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ABSTRACT

Adverse pressure gradient turbulent boundary layer ve-
locity spectra at high Reynolds number (71:00Re; < 8600)
are compared to a zero pressure gradient case from Zimmer-
man (2019); Zimmermaet al. (2019) at matching Reynolds
number. Wall-distance scaling observed in the zero pressur
gradient spectra is also observed in the adverse pressawe gr
dient spectra. Effects of varyirige; on the velocity variances
and Reynolds shear stress are studied by comparing thenprese
data with the data of Montgt al. (2011) at lowelRe; (= 1900)
and varying Clauser pressure gradient param@te€ases at
similar 8 and Reynolds number, but with varying flow history
are also studied. Increases are observed in the outer peak of
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u? ,v2', and—uv'. Under a scaling that uses a hybrid veloc-
ity Upyp there is similarity between the outer region profiles of
spectrally-decomposed variances and Reynolds sheas.stres

INTRODUCTION

The behavior of the streamwise varian€e wall-normal
variancev2, and Reynolds shear stressv as well as their
premultiplied (co)spectriE are analyzed to see how the en-
ergy distributions are affected by an increasing presstaei-g
ent. Hereky = 2mf /U is the streamwise wavenumber, where
f is the frequency andl is the mean streamwise velocity at
a particular wall-normal locatioy. E is the spectral den-
sity of the velocity fluctuations. The integration Bf at a
wall-normal location across all wave numbers results in the
(co)variance at that wall-location. To study the relattdps
between the premultiplied (co)spectra, wavelength, ant wa
distance, in the present study the premultiplied (co)speuie
plotted as contour-maps that are a function of wavelength an
wall-distance.

In the present study two velocity scales are studied: the
friction velocity scaleu; and a velocity scaléty, introduced
in Romeroet al. (20223). This velocity scaleuﬁfb =W +3 a®
(with p the fluid density) exhibited reasonable success in scal-
ing the Reynolds stress over a rang@aind Reynolds number
relative to they-independent velocity scales studied. A degree
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of the success of this velocity scale is in some sense guaran-
teed by its construction, which is based on the dominantgerm
in the mean stress balance most responsible for balanaing th
turbulent momentum flux.

The premultiplied (co)spectra normalized by viscous
scales lu; °E) are compared to the premultiplied (co)spectra
normalized by Uny, (i.e., kxugy%E). The premultiplied
(co)spectra are presented in terms of streamwise wavélengt
Ax normalized by viscous scales/u; (to obtain A") and
outer scale® (to obtainAx/d), wherev is the kinematic vis-
cosity and the boundary layer thicknessdis The effects of
ur normalization andiy, normalization on the magnitude of
the premultiplied streamwise, wall-normal, and (co)sgzeof
an adverse pressure gradient turbulent boundary layer (APG
TBL) are compared to a zero pressure gradient (ZPG) case
from Zimmerman (2019); Zimmermaat al. (2019) at match-
ing Re; = dur/v. The spectra are not shown in Zimmerman
et al. (2019), but the dataset is qualified and described.

The two-dimensionalk-momentum Reynolds-averaged
Navier-Stokes (RANS) equation for a statistically stasign
APG TBL is
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This is also called the mean momentum equation. Here a su-
perscript plus denotes normalization byandu;. Note that
d(—uvt)/dy", also known as the turbulent inertia (TI) term
in the RANS equation in (1), is related to the differentiated
cospectra of-uv as follows:

“;y”i") = /Om (df;v) dky. @

The differentiated cospectra are also analyzed in thismpape
as this facilitates consideration of the length scalescatsa
with net momentum increase (sources) versus loss (sinkis) an
their variations with distance from the wall. Furthermdteg
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zero-crossing of the Tl term corresponds to the peak logatio
of the Reynolds shear stress. This location is of partidofar
portance since the zero-crossing of the Tl term marks themea
transition from momentum source to momentum sink for the
flow as a whole.

