of the tunnel. The field of view for this was 242𝑏𝑏 → 92𝑏𝑏, or 6.5𝐿 → 2.5𝐿. The imaging was
performed using a Phantom VEO710L and a Photron Fastcam Nova S6, with a spatial resolution of 2.6 vectors/mm
(115 vectors/𝐿𝑑𝑍𝑒 , and 𝐿

+
𝑑𝑍𝑒 = 7.2). Data were sampled at a sampling rate of 100𝑊𝑑. 11000 snapshots were collected

for six Reynolds numbers and 6 pressure gradients. The closest data point to the wall was collected at 𝑉+ = 60. This is
limited by near-wall laser impingement. This paper focuses on the cases described in table 1. A Terra PIV 527-80-M
dual-pulse laser was used along with suitable sheet-forming optics to generate a laser sheet passing through the plane of
interest. The laser-camera timing was handled by a Lavision programmable timing unit in conjunction with Davis 10.2.
A mineral-oil-based smoke was introduced at the inlet of the tunnel to act as the seeding.

(a) Clauser pressure gradient parameter, 𝑆0 (b) Acceleration parameter, 𝑂

Fig. 3 Pressure gradient parameters applied by the flexible ceiling, calculated using a conservation of mass
approach and verified by pressure taps to be within 2% [25]. Grey dashed lines indicate the streamwise locations
we look at.

Case Name Color 𝑀𝑁𝐿 𝐿0 (𝑏) 𝑂𝑀𝑁𝑂 → 106
𝑆0,𝑀𝑁𝑂

PG0 Blue 953 0.044 ≃ 0 ≃ 0
PG8 Orange 953 0.044 2.4286 -2.2990
PG16 Green 953 0.044 4.7657 -5.0641
PG21 Red 953 0.044 5.9733 -7.0709

Table 1 Relevant parameters for cases investigated

B. Boundary layer edge detection
Boundary layer edge detection for ZPG flows is well understood and uses a definition of 𝑅 (𝐿)/𝑅⇐ = 0.99, typically

referred to as 𝐿99. This definition is unsuitable for pressure gradient flows as we see non-zero 𝑒𝑅/𝑒𝑉 in the freestream.
There are several proposed methods in the literature that attempt to define an equivalent for PG flows. We tried several
common techniques proposed, such as the diagnostic plot technique [6], the ↓𝑉ω𝑎 method [26, 27], and a shear threshold
method [16].
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The diagnostic plot technique is based on a diagnostic parameter 𝑃𝑃𝑀𝑄/𝑅
⇒
𝑊, where 𝑊 = 𝐿

↔/𝑋, corresponding
to a value of 0.02 at 𝐿99 consistently for multiple Reynolds numbers and pressure gradients [6]. However, Based on
observations when implemented to our data, this technique is susceptible to noise in the freestream velocity data which
can be compensated for by increasing the target threshold, but leads to inconsistent boundary layer edge detection. A lot
of other people have found success using this technique, but it did not work for our dataset.

The shear threshold method relies on the fact that the Reynolds shear stress, 𝑃↑𝑓↑/𝑅2
𝑅 approaches 0 at the edge of

the boundary layer [16]. The method uses a threshold on the value of the Reynolds shear stress that is a fraction of
the maximum Reynolds shear stress observed in the field. In particular, they specify a 5% max(𝑃↑𝑓↑/𝑅2

𝑅) threshold
[16]. This technique relies on resolving the peak of 𝑃↑𝑓↑, which occurs in the near-wall region. In our PIV data, surface
reflections corrupt and prevent full measurement of this peak. This would still be usable by adjusting the threshold
parameter if the fraction of the non-measured boundary layer was consistent, but due to the di!erent application of
pressure gradients, the fraction of the boundary layer with missing measurements is di!erent, leading to inconsistent
edge detection when this technique is used for our experimental data.

