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Figure 4.20 Power spectra (PSD) of the streamwise velocity fluctuations uô 

measured at the spanwise center of the channel (z = 0) at three 

streamwise locations downstream of the reed tip ὼ = 20, 30 and 40 
in the absence (column a) and presence (column b) of the reed at 

Re = 2,000, 7,000 and 12,000 (rows 1,2 and ,3 respectively). The 

solid line marks -5/3 slope. The cross-over frequency, fc for reeds 

is represented by the vertical dashed line and the asymptotic PSD 
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levels for large scales (f < 1Hz) at ὼ = 40 in the presence of reeds 

is represented through the horizontal dashed lines 

Figure 4.21 Streamwise variation of Ὧm (at z = 0) in the absence (ƴ) and 

presence of the reed (Ls/W = 10, ts = 127 mm) at Re = 12,000 when 

the tip of the reed is placed at locations ὼtip = 16 (ǒ) and 26 (ǅ).  

The streamwise locations of the reed tips are marked using vertical 

dashed lines and the asymptotic level of Ὧm at the downstream end 

of the channel (Ὧm = 0.008) is marked by a horizontal dashed line.  

The data point closest to the reed tip at ὼ = 19 is offset by ὼ = 10 

and marked using ƺ for comparison with the corresponding data 

for for ὼtip = 26 
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Figure 4.22 Cross-stream distributions (at z = 0) of the time-averaged 

streamwise velocity ό and fluctuating kinetic energy, Ὧf (columns 
a and b respectively) in the absence (marked by a black line) and 

presence of reeds (Ls/W = 10, Re = 5,000) oscillating at StL = 0.5, 

0.7 and 0.9, at ὼ = 18 (a.1 and b.1), 30 (a.2 and b.2) and 42 (a.3 
and b.3) 
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Figure 4.23 Streamwise variation of Ὧm  in the absence (ƴ) and presence of for 
reeds of b) length, Ls/W = 10 and thickness, ts = 25.4 mm (, 

StL = 0.9), 38.1 mm (, StL = 0.7) and 50.8 mm (, StL = 0.5) and 

b) of thickness, ts = 25.4 mm and lengths Ls/W = 2.4 (, StL = 0.3), 

10 (, StL = 0.9) and 20 (, StL = 1.6) at Re = 5,000. The 

horizontal and black line represents Ὧm = 0.008. The streamwise 

locations of the reeds are shown through the vertical dashed lines 
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Figure 4.24 a) As in figure 4.23 (a) and (b), the streamwise variations of cross-

stream averaged small-scale dissipation, <Ὀvf> in the absence and 
presence of reeds. The horizontal dashed line represents 

<Ὀvf> = 0.02 (cf. Figure 4.19) 
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Figure 4.25 Variation with StL of the channel friction factor f for 

1,000 < Re < 10,000 and reeds of length Ls/W = 10 (ǒ), 20 (ƴ) and 

30 (ǅ) and thicknesses ts = 12.7, 25.4, 38.1, 50.4 and 76.2 mm 
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Figure 4.26 Variation of StL with reed inertia ratio M* (a), reduced speed U* 

(b) and the ratio M*/U* (c) for 1,000 < Re < 10,000 and reeds of 

length Ls/W = 10 (ǒ), 20 (ƴ) and 30 (ǅ) and thicknesses ts = 12.7, 

25.4, 38.1, 50.4 and 76.2 mm 

146 

Figure 5.1 Top view of the flow path within the high aspect ratio 5 mm 

channel, which includes a 2-D contraction, the cantilevered 

reed, and thin-film heater adhered to aluminum plates each 

instrumented with a streamwise array of thermocouple sensors 

(cf. Chapter II); b) Energy balance across an elementary segment 

of the channel as marked by dashed lines in (a). 

148 

Figure 5.2 Streamwise variation of a) ITD(x), b) Nu(x), and c) Cp(ὼ) in the 

base flow (ƴ) and with the reed (ǒ) in the 5 mm channel for 
ITDmax = 60

oC at Re = 2,000.  The data of Kakac et. al. (1987) is 

shown using a solid black line, and the position of the tip of the 

reed is marked using red dashed lines 

151 

Figure 5.3 Variation of the increment in Nu(x) relative to base flow DNu with 

the increment in bulk mean fluctuation kinetic energy DὯm (cf. 
Figure 4.19) at Re = 2,000. The streamwise locations of these data 

(at z = 0) are marked on the x-axis on top. 
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Figure 5.4 Streamwise variation of the local Nusselt number at Re = 2,000, 

7,000 and 12,000 in the absence (ƴ) and the presence (ǒ) of reeds 
oscillating at StL = 0.5 (Ls/W = 10, Hs/H = 0.9, ὼtip is marked by a 
dashed line) 

155 

Figure 5.5  a) Variation of Nu(x) with Ὧm in the base flow (ƴ) and in the 

presence of reeds (ǒ) at Re = 2,000 (ƴ, ǒ), 7,000 (ƴ, ǒ) and 

12,000 (ƴ, ǒ); and b) Variation of the reed-induced increments 

DNu with DὯm over the corresponding base flow at 

Re = 2,000 (ǅ), 7000 (ǅ) and 12,000 (ǅ). 
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Figure 5.6 a) Streamwise variation of Nu(x) in the base flow (ƴ) and in the 
presence of the reed (Hs/H = 0.9, Ls/W = 10, StL = 0.5) for 

ὼtip = 16 (ǅ) and 26 (ǒ) (marked by dashed lines); and b) Variation 
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of DNu with DὯm downstream of the reed.  ITDmax = 60
oC, 

Re = 12,000.  The data at ὼ = 20.4 for ὼtip = 16 is offset by ὼ = 10 

and marked using ƺ for comparison with corresponding data at 
ὼ = 28.4 for ὼtip = 26 

Figure 5.7 The effect of Strouhal number on heat transfer enhancement at 

Re = 5,000 by streamwise variations of ITD(x) and Nu(x): in (a) 

and (b), respectively for StL = 0.5 (ǒ), 0.7 (ǒ), 0.9 (ǒ) (Ls/W = 10  

ts = 25.4, 38.1, 50.8 mm); and in (c) and (d), respectively for 

StL = 0.3 (ǒ), 0.9 (ǒ), 1.6 (ǒ) (ts = 25.4 mm and Ls/W = 2.4, 10, 

and 20), and the base flow (ƴ); and (e) Variation of reed-induced 

increments DNu with DὯm (relative to the base flow) at Re = 5,000 

for StL = 0.3 (ǅ), 0.5 (ǅ), 0.7 (ǅ), 0.9 (ǅ) and 1.6 (ǅ).  Least square 
fit to corresponding data at Re = 7,000 and 12,000 is also shown 

using a solid black line.  The locations of the reed tip are marked 

using dashed lines 
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Figure 5.8 Streamwise variation of a) Channel gauge static pressure, Cp in 

the absence (ƴ) and presence of a rigid (ǅ) and at StL = 0.5 (ǒ), 

0.7 (ǒ) and 0.9 (ǒ) (Ls/W = 10 at Re = 5,000). b) Variation of 

pressure drop along the reed, DCp,reed with StL relative to the 

pressures in the base flow and in the presence of rigid reeds 

(marked by solid lines). 

166 

Figure 5.9 Variation of f/fb (a.1) and Nu/Nub (b.1) with StL for reeds of 

thicknesses, ts = 25.4 mm (ǒ), 38.1 mm (ǒ), 50.8 mm (ǒ). 
Variation of global Nu with ὡ  (a.2) in the base flow (ƴ) for 

1,500 < Re < 13,000 (Re increases from left to right), and in the 

presence of the reeds, the corresponding Nu in the base flow for 

Re = 5,000 is marked; b.2) Variation of thermal enhancement 

factor h of the reeds with ὡ , StL at Re = 5,000 is noted near each 

data point 
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Figure 5.10 Variation with ὡ of a) Nu in the base flow (ƴ) for 

1,500 < Re < 13,000 and in the presence of reeds (ǒ) at 
Re = 1,500, 3,000, 5,000, 7,000 and 9000 [Laminar and turbulent 

channel data of Kakac et al. (1987) and Hartnett et al (1962) are 

marked by solid blue, red lines, and least square fit to the present 
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reed data is marked by a black line) Base flow transition as 

assessed from the data of Hartnett et al.(1962) is marked by a 

vertical dashed line.  StL at each Re increases from left to right as 

marked by the arrow on top; and b) Reed thermal enhancement 

factor, h for the data shown in (a).  Representative StL values are 

noted along the plot and are color-coded based on Re and marked 

in (b) 

Figure 5.11 Variation with Re in the base flow of the friction factor f (a), and 

the global Nusselt number Nu (b) based on internal measurements 

within the channels, and of the global Nusselt number based on 

LMTD, NuLMTD (c) for the H/W = 10 (ƴ) and 5 (ǒ) channels at 
ὗheaterò = 1.6 KW/m

2
.  The solid lines denote data for laminar 

(Kakac, 1967) and turbulent (Hartnett, 1962) flows.  The critical 

Reynolds number for transition to turbulence is marked by a green 

dashed line based on the data of Hartnett et al. (1962) 
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Figure 5.12 Variation of StL with Re for reeds with Ls/W = 20 in the H/W = 10 

(ƶ) and 5 (ǅ) channels 

177 

Figure 5.13 Variation with Re of Nu/Nub (a), f/fb (b), and thermal enhancement 

factor (c) for reeds with Ls/W = 20 in the H/W = 10 (ƶ) and 5 (ǅ) 

channels at ὗheaterò = 1.6 KW/m
2
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Figure 5.14 Variation with Re of Nu/Nub, based on internal measurements (a) 

and on LMTD (b) for reeds discussed in. Figure 5.13 in the 

H/W = 10 (ƶ) and 5 (ǅ) channels 

178 

Figure 6.1 a) Front view of the fin arrays showing the thin film heater 

attached from below to the base plate of the fin array and the 

spanwise locations of two streamwise arrays of equally-spaced 

(38.5 mm apart) thermocouple sensors that are attached along the 

top and below the 5th fin from the left (ώ = -0.5) in notches along 
its top edge and within grooves in the base plate;  b) Front view 

showing the mounting fixtures for the reeds upstream of the fin 

array;  and c)  Top view of the assembled test setup showing (from 

left to right) the contraction, the reed mounting fixture, offset 

section, the acrylic channel, the fin channel array and the mixing 

section. The streamwise locations of pressure ports labeled 1,2 
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and 3 (ǒ) and the thermocouple sensors over and below the 5th fin 

(ƶ) are also shown in (c) 

Figure 6.2 Variation with Re of the global Nusselt numbers calculated using 

internal measurements (Nu) and LMTD (NuLMTD) in the absence 

(ƺ, ǒ) and presence of reeds (ö, ǅ) of length Ls/W = 20 in the 

H/W = 5 isolated channel 

186 

Figure 6.3 Streamwise variation of the fin temperatures ITDt (ᾀǶ = 2.5 ƶ)and 

ITDb (ᾀǶ = -2.5, ǒ) in the base flow for Re = 1,500 (ǒ, ƶ), 

3,000(ǒ, ƶ), 4,500 (ǒ, ƶ) for H/W = 5 and ITDmax = 40
oC 

187 

Figure 6.4 Variation with Re of a) NuLMTD and NuT for the fin array 

(ITDmax = 40
oC) and NuLMTD of the isolated channel 

(ITDmax = 60
oC); and b) friction factor, f for the fin array and 

isolated channels of H/W = 5 

189 

Figure 6.5 Variation with reed Strouhal number, StL of Nu/Nub and f/fb for the 

fin array (ǅ) and the isolated channel (ǒ) at Re = 1,500 (a.1 and 

b.1), 3,000 (a.2 and b.2) and 4,500 (a.3 and b.3). Channel aspect 

ratio is H/W = 5 and ITDmax is the same as Figure 6.4 

190 

Figure 6.6 Streamwise variation of the bottom (ᾀǶ = -2.5, solid lines) and top 
(ᾀǶ = 2.5, dashed lines) fin resistances Rfin(ὼ, ᾀǶ) in the base flow 

(ƴ) and in the presence of the reed (ǅ) a) Reed I, Re = 1,500, 

StL = 0.8 (cf. Figure 6.5-a.1), and b) Reed II, Re = 4,500, StL = 2.2 

(cf. Figure 6.5-a.3) 

192 

Figure 6.7 Variation with normalized flow power, ὡ  of a) NuT in the fin 

array and b) NuLMTD in the isolated channel in the base flow (ƴ) 

and in the presence of reeds (ǅ, ǒ) at Re = 1,500, 3,000, 4,500.  

