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Investigation of Turbulent Structure Modification by
Momentum Injection Into Turbulent Flow Over a
Rough Surface

Mark A. Miller,* ITuai-Bao Zhang,*

Alexandre Martin™ and Sean C. C. Bailey”

Department of Mechanical Engineering, University of Kentucky, Lexington, KY, 40506, (/54

Utilizing a turbulent channel How facility, experiments were performed to determine the
modifications made to the temporal and spatial structure of turbulence over a sinusoidally
rough surface due to momentum injection through the surface. As expected, when com-
parcd to the smooth-walled conditions, it was found that the surface roughness increascd
wall shear stress, decreased the turbulence cnergy content near the wall, and shiftcd that
energy content to wavelengths on the order of the roughness elements. The addition of
momentum injection was found to produce further modifications analogous to increasing
the roughness height by increasing the wall shear stress and further reducing the energy
content of the near-wall turbulence while simultancously shifting it to longer wavelengths.
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Nomenclature

Symbols
P Density, kg/m?® d Zero plane displacement, m
h Channel half height, m ks Fquivalent sand grain roughness, m
I Kinemalic viscosily m?/s AUT  Roughness [unclion
x Streamwise direction b Frequency, He.
o Wall normal direction A Wavelengih, m
n Pipe diameter, m ki Wavenumber, 1/m
p Pressure, Pa Brin Streamwise powoer spectral density
{ar Area averaged velocily, m/s
w2 Turbulence intensity, m/s Subscripts
e, Reynolds number based on hall height
R.. Reynolds nmumber based on friction velocity Channel centerline
k. Roughness Reynolds number mj Injected flow characteristic
ey Coefficient of friction xr Properuy of sireanwise direclion
K Prossure loss cocfficient | Scaling with friction velocity

Overbar indicates time averago

I. TIntroduction

Ablaiive malerials [or use in Lhermal procteclion systems (TPS) have a very successful track record ag an
effective heat shield material when the most demanding re-entry conditions are encountered. Ablative TS
systems can he divided into two types: charring (or pyrolizing) and non-charring. The principle hehind the
usge of charring ablators is simple: energy absorbed through removal of macerial [rom che surface is not used
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to heat the TDS, therby keeping it at a lower temperature. In the cage of charring ablators, the ablative
material is a resin Lhal flls the pores of & carbon matrix. Alchough the malrix mightl ablale, it usually does
not, thus producing an aerodynamic surface consisting of a sparse, porous geometry during re-entry,

Many physical phenomena ocenr during ablation of a T'PS which must be madeled correctly when design-
ing re-enlry systerns. For example, pyrolysis chemisiry within the TPS and the (ow of pyrolysis gas through
the porous surface. The near-wall flow field is affected by the chemical species emitted from the ablating
surface and injeclted nlo Lhe near-wall low. The presence of thig ablalion gas greally reduces the heat ux
on the wvehicle by: (1) thickening the thermal boundary layer and reducing the temperature gradient near
the wall; (2) changing the gas composition near the wall which triggers chemical reactions; and (3) injection
a relalively cooler gas inwo the (ow field. The complexity ol Lhe processes which must be modeled leads Lo
uncertainty when designing a TI’S and requires generous marging of safety. Furthering our understanding
ol pyrolizing ablalor physices has the polential wo lead wo inprove vhe salewy of TPS designs while reducing
launch costs through weight reduction.

The key element in a properly functioning charring ablator is the flow of pyrolysis gases from the surface
inlo the boundary layer. Any modeling ellort concerning Lthe design ol ablative material TPS must cherelore
take into account How injection and its effect on the heat flux to the vehicle. Additionally. the TS surface
geometry must be acenrately modeled, which is complicated by roughening of the char surface and possible
material removal by thermomechanical erosion.” This roughness also introduces disturbances in the flow
ficld which can lead to transition fto turbnlence, partienlarly for larger TPS surfaces. Turbulent flow aver a
TPS surlace will drastically increase the (ransporl ol mass, momentum and energy between Lhe surface and
the flow field and therefore improving our ability to model the turbulent physics of the near-wall flow during
charring ablation is crueial to inderstanding these transport processges.