The ↓𝑉ω𝑎 method uses the vorticity parameter,

↓𝑉ω𝑎 = ↓𝑉
(
𝑒𝑔

𝑒𝑐

↓ 𝑒𝑅

𝑒𝑉

)
. (1)

↓𝑉ω𝑎 approaches 0 at the edge of the boundary layer, using a 2% max(↓𝑉ω𝑎) [27] and unlike the shear threshold has a
peak farther away from the wall. However, the need for derivatives, especially 𝑒𝑔/𝑒𝑐, is challenging for experimental
data. This method tends to amplify the noise present in the data, even when a filter or convolution is used. In some
conditions the freestream vorticity is higher than the threshold, meaning that the threshold is never achieved, and thus
the boundary layer edge is never found.

We provide here an alternative boundary layer edge detection method, taking elements from the three techniques
described, that we found to be more robust to experimental noise. We take the threshold definition approach from DPT,
using 𝑃

↑
𝑓
↑ as our primary metric for identifying the edge of the boundary layer. We call it the shear stress slope threshold

method. This technique is based on the fact that the slope of 𝑃↑𝑓↑ approaches 0 at the edge of the boundary layer. The
technique uses a Savitzky-Golay filter to calculate a smoothed derivative of 𝑃↑𝑓↑. The Savitzky-Golay filter is a type of
convolution scheme that convolves each data point with 𝑕 nearest points by best fitting a degree 𝑏 polynomial using the
least squares method [23]. The local derivative at each point is then the same as the derivative of the polynomial fitted,
simplifying the process of obtaining the derivative. The new method avoids a definition based on a peak value, given
that we may not see the peak in our measurements. For our analysis, 𝑕 = 50 and 𝑏 = 5 are used for the filter parameters.
We then use a minimum threshold value to determine the edge of the boundary layer. The threshold value is determined

Fig. 4 The sensitivity analysis plot of the shear slope threshold for PG16
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using a sensitivity analysis for each experimental dataset. We observed that the threshold is not a!ected by the pressure
gradient applied.

Figure 4 shows the sensitivity analysis plot for the case of PG16. The sensitivity is defined as

1
𝐿0

&&&&
&&&& 𝑖𝐿
𝑖𝑌

&&&&
&&&&
2
, (2)

where 𝑌 is the threshold, and 𝐿0 is the ZPG boundary layer thickness using the 99.5% definition. Note that 𝑖𝐿/𝑖𝑌 is a
vector, with one entry at each streamwise location, and the 2-norm serves to compress this vector into a single term
representing the sensitivity of the boundary layer edge detection to the threshold. This plot presents a large number
of threshold values which are minima. We are looking for the smallest threshold in the flat region. In this case that
is a value of 0.034. This value stays consistent for all pressure gradients. This threshold depends on the Reynolds
number and, thus, a sensitivity analysis should be used to determine the threshold. Using the shear stress slope threshold
technique, we lose some generality in its definition but allow more practical application for experimental datasets.

IV. Results and discussion
Here we present the results of our experiment and provide insights and analysis into the physics of the FAPG

flowfield. The acceleration parameter 𝑂 and Clauser pressure gradient parameter 𝑆0 for these are shown in figure
3. Table 1 shows the legend for the colors in proceeding plots as well as relevant parameters for the cases discussed.
Henceforth we will refer to the various pressure gradients by the case names in the table. We use edge velocity, 𝑅𝑅, and
boundary layer thickness, 𝐿, as our scaling units. These were identified using the technique described in section III.B.

Figures 6 and 7 show the Reynolds stresses and turbulent kinetic energy at various streamwise locations for di!erent
pressure gradient strengths. The interesting thing to note before discussing trends is that the upstream stations have a
higher local pressure gradient strength but a shorter pressure gradient history or, in other words, a weaker accumulated
pressure gradient. The locations where the flow is studied in figure 7 are shown schematically as grey dashed lines in
figure 3.

A. Observations
Starting with individual pressure gradients, we first consider PG0. The mean velocity profile shown in figure 5

shows the expected collapse showing no significant change across the field of view, since this is a ZPG. Stronger PGs
show an acceleration in the mean velocity profiles, which shows a monotonic increase with the increased strength of the
PG. The Reynolds stress profiles shown in figure 6, also show some behavior consistent with a weak FPG applied to a
boundary layer, especially in the range ↓0.7 ⇑ 𝑐/𝑈 ⇑ ↓0.56. Namely, the presence and suppression of a weak second
peak in the 𝑃↑𝑃↑, overall suppression of the 𝑓

↑
𝑓
↑, and suppression of the 𝑃↑𝑓↑ in the log and wake region. This behavior

might be the result of a small step in the ceiling where the panel starts, or due to a small amount of deformation in the
panel, but the behavior past 𝑐/𝑈 ⇑ ↓0.56 is consistent with a ZPG.