The base flow and reed symbols are color coded based on the 

Reynolds number and the color bar is shown on the right 
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Figure 6.8 Variation of strouhal number, StL with M*/U* for reeds of length 

Ls/W = 10 , and thickness ts = 12.7 mm and offset doffset/W = 1.2 (ǅ) 

and 6 (ǒ) and Ls/W = 5.2  with doffset/W = 1.2(ǅ).  The green curve 

197 



 

xxvi 
 

is StL = 0.23(M*/U*)- 0.33based on the isolated H/W = 5 channel 

data (Figure 4.29c). 

Figure 6.9 Variation with Re of friction factor f (a.1) and NuT (b.1); and the 

variation of Nu/Nub with f/fb (a.2) and of NuT with flow power, 

ὡ  (b.2) in the base flow (shown by solid black lines) and in the 

presence of reeds: Ls/W = 10, ts = 12.7 mm , doffset/W = 1.2 (ǅ) and 

6 (ǒ), and Ls/W = 5.2 and doffset/W = 1.2 (ǅ) 

199 

Figure 6.10 Schematic rendition of an A-frame air-cooled condenser 

indicating various air-side losses throughout the system (Kroger, 

2004). 

201 

Figure 6.11 The double fin array facility with a single fin array cross-section 

shown at upper right. 
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Figure 6.12 Streamwise variation of fin base ITD at ὗ  = 17.3 W for base 

flow at Re = 3,200 (ƴ) and with reeds (Ls/W = 20) at Re = 2,200 

(ǒ) and 3,200 (ǒ) and StL = 2 
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Figure 6.13 Streamwise variation of fin base ITD at Re = 3,200 for the base 

flow at ὗ  = 17.3 W (ƴ) and in the presence of the reeds in 

Figure 6.12 at ὗ  = 17.3 W (ǒ) and 21.5 W (ǒ). 
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Figure B.1 Cross-stream distributions (-0.5<ώ<0) of streamwise velocity (ό) 

for the base-flow at ὼ = 18 for Re = 2,000 obtained in high aspect 

ratio channel of width W = 5mm for ᾀǶ = 0, ±1, ±2.  The 

distributions for ᾀǶ Ó 0 are shown with solid lines and for ᾀǶ Ò 0 are 

shown with dashed lines 
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Figure B.2 Cross-stream distributions (at z = 0) of ό and Ὧf (columns a and b 
respectively) at Re = 2,000, 5,000 and 7,000 for the base flow at 

ὼ = 18, 30 and 42 (row 1, 2 and 3 respectively) 

231 

Figure B.3 a) schematic of the streamwise locations of the reeds (Ls/W = 10 

and thickness, ts = 25.4 mm) with ὼtip = 16, 26 and 48 (the channel 

is not to scale). b) Variation of Ὧm (at z = 0) with the (normalized) 
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distance from reed tip,ὼ-ὼtip for reeds with ὼtip = 16 (ǒ), 26 (ƴ) and 

48 (ǅ) at Re = 5,000 (vertical dotted lines show reedôs streamwise 

extent). The horizontal black and orange dotted lines show the 

asymptotic value Ὧm = 0.008 (cf. Figure 4.20) and the maximum 

value of Ὧm in the base flow at Re = 5,000 respectively 

Figure B.4 a) Streamwise Variation of local Nusselt number, Nu(x) in the 

absence (ƴ) and presence of reeds (Hs/H = 0.9, Ls/W = 10, 

StL = 0.9) with tip locations ὼtip = 16 (ǒ), 26 (ǒ), and 48 (ǒ) for 
ITDmax = 60

oC and Re= 5,000 in 5 mm channel; Variation of b) 

increment in local Nusselt number, Nureed/Nubase and c) ratio of 

bulk mean fluctuation kinetic energy, Ὧm,reed/Ὧm,base in the presence 
and absence of reeds with streamwise distance from the reed-

tip, ὼ-ὼtip  for ὼtip = 16 and 26. The tip-locations are shown 

through dotted lines. 

234 

Figure B.5 ὼ - ώ distributions of the normalized fluctuating kinetic energy (Ὧf) 
measured using PIV (cf. figure 4.2) in the presence of the reeds of 

length Ls/W = 10, thickness, ts = 38.1 mm and span, Hs/H = 0.9 [i-

(a-f)], 0.5 [ii-(a-f)] and 0.16 [iii-(a-f)]; iv) shows a schematic of 

the reeds in the ὼ - ᾀǶ plane 

236 

Figure B.6 a) Streamwise Variation of the fluctuation kinetic energy ratio, Ὧm 
in the absence (ƴ) and presence of reeds (cf. figure B.5) of span 

Hs/H = 0.9 (), 0.5 (), 0.16 (); b) power spectra of streamwise 

velocity fluctuations at channelôs exit for base and in the presence 

of reeds of span 0.9, 0.5 and 0.16. The solid line denotes -5/3 

slope. The reed tipôs streamwise location is marked using dashed 

line in (a). 
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Figure B.7 Spanwise variation of relative increment in bulk mean fluctuating 

kinetic energy, DὯm at ὼ = 18, 36 and 48 for reeds of length 

Ls/W = 10, thickness, ts = 38.1 mm and span a) Hs/H = 0.9 (ƺ, Ǐ,D) 

and 0.16 (ƺ, Ǐ, D) for Re = 5,000.  The dotted lines represent the 

spanwise edge of the reed-tip 
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Figure B.8 Variation with the reed-span, Hs/H of a) increment in global 

Nusselt number, Nu/Nub b) increment in friction factor, f/fb and c) 

strouhal number, StL for reeds of length Ls/W = 10, at 
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ITDmax = 60
oC and Re = 5,000 in 5 mm channel. The base-flow at 

Re = 5,000 is shown for reference (ǒ) 

Figure B.9 a) Variation with StL, of a) increment in global Nusselt number, 

Nu/Nub and b) increment in friction factor, f/fb for ñfull-spanò 

reeds or Hs/H = 0.9 (ƴ, cf. Figure 5.10) and variable span reeds 

(ǒ, cf. Figure B.8); c) Variation of Nu with flow power fÅRe3in the 

absence (ǅ) and presence of ñfull-spanò and ñvariable-spanò reeds 

in the 5 mm channel. The base-flow or absence of reeds is shown 

for reference (ǒ) 
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Figure B.10 a) Variation of thermal enhancement factor, h with StL, for ñfull-

spanò (ƴ) and variable span reeds (ǒ) as discussed in Figure B.9; 

The base-flow or absence of reeds is shown for reference (ǒ). For 
length Ls/W = 10, and StL = 0.5, a reed of span Hs/H = 0.64 

(Reed1) and añfull spanò reed (Reed2) are marked 

242 

Figure C.1 Schematic of a 2.5 X 250 mm channel with reeds of span, 

Hs/H = 0.9, length, Ls/W = 18.8 with tip-locations ὼtip = 30.8,(a1, 

configuration I), 50.8 (b1, configuration II), 70.8 (a2, 

configuration III) and combinations of the configurations (b2 to 

a4); reed of length, Ls/W = 58.8 (configuration IV)which covers 

the combined channel length of the three configurations is shown 

in b4 
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Figure C.2 Streamwise variation of local Nu(x) in the absence (ƴ) and 

presence of configuration I (ǒ), II (ǒ) and I&II (ǅ) reeds as 
discussed in connection with Figure 5.17 in the 2.5 mm channel at 

Re = 2,000 for ὗheaterò = 1.6 KW/m
2
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Figure C.3 Variation of global Nusselt number (based on method II) and 

channel friction factor with Re at ITDmax = 40
0C (ǒ) and 600C (ǒ) 

in the absence of reeds (Figures a.1 and b.1) and in the presence 

of reeds of length, Ls/W = 10 (a.2 and b.2) in the isolated 5 mm 

wide channel 
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LIST OF SYMBOLS AND ABBREVIATIONS  

H,W,L Channel height, width and length 

Dh Hydraulic Diameter 

Re, Rec Reynolds number based on the hydraulic diameter, critical Reynolds 

number at which the flow transitions 

Lhy  Hydrodynamic development length 

x, y, z Channel coordinate system (streamwise, cross-streamwise and spanwise) 

ὼ, ώ, ᾀǶ Channel coordinate system normalized by channel width, ὼ = x/W 

x*, Lhy*  Normalized channel and hydrodynamic lengths, x*=x/(DhRe) 

Hs, ts, Ls Reed height, thickness and length 

E Youngôs modulus and density of reed 

xo Streamwise location of reedôs root 

kb Flexural rigidity of reed 

ra, rs Densities of reed and air (taken at mean flow temperature) 

U Average Channel flow speed 

Ucritical Critical Average Channel flow speed for reed flutter 

p(x) Static gauge pressure  

pô Fluctuations of air pressure 

Cp(x) Static gauge pressure coefficient, Cp = p(x)/(raU
2) 

Dp Channel static pressure drop 

f Darcyôs friction factor (based on channel pressure drop) 

dp*(x) Coefficient of pressure differential across reedôs thickness 

fosc Nominal Oscillation frequency of reed 

StL Strouhal number based on reed length, StL = foscÅLs/U 
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M* Reedôs mass ratio M*  = rsts/raLs 