Extensive work has been completed on roughness induced turbulence,
still no methadology for predicting turbulent flow hehavior over an arbitrary surface roughness topolog
There has also been extensive work performed on turbulenl lransilion where low injection is present, #
Surprisingly, however, there have heen very few stuclies comhbining both the effects of blowing and of roughness
on turhulent houndary layers.®® The current set of experiments aim to improve our understanding of how
these two parameters modify the structure of turbulent flow forming over the surface.

Here we present results from an experiment, conducted in a turbulent channel flow wind tunnel to investi-
gale e near-wall curbulence over a sinusoidally rough, micro-perlorated surlace, bolh with and without Qow
injection through the surtace. These measurements are believed to be the first quantification of turbulence
statistics for flows combining the offects of both roughness and hlowing.

S5 15,2
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Experiment Description

The experiments were performed in the Turbulent Channel Flow Facility (TCFF) at the University of
Kentueky’s Fxperimental Fluid Dynamics Laboratory (EFDL). The TCFE has been carefully designed to
produce [ully developed curbulent, plane Poiseuille Now st cenlerline Jow velocides of up o Uy — 45m /s
corresponding to a maximum Reynolds number based on half height of R., = hll./r = 150,000, where v
is the kinematic viscosity and & ig the channel half-height of A = 0.0508m. The channel has an aspeet ratio
of 9:1 to ensure quasi-2D flow at the centerline ™, The distance from the channel inlet to the test section is
280k, allowing the tfurhulence to reach a fully-developed state naturally 7 hefore entering the channel test
seclion, 2467 downstrean of the inlel,

For this set of experiments, a 21A long section of the smooth-walled test section roof was replaced by a
nominally two-dimensional, sinusoidally varying rough surface with a streamwise wavelength of A = 7 mm
and an amplitude of 0.4 mm pictured in Fig. 1. This surface is micro-perforated to allow for additional
injection of gases into the test section. Flow is driven through the surface by ten 14 W Sofaseo SF12038 high-
[low [ans which pressurize the upper plenum of che blowing apparalus (Fig. 2). The blowing apparalus is
turther equipped with two lower sections, separated by screens and flow straightening honeycombs, designed
to break down largescale disturbances introduced by the fans. This ensures an even, laminar injection of
air across Lhe rough surface. The [irst screen 18 composed of a 3 mn square mesh and the low is allowed
to decay 203 mm before reaching the flow straightener. The straightener is formed of thin aluminum strips
bonded in a honeycomb matrix, The (ow Lravels 50 1 Lhrough the straighlener and past the second screen
of square mesh size 1.3 mm. Finally, the flow decays an additional 100 mm before reaching the rough surface.

In order to characterize the injection rate into the test section from the blowing apparatnus, the blowing
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Figure 1. Sinusoidal surface roughness with micro-cracked Figure 2. HBlowing apparatus mounted above test section of
pores visible TORF

raltio B was delined as

(.p['r)inj (l)
(Pl )t

where Uy, ; indicates the average veloeity of the flow injeeted throngh the surface and Uy the mean ecenterline
velocity, To determnine BR, the blowing rig was designed with eight pressure taps located circuimnlferentially
around the blowing apparatnus in sets of four. One set I8 located midway between the flow conditioning
sereens and the second sel 1s located belween the bottom sereen and the rough surluce. The boliom sel of
taps, together with a4 measurement of the static pressure in the channel test gection are used to determine
the mean injected flow velocity nsing the loss coefficient