In the present study we will also show the effects of
Ur normalization andupy, normalization on the spectrally
decomposed streamwise variance, wall-normal varianag, an
Reynolds shear stress profiles of an APG TBL as compared to
a ZPG case. The behavior o is also compared using cases
from Monty et al. (2011). From observing the viscous-scaled
mean statistics, it has been previously noted by Badikal.
(2017) and Sanmiguel Vilat al. (2017) that flows with in-
creasingB exhibit behavior of an upstream small@r while
flows with decreasing3 exhibit behaviors of an upstream
larger 3. To further analyze this behavior, cases at simlar
and Reynolds numbers, but with varying flow history are also
compared.

EXPERIMENTS
Facility and ramp

—— RampStucture
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Figure 1. Currentflow geometry and measurement locations.
Area shaded in green is along APG ramp. Arrow points in flow
direction. Measurement locations given in table 1.

The present measurements were collected in the Flow
Physics Facility (FPF) at the University of New Hampshire.
The FPF test section features a 2.8&n6m inlet cross-section
and a downstream development fetch of 72m. Streamwise
pressure gradients for the present measurements were gener
ated via ceiling panels installee31m downstream of the wind
tunnel inlet, cf. figure 1. Thisz15m long ceiling insert con-
sisted of an initial 3.1m favorable pressure gradient (FRG)
gion, followed by a 7.0m ZPG region (where the flow relaxes
back to a nearly canonical state), and finally a 5.3m APG re-
gion. The flow was then allowed to develop downstream under
ZPG conditions for the remaining 20m of tunnel fetch. Pres-
sure distribution measurements support that the ZPG ramp is
sufficiently long since the streamwise pressure gradiBritix
versusx equilibrates along the ZPG section. The relatively
long ZPG ramp ensures approximately ZPG flow (or at worst
a very mild FPG) before the APG ramp. Measurements along
the APG ramp wherg8 is increasing are compared to mea-
surements taken downstream of the ramp insert wBesale-
creasing. The data in the present paper is a subset of a larger
data set. Part of this data set has been previously published
Romeroet al. (2021, 202B). The present data locations are
given in figure 1.

Measurement Probe and Parameters
Hot-wire measurements were obtained along the APG
section and downstream of the ramp insert using a three-wire
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Table 1. Summary of present experiments. The distance
[m] is the distance downstream from the start of the APG ramp
section. The APG ramp ends st5.3m. Arrows indicate
whetherf3 is increasing or decreasing with distance Z19
refers to Zimmerman (2019) and M11 to Morglyal. (2011).

Source  x[m] B U [M/s]  ug [m/s]  d[m] Re; At
0.80 0.9t 7.91 0.26 0.42 7100 0.30
present 513 1.8 7.11 0.22 0.57 7770 0.20
6.86 0.8, 7.05 0.23 0.59 8600 0.22
Z19 - 0 6.47 0.23 0.50 7880 0.24
0 - - 1820 -
M11 - 0.87 1860
1.81 1940

hot-wire probe based on the design of Kawaillal. (1983).
This probe consists of a single wire orthogonal to the mean
flow direction and two wires arranged as anarray, with

the single wire located between twoarray wires. The non-
dimensional wire length of the single wire li§ = lu; /v =
17.6, while the length of the<-array wires projected onto the
y—zplane isl ™ /v/2.

The effects of pressure gradients on TBLs are often pa-
rameterized in terms of the Clauser pressure-gradientrgara
ter B = (0" /1w)(dP/dx), whered* is the displacement thick-
ness andy is the wall shear stress. Positive and negative val-
ues of 3 respectively reflect APG and FPG conditions, while
B = 0 reflects ZPG conditions. Self-preserving APG TBLs
are characterized by nominally constgBtand Rer, (e.g.,
Townsend, 1956; Tennekes & Lumley, 1972). In the present
study increases mildly to about 2 whikke; grows slowly. A
summary of the experiments is given in tableUl, = U (y =
5)/0.99 is the freestream velocity, afdy = (1/fs)u2/v is
the non-dimensionalised sample interval, wheyes the sam-
pling frequency.