U* Reduced channel speed, U*  = ὟɆ ”Ὄὒ Ὧϳ  

yref Cross-stream location of reed reference 

ybin, a Averaged reed reference location and phase corresponding to a bin 

Tcycle Nominal Time period of reed oscillation 

tw-1, tw-2 Time instants in a nominal reed cycle when the reed tip touches the top and 

bottom walls 

ὸǶ  Normalized time instant along the reed oscillation cycle, ὸǶ = t/Tcycle 

dKE(s, t) Kinetic energy of reed element of length ds at location s along the reed 

length and time t  

DEcycle Incremental Flow pumping energy per cycle in the presence of reed 

dKE*(s, t) dKE(s, t) normalized by DEcycle 

KEs(t) Kinetic energy of the reed integrated along reedôs length 

PE Elastic potential energy of the reed 

c Celerity of travelling waves along reed 

PSD Power spectral distribution of frequencies in a time trace 

f Frequencies in power spectrum of streamwise velocity  

fc Cross-over frequency 

N Sample size of instantaneous vector fields for time-average PIV 

Nci Ensemble size of instantaneous vector fields for position-averaged PIV 

u,v,w Instantaneous Streamwise, cross-streamwise and spanwise components of 

flow velocity 

ό,ὺӶ,ύ Time-averaged streamwise, cross-streamwise and spanwise components of 

flow velocity 

ό, ὺӶ, ύ Normalized Time-averaged streamwise, cross-streamwise and spanwise 

components of flow velocity, ό = ό/U 
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E Mean kinetic energy of flow obtained from PIV, E = 0.5 (ό2+ὺӶ2+ύ2) 

uci,vci Instantaneous streamwise and cross-streamwise flow velocity locked to 

reed reference 

{ uci}, { vci}  position-averaged streamwise and cross-streamwise components of flow 

velocity locked to reed reference 

uô,vô,wô r.m.s of streamwise, cross-streamwise and spanwise flow velocity 

fluctuations as obtained from time-average PIV 

όᴂόᴂȟὺᴂὺᴂȟόᴂὺᴂ xx, yy and xy components of Reynoldôs stress 

όᴂόᴂȟ ὺᴂὺᴂȟ όᴂὺᴂ Normalized xx, yy and xy components of Reynoldôs stress, όᴂόᴂ = όᴂόᴂ/U2 

kci, kf position and time averaged fluctuation kinetic energy of flow 

Ὧci Fractional position averaged fluctuation kinetic energy of flow, 

Ὧci = kci / В Ὧ  

Ὧf Normalized time averaged fluctuation kinetic energy of flow, Ὧf  = kf/U
2 

Ὧm Bulk-mean fluctuation kinetic energy of flow 

wz Spanwise component of vorticity 

‫z = wzÅW/U ,‫z Normalized spanwise vorticity 

su, sw Estimates of maximum PIV error in flow velocity and vorticity 

ka, kacrylic, kal  Thermal conductivities of air, acrylic and aluminum  

tw,tsw Thicknesses of aluminum and acrylic side walls 

ά, ὠ Mass flow rate and volume flow rate of air 

ὅp Specific heat capacity of air at atmospheric pressure 

Tw Wall temperature of isolated channel side walls in 0C 

Ta,i Air temperature 10W upstream of the channel inlet  

Ta,o Air temperature at the channel exit  

Tm Bulk mean temperature of air 

ITD Wall temperature difference, ITD(x) = Tw(x)-Ta,i 
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ITDt, ITDb Wall temperature difference at the top and bottom of fin 

Rfin Local thermal resistance of fin 

hfin Fin efficiency 

tfin Fin thickness 

LMTD Logarithmic mean temperature difference 

ὗins, ὗheater, ὗair Rate of heat loss to insulations, power supply by heaters, rate of heat 

dissipation to air 

h(x) Local heat transfer coefficient 

hins Insulation heat transfer coefficient  

Nu(x) Local Nusselt number, Nu(x) = h(x)ÅDh/ka based on internal measurements 

Nu Streamwise Average of local Nusselt numbers 

Nu/Nub, f/fb Ratio of Nusselt numbers and friction factors between the presence and 

absence of reeds at constant Re 

ὡpp Flow power, ὡpp = DPϽά/ra 

COP Coefficient of performance, COP = ὗair/ὡpp 

COPratio Ratio of COP between reed and base flow at constant Nusselt number 

h Thermal enhancement factor or ratio of Nusselt numbers between reed and 

base flow at constant flow power 

doffset Thickness of rectangular offsets upstream of fin array 

Lmixingsection Length of the mixing section downstream of fin array 

ue, Ta,e Air Velocity and temperatures at the exitplane of the mixing section  

Tm,e Bulk mean air temperature at the exit of fin array 
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SUMMARY  

Forced convection heat transfer in compact, air-cooled heat exchangers with high-

density, high aspect ratio fin channels is typically limited by the volume flow rate of the 

cooling air and consequently by the low channel Reynolds number.  In addition, the heat 

transfer in the developing inlet flows of the fin channels is constrained by thin thermal 

boundary layers over the fin surfaces and by limited mixing of the heated air near the fin 

surfaces with the cooler flow within the center of the channel.  These limitations are 

commonly overcome by increasing the air volume flow rate, the fin planform dimensions 

and density, or by deliberate, passive generation of small-scale motions (e.g., using vortex 

generators and dimples) resulting in significant increases in flow losses.  The present 

dissertation builds on earlier research at Georgia Tech which revealed that heat transfer 

within these high aspect ratio rectangular channels can be significantly enhanced with 

minimal penalty in flow losses by using cantilevered thin-film aero-elastically fluttering 

reeds to induce the formation of small-scale vortical motions within the channels.  The 

present investigations demonstrated that reed flutter occurs when the flow speed exceeds a 

critical level that depends only on and can be adjusted by the reedôs mass ratio, and that 

the reedôs oscillation frequency as measured by its Strouhal number depends on its mass 

ratio and its reduced critical speed.  It was shown that the reed interactions with the 

channelôs inlet flow engender a hierarchy of small-scale motions of decreasing scales 

which result in ñturbulent-likeò characteristics when the channel base flow is laminar, and 

accelerate the onset of turbulence when the base flow is transitional at higher Reynolds 

numbers.  It was also shown that the reed-induced small-scale motions enhance local and 
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global heat transfer in the channel through modulation of the thermal wall boundary layers 

and cross-stream mixing between the wall-bounded and central flows.  Even when the 

Reynolds number of the inlet base flow is sufficiently high so that the flow is nearly fully-

turbulent near the channelôs exit, the reed significantly enhances the overall heat transfer 

in the channel.  For a given flow power, the reed can enhance the global Nusselt numbers 

by up to 1.8-fold relative to the base flow and by up to 1.44-fold relative to conventional 

heat augmentation techniques.  An important finding of the present investigations is that 

because the channelôs losses in the presence of the reed as measured by the friction factor, 

scale only with the reedôs Strouhal number, the losses can be significantly lowered with 

minimal degradation in the enhanced heat transfer.  Therefore, the channel losses in the 

presence of the reed can be decreased up to 3-fold by reducing the reedôs Strouhal number 

while maintaining a nearly-invariant Nusselt number.  It was also shown that the thermal 

performance of the reeds in isolated channels can be used to predict the thermal 

performance of geometrically-similar fin array channels at low Reynolds and Strouhal 

numbers.  Finally, based on the present findings it is estimated that for a given heat 

dissipation in air-cooled condensers of industrial power plants, the fan power can be 

reduced by up to 64% by using oscillating reeds in the condensersô fin channels.   
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CHAPTER I  

A. OVERVIEW OF INLET FLOW IN RECTANGULAR CHANNELS  

The thesis focuses on mechanisms of heat transfer enhancement within high aspect 

ratio channels that model the fin channels of air cooled heat exchangers by using aero-

elastically oscillating reeds.  The characteristic of the flow evolution and heat transfer 

within these channels including previous approaches for heat transfer enhancement are 

reviewed in §1.1 - 1.4, and the dynamics of air-driven free and wall-bounded flexible and 

heat transfer enhancement by such reeds are reviewed in §1.5 and 1.6, respectively.   

1.1  Flow Evolution within the Inlet Region of Rectangular Channels  

While air cooled heat exchangers range in scale from a few centimeters (electronic 

hardware heat sinks) to several hundred meters (power plant condensers) their air cooled fin 

channels have nearly the same dimensions (e.g., Bar-Cohen et al., 2002, for electronic 

hardware heat sinks, and Bustamante et al., 2016, for the air cooled condensers).  To 

maximize the heat transfer within these channels, the channel aspect ratio (the ratio of height 

to width H/W) is kept high (H/W Ó 5) and to reduce parasitic flow losses, the channel length 

(L) is kept low (L/W Ò 50) such that the flow within these rectangular channels is effectively 

an inlet flow.  As described by Shah and London (1978), these inlet flows are typically 

uniform at the channel entrance and are followed by a streamwise developing flow regime 

of boundary layers on the channel walls due to viscous effects that is characterized by 

streamwise thickening of the boundary layers and streamwise acceleration of flow at the 

channelôs center.  Farther downstream, the internal boundary layers over the channel surfaces 
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and its corners merge and the flow becomes fully developed and ultimately streamwise-

invariant.  The streamwise length where the streamwise velocity at the channel center is 99% 

of its maximum value is defined as the hydrodynamic entrance length, Lhy which as noted in 

the numerical work of Han (1960) for laminar flows depends on the hydraulic diameter 

Dh = 2WÅH/(W+H), Reynolds number, Re = UÅDh/  ᵻ(  ᵻis the kinematic viscosity of air) and 

the channel aspect ratio.  The normalized entrance length, Lhy
* = Lhy / (DhRe) decreases from 

0.07 to 0.0064 as the aspect ratio increases from 1 (square duct) to infinity (parallel plates).  

In inlet flow where the flow along most of the channel length is developing and the 

streamwise pressure gradient balances viscous shear and flow acceleration, the overall 

streamwise pressure decrease (DP) is significantly higher than in a fully developed flow in a 

channel of the same length where the pressure gradient balances only the viscous shear.  The 

channel pressure drop can be normalized to obtain the Darcyôs friction factor 

f = DP/(0.5ÅraÅU2ÅL/Dh) 

where ra is the air density and U is average flow speed.  While for a given aspect ratio, in a 

fully developed flow f is only a function of the channelôs Re, in an inlet flow f depends on 

both L/W and Re. 

Transition from laminar to turbulent flow modifies the channelôs entrance length to 

fully-developed flow.  Transition to turbulence in conduits of varying cross sections has been 

studied extensively over the years.  Wygnanski and Champagne (1973) studied the transition 

to turbulence in a fully developed circular pipe using hot-wire anemometry in the absence 

and presence of inlet disturbances (by an upstream cylinder).  They found that in a smooth 

pipe with undisturbed flow, transition occurred at a critical Reynolds number Rec = 45,000 
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and between 2,000 < Rec < 17,500 in the presence of inlet disturbances (Rec decreased as the 

diameter of the upstream cylinder increased).  These authors also reported that transition to 

turbulence was accompanied by the formation of turbulent ñspotsò in the wall boundary 

layers by amplification of inlet disturbances and merging of these spots formed turbulent 

ñslugsò within the pipe cross section.  Transition to turbulence in rectangular channels 

(H/W = 12) was studied using hot-wire anemometry by Zanoun et al. (2009), who found out 

that as the disturbance levels in the inlet flow were increased from uô/U = 0.0035 to 0.2,. the 

critical Reynolds number Rec decreased from 10,000 to 2,000 and the flow became fully 

developed at L = 80Dh at Rec = 2,000 while at Rec = 10,000 the development length was 

L = 130Dh.  Direct numerical simulations of Sandham et al., 1992 (Re = 5,000, H/W = 3) and 

Takeishi et al., 2015 (650 < Re < 1,500 and 1 < H/W < 9) showed that, similar to circular 

pipes (Wygnanski and Champagne,m 1973), transition to turbulence in rectangular channels 

occurs through the evolution of localized turbulent spots whose streamwise and spanwise 

extent depends on the aspect ratio of the channel.  These turbulent spots multiply by giving 

rise to new spots as they advect along the channel due to flow nonlinearities, but can also 

disappear due to viscous effects.  When transitions to turbulence occurs above a critical 

Reynolds number Rec the formation rate of the spots exceeds their dissipation rate.  It was 

also shown that below Rec, inlet disturbances eventually decay and the channel flow remains 

laminar.  Hartnett et al. (1962) showed that above Rec, the streamwise location of transition 

and the entrance length required for a fully turbulent flow depend on the channelôs Re, 

whether its entrance is smooth or abrupt, the magnitude of flow fluctuations uô/U at the inlet, 

the aspect ratio, and the roughness of the channelôs walls.  In reference to the present 

investigations, it is noted that in the present rectangular channels H/W = 1, 5 and 10 and inlet 
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flow fluctuations uô/U < 1%, based on the work of Hartnett et al. (1962) the respective the 

Rec are expected to be 4,300, 7,000 and 4,000.  It should be noted that the authors escribed 

the unusually high critical Reynolds number for H/W=5 channel to the relatively well 

polished entrance configuration.  In addition, at each of these critical Reynolds numbers 

respective flow transitions occur at L/Dh = 60, 40 and 30 and the flows became fully turbulent 

at L/Dh = 245, 100 and 85.  