Ap
1/ 2pU 57

BR=

K (2)

where Ap the measured pressure drop acrass the sercen.™ The value of K for the test surface provided a
novel way ol delermining the very low [ow raves experienced through the rough surlace and was delermined
through a separate set of experiments conducted in a pipe flow facility constructed specifically to determine
K. The pipe wasg constructed of simoolh PVC, with & diameler, D7 — 50.8 mun., The pipe was pressurized
at one end and the flow rate regulated via a ball valve. The flow entered the pipe and was allowed to
develop along a length of 2030 hefore entering the test seetion. The insertion of a porous test specimen was
performed with specially designed plugs which positioned the test specimen in the pipe but did not allow
for pressurized air to escape the pipe. This test section was followed by a further 1000 of pipe to allow for
prossure measuremoents aftor the tost article. The pipe was fitted with prossure taps " which allowed for
determination of the pressure drop across the test article and along the pipe section. The velocity profile at
the pipe outlet was also measured using a Pitot-static tube mounted on a traverse. o characterize K, the
inlel pressure was varied and the the pressure drop across the ssnple and mean exit velocity were recorded.

Turbulence measurements were conducted in the TCFF at 40 wall-normal positions ingide the channel
using a single-component, hot-wire anemometer (HWA) due to its ability to temporally resolve the streamwise
turbulent fluctuations. The HWA probes were operated at an overheat ratio of 1.6, resulting in a4 measured
square-wave response above 70 kHz. The anemometer output was then analog filrered at 30 kHz and digitized
al a rate of 60 kITs for 120 ¢ long samples using a 16-bit data acquisilion syslem (Nailonal Instruments PCI-
6123). Probe calibrations were performed in-situ directly prior to measurement runs in the chammel itself using
a Pitot probe loeated at the channel centerline connected to a NIS'T ealibrated pressure fransdueer (Omega
PX-653). Measured bridge voltages were then corrected for any temperature fluctuations*” as measured by
a thermistor probe located in the tinnel (Omega THX-400) and a fourth order polynomial used to fic the
calibration curves, This process leads 1o an estimaled uncertainly of 2.2% in the mean velocity and 3.0%
in the streamwise Reynolds stress. To capture the wall-normal streamwise velocity profile, the probes were
mounted on a microstepping traverse. For the rough walled cases, the probes were traversed into the wall
and destroyed Lo eusure accurate caplure ol the wall posidion and Lo provide measurements [rom wilthin the
ronghness layer.

Measurernents have beeu conducled al a single Reynolds number of 7., — 33,000 al [our values of BR
corresponding to 0%, 0.16%, 0.25%, and 0.37%. These results were compared to two sets of data from
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the same facility with the smooth-walled surface in place. Smooth data set “A” matches the free-stream
velocity of the Lesi cases, Iy — 10.5m /s, and smooth dala sel “B* matches the [riction Reynolds munber,
R, = hu. /v, where v, = (/7,07 I8 the friction velocity . For the smooth wall data sets, the friction
velocity was determined by performing a simple momentum balance=" in the channel wherehy

o hdp]'?
Ui [(1"//))“5?‘;] . (3)

Here ey i3 a three-dimensionality factor equal to unity for flow in channels with sufficiently high aspect
ratios’” and dp/dr is the measured pressure gradient. Due to lack of a suitable alternative, the Clanser
chart method was used to find the friction velocities of the rough walled cases.”

II. Recesults

g s
' However the specific influence of

A rongh surface geomoetry can be characterized in numoerous ways.
each geowelrical surface element on Lhe mean low quanlities is dilficull Lo determine. Preseul in table 1 are
2 few of the defining attributes which have been found for this set of experiments. As indicated by the values
in table 1, the skin [iclion coellicienl, ¢ — 7.,/ (% pUZ). for the rough surlace was approximalely double

-

that of the smooth-walled cases. As higher values of ¢, indicate faster shear layer growth, - the increase in
c; with inereasing BR snuggests that the hlowing acts to promote this shear layer growth,

Wall Type Ua(mufs)  Re, 107 w, (m/s)  Re, =107 ¢ x107
Smooth A 10.18 35.23 0.41 1.18 3.5
Smooth B 16.91 56.83 0.68 2.20 3.2
Rough, BR = 0% 10.16 35.16 0.63 212 7.2
Rough, BT — 0.13% 10.59 35.60 0.66 2:22 Tiked
Rough, B8R = 0.23% 10.33 34.73 (.68 2.29 8.4
Rough, BR = 0.35% 10.62 35.71 0.72 2.42 9.2