Fig. 5 Mean velocity profiles arranged by pressure gradient for the FPG region of the flowfield. Color gets
lighter at downstream locations. The locations are the same ones shown in figure 7

PG8 shows a monotonic decrease in the PG strength as we move downstream, both in terms of 𝑆0 and 𝑂 , as shown
in figure 3. On the first location, 𝑐/𝑈 = ↓0.7, in the 𝑃

↑
𝑃
↑ (figure 6a), we expect to see a near-wall peak, which is not
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(a) Streamwise Reynolds stress

(b) Wall-normal Reynolds stress

(c) Reynolds shear stress

(d) Turbulent kinetic energy

Fig. 6 Reynolds stresses and turbulent kinetic energy in the FPG region of the flowfield. Color gets lighter at
downstream locations. The locations are the same ones shown in figure 7
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captured in our data, and we see a hump (a flatter region in the stress plot) in the log region. This behavior is consistent
with a boundary layer that had previously been in a ZPG condition experiencing an FPG. As the flow moves downstream
under this FPG, we see a suppression of the Reynolds stresses in the outer region. The rate of this suppression weakens
as the PG weakens. This behavior is also consistent with a canonical FPG flow [4]. For the wall-normal Reynolds
stresses (figure 6b), at 𝑐/𝑈 = ↓0.7, we see a peak closer to the wall with a quasi-linear decrease as we move away from
the wall. As we move downstream we see an overall suppression of the Reynolds stresses. In figure 6c, at 𝑐/𝑈 = ↓0.7,
𝑃
↑
𝑓
↑ has a very similar shape to that of 𝑓↑𝑓↑. As we move downstream we see a suppression in the log region with no

significant change in the wake region. This is canonical behavior for an FPG boundary layer, and thus we similarly
expect to see no change in the near-wall region. Our data do not capture this region. The turbulent kinetic energy (figure
6d) shows a near-wall peak with a monotonic decrease in TKE, showing similar behavior to the 𝑃

↑
𝑃
↑. Interestingly,

this shows no significant change in the overall TKE in the region captured, but does show a flattening of the energy
distribution.

PG21 (figure 3) shows a monotonic decrease in strength only in terms of 𝑂. |𝑆0 | shows an increase in strength
until it peaks at 𝑐/𝑈 = ↓0.63, and then decreases. Starting with the 𝑃

↑
𝑃
↑ (figure 6a), we see a very di!erent profile at

𝑐/𝑈 = ↓0.7 compared to that of PG8. We see the presence of a distinct second peak in the log region. As we move
downstream, the second peak moves closer to the wall (and may be combining with the near-wall peak). There is
no significant change in the strength of this peak. As the second peak gets closer it sees an increased 𝑃

↑
𝑃
↑ into the

freestream (the profile remains flat well beyond the boundary layer edge), leaving a valley in the log region. As we
move downstream, this freestream 𝑃

↑
𝑃
↑ value drops and the valley disappears. 𝑓↑𝑓↑ (figure 6b) is also a little di!erent

from that of PG8. We see a flat section at the peak instead of the more sharp peak in the previous case. We also see a
much stronger suppression, as we would expect. The other feature, which is also true for PG8 but more visible here
in PG21, is that the quasi-linear decrease in the log and wake regions (𝑉/𝐿 ⇓ 0.35) follows a similar slope at all the
locations, unlike the other two Reynolds stresses. Another feature to note here is the closeness of the RS profiles for the
first two locations. These locations also happen to be on either side of the |𝑆0 | peak. This closeness might suggest
the involvement of a physical mechanism shift or a delayed response to the PG change. Note that we do not have data
upstream of 𝑐/𝑈 = ↓0.7, which would help investigate this further. 𝑃↑𝑓↑ (figure 6c) starts out looking very similar to the
PG8 profiles at 𝑐/𝑈 = ↓0.7, but shows a very di!erent trend. We observe a growth in the RS peaking at 𝑉/𝐿 ↘ 0.35.
This growth is at its maximum at 𝑐/𝑈 ↘ ↓0.65, very close to the location of the |𝑆0 | peak. The 𝑃↑𝑓↑ is then suppressed
in a manner consistent with canonical FPG flows [4]. We see behavior in TKE (figure 6d) very similar to the 𝑃↑𝑃↑. We
see the formation of a second peak that moves closer to the wall, and in this case also, growing in magnitude. We see an
increase in TKE levels into the free stream as well.