1.2  Heat Transfer Characteristics within the Inlet Flow Domain of Rectangular 

Channels 

As the flow evolves through the entrance of a heated rectangular channel, the flow 

temperature which is uniform across the entrance plane is altered by the development of a 

thermal boundary layers along the channel walls.  The relation between the streamwise 

development of the momentum and thermal boundary layers is governed by the Prandtl 

number Pr of the fluid which as shown by Incropera et al. (2002) is Pr = 0.7.  As discussed 

by Ligrani et al. (2003), heat transfer from the heated channel walls is affected by the 

thickness of the thermal boundary layers and the mixing between the warmer fluid within 

the thermal boundary layer and the cooler fluid outside these boundary layers within the 

center domain of the channel or its core flow.  Near the channel entrance, the thermal 

boundary layers are thin which leads to significantly high levels of local heat transfer 

coefficients h(x) and local Nusselt numbers Nu(x) = h(x)·Dh/ka (ka is the thermal 

conductivity of air).  The local heat transfer coefficient decreases with streamwise distance 

and becomes streamwise invariant when the flow is fully developed due to merging of the 

thermal boundary layers.  The numerical investigation of Kaka­ et al. (1987) in inlet 

laminar flow of channels for which 1 < H/W < 6 and for either a constant wall temperature 
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or a constant heat flux boundary condition, showed that the global Nusselt number 

Nu = ᷿ὔόὼὨ  in the developing flow was higher than that of the fully developed 

flow and the global Nusselt number depends on channelôs length, aspect ratio and Reynolds 

number.  Hartnett et al. (1962) showed that mixing between the wall bounded and core 

flows is affected by the energy of the velocity fluctuations in the channel which increase 

sharply as the channel flow undergoes transition to turbulence.  A comparison between the 

turbulent and laminar channel flows in the simulations of Kaka­ et al. (1987) and 

measurements of Promvonge et al. (2008) shows that the rate of increase in Nusselt number 

with the Reynolds number increases as the channel flow transitions from laminar to 

turbulent flow.  In reference to the present investigations, it is noted that these 

measurements indicate that for a channel with H/W = 5 and L/W = 50 the respective global 

Nusselt numbers variations for laminar and turbulent flows are Nu~Re0.33 and Nu~Re0.8.  

1.3  Passive Approaches to Heat Transfer Enhancement in Inlet Flows 

As shown by Bar-Cohen et al. (2002) in heat sinks used in electronics cooling channel 

heat transfer is typically limited by the available air volume flow rate because of the 

limitations imposed by the available fan power to drive the air flow and therefore the channel 

Reynolds number is inherently low (Re < 3,000).  Heat transfer limitations at these low 

Reynolds number are manifested in two closely-coupled stages of heat transport.  The first 

stage is the heat transport from the channel walls to the wall bounded flow ὗlocal = h(x)ĀAĀDTw 

is limited by the local heat transfer coefficient h(x) and the temperature difference between 

the air stream and the wall DTw (A is the surface area).  The second stage is the overall heat 

transport by the channel flow which for a given mass flow rate m is 1global= m·ὅp·DTa 
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depends on the temperature rise of the cooling air DTa (ὅp is the specific heat) and is limited 

by the mixing between the wall bounded and core flows.  Both the local and global heat 

transport rates can be enhanced by increasing the air flow rate (or Re) and/or the fin area 

and fin density albeit with significant penalty in increased flow power due to losses (e.g., 

Incropera et al., 2002).  Alternatively, for a given fin area and Re, the heat transfer can be 

enhanced by passive modifications of the channel surface such as rib turbulators, dimples, 

and vortex generators but at the expense of higher flow losses.  For example, J. C. Han et 

al. (1988) reported an increase of up to 2-fold in the Nusselt number at 

10,000 < Re < 60,000 in rectangular channels of aspect ratios 1 < H/W < 4 using rib 

turbulators of height e/Dh = 0.08 and angles of attack ranging from 300 to 900.  However, 

this increase in Nu was accompanied by up to a 16-fold increase in friction factor.  

Spherical, hemispherical, and teardrop dimples of varying depths and diameters were used 

by a number of researchers (e.g., Mahmood et al., 2002, Syred et al., 2001, and Chen et al., 

2001).  Mahmood et al., 2002 used spherical dimples of diameters between 1 and 5H and 

0.2H deep in a rectangular channel of H/W = 5:1 at Re = 5,000 and reported a 2.5-fold 

increase in Nu with increases of up to 5.5-fold in the friction factor.  Vortex generator have 

also been investigated extensively (e.g., Tiggelbeck et al., 1994, Biswas et al., 1994 and 

Tanaka et al., 2003).  Tiggelbeck et al. (1994) studied wing vortex generators (delta, 

rectangular, and winglet configurations) in rectangular channels H/W = 5:1 at 

2,000< Re < 8,000 and reported increases in Nu and f of up to 2.2- and 4.2-fold, 

respectively.  As reported by Ligrani et al. (2003), these passive surface modifications 

induce unsteady secondary vortical flows and concomitant small-scale motions that 

increase the turbulence level and mixing within the channel and can lead to significant local 



 

7 
 

increase in the heat transfer coefficient.  For example, vortex generators can increase h(x) 

by up to 3-fold hat are followed at their downstream end, which is followed by streamwise 

attenuation within a few (8H) channel widths (Tiggelbeck et al., 1994).  The heat transfer 

enhancements through passive surface modifications are also accompanied by increments 

in flow losses due to local flow separation and the ensuing mixing and induced small scale 

motions which are manifested by increased flow power that limits their utility.  Moreover, 

the application of some of these surface modifications can be limited because of fabrication 

difficulties. 

1.4  Active Approaches to Heat Transfer Enhancement 

A new approach for effecting small-scale flow motions and mixing by direct 

actuation of dissipative scales in free and wall-bounded shear flows at wavelengths that are 

typically an order of magnitude smaller than the relevant local or global length scale of the 

base flow was demonstrated Wiltse and Glezer (1998) in the shear layers of an air jet 

emanating from a square conduit using piezoelectric reeds.  The formation and advection 

of such small scale, unsteady vortical motions engendered by a synthetic jet actuator was 

used by Gillespie et al. (2006) to enhance thermal transport from heated surfaces of 

convected heat (at constant heat flux) and mixing with the core flow at low Reynolds 

numbers (Re = 3,000).  The effectiveness of this approach especially at low Reynolds 

numbers that are characteristic of air-cooling applications, was later demonstrated using 

synthetic jet actuators integrated with heat sinks by a number of researchers (e.g., 

Mahalingam and Glezer., 2004, Gerty et al., 2007 and Kota et al., 2009).  Mahalingam and 

Glezer (2004) showed that synthetic jets can be used to increase the heat transfer coefficient 

within high aspect ratio heat sink channels operating at 1,000 < Re < 3,600 and constant 
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heat flux by up to 2.5-fold compared to conventional jets.  Acikalin et al. (2009) used 

oscillating jet-like flows produced by piezoelectric fans to create small-scale motions for 

external cooling of low-power electronic packages and demonstrated up to 2-fold increase 

in heat transfer coefficient but with up to 1.5-fold increase in power consumption over 

conventional fans.  Enhanced cooling by induced small-scale motions was further 

advanced by Gerty (2008) and later on by Hidalgo et al. (2010) who implemented active 

enhancement of heat transfer within high aspect ratio rectangular channels to model the 

flow within heat sink channels using cantilevered planar piezoelectrically-driven 

oscillating reeds mounted along the channelôs span and driven at resonance.  Hidalgo et al. 

(2010) showed that the presence of the active reeds led to a significant decrease in the fin-

to-air heat transfer resistance (relative to the base flow) such that the reduction in the flow 

power ὡpp for the same heat dissipation ὗair as in the base flow leads to a 2.4-fold increase 

in the coefficient of performance COP = ὗair/ὡpp over the base flow.  
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B. ENHANCED HEAT TRANSFER USING FLUTTERING REEDS  

Channel heat transfer can also be augmented by exploiting the coupling between the 

flow and a rigid or flexible autonomous flag-like reed cantilevered at its streamwise leading 

edge to effect cross stream flow oscillations.  Fernández and Poulter (1987) used oscillating 

thin copper plates for heat transfer enhancement in a fully turbulent flow in a water tube 

(at constant wall temperature) where the plates were 1.5D long and 0.66D high.  Although 

the rigidity of these plates limited their oscillations to 20,000 < Re < 50,000 the authors 

demonstrated up to 1.5-fold increase in global Nusselt numbers relative to the base flow 

with an increase of up to 1.4-fold in friction factor.  These authors also demonstrated that 

these flag-like inserts yielded higher heat transfer enhancement at lower friction factor 

increments compared to non-oscillating helical and tape inserts.  In a similar approach, 

Oyakawa et al. (1996) used miniature brass plates spanning the width of an air channel 

between two parallel plates as flexible vortex generators at 9,000 < Re < 40,000 oscillating 

between 10-60 Hz and reported between 1.3 to 1.6-fold higher global Nusselt number with 

marginal flow losses such that the thermal enhancement factor was h  = 1.2.  It is evident 

that the rigidity of the metal plates used in these investigations limited their use to relatively 

high flow speeds and set a low bound on the useful range of Reynolds number.  More 

recently, Hidalgo et al. (2015) demonstrated the utility of flexible, thin film reeds for 

enhancing heat transfer within air-cooled fin channels by aeroelastic oscillations at low 

Reynolds numbers.  As with the actively driven reeds, thin-film self-oscillating reeds can 

induce the formation of small scale flow motions that would normally be present in 

transitional and turbulent flows and can lead to significant enhancement in heat transfer.  
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These thin-film reeds are attractive for air-side integration in heat sinks because of their 

low form factor, low operating Re and high durability and are can be easily fabricated using 

microfabrication techniques such as laser cutting. 

1.5  Flow Physics of Fluttering Flags 

In order to optimize the channel heat transfer enhancement by using reeds, it is 

important to understand their oscillation mechanism and the effects of the oscillations on 

the channel flow.  The aero-elastic oscillations of flexible flag-like plates in a free flow 

have been studied both numerically (e.g., Kornecki et al., 1976, Argentina et al., 2005, Eloy 

et al., 2007 and Alben et al., 2014) and experimentally (Taneda et al., 1968, and Zhang et 

al., 2000).  Kornecki et al. (1976) and Argentina et al. (2005) showed the similarity between 

the motion of a flag and that of a thin flexible 2-D airfoil pitching about its leading edge 

(or root) in an incompressible potential flow using fully unsteady aerodynamic theory on 

the first two dominant 2-D oscillation modes.  In a later investigation, Eloy et al. (2007) 

considered 3-D oscillation modes due to finite reed span and demonstrated the dependence 

of the flags motion on its aspect ratio.  Zhang et al. (2000) studied a 2D silk thread 

cantilevered at its root and suspended in a thin flowing soap film (Re~104) and observed 

that the thread motion had three distinct dynamical states depending on the flow speed 

namely, stretched straight in which the thread does not undulate, coherent flutter which is 

characterized by sinuous motion of the flag and travelling waves which amplify from the 

flagôs leading edge towards its trailing edge (tip), and irregular flapping state that is 

characterized by chaotic cross-stream motion of the flag and absence of a nominal time 

period or amplitude.  During the stretched straight state, the thread is aligned (root to tip) 

with the flow with a narrow and well-defined wake comprising of counter rotating vortices 
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shed from the reedôs tip similar to a von-Karman Street.  The flag exhibits the stretched 

straight or SS state until a critical speed, Ucritical above which it transitions to the coherent 

flutter state where the flagôs wake comprises of a train of vortices (all of the same sign and 

resembling Kelvin Helmholtz instability of a thin vortex layer shed from the flagôs tip) 

which change sign per half-stroke of the flag.   