Table 1. Samanory of owndory leger poromelers for smooth aed rough wall tuns

II.A. Mean Flow Characteristics

Wall Type di{pm) AUY kT ky (um)
Rongh, B8R =0% 287 7.82 119 2.9
Rough, BR = 0.15% 370 842 124 3.5
Rough, B — 0.25% 145 942 128 5.1
Rough, BR = 0.35% 139 10.22  13.6 6.5

Table 2. Rowghness and blowing chorocteristies

Studies on rough wall turbulent boundary layers indicate that a shift of the turbulence producing shear
layer above the surface occurs wilth increasing roughness heighl Reynolds number, here defined as kY —
brmatts /1 where k. is the mms roughness heighe. 251020 This shift, o, is referred to as the zero-plane
displacement. *! In these experiments the value of d was determined by the oflsel of Lhe region of near-zero
streamwise Reynolds stress measured under conditions of ronghness and blowing. For the remainder of this
paper, wall normal distance is presented as Y = y — d, where g is the physical distanee from the wall, The
different values of d used are provided in Lable 2.

Also provided in table 2 is the roughness Revnolds number &7, and the equivalent sand-grain roughness
heighl, k., as delined by Raupach” lor examnple. The [low regime was limited wo Lhe transitional, 5 < kT <
70. Interestingly, we see that the effects of additional momentum injection act through an increase in the
effoctive roughness height and a corresponding increase in local wall shear stress.

In Fig. 3 lhe mean velocily profiles, U7(Y), are presenled using dilferent normalizations, In Fig. 3(a)
and (b), the profiles are compared using bulk properties i and U7, for normalization, which illustrates the
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Figure 3. AMean velocity profiles non-ditnensionatized using (a) bulk properties, (t) velocity deficit using bulk properties, (¢} inner
scaling and (d)} outer scaling.

expoected trend of the ronghness and blowing making the profiles “less full” compared with the smooth wall
case and il is evident that the ellecls of roughness ave evident throughout Lhe entire wall layer.

The mean velocity profiles shown in inmer scaling where U = U/u, and ¥! = Yu, /v verify that one
ol the mosl interesting resulls observed in compressible ow"® were algo evident in incompressible [ow,
Namely, these results show that the mean velocity profile follows

Ut =r"In¥T 4+ B AUT(RT) + LUeTTW(Y/h) (4)

as illustrated in Fig. 3(c). Here & is the von Karman constant, B an additive constant, I1x 'W(y/h) the
wake function. Note that this sealing is driven by the wall shear stress, 7, The effocts of ronghness on the
mean flow are typically contained within the roughness function, AU ! (k'),%! which is itself dependent on
the roughness Reynolds number, £%. The estimated values of the AUY for cach ease are provided in table
2

The profiles shown in Fig. 3(c¢} demonstrate that the momentum injection through the surface can
be treated as a modification to AUT, suggesting an analogy between momentum injection ratio, BR =
(U Yineg /(U Y. and Increased roughness height, Further support for this observation is found in the ouler
sealed profiles shown in Fig. 3(¢) where collapse of all profiles 8 demonstrated for Y/h > 0.1, the outer
layer of the flow. Ilence ihe effecls of additional blowing are consisient with Townsend's® hypolhesis in
that, sufficiently far from the surface, the effects of roughness on the flow are confined to those caused by
the modification of the wall shear stress. Note that, support for this argument is somewhat tenuons with
Lhe present data seu since here Lhe wall shear stregs was delermined via the Clauser charl miethod, which
necessarily assumes the validity of Fg. 4.

I1.B. Streamwisce Roynolds Stress

Profiles of (he streamwise Reynolds stress, o2, are presenied normalized using ouler coordinales in Fig,
1 (a) and in inner coordinates in Fig. 4 (b}, where u?! = w'2/u2. In hoth scalings, collapse of the rough-wall
data for all walies of BR can be observed in the outer layer, although the smooth-walled profiles do not
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Fignre 4. Woll-normol profiles of streormnise Reygnolds stress shown in fa) ooter scoling ond (0} dorer scoliog.

collapse wilhi thoge of che rough surface. Cloger Lo Lhe surlace, we obgerve an Iuner pealk in wall shear
stress for the rough-walled cases, similar to that of the smooth-walled case but with reduced magnitude.
As the ronghness Reynolds number inereases, viscous forees are dominated by drag inducing prossure forees
resqulting in the obgerved decrease in the magnitude of the near wall peak.