Finally, let’s consider PG16. This PG (figure 3) shows a similar distribution to PG21 but less intense, where |𝑆0 |
increases peaking at 𝑐/𝑈 = ↓0.67. In this case, the increase is much weaker than PG21, with an earlier peak. 𝑃

↑
𝑃
↑

(figure 6a) shows behavior similar to PG21. We see the presence of a second peak at 𝑐/𝑈 = ↓0.7 that moves closer to
the wall. However, in this case, the peak starts out much weaker. This peak then grows while moving closer to the wall.
We note that the growth of this peak stalls out at 𝑐/𝑈 ↘ ↓0.55 and remains relatively constant from there, similar to
PG21 (suggesting a similar growth in PG21 happening further upstream). Looking at 𝑓↑𝑓↑ (figure 6b), we see similar
behavior to PG21 but in this case, we see a rapid suppression in the 𝑉/𝐿 < 0.5 region just downstream of 𝑐/𝑈 = ↓0.7
𝑃
↑
𝑓
↑ (figure 6c) also shows behavior similar to PG21. However in this case the growth happens at 𝑉/𝐿 ↘ 0.5 further

downstream, peaking at 𝑐/𝑈 = ↓0.62. This is interesting because the |𝑆0 | peak happens further upstream compared to
PG21. A lot of the unique trends observed happen further downstream in the PG16 case compared to the PG21 case.
TKE (figure 6d) shows behavior similar to 𝑃

↑
𝑃
↑ here as well.

Figure 7 provides a more e!ective way of comparing the 4 PGs to each other. Let’s start with the 𝑃↑𝑃↑ (figure 7a).
Here we see the similarity of the features between PG21 and PG16 but happening further upstream in PG21 compared to
PG16. we see a similar secondary peak form but weaker for PG16 (𝑐/𝑈 = ↓0.42) as compared to PG21 (𝑐/𝑈 = ↓0.56).
We see this peak move closer to the wall, and then the formation of the dip (PG16:𝑐/𝑈 = ↓0.28, PG21:𝑐/𝑈 = ↓0.42).
We also see that the freestream 𝑃

↑
𝑃
↑ increase that happens after the second and near-wall peak meet, is absent for the

PG16 case compared to PG21. We also notice an almost (near-wall peak may di!er) collapse for the 𝑃↑𝑃↑ for PG16 and
PG21 between ↓0.14 < 𝑐/𝑈 < 0. We see this similarity for all the Reynolds stresses and TKE as well. Moving on to
𝑓
↑
𝑓
↑ (figure 7b), we see very similar trends for both PG16 and PG21 at all locations, with the RS profiles approaching

collapse at 𝑐/𝑈 = 0. We also see a higher RS at the boundary layer for PG16 and PG21 at the first three locations. 𝑃↑𝑓↑
(figure 7c) shows the production of the log region peak at 𝑐/𝑈 = ↓0.56 for both PG16 and PG21. We also notice that
the RS profiles for PG16 and PG21 start to collapse in the wake region very early on and this region of collapse grows
closer to the wall as we move downstream.
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(a) Streamwise Reynolds stress

(b) Wall-normal Reynolds stress

(c) Reynolds shear stress

(d) Turbulent kinetic energy

Fig. 7 Reynolds stresses and turbulent kinetic energy in the FPG region of the flowfield. Legend in table 1
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In summary, we observe some unique statistics in the upstream region of PG16 and PG21, both of which also have a
di!erent 𝑆0 behavior in that region. We observe these two cases starting to saturate in terms of Reynolds stresses and
TKE. PG8 on the other hand shows behavior consistent with both canonical FPG flows [4] and also bump type flows
[19]. Based on these observations, we have developed a couple of hypotheses which we investigate and discuss in the
upcoming subsections.