Shelley et al. (2005) used a 2-D potential flow analysis to show that the reduced 

critical speed, Ucritical*  = Ὗ Ɇ ”Ὄὒ Ὧϳ  (where kb = EÅI is the flexural rigidity 

and E and I = Hsts
3/12 are Youngôs modulus and area moment of inertia of the reed and Hs, 

ts and Ls are the height, thickness and the length of the flag) depends on the flagôs Mass 

ratio, M*=rsÅts/(raÅLs) (rs is the air density).  As shown in the numerical study of a 2-D flag 

by Argentina et al. (2005), the oscillation frequency, fosc of the flag in free flow as 

characterized by its Strouhal number, StL = foscÅLs/UÐ based on the flag length Ls and free 

stream speed U¤ depends on the ratio of the reedôs mass ratio M* and the dependence 

scales as  StL ~ (M*) -0.5.  In a 2-D potential flow based numerical investigation of flags, 

Alben et al. (2014) showed that a fundamental characteristic of flag flutter is the bi-stability 

between the SS and coherent flutter states i.e. there exists a range of defined flow speeds 

in which the flag exhibits hysteresis such that at the same flow speed, the flag can have 

either a stretched straight or fluttering states depending on whether the flow speed is 

increasing or decreasing with time.   

Shelley et al. (2005) showed that the flag mode shapes at and beyond the critical 

speed depend upon the flagôs mass-ratio and bending stiffness.  The influence of a finite 3-

D span of the flag in free air was studied numerically by Eloy et al. (2007) and 

experimentally by Watanabe et al. (2002) who independently showed that the finite span 
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stabilizes the flag and increases the critical speed as the spanwise average pressure 

differential across the flag is smaller than the 2-D approximation.  Doaré et al. (2011) 

experimentally studied the effect of flag confinement along flag span/height on reed flutter 

showing a decrease in critical speed as the clearance between the confinement plate and 

the spanwise flag edges approach the boundary layer thickness and an asymptotical 

decrease to 2-D critical speeds with further decrease in clearance.  This reduction in critical 

speed was attributed to flow acceleration at the flagôs spanwise edge due to the boundary 

layer development.  The motion of flags with spanwise and cross-streamwise confinement 

in a channel has been studied numerically by Shoele and Mittal (2015) and Tetlow and 

Lucey (2009).  Shoele and Mittal (2015) showed that in a confined channel, the flag motion 

is governed by a balance between the damping effect of added mass, Coriolis and viscous 

forces and the excitation of the flag due to centrifugal forces created by its curvature.  The 

presence of confinement has been shown by these authors to marginally increase the flagôs 

critical speed and frequency. 

1.6  Heat Transfer Enhancement using Fluttering Flags  

Earlier studies of heat transfer enhancement in rectangular channels using flexible, 

thin film fluttering flags are discussed in the review article of Yu et al. (2019).  The authors 

reviewed the heat transfer enhancement in a rectangular channel with focus on three flag 

configurations: a flag clamped at its trailing edge or ñinvertedò flag, flag clamped at its 

leading edge or ñstraightò flag and flags oscillating due to instabilities induced by a 

cylinder mounted upstream of the flag.  Heat transfer enhancement in a rectangular channel 

using a ñstraightò flag was studied numerically by Shoele and Mittal. (2014) which is 

referred to as a ñreedò by the authors and Rips et al. (2020).  An ñinvertedò flag 
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configuration was studied numerically by Park et al.( 2016) and experimentally by Yu et 

al. (2018).   

As shown numerically by Shoele and Mittal (2014), the production of vortical 

structures by the reed disrupts the thermal boundary layer on the channel walls which leads 

to enhancement of local heat fluxes and heat transfer coefficients.  The presence of reeds 

also leads to additional viscous and form drag which increases the flow power required to 

drive the flow.  In this study, the thermal enhancement factor h of the reed-enhanced heat 

transfer as measured by the ratio of global Nusselt numbers in the presence of the reed and 

in the base flow at a fixed flow power is up to 1.2.  As noted by Shoele and Mittal (2014), 

this enhancement factor can be achieved using reeds whose lengths is comparable to the 

width of the channel.  While these numerical studies provide useful insight into the physics 

of reed flutter and the associated vortical structures in the channel flow, they are limited by 

the range of Reynolds numbers investigated which was typically below 600.  Furthermore, 

the planform dimensions of the reeds were too small to capture changes in the flow 

structures due to interactions between the reed and the channel walls.   

While Zhang et al. (2000) showed that the oscillations of a straight flag are caused 

by instabilities of the flag bound flow which arise due to perturbations of the flagôs surface, 

Yu et al. (2018) showed that the oscillations of an inverted flag are induced by shedding of 

leading and trailing edge vortices.  While the flow field downstream of a straight flag 

comprises of trains of vortices alternating their sign per half-stroke of flag, the flow 

downstream of the inverted flag includes a combination of pairs of opposite sense vortices 

and single sign vortices.  In a water channel of aspect ratio 2:1 and at constant heat flux, 

Yu et al. (2018) showed that for 12,000 < Re < 23,000, while an inverted flag L/W = 4 
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spanning the channel height and operating at StL = 0.14 leads to an increase in the global 

Nusselt numbers of up to 1.3-fold relative to the base flow, this flag also results in up to a 

3-fold increase in the friction factor such that h is smaller than 0.8 (Yu et al., 2018).  Some 

numerical studies have also considered clamping the inverted flag to the channelôs side 

wall (e.g., Park et al., 2016), this configuration is limited by the relatively high penalty in 

flow losses and the practical difficulty of implementing such flags in a heat exchanger. 

1.7  The Goals of the Present Research 

The present investigations focus on the key fluid flow and heat transfer mechanisms 

that are induced by flexible, thin-film reeds cantilevered at their leading edge in rectangular 

channels operating at low to transitional Reynolds numbers (1,000 < Re < 15,000).  

The primary goals of the current research are: 

i. Characterize the kinematics of the onset of reed flutter in a channel flow and 

the effect of reedôs geometrical and structural parameters on its critical speed, 

oscillation frequencies, and mode shapes. 

ii. Explore the mechanisms of the formation and evolution of small-scale 

vortical motions by the reed oscillations and their effects on the time-

averaged flow field and its fluctuating characteristics within the channel. 

iii.  Identify the mechanisms by which small-scale motions in the presence of 

reeds enhance channel heat transfer. 

iv. Identify optimal reed and flow parameters for heat transfer enhancement with 

minimal losses. 

v. Verify the scaling of reed-driven heat transfer enhancement in fin arrays used 

in heat exchangers.  
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vi. Use the results of the fin array analysis to estimate reed-enhanced system-

level performance in heat exchangers of air-cooled condensers. 

Following an overview of the relevant literature in Chapter I, Chapter II describes the 

experimental setup that included construction and testing of low and high aspect-ratio 

rectangular channels along with the experimental techniques for flow and heat transfer 

measurements.  The reed dynamics including the onset of flutter, oscillation frequency and 

mode shapes and frequency and its effects on the channel flow in a low aspect ratio channel 

are discussed and compared to a high aspect ratio channel in Chapter III.  The effects of the 

reed on the flow in a high aspect ratio channel are discussed in detail in Chapter IV and the 

roles of the key flow and reed parameters which affect the flow are explored.  Chapter V 

discusses the effects of the presence of the reed on heat transfer enhancement in the high 

aspect ratio heated channel including optimal flow and reed parameters.  The scaling of the 

reed driven heat transfer enhancement between the isolated channels and a model fin array 

of a heat exchanger and the potential effect of the reed on system-level thermal performance 

in an air-cooled condenser are described in Chapter VI.  The thesis includes three appendices:  

Appendix A includes the assumptions and equations and used to evaluate the mean and 

fluctuating flow fields in Chapter IV; Appendix B includes additional analysis of flow field 

and heat transfer when the streamwise position and aspect ratio of the reed are varied; and, 

Appendix C outlines the effects of varying the channelôs maximum wall temperatures and 

the presence of multiple reeds on heat transfer in the channel.  Finally, Chapter VII 

summarizes the main new results of and describes the key insights enabled by the present 

investigations. 
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CHAPTER II  

EXPERIMENTAL SETUP  

2.1  Isolated Channel Configurations 

The interactions of the reeds with the channel flow and the ensuing heat transfer 

enhancement were investigated in both low and high aspect ratio interchangeable 

rectangular channels in which the flow was regulated using a miniature wind tunnel 

facility.  Air flow in the facility is driven using the building air supply through a calibrated 

thermal mass flow meter/controller over the range 1.67 x 10- 4 < ὠ < 8.35 x 10- 3 m3/s.  An 

adapter section leads to an internally-partitioned diffuser (expansion ratio 1:25, Figure 

2.1a, b) followed by a primary contraction (contraction ratio 25:1 Figures 2.1c) to ensure 

that low streamwise turbulent intensity at the contraction exit into the channelôs test section 

(uô/U < 0.5%, measured using particle image velocimetry, PIV).  For the purpose of PIV 

measurements in the channel test section part of the flow upstream of the diffuser was 

diverted to an atomizer filled with Rosco Fog fluid to create seeding particles for PIV and 

and thereafter was injected back into the main stream. 
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Figure 2.1 CAD drawings of the diffuser without (a) and with installed partitions (b) and an 

isometric view of the contraction (c). 
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2.1.1  The Low Aspect Ratio Channel 

A channel section with square test section (Aspect ratio, H/W = 1) measuring 25 x 

25 mm, and 254 mm long was connected to the primary contraction as shown in Figure 2.2 

using a flange at its upstream end.  Alignment between the inner surfaces of the contraction 

and the test section was ensured using dowel pins on the surfaces of the flange.  The test 

section walls were fabricated from acrylic sheets (12.5 mm thick) and the inner dimension 

(25 x 25 mm) was within ±0.0254 mm.  Thin film reeds were cantilevered vertically in 

between two removable stainless steel support plates (0.125mm total thickness) spanning 

the height of the test section and 5 mm wide.  The support plate was clamped near its 

spanwise edges to the top and bottom outer surfaces of the test section using external 

fixtures as shown in Figure 2.2.  The development of reeds and their mounting procedure 

is described in detail in §2.3. 

 

Figure 2.2 CAD drawings of the 25 x 25 mm channel (flow from left to right) including 

the diffuser, contraction, and the channel test section with the spanwise-cantilevered 

reed (shown in red) and its mounting fixture.  
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2.1.2  The High Aspect Ratio Channels 

The present setup enabled testing of high aspect ratio channels (H = 25 mm, 

L = 250 mm) by connecting them to the primary contraction by a secondary contraction.  

Two channel configurations were used for separate measurements in the absence and 

presence of the reeds of the heat transfer and of the cross stream velocity fields (in the x-y) 

planes using PIV.  For heat transfer measurements, the high aspect ratio cross section was 

formed by inserting sliding side walls into machined groove in the top and bottom walls of 

the primary (25 x 25 mm) channel.  The side walls were fabricated out of 1.5 mm thick 

aluminum sheet and were instrumented with thin-film adhesive heaters and arrays of 

 

Figure 2.3. Top views of the high aspect ratio channels (channel dimensions not to 

scale) down stream of the primary contraction: a) The heat transfer channel showing 

the modular secondary contraction and the side wall inserts, and b) The PIV channel 

with integrated secondary contraction elements along the side walls. The air gap 

between the side wall inserts and the outer side walls in (a) are sealed.   