For the rongh-walled eases, the location of the inner peak is shifted away from the wall, representing the
shilt in turbulence production towards luking place in separated shear layers lorming over the surface of Lhe
roughness elements. It can also be noted that neither scaling results in collapse of the inmer peak of the
Revnolds stress with changing BA, with the magnitude of inner peak decreasing with inercasing BH. This
is consistent with the behavior expected due to increaging k' and therefore provides further support for the
cffect, of additional momentum injection acting as an increase the effective roughness height.

I1.C. Streamwise Power Spectra

Further insight inwo the modilications made Lo the spatial organization of the turbulence can be pained by
examining the power apectrum. Here, this was performed using pre-multiplied spectral maps, as described
in ITutching aud Marusic, ' To produce (Liese maps, [or each wall-normal position time series date were
processed using a Fast-Fourier Transform (FFT) to generate the streamwise power spectral density (PSD),
Dun (. Y} and converted to wavenmumber space using laylor’s hypothesis, ., (ky, Y) where by == 22 f /0. The
PSD was Lhen pre-muldiplied by Lhe wavenuiber Lo produce kygy,,. These premuliiplied speclra were coin-
hined and are presented as spectral maps in Fig. 5, which have heen normalized to show Ky, (A, Y/R) fu?
where A — 27 /(k,). Figures 5(a)-(e) therelore present the wavelength dependence of lhe conlribulions Lo
the Reynolds stress, profiles of which are also included in Fig. 5 to hetter visualize which eddy wavelengths
contribute to features observed in the Reynolds stress profiles. In particular, the results presented in Fig. &
highlighl the correlation belween the near-wall peak of Lurbulence production in the Reynolds stress profiles
and the corresponding peak (i.e. inner-energy site or near-wall signature) in the spectra, occurring at roughly
Aho =01 and Y/h = 0.01. Ta better compare the differences between the smooth-walled and rongh-walled
cases, the location of the near-wall peak in the pre-multiplied spectrum has been marked with a (|} for the
smooth-wall case and an (x) for the blowing cases.

For the smooth-walled case, the near-wall peak oceurs al Y/h — 0.006 (YT — Yu-/v — 14.7) and
AR =05 (A = Aus /v = 1143). For the rough wall and blowing cases, as well as the previously observed
shift in the peak away from the wall and decrease in magnitude of near wall peak, it s also evident that the
roughness also shifts the near-wall energy containing signature from wavelengths of A = (0L.64 to A = 0.2A,
which is approximately twice the streamwise wavelength of the ronghness clements. This reflects a shift in
turbulence production mechanism lowards one driven by roughness geomelry. Cowmpared Lo the BER — 0
case, a continual decrease in the near-wall energy content is observed with increasing BR. This points to
increased disruption of the near-wall turhulence production cyele present across multiple small wavelengths
that scale with the roughness height of 1 mm. However, despite experiencing a reduction in magnitude, the
wavelengths and wallnormal location of the near-wall peak appears stationary across all blowing rates.

Also present in lhe speciral contours, extending oul lowards Lhe larger wavelengihs are the double
humps or “dominant energy modes™ as identified by, for example, Monty et al.*® These modes have been
established as the large and very-large seale motions (LSMs and VLSMs). 15 The formation of LSMs

fioof 14

American Institute of Aeronautics and Astronautics



=+
o
i,
o
=
&
=
=
-+
i’
]

o, W e 4 e }\G"Lh 0wy e
(2) Smooth Wall Case B (b} Rough, BR=0 %

/m”

g’