SPECTRA AND SCALE DECOMPOSITION
Constant Re;

The ZPG TBL and APG TBLke; 2E and k. 2E are
compared in figures 2 and 3, respectively. The ZPG cases are
plotted in figures 2(a-d) and 3(a-c). The APG TBL plots under
ur scaling are presented in figure 2(e-p), while the plots under
Unyb Scaling are shown in figure 3(d-1).

Spectra under u; scaling:  In comparison to the
ZPG case the outer region of the APG case gets energized rel-
ative to the inner region when normalized tyy. This behav-
ior is observed in the viscous-scaled premultiplied strea®
spectra i} E;f,), wall-normal spectrak(f E}},), and cospectra

(k{Egy). Similar behavior are reflected in thé ", V2", and
—v' profiles, plotted in solid green lines, in figure 4(b), figure
5(a), and figure 5(c), respectively, where a distinct outzip
forms with increasing3. This reflects the decoupling of the
rate of momentum flux from the wall shear stress (that other-
wise characterizes ZPG BLs) with the addition of the norezer
pressure gradient term.

For the ZPG TBLk{ E[f, the inner peak is fixed in viscous
units aty™ ~ 15 andA," ~ 1000, (e.g., Hutchins & Marusic,
2007; Harun, 2012). Although the inner peak is not compjetel
captured in the APG TBK} E},, it appears that the inner peak
remains af\,~ ~ 1000; see figures 2(g, i, m). For the ZPG TBL
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Figure 2. Premultiplied energy spectra normalizedupy Starting from left, first column: streamwise spectra, secoolumn:

wall-normal spectra, third column: cospectra-afiv, and fourth column: derivative of cospectra. (agl}= 0 atRe; = 7880 from
Zimmerman (2019), (e-h3 = 0.9 atRe; = 7100, (i-1) 8 = 1.8 atRe; = 7800, and (m-ppB = 0.8 atRe; = 8600. Thick black dashed
line atAx/d = 1. Grey solid lines al,” = 1000 and\y/d = 3. Blue solid line at\x = 2y. Blue dashed line atx = 20y. The circles

denote 2/ (y™). Cases given in table 1.

the inner peak ok E, also appears neadg ~ 1000. This
trend continues in the APG TBk; E}, in figures 2(g, k, 0).

In the outer region th&! E, for both the ZPG and APG
cases, the most energetic motions occur igad ~ 3, as seen
in figures 2(a, e, i, m). For the ZPG case, the outer peak of
ki E;, also seems to appear nel/d ~ 3, but perhaps at a
slightly smallerAy/d, as seen in figure 2(c). This behavior is
also seen in the APG TBL; see figures 2(g, k, 0).

The most energetic motions reflected in the wall-normal
spectrak; E, follow the Ax = 2y trend line for both the ZPG
and APG cases. This wall-distance scaling is also exhilited
the cospectra foy/d  0.15, where the areas of high magni-
tude follow theAx = 20y trend line. Despite the differences in
energy density relative to the local wall-shear-strestestiae
presence of the pressure gradient has evidently littleedfe
the relative scales of modes that are set by wall-distantteeor
boundary layer thickness.

The derivative of the cospectra are plotted in figures 2(d,
h, I, p). The local peak ik Ej}, corresponds to the zero-
crossing ofd(kf Ej,)/dy*t, which also roughly follows the
Ax = 20y trend line. This emphasizes the robustness of wall-
distance scaling in the transition from momentum source to
momentum sink like motions as the wavelength changes. It ap-
pears that eddy structures that are approximately sméaber t
Ax = 20y contribute to a negative momentum flux (or sinks)
whereas largeky leads to a momentum source. Here the anal-
ogy with viscous stress gradient, which is always a sinkars p
ticularly useful. At smaller scales turbulence could belassd
to behave in an almost random manner, which is analogous to
the random molecular motion (leading to viscosity), réaglt
in a sink of momentum. On the hand, larger scales are only ca-
pable of bringing momentum to the wall (likely from the outer
region) rather than taking momentum away from the wall (be-
cause the wall will restrict the existence of large struesithat
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can carry momentum away from the wall) making them an
overall momentum source.