 

20 
 

thermocouple sensors on their back sides (cf.  §2.2) and were mated to a secondary (1-D) 

25 mm tall contraction fabricated using stereolithography that was attached to the primary 

contraction (Figure 2.3a).  The air cavity between each of the outer walls and the inner wall 

inserts was sealed using to create a closed air-insulated gap.  The majority of the heat 

transfer measurements were performed in a H/W = 5 (W = 5mm) channel and limited 

measurements were also conducted in a H/W = 10 (W = 2.5 mm) channel.  The heat transfer 

setup is described in detail in §2.2. 

For the PIV measurements (cf.  §2.2) the side walls of the H/W = 5 channel were 

fabricated with an integrated secondary contraction at the upstream end (Figure 2.3b), and 

the top and bottom walls were replaced with smooth flat acrylic walls to enable passage of 

the laser sheet that was used for illumination of the flow in multiple cross stream (x-y) 

planes.  

The flow in the heat transfer and PIV H/W = 5 channels was compared over the full 

range of flow rates using the variation with Re of the channel friction factor (Figure 2.4) 

 

Figure 2.4. Variation of channel friction factor, f with Re in the heat transfer (ƴ) and 

PIV (ǒ) H/W = 5 channels.  Solid black and red lines represent the laminar and 

turbulent channel flow data of Kakac et al.,1987 and Hartnett et al., 1962 respectively 

for a 5 mm channel of similar aspect ratio. 
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f = DP/(0.5ĀraĀU
2Ā(L/Dh) where DP is the static pressure drop along the channel, ra is the 

air density (STP), Dh = 4Ac/Pc [Ac = WĀH and Pc = 2Ā(W+H)] and Re = UĀDh/  ᵻ(  ᵻis the air 

kinematic viscosity at STP).  The procedure for measuring the channel pressure drop is 

described in §2.2.  The present measurements in Figure 2.4 are also compared  with the 

numerical and experimental data for laminar (Kaka­ et al., 1987) and turbulent (Hartnett 

et al., 1962) channel flows, respectively.  These data indicate that the variations of f with 

Re in the two channels are similar indicating overall similar evolution of the base flows 

although f in the PIV channel is somewhat smaller (up to 7%). 
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2.2  Flow and Heat Transfer Diagnostic Techniques  

2.2.1 Pressure and Mass Flow Measurements   

The static gauge pressure p(x) was measured at five streamwise locations in the 

high aspect ratio channels (H/W=5 and 10) at ὼ = x/W= 3.2, 17.2, 27.2, 36.2 and 46.2 using 

pressure ports mounted on the bottom channel wall (the channel pressure drop using the 

gauge pressure at ὼ = 3.2).  Each static pressure port was connected to a scanivalve pressure 

scanner and a pressure transducer (temperature compensated, resolution of 0.3 Pa).  The 

transducerôs output voltage was sampled at 10 Hz for 60 sec for each static port (the 

maximum fractional uncertainty of the time-averaged pressure was 0.03).  The average air 

speed in the channel U was computed from measurements of the mass flow rate was using 

a thermal flow controller with maximum fractional uncertainty of 0.0075.  The 

corresponding maximum fractional uncertainties of the channel Reynolds number and 

friction factor were 0.0087 and 0.0335 (e.g., .Wells, 1992).   

2.2.2  Spectral Measurements using Hot Wire Sensors   

Flow fluctuations in the channel were analyzed using a miniature hot-wire sensor 

(2 mm long, 5 mm diameter wire) aligned along the y-axis (at y =z = 0 and ὼ = x/W = 20, 

30 and 40) and a standard CTA anemometer sampled at 20 KHz.  The time-averaged sensor 

output was scaled relative to the time-averaged streamwise velocity measured by PIV (cf. 

§ 2.4.1) in the absence of the reeds and the scaling coefficients were used to compute the 

power spectral density (PSD) of streamwise velocity fluctuations uô = u-ό with frequency 

resolution of 1 Hz 
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2.2.3  Particle Image Velocimetry   

The time-averaged cross stream and streamwise velocity and velocity fluctuations 

in the base flow and in the and presence of reeds were measured using a standard low-

speed, 2-D PIV in several cross stream x-y planes using a LaVision system (Kearney, 2013, 

and Lambert, 2016).  The dual head pulsed Nd:Yag laser (532nm, maximum pulse 

frequency 15 Hz, pulse width 3-5 ns) was driven using a programmable timing unit at 

8 ï 10 Hz (aliasing with reed motion was avoided) at Dt between 1.5 to 10 ms depending 

on the flow speeds.  The seeded flow was imaged using a CCD camera (1,200 x 1,600 

pixels) whose optical axis was normal to the laser sheet.  Laser sheets were generated using 

round and cylindrical lenses (focal length 120 and 50 mm, respectively) mounted on a 

traverse along with mirrors to vary the streamwise (x) and spanwise (z) positions of the 

laser sheet along the channel, and the nominal sheet thickness was 1 mm.  The flow was 

seeded using 1-5 mm fog particles produced by an atomizer which was connected to the 

facility upstream of the channel test section.   

The streamwise and spanwise locations of the PIV fields of views are noted in 

Chapter III and IV.  In the H/W = 1 mm channel each field of view was W x 0.75W in the 

cross stream and streamwise directions, and data were acquired in streamwise increments 

of 1.4W with 16% overlap between streamwise widows from X = 1.6W to 9.7W over and 

and downstream of the reed as shown schematically in Figure 2.5.  The methodology for 

stitching the data in the overlapping fields was discussed by Honohan (2003).  In the 

H/W = 5 channel PIV data was obtained only downstream of the reed at discrete streamwise 
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windows whose centers are DX = 6W apart between X=18W and 42W in nonoverlapping 

windows.  

These PIV data were processed using LaVisionôs software based on a standard 

double frame, FFT cross-correlation (e.g., Raffel, Willert and Kompenhans, 1998) and 

using the follow-on processing procedure as described by Lambert (2016).  The time-

averaged cross stream velocity components όὼȟώ and ὺӶὼȟώ were used to compute the 

time-averaged spanwise vorticity concentrations wz using the velocity components of 8 

neighboring points based on the flow circulation(e.g., Brzozowski (2011).   

The present PIV measurements were acquired in two modes.  First, conventional 

time-averaged in which there is no phase relationship between the acquired data and the 

reed motion.  For these time-averaged measurements N = 3000 realizations were acquired 

and ensemble-averaged at each streamwise window.  For PIV grid locations (i, j) where 

there are a small number of instantaneous vectors missing due to the low-density particle 

seeding and/or rejected vectors, the averaging uses a sample size smaller than the entire 

sample size (Ni,j<N).  The second, more intricate data acquisition mode was phase-locked 

to the motion of the reed (cf., §2.4.2).  This was accomplished using the motion of a 

reference point on the reed as determined by a stationary laser-based range finder (shown 

 

Figure 2.5. Schematic of overlapping PIV views (at z=0) in the H/W = 1 channel (flow 

is from left to right).  The trace of reed centerline is shown in black and its shadow is 

shown in gray.  A reference point near the reed tip is monitored using a laser based 

range finder for determining the instantaneous position of the reed. 
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schematically in Figure 2.5) and creating ensembles of image pairs for a predetermined 

number of reed positions or cross stream location of the reference point between the 

channel walls that were ensemble-to obtain a sequence of phase-averaged flow fields.  In 

these measurements, the spatial resolution within each view in the H/W = 1 and 5 channels 

were 0.25 mm and 0.04 mm respectively. 

As discussed by  Brzozowski (2009), the errors in velocity measurements from PIV 

due to the precision of the PIV setup (calibration, particle position/pixel displacement and 

camera timing) and errors arising from calculations of the velocity vectors have a bi-normal 

distribution with zero mean and finite variance.  These errors coupled with velocity 

fluctuations in the test section are reflected in variations of the measured velocity.  An 

estimate of the RMS error in the velocity (su,1) and vorticity (sw,1) using the PIV system 

were obtained based on the analysis of  Adrian (1991) and Westerweel (2000) who showed 

Table 2.1  Error estimates of the measured velocity and vorticity distributions in the 

H/W=1 and 5 channels.  
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that the predominant source of PIV errors is the resolution of sub-pixel displacements of 

the particles.  The RMS errors in the velocity (su,1) and vorticity (sw,1) in the present 

measurements were computed based on the interrogation window size, number of gray 

levels in the camera, number of particles within interrogation window, the standard 

gaussian image noise and number of sampled instantaneous vector fields following the 

procedure of  Brzozowski (2009).  Table 2.1 summarizes the PIV cases investigated in the 

present study in column 1, the description of the cases (PIV resolution, laser timing, DT, 

vector processing parameters and number of realizations, N) in columns 2 through 5 and 

estimates of the fractional RMS error in the velocity (su,1/ό) and vorticity (sw,1/in the (‫ 

PIV cases in column 6 and 8.  In addition, an upper bound (su,2, sw,2) to the PIV error is 

estimated using the RMS velocity fluctuations from the PIV data taken at a low Reynolds 

number (Re=2,000) at the entrance of the low and high aspect ratio channel where the 

natural flow fluctuations are small.  Upper bounds of the fractional RMS errors in velocity, 

su,2/ό and vorticity, sw,1/are the estimated and tabulated for the various PIV cases in ‫ 

columns 7 and 9 of Table 2.1. It should be noted that in the absence of a clear phase 

reference in the base flow, the upper bounds of velocity and vorticity errors su,2/ό and 

sw,1/respectively, could not be obtained for phase-averaged PIV flow-field and are ‫ 

marked as NA in Table 2.1.  

2.2.4  Range Finder Measurements of the Reed Motion   

As shown in Figure 2.5, the motion of a reference point along the reed mid span 5 

mm upstream of its tip (when the reed is at rest) was measured using a laser based range 

finder to detect the onset of reed motion and obtain a time series of the cross-stream motion 
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of the reference point.  This time series was used for phase-locked PIV measurements (cf., 

§2.5).  The present range finder has a resolution of 36 mm and is sampled at 20 KHz to 

obtain a time-series of the reed motion.  These data are used to determine the primary reed 

frequency, fosc which is then used to calculate the reedôs Strouhal number, StL=fosc·Ls/U 

based on the reed length Ls and the average flow speed U with a maximum fractional 

uncertainty of 0.023.   
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2.2.5  Heat Transfer Measurements  

The top and front views of the heat transfer channel test section are shown in 

Figures 2.6a and b (cf., Ä2.1.2).  The back side of each of the channelôs aluminum side 

walls is instrumented (at mid-span) with seven equally-spaced T-type thermocouple 

sensors (cf. Figure 2.6a) to measure the streamwise distribution of wall temperature, Tw.  

These thermocouple sensors are potted into grooves along the length of the wall surfaces.  