[ ‘ i Shn
11 jﬁ'h 1] 3] sk
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Figure 5. Pre-multiplied power spectral density plots, contour colors indicate the magnitude of ke dyn/Ur

is thought to relate to the alignment of so-called “hairpin® vortices into packets. These packets exist in
a heirarchy of larger, older LSMs and smaller vounger LSMs. * Furthermore, very long meandering regions
of low momentum fluid have been observed in channel and pipe flow, ™" referred to as “superstructures”
or VI8Ms. These two modes have been hypothesized to contain as much as half the kinetie encergy of the
Now® and are Lherelore poteniially important low swruclures. The LSM and VLSM signalures have been
identified with dashed lines in figure I and are observed in all cases. Although the energy content of the entire
spectrum of the rough-walled cases, appears reduced relative w smooth-walled cage (due Lo the increase in
skin friction relative as observed in other studies on roughness) “'*+*1 the wavelengths of the LSM and VLSM
appear relatively unchanged, with momentum injection appearing to produce no additional modification to
the LSM and VLSM energy conlent.

To better compare the modifications to the energy content of the turbulence made by the momentum
injection energy of the various blowing rates were generate we compare the difference between the three
blowing rates and the baseline no blowing case, BR = 0%, hy subtracting the spectral contour map Fig. 5(h)
from Fig. 3 (¢)-(c¢). The results are presented in Fig. 6(a)-(¢) respectively and most noticeably highlight the
changes made Lo Lhe near-wall peak. These plols demonstraie thal Lhe decrease in energy conieul observed
in the Reynolds stress profiles of Fig. 4 for all cases occurs at A & 0.13A, which is remarkably close to the
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wavelength of the roughness elements of A = .14, Therelore, it appears that the blowing is removing energy
[rom eddies formed by Lhe roughness elements. Simullaneously, a corresponding fneresse in energy can be
ohserved at wavelengths an order of magnitude higher, reflecting a shift in turbulence production to that
onccurring over longer wavelengths. This, onee again, is consistent with the momentum injection acting as a
modificalion of elleclive roughness geometry.

Interestingly, Fig. 6 also shows changes in the LSM and VLSM structure with blowing, not previously
evident in Fig. 5. This chiange in slruclure appears Lo consisl of a decrease in energy conleul of Lthe LSM
wavelengths and a corresponding inecrease in VLSM wavelengths. These results suggest that there could
he subtle changes in the organization of these long wavelength modes towards longer wavelengths which
corresponds Lo Lhe shill in near wall peak Lowards longer wavelenglhs as well.

(b) BIt — 0.25%

Ly
&

(C) BR =0.37%

Fignre 6. Difference betoeen energy specire belbween rosgh-wolled cose with lowing and rowgh-welled coses withowl blowsing,

Aot ginfirg

IT11. Conclusions

Velocity measurernenls have been performed in Lurbulent chaunel Now investigating Lhe comnbined ellects
of surface roughness and hlowing. Scaling of the mean velocity profiles suggests that Townsend’s hypothesia
is supporled even with mwomentum iujection through the surlace. Although comparison of the Reynolds siress
profiles between the smooth-walled and rough-wall cases did not show collapse in the outer layer, additional
the momentum Injection appeared to indicate that the effects of momentum injection were confined to
the near wall low. The energy conlenl of lhe near-wall Lurbulence was [ound Lo shill w wavelenpihs of
the order of magnitude of the roughness elements for all rough-walled cases. The additional momentum
injeclion was lound Lo decrease energy conlent in wavelengihs corresponding Lo the roughness elemencs,
while simultaneously adding energy at longer wavelengths. The structure of the turbulence in the outer laver
wag found to be largely unchanged by the addition of momentum injection, althongh there was evidenee of
decreasing energy coulent in LSM modes and increasing energy conlenl in VLSM modes.

The results are consistent in supporting the hypothesis that the effect of blowing could be modeled as a
modification to the geometry through an increase in the height of the roughness elements. This support was
observed through the additional displacement of the in inner-scaled mean velocity, the decreasing inner peal
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magnitude in the Reynolds stress, and the ghift in near-wall energy content towards longer wavelengths.
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