B. Relaminarization
The observations in the previous section, namely, the apparent collapse of PG16 and PG21 in figure 7a, suggest

a saturation in the suppression by the two PGs, meaning that the boundary layer is not experiencing a significant
reduction in turbulence production in PG21 compared to PG16. This points us to the possibility that the flow might be
experiencing the onset of relaminarization, and thus, there is no significant di!erence in turbulence production between
the two as seen in the TKE and RS profiles. This hypothesis is further supported by the fact that the acceleration
parameter, 𝑂 , for both of these cases, is higher than 3.7→ 10↓6, which according to Kline et al. [28] is the point at which
they observe relaminarization. This is not a definitive criterion for verifying relaminarization but served as a preliminary
check for our hypothesis. Note that from prior work in our research group in the APG region just downstream of this
FPG region [22], we see evidence that the relaminarization process is not completed at 𝑐/𝑈 = 0 for any of the cases.

In terms of criteria, most criteria use inner-scaled parameters [7, 8, 12, 29] in order to determine this onset, which is
not feasible due to lack of near-wall data. We can use estimations for near-wall quantities assuming ZPG quantities
like the ones used by Narasimha and Sreenivasan [12], but these have been shown to be inaccurate [7]. It has been
observed that the onset of relaminarization is coupled with a slight dip followed by a sharp increase in the shape factor,
𝑊 [13, 30], which we can calculate using our data. This is also coupled with a drop in the displacement thickness, 𝐿↔,
which can be used as a secondary verification criterion.

Fig. 8 Shape factor and displacement thickness in the FPG region of the flowfield. Legend in table 1

Figure 8 shows both 𝑊 and 𝐿
↔ for all four cases. Note that the missing data at 𝑐/𝑈 ↘ ↓0.33 is a gap in the two

camera’s field of view, where we do not have data. We do see a dip in the shape factor plot for both PG16 and PG21
at 𝑐/𝑈 ↘ ↓0.38 and 𝑐/𝑈 ↘ ↓0.45, respectively. However, we never see the sharp increase expected for the onset of
relaminarization, indicating that we do not have relaminarization. Looking at the PG distributions, PG16 dips below the
𝑂 = 3.7 → 10↓6 mark at 𝑐/𝑈 ↘ ↓0.64 and PG21 at 𝑐/𝑈 ↘ ↓0.49. So while the peak PG strength was strong enough to
initiate relaminarization, it was not applied long enough to start the process. This explains why we start seeing the
indication of possible relaminarization in the RS profiles and a dip in 𝑊, but we do not see relaminarization start. The
𝐿
↔ plot supports this and does not show the drop expected for relaminarization.
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C. Internal layer detection
Based on the observations of unusual behavior seen in section IV.A, as well as prior work with this flowfield

by Parthasarathy and Saxton-Fox [22] showing the presence of internal layers in the APG region of this flowfield,
we hypothesized the presence of internal layers within the FPG region as well. Following similar methodology to
Parthasarathy and Saxton-Fox [22], we plot the mean velocity profiles against the root of 𝑉/𝐿, i.e.,

√
𝑉/𝐿 vs. 𝑅/𝑅𝑅. This

is shown in figure 9. A distinct kink in this plot characterizes an internal layer, but a close inspection of this plot shows
no obvious kinks that might indicate an internal layer.

Fig. 9 velocity profile against the square root of 𝑉/𝐿. Suitable for locating internal layers. Legend in table 1

Note that bump flow literature has shown the presence of an internal layer starting at the beginning of the FPG
region and another starting at the peak of the bump [19]. We expect this flowfield to show these same internal layers. As
previously stated, the latter of the two has already been confirmed by Parthasarathy and Saxton-Fox [22]. As for the
former, the unique behavior in the 𝑃↑𝑃↑ (figure 6a) showing a secondary peak (also called a knee point in literature) in
the RS is consistent with the presence of an internal layer. However, that is not supported by figure 9. This may in fact
be an internal layer, or something di!erent. The secondary peak shows quick growth, which then remains relatively
constant in strength and moves closer to the wall. The movement can be attributed to the FPG, but the growth rate for
this peak is unexpectedly quick for an internal layer, especially considering the FPG, further weakening the argument for
this being an internal layer.