Each surface is then covered with an adhesive thin film heater (25.4 x 254 x 0.25 mm,) 

having maximum heat flux, ὗheaterò = 15.5 KW/m2.  In addition, six equally spaced 

thermocouple sensors are mounted along the span (z) of the right wall (ώ = y/W = -0.5) at 

the channel exit to measure spanwise variation of Tw.  The back of each heated side wall is 

 

Figure 2.6.  a) Top view of the heat transfer channel configuration, including a 2-D 

contraction, cantilevered reed, and thin-film heater mounted on aluminum surfaces 

instrumented with arrays of thermocouple sensors and insulated on the sides using air 

gap and styrofoam plugs [an elementary panel marked between two adjacent 

thermocouple sensor was used for measurements of the local heat transfer (cf. §2.6 and 

5.1) ];  b) Front view of the channel. 
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insulated using an air gap to the inner walls of the primary channel (H/W=1) and the heaters 

and the gap are sealed at its downstream end using a Styrofoam plug (cf. Figure 2.6a).  The 

thin film heaters were powered using a DC power source and the voltage and current across 

the heater were monitored to calculate the heater power, ὗ with a fractional 

uncertainty of 0.008.  When steady state heating was achieved (20 - 25 minutes), the 

temperature data from the thermocouple sensors was sampled at 10 Hz for 10 sec and 

averaged to yield Tw.  The resolution of the data acquisition module was 0.02oC with a 

maximum error of 0.5oC and the T-type thermocouple sensors had nominal errors of 0.5oC 

so that the maximum error in temperature measurements was 1.02oC or fractional uncertainty 

of 0.012 .  Figure 2.7a and b illustrate the streamwise variations in time-average Tw measured 

at Re = 1,500 in the presence of a reed (planform dimensions 22 x 50 mm and thickness, 

ts = 12.7 mm) for ὗheater = 17 Watts on the left (ώ = 0.5) and right (ώ = -0.5) aluminum side 

 

Figure 2.7. a)  Streamwise variation of wall temperature Tw(x) at Re = 1,500 in the 

presence of a reed (planform 22 x 50 mm and thickness, ts = 12.7 mm) measured over 

the left (ώ = 0.5, ƴ) and right (ώ = -0.5, ƴ) walls as shown in in Figure 2.6, and  

b) spanwise variations of Tw measured at the bottom wall near the channel exit (x = 0.25 

m). The reed tip location is shown using a vertical dashed line. 
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walls and along the span of the bottom wall at the channel exit.  These data show that the 

differences in streamwise variations of temperatures on the side walls is marginal (the left 

wall is cooler by 0.5oC ostensibly due to the slight asymmetry in reed motion).  The variations 

of Tw along the channel span do not exceed 0.7oC at the channel exit (cf. Figure 2.6b) and are 

significantly smaller than the streamwise variations of the wall temperatures.  In the heat 

transfer studies in chapter V, an average of the left and right wall temperatures was used to 

represent the streamwise variations of the wall temperature in the channel and the spanwise 

variations of wall temperatures were neglected in calculations of the Nusselt number.  The 

local Nusselt numbers in the absence and presence of reeds are calculated based on an energy 

balance across an elementary panel between adjacent thermocouple sensors (cf. Figure 2.6a) 

which is discussed further in § 5.1. 

  



 

31 
 

In order to calculate the heat transfer to the air in the channel, the insulation heat flux 

losses were calculated and subtracted from the heater power.  The heat flux losses from the 

H/W=5 channel through the insulated air cavity/gap were measured using an array of 24 

thermocouple sensors mounted on the side, top and bottom walls of the insulation as shown 

in Figures 2.8a and b.  The local heat flux losses, ὗ ȟ  = kacrylic.DT/tsw were calculated using 

the temperature difference DT across the wall thickness, tsw of side walls acrylic the channel, 

as measured at the center of three streamwise panels of length, Lchannel/3 for each of the side, 

top and bottom walls of the insulation.  The variation of channel average heat flux loss 

 

Figure 2.9.  Variation of the total heat flux losses ὗ  from the H/W=5 channel with 

average channel wall temperature ITDavg, whose slope yields the insulation heat transfer 

coefficient. 

 
Figure 2.8. a) Front view of the heat transfer test section showing the air cavities formed 

by the walls, the heater and Styrofoam plugs and the location of the thermocouple sensors 

in the cavity for measuring the heat flux losses through the cavity and walls; and b) Top 

view of the channel showing streamwise stations of the thermocouple sensors. 
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ὗ Вὗ ȟ ὃȾςὒὌ  (where Ap = Lchannel/3ÅHp, Ap and Hp = H are the panel area and 

height respectively) based on the total heater surface area (2LH) in the H/W = 5 channel with 

ITDavg = Tw,avg-Ta,i, (where Tw,avg is the average channel wall temperature) is shown in Figure 

2.9.  The slope of this nearly linear variation yields the insulation heat transfer coefficient 

hins = 11 Watts/m2K.  This analysis was checked with good agreement by sealing the channel 

at its downstream end and comparing the insulation losses in the absence of flow with the 

power supplied to the heater at steady state.  The total heat dissipation rate to air, flowing 

inside the channel ὗ  was calculated by subtracting the total heat losses to the insulation 

(integrated across all the panels) from the heater power and on average, ὗ  = 0.8ὗ .  

The maximum fractional errors in the measured heater power and the heat dissipated to air 

are 0.008 and 0.0125 respectively. 

The heat transfer coefficients in H/W=5 and 10 channels are calculated using two 

methods.  In the first method the local heat transfer coefficient h(x) and Nusselt number, 

Nu(x) = h(x)ÅDh/ka, (ka is the thermal conductivity of the air) were obtained from an energy 

balance on an elementary panel formed between adjacent thermocouple sensors (shown in 

Figure 2.6a).  These local heat transfer coefficients were then averaged over the channel length 

to yield the global heat transfer coefficient hm and global Nusselt number Nu. The details of 

these calculations are discussed in §5.1.  The maximum fractional error in local and global 

Nusselt numbers (accounting for error in the heat dissipated to air and the differences in wall 

and air temperatures) is 0.05.  The second method is based on a technique that is widely used 

in studies of heat sinks and relies on assessment of the logarithmic mean temperature 

differences between the fin and the air at the inlet and exit of the fins which is referred to as 
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LMTD and used in the fin array studies in Chapter VI.  The LMTD yields the global Nusselt 

number, NuLMTD with a maximum fractional error of 0.063.   
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2.3  The Self-Oscillating Reeds 

2.3.1  Reed Development 

In the present investigations, reeds of varying thickness (12.7 mm < ts< 200 mm), 

length (12 mm < Ls < 150 mm), and span 4 mm < Hs < 22 mm (Hs was 22 mm in most of 

the investigations) were fabricated from polyester and mylar thin film materials having 

nominal Young modulus E = 5 GPa and density ɟs = 1,370 kg/m.  The thin film sheets were 

laser cut to the required dimensions using a variable power CO2 Laser cutter.  Although 

the laser was set at its minimum power of 20 Watts, the thermal stresses resulted in slightly 

asymmetric reed motion as discussed in §2.4.2. 

During measurements in the H/W = 1 channel (Chapter III), the reeds were 

cantilevered vertically within the center plane (y = 0) of the channel using a mounting 

fixture that clamps it along its height along a 5 mm strip at the upstream edge between two 

stainless steel plates 0.1 and 0.025 mm thick to minimize blockage losses.  The assembly 

is shown in streamwise and top views in Figures 2.10a. and b respectively and a side view 

of the assembled fixture with the reed in the channel is shown in Figure 2.10c (the reed 

was glued in place using cyanoacrylate glue).  The cantilever fixture was mounted within 

 

Figure 2.10  Front (streamwise, a) and top (b) views of the reed clamping assembly and 

side view (c) of the assembled reed fixture  in the channel.  The spanwise recess of the 

left clamp in (a) spans the height of the channel to minimize blockage.  Single-sided 

reed mounting fixtures using a plat plate and a cylinder are shown in (d). 
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the test section through two access holes within the opposite (top and bottom) walls (cf. 

Figure 2.1).  The tension of the cantilever assembly was adjusted using a torque wrench to 

ensure mounting repeatability.  During the investigations in the high aspect ratio channels 

two alternative asymmetric mounting fixtures were considered using a single stainless 

0.025 mm thick and 5 mm wide stainless steel plate and a 0.25 mm diameter stainless steel 

cylinder shown in top views in Figure 2.9d) to which the reed was affixed along it upstream 

edge using cyanoacrylate glue.  Although the asymmetric mounting resulted in slight flow 

asymmetry downstream of the reed, the differences in reed oscillation frequency, channel 

pressure drop and heat transfer were negligible between the three reed mounts while the 

critical speeds for the asymmetric mounts were between 3 and 5% lower than for the 

clamping plate.  Therefore, the cylinder mount was selected for the investigations in the 

isolated H/W = 5 and 10 channels in Chapters IV and V.  Due to practical considerations 

of bulk manufacturing and mounting location the plate mount was used in the fin array 

experiments of Chapter VI and in the corresponding isolated channels for comparison with 

the fin array.   

The reedôs critical speed at which it begins to oscillate was determined by gradual 

computer-controlled increase of an initial channel speed at which the reed was stationary 

at increments of 0.3 m/s while monitoring the laser range finder output (cf. §2.2) until the 

oscillation threshold was crossed.  Thereafter the speed was decreased at the same rate to 

the initial speed while observing the termination of the oscillations.  The channel speed at 

each increment was maintained for 10 seconds and time series of the range finder and flow 

controller signals were sampled at 20 KHz.  The critical speed was determined by the onset 

of oscillations in the range finder signal (cf. Figure 3.5 in §3.2). 
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2.3.2 Position-Locked Reed Motion Analysis 

In the H/W = 1 and 5 channels the reed motion was characterized by imaging a trace 

along its mid-span between its upstream and downstream edges (cf., Figure 2.5) that was 

illuminated using a pulsed Nd:Yag laser sheet normal to the channelôs center plane (y = 0).  

The scattered light from the intersection of the laser sheet and the reed was imaged using 

a CCD camera (1,600 x 1,200 pixels) that was mounted vertically above the channelôs test 

section such that its optical axis was along the channelôs center plane (y = 0), and parallel 

to the reedôs leading edge (the field of view was similar to the PIV setup Figure 2.5).  The 

range finder output was used as a phase reference for triggering the laser and CCD camera 

when the intersection of the range finder laser and the reed was located at 39 equally-spaced 

cross stream positions along the width of the channel (i.e., along the y coordinate) using a 

comparator.  At each of the 39 positions, 170 traces of the reed surface were obtained and 

digitized with a resolution of 30 mm/pixel.  Since the reedôs motion along its length varied 

 

Figure 2.11. Conditionally-averaged and normalized oscillation cycle (ώ-ὸǶ) of a 

reference point at the spanwise center of the reed and 5 mm upstream of its tip (at rest) 

based the range finder measurements (ǒ) and the digitized centerline images (ƴ) 
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somewhat from cycle to cycle as moved across the channel, these digitized traces were 

conditionally averaged by first extracting the y-location of the digitized reed tip and then 

selecting the digitized traces where the tipôs y location were within one standard deviation 

of the average tip location.  These selected digitized traces were then averaged to yield the 

most probable x-y coordinates of the reedôs centerline at each of the set cross stream reed 

reference positions.  The average time stamp of the cross stream positions of the reed 

reference were obtained by organizing the time-traces of the range finder data into 

successive cycles and ensemble averaging the instantaneous time stamps corresponding to 

each cross stream elevation.  The conditionally averaged cross stream locations of the 

reference point on the reed (cf. Figure 2.5) were compared based on the range finder and 

the digitized reed trace data and are shown in Figure 2.11.  While the locations based on 

two measurement sources (range finder and digitized reed traces) appear to be in reasonable 

agreement close to the channel center (y = 0), some differences are evident close to the 

channel walls (up to 0.27 mm or 0.06 Ls at y/L = -0.3 and t/T=0.9).  It is conjectured that 

the reed undergoes some spanwise bending and hence the shadow of the reedôs spanwise 

edge on the image plane leads to a projection of the reed centerline trace to the camera that 

marginally differs from the true trace at the reference location as measured by the range 

finder.  The x-y data corresponding to the reed centerline traces are used to characterize the 

evolution of the reedôs kinetic energy as discussed further in Chapter III. 
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2.4  Processing of PIV Data 

2.4.1  Time-Averaged Velocity Measurements  

Each time-averaged velocity and vorticity fields in the H/W = 1 and 5 channels was 

computed using particle image velocimetry data consisting of 3,000 image pairs (cf., §2.2) 

acquired at frame rates between 8-10 Hz in the base flow and in the presence of the reeds 

(in the presence of reeds the acquisition frame rate frequency was adjusted to prevent 

aliasing with the reed motion).  Although it was demonstrated that the time-averaged data 

did not change beyond about 800 instantaneous fields, a significantly larger sample size 

was used to reduce random PIV error in the second moment of velocity fluctuations (e.g., 

Trip et al., 2012).  The instantaneous velocity fields were obtained using the standard PIV 

(DaVis 8.2) software.   