For the ZPG TBL, a length scale distributiod™ that
allows the mean momentum equation to be written in a self-
similar form is defined (e.g., in Morrill-Winteet al., 2017)
as:
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The distribution of 20 (y") markers are plotted in figures
2(d, h, I, p) as circles. Due to the difficulty of taking the
second derivative of the experimental mean velocity prefile
these profiles are not definitive, but do appear to exhibit-wal
distance scaling. In Morrill-Winteet al. (2017) it is noted
for a ZPG TBL that the distribution of 28" (y*) roughly co-
incides with the zero-crossing of the differentiated casee
This is also observed in the present APG TBL plots.

Spectra under upy, scaling:  Figure 3 shows
spectra inupy, scaling, where we observe that fipfd 2 0.1
the kxugy%Euu, kxugy%EW, andkxugy%Eu\, magnitudes decrease
relative to the ZPG case. Similarity is evidenced between th
APG cases in this region. This is also observed forshein
figure 4(d),v2* in figure 5(b), and-uv* for figure 5(d). The
profiles of the APG cases fall below the ZPG case in the outer
region. Here superscriptrepresentsiy, scaling.

Strongerf trends are observed fgr/d < 0.1. In this
region kxugy%Euu, kxugy%EW, and kxugy%Eu\, increase with in-
creasingB. Like the k}E,, the energetic outer region of
kxugy%Euu occurs in the vicinity of\y/d ~ 3, but has moved
inwards towards the wall. Near the wail/¢ < 1072), the
spectra undeuny, scaling behave similar to the spectra under
Ur scaling sinceln,, approaches; at the wall by construction.

Fory/d > 102 the areas of high magnitude Imuﬁy%EW
exhibit wall-scaling near th&, = 2y line; see figures 3(e, h, k).
Again, wall-distance scaling is also observed in the caspec
but alongAy = 20y; see figures 3(f, i, I).

Changes with flow history: The effectiveness of
Unyo for APG cases at similgB and Reynolds number, but
with varying flow history, are now compared. In this section a
case wherg is just increasing from O (thB = 0.9 1 case), is
compared to a case wheBds decreasing and the flow has had
longer time to develop (thg = 0.8 | case).

Now looking amxuﬁy%Euu, in figure 3(d)B is just increas-
ing from O, while in figure 3(j)3 is decreasing and the flow has
had longer time to develop. The APG case in figure 3(j) where
B is decreasing has a slightly higher outer region than the cas
wheref is increasing in figure 3(d). This is similarly observed
in the outer region of the2” profiles in figure 4(d). In the inner
region §//6 < 1072) of thew?” profile the decreasing profile
shows stronger similarity to the ZPG case than the incrgasin
B profile, see figure 4(d). This suggests that agreement be-
tween ZPG profiles and APG profiles subjecteddg scaling
may improve as the development length/time of the APG case
increases.

To quantify the contribution of the small-scale and large-
scale motions, the streamwise variance is decomposed into
small-scale and large-scale components by using a shazp spe
tral cut-off. The choice of the appropriate cut-off wavedéh
Ax—cut IN the present analysis follows the work of Matktsal.

(2009), whereAy_ct = 0 is used since it appears to separate
the large and small-scale velocity componentsE |, of a
ZPG TBL atRe; = 7300. This also seems to be an appropriate
cut-off wave-length of the present data, where a thick dashe
line plotted atAy/d = 1 separates the inner and outer energy
peaks, as seen in figures 2(a, e, i, m). For completeness, the
wall-normal variance and Reynolds shear stress are also de-
composed using the same cut-off wave-lengithes = 9 to
see where attributes of the streamwise measurements appear
in the wall-normal variance and Reynolds shear stress psofil
The behavior of the decomposed streamwise variance

L —+ —5* o
profilesu?  versusu? are compared in figure 4. The decom-

posed wall-normal variance proﬁleyg+ versusv2 and de-
composed Reynolds shear stress/t versus—v* are com-
pared in figure 5. The original APG TBL profiles are plotted in
solid green lines, while the small-scale components arttgulo
as blue dashed-dot lines and the large-scale components are
plotted as orange dashed lines. The respective ZPG profiles
are plotted in black.