While we see some phenomena in the Reynolds stresses which can be explained by internal layers, they show
unusual behavior even for an internal layer. We also fail to detect a distinct internal layer boundary, which leads us to
rule out an internal layer preliminarily.

V. Summary and Future Work
We performed an experimental study of the flow under a favorable-adverse pressure gradient sequence, which is

a spatially varying pressure gradient imposing a favorable pressure gradient, starting at its strongest and gradually
weakening, followed by an adverse pressure gradient starting at zero strength and increasing as the flow moves
downstream. We tested this flowfield under 6 di!erent pressure gradient strengths and at 6 di!erent Reynolds numbers,
of which 4 PGs are presented at 𝑀𝑁𝐿 = 953 in this work. We also present a new definition for a boundary layer edge
which is based on the slope of the 𝑃↑𝑓↑ Renolds stress which goes to zero at the edge of the boundary layer. We found
this definition to be more robust against experimental noise.

We observed the canonical FPG behavior for PG8, which involves a suppression of the Reynolds stresses and turbulent
kinetic energy, a thinning of the boundary layer, as well as acceleration in the mean velocity profiles. The downstream
portion of PG16 and PG21 (𝑐/𝑈 ⇓ ↓0.14 and 𝑐/𝑈 ⇓ ↓0.28, respectively) also showed behavior consistent with an FPG
TBL. PG0 presented with some behavior consistent with a weak FPG in the upstream region (↓0.7 ⇑ 𝑐/𝑈 ⇑ ↓0.56),
with the remaining consistent with a ZPG.

We also observed some unique behavior in the upstream parts of the stronger pressure gradients (PG16, PG21),
which involved the growth of an outer peak (knee point) in the 𝑃↑𝑃↑ that stops growing at 𝑐/𝑈 ↘ ↓0.55 and 𝑐/𝑈 ⇑ ↓0.7,
respectively. This peak moves closer to the wall as the flow moves downstream, maintaining its strength after growth has
concluded until it merges with the near-wall peak. These two pressure gradients show an increasing 𝑆0 with increasing
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𝑐 for the first third of the FPG region, which may be related to the qualitative di!erence in Reynolds stresses that we
observe. We note that the 𝑐 location at which the 𝑆0 peaks does not correlate well with the 𝑐 location at which the 𝑃↑𝑃↑
knee point / outer peak is at its strongest amplitude. After the outer peak merges with the near-wall peak, there is a
dip (both PG16 and PG21) in the outer region along with an increase in the freestream 𝑃

↑
𝑃
↑ for only the PG21 case.

This 𝑃↑𝑃↑ behavior is mirrored by the TKE as well. We also see a rapid growth followed by immediate suppression in
𝑃
↑
𝑓
↑ in the outer region. This growth occurs at 𝑉/𝐿 ↘ 0.5 and 𝑉/𝐿 ↘ 0.35 for PG16 and PG21, respectively, peaking at

𝑐/𝑈 = ↓0.62 and 𝑐/𝑈 = ↓0.65, respectively.
This unique behavior in Reynolds stresses was hypothesized to be caused by the presence of an internal layer, but the

rapid growth in 𝑃
↑
𝑃
↑ outer peak, combined with the lack of a distinct kink in the

√
𝑉/𝐿 vs. 𝑅/𝑅𝑅 profile, argues against

this hypotheses. Future work will continue to investigate the source of the Reynolds stress behavior at the strongest
pressure gradient strengths, including through the use of time-resolved data that we have acquired for the same field of
view. The flow structures in the region showing unique behavior will be investigated.

Secondly, we observe a convergence in Reynolds stresses between PG16 and PG21, which could suggest the onset
of relaminarization in either one or both of the strongest PG cases. This hypothesis was not supported by the shape
factor, 𝑊, and displacement thickness, 𝐿↔, with the former not showing the expected rapid rise and the latter not showing
the expected dip. Based on this, we conclude that even for the strongest PG case we do not see relaminarization.
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