In the outer region of the large-scale componentazéf
VZ*, and —v* there is stronger similarity between the APG
cases wherg is increasing 8 = 0.9 and 1.8) than to the case
wheref3 is decreasing§ = 0.8), see figure 4(d), figure 5(b),
and figure 5(d), respectively. Whether scaledupyor Unyp,
in the inner region of the large-scale components, the cises
similar (= 0.8 and 0.9) behave more like one another than the
B =18 case.

Now looking at the small-scale components, there is very
strong similarity between the two increasifgases 8 = 0.9
and 1.8) throughout the?” profile and in the-uv* profile for
y/& Z 1072, There is slightly more scatter in the’ profiles.

Overall underupy, scaling, the decreasing measure-
ments have a slight increase towards the ZPG case in the outer
region of the profiles, but still behave similarly to the ramp
measurements.

Changes with Re;

The present measurements at 7¥0Be; < 8600 (in fig-
ures 4(b, d)) are compared to profiles at matchthdrom
Monty et al. (2011) atRe; ~ 1900 (in figures 4(a, c)).

The results of figures 4(a, c) indicate that at low Reynolds
number there is relatively little change wifhin the small-
scale components near the inner peak for btanduy;, scal-
ing. While the inner peak is not completely captured in figure
4(b, d), there is a larger increase in the small-scale coemisn
in the near-wall region from the ZPG to the APG cases. The
outer flow appears to have a stronger influence on the inner
flow at these large Reynolds numbers.

Both the small-scale and large-scale components under
u; scaling have increased from the ZPG case to APG case
but, larger increases are seen in the large-scale component
in the outer region. In the ZPG case, the large-scale compo-
nents exhibit an outer peak that is denoted by a verticaldine
y/d ~ 0.1 in figures 4(a-d). Undeu; scaling the outer region
increases with increasing (see figures 4(a-b)), while under
Unyb Scaling there is strong similarity between the APG cases
in the outer region (see figures 4(c-d)).

CONCLUSIONS

Increases are seen in the magnitudekpE,, kI Ey,
ki EJ, and in the outer peak (1?+, W+, and —uv' asp
increases. Undeupy, scaling, the APG TBL premultiplied
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Figure 3. Premultiplied energy spectra normalizediigy. Starting from left, first column: streamwise spectra, selacolumn: wall-
normal spectra, and third column: cospectra-afi. (a-c)3 = 0 atRe; = 7880 from Zimmerman (2019), (d-8 = 0.9 atRe; = 7100,
(g-i) B = 1.8 atRe; = 7800, and (j-)3 = 0.8 atRe; = 8600. Thick black dashed line &/5 = 1. Grey solid lines ad,; = 1000 and
Ax/0 = 3. Blue solid line atAx = 2y. Blue dashed line aty = 20y. Cases given in table 1.

(co)spectra and (co)variances behave similarly to onenanot

but decrease relative to the ZPG case in the outer region. The
small-scale and large-scale components of the decomposed
w2, V2", and —uv* APG profiles also exhibit similarity in

the outer region over a range BE;. Based on the similar-

ity between APG cases, these findings indicate thatcaling
performs well in the inner region, whilg., scaling is more
appropriate in the outer region regardless of scale.

Wall-distance scaling observed in the wall-normal spectra
appears to contribute to the wall-distance scaling seehdn t
cospectra. Observations of the differentiated cospedatyla h
light that the transition from momentum source to sink szale
with wall-distance for both increasing and decreagintases.
The robustness of wall-distance scaling is further empiedsi
by the behavior oW profiles for the APG cases studied.
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