The time-averaged streamwise and cross stream velocity components ό and ὺӶ, 

respectively and the corresponding second moments of the velocity fluctuations 

όᴂόᴂȟ ὺᴂὺᴂȟÁÎÄ όᴂὺᴂ were computed as follows: 

όᴂόᴂ  
В ό ό

ὔ
 

ὺᴂὺᴂ  
В ὺ ὺӶ

ὔ
 

όᴂὺᴂ  
В ό ό ὺ ὺӶ
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While these second order moments are clearly similar to the Reynolds Stresses in 

turbulent flows, it is refrained from referring to them using this terminology since the 

present channel inlet flows range from laminar to transitional and may not become fully-

turbulent at the highest Reynolds numbers investigated.   Furthermore, although some of 

the present data were acquired position-locked to the reedôs motion, since the oscillation 

frequency and phase of the reedôs motion vary cycle to cycle owing to its interactions with 

the cross flow and the shedding of vorticity concentrations, triple decomposition analysis 

(e.g., Hussain et al., 1972) was not attempted.   

 

Figure 2.12   Cross-stream distributions of the normalized time-averaged streamwise 

velocity ό (at z = 0, -0.5<ώ<0) for the base-flow in the H/W=5 channel  at ὼ = 18 (ǒ), 

36 (ǒ) and 48 (ǒ) for Re = 2,000 (a), 5,000 (b), 7,000 (c) and 12,000 (d) The solid lines 

are a comparison with the data of Sparrow et al.(1967). 
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Cross-stream distributions of the normalized time-averaged streamwise velocity 

ό(ώ)= ό(y)/U in the base flow of the H/W=5 channel were extracted at the streamwise 

center of the PIV fields at spanwise center of the channel (z = 0) centered at ὼ= x/W = 18, 

36 and 48 at Re = 2,000 (Figures 2.12).  These data are compared with corresponding data 

in a similar channel (H/W=5) by Sparrow et al. (measured using pitot tube, 1967) at 

1,000 < Re < 5,000 (at Re = 2,000 the base flow is laminar).  At Re = 2,000, the present 

experimental data shows excellent agreement with the data of Sparrow et al. (1967) where 

the differences in ό(ώ) do not exceed 2% at all streamwise locations.  Although the data of 

Sparrow et al. (1967) was limited to Re Ò 5,000, they showed that the laminar cross-stream 

velocity distributions depend on x*  = x/(ReÅDh) and therefore their data were extrapolated 

for comparison with the present data at Re = 7,000 and 12,000 (cf. Figures 2.11b, c and d 

respectively).  These comparisons show significant differences at higher Re as the base 

flow transitions to turbulence. 

2.4.2  Velocity Measurements Position-Locked to the Reed Motion 

Using the procedure described in §2.3.2 for obtaining traces along the midspan of 

the reed that are locked to the reed motion, velocity (and vorticity) fields along and 

downstream of the reed were measured in the H/W = 1 channel (§3.3) by using the range 

finder output to trigger the PIV camera to acquire 170 image pairs at each of 39 equi-spaced 

cross-stream positions of the reed reference (the trace of the reed centerline was acquired 

simultaneously).  The reed traces were then conditionally selected (using the procedure 

described in §2.4.2) and the corresponding PIV image pairs for the selected reed traces 

were extracted, processed and averaged to obtain the conditionally-averaged velocity 

distributions at a given cross-stream position of the reed (cf., Chapter III). 
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The position based averaging procedure proved to be too long for the higher aspect 

ratio channel leading to degradation of the image quality owing to accumulation of fog 

particles on the channel walls.  Therefore, a revised version of the locked data was devised 

based on bin-averaging technique in which a continuous stream of the PIV image pairs are 

sorted into bins that are characterized by a fixed phase relative to the reed motion during 

post processing.  The cross-stream positions of the reed across the channel width are 

identified by the range finder data during the continuous acquisition of 3,000 PIV image 

pairs (the position of the range finderôs reference point moves marginally along the reed 

during the oscillation cycle).  The time-traces of the reedôs cross stream position 

ώref(t) = yref(t)/W were identified by successive zero-crossings (Mendonca et al., 2014), and 

each cycle normalized by its own period Tinst ὸǶ = t/Tinst,  (Figure 2.13a).  A time-averaged 

cycle is calculated from the mean of the instantaneous cycles.  These data showed that the 

standard deviation of the periods of the instantaneous cycles is about 2% of the period of 

 

Figure 2.13 a) Superimposed 3000 instantaneous cycles of the reed position inferred 

from the range finder measurements and the time-averaged cycle, and b) the cross 

stream center (ǒ) of each data bin based on a sine function that is fitted to the time-

averaged cycle.  
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the time-averaged averaged cycle.  The time-averaged cycle shows that the reed motion 

between the channel center (ώ = 0) and the top and bottom wall (ώ = ±0.5) are slightly 

different due to the asymmetry in the attachment of the reedôs root to the support post (cf., 

§ 2.3).  A sine function with amplitude and frequency that match the average cycle was 

discretized into 38 bins whose centers are equally spaced in time (ὸǶ) along the average reed 

cycle (cf., Figure 2.13b).  The time-based phases at the bin-centers were 

abin =2pὸǶ= (2k- 1)(p/38) and the reed referenceôs cross-stream elevation in the channel 

corresponding to the timing of the bin centers were ώbin = sin (a) for k = 1, 2, 3, é.38.  

While the phase based width of each bin was Dabin  = 2/́38, the cross-stream width of the 

individual bins varies during the oscillation cycle as Dώ = /́38Åcos(2pὸǶ) and has minima 

near the top and bottom walls (ὸǶ = 0.25 and 0.75 respectively) and maxima near the channel 

center (ὸǶ = 0 and 0.5).  The PIV images that are captured along with the reed referenceôs 

time-trace were then sorted into the individual bins based on the phase of the reed reference 

 

Figure 2.14  Example of sorted PIV data acquired for a reed (Ls/W = 10, Hs/H = 0.9) 

oscillating at 65Hz at Re=2,000 at ώ = 18, ᾀǶ = 0: Cross stream distributions of 

instantaneous spanwise vorticity, -‫z corresponding to sorted PIV image (a) and bin

average (b)  
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during the PIV acquisition.  The flow fields obtained from the sorted PIV images within 

each bin were averaged to obtain the bin-averaged flow fields.  While the average number 

of PIV image pairs within the bins was 78, the number of image pairs varied between the 

bins with a maximum of 100 images for a = p/2 and minimum of 60 images for a = p/38.  

An example of the sorted data is shown in figure 2.14 for abin = 3p/38 and the PIV view of 

a reed with Ls/W = 10 and Hs/H = 0.9 oscillating at 65 Hz captured at ὼ = 18, ᾀǶ = 0.  Figure 

2.14b and c show an instantaneous sorted spanwise vorticity field (‫z = wzÅW/U) and the 

bin-averaged vorticity field respectively.  A key drawback of this technique is that even 

though good resolution of the phase-based variations can be obtained far away from the 

walls, the phase-based variations degrade near the walls due to insufficient time resolution.  
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CHAPTER I II  

DYNAMICS OF REED FLUTTER  

IN A RECTANGULAR CHANNEL FLOW  

Overview 

This chapter focuses on the characterization of reed flutter in rectangular channels, 

including the reed dynamics at the onset of flutter and the interactions between the reed 

and the flow that lead to the formation and advection of a hierarchy of small-scale vortical 

structures.  The reedôs dynamics are captured by imaging a streamwise trace through its 

mid-span and analyzed by using proper orthogonal decomposition (POD) and assessment 

of its mechanical energy.  The vortical motions induced by the reed motion are investigated 

using particle image velocimetry (PIV) and hot wire anemometry. 

3.1  Review of Mechanisms of Reed Flutter 

As noted in Chapter I, the flutter mechanism of cantilevered thin flags (or flexible 

reeds) in uniform cross flows and within flow ducts has been studied extensively.  Shelley 

and Zhang (2011) noted the existence of a critical cross flow speed, Ucritical, below which 

the reed is stable and above which surface perturbations can amplify into coherent 

fluttering.  The motion of the surface of a rectangular reed having planform length and span 

dimensions Ls, and Hs, respectively, and thickness, ts in a uniform cross flow with velocity 

U > Ucritical is characterized along its centerline y = y(x, t), as shown schematically in Figure 

3.1.  The dynamics of reed motion in the perturbed state in Figure 3.1 is obtained using 

Euler-Bernoulli theory for bending beams (Shelley et al., 2005) through a force balance 
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between the structural and fluid dynamic forces on a reed element while neglecting the 

viscous shear stresses on the reed. 

 
ὓ
‬zώz

‬ὸz

ρ

Ὗz

‬ώz

‬ὼz
 ὴᶻ‏

(3.1) 

where y* = y (x, t)/Ls, x*=x/Ls, t*= tÅU/Ls.  The reed inertia ratio M* (or the ratio of 

the reedôs mass (per unit area) and the mass of the air with which it interacts) is 

M*  = rsÅts/(raÅLs) in which rs and ra are the reed and air densities, respectively.  The 

reduced flow speed of the reed U* is the ratio of the flow kinetic energy and the reedôs 

elastic potential energy is given by U*  = ὟɆ ”Ὄὒ Ὧϳ  where kb = EÅI is the flexural 

rigidity and E and I = Hsts
3/12 are Youngôs modulus and area moment of inertia of the reed, 

 

Figure 3.1. a) The centerline of the reedôs planform surface y(x, t) z = 0 of a reed 

measuring Ls X Hs X ts and oscillating in a uniform cross flow with speed U; and b) The 

projection of the reed in x-z plane. 
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respectively.  Finally, the normalized pressure difference across the reed at some position 

x*  due to perturbations from its stable state is dp*  = dp(x* ) / (raÅU
2).   

The right-hand side of this equation includes two competing forces which govern 

the motion of a reed element: a stabilizing elastic force (1/U* 2
Å µ4y*/µx*4) corresponding 

to the bending stiffness of the reed and a destabilizing pressure force (ὅdue to the flow 

over the perturbed state of the reed).  Figure 3.2 depicts the instantaneous flow along and 

downstream of a reed suspended in a soap film during its motion downward (Zhang et al., 

2000), in which the instantaneous streamlines around the reed are visualized using 

interference fringes created by reflection from a monochromatic light source.  This image 

shows the formation of a train of clockwise (CW) vortices downstream of the reed.  The 

streamlines in flow below the bottom surface of the reed are closer to each other near the 

trailing edge compared to the leading edge, indicating a streamwise increase in velocity 

and lower pressure along the bottom surface.  On the top surface of the reed, the streamlines 

diverge away from the reed as the flow expands leading to a streamwise adverse pressure 

gradient.  Therefore, the reed curvature during its motion is accompanied by a pressure 

 

Figure 3.2.  Soap film flow visualization (the flow is from left to right) around an 

undulating silk reed by Zhang et. al. (2000).  The interference fringes were produced 

using monochromatic light to represent instantaneous streamlines. 



 

47 
 

difference between the two surfaces.  The temporal rate of change of the lift force on the 

reed can be evaluated by calculating the vorticity flux at the tip of the reed based on a 

vorticity balance equation as described by Shih et al. (1994).  When the flow-driven lift 

force can overcome the reedôs elastic restoring forces, it transitions to an oscillatory motion 

with a frequency which depends upon the balance between the two opposing forces 

(Argentina et al., 2005).   

Shelley et al. (2005) performed a stability analysis of a 2-D cantilevered reed in 

free flow using equation 3.1 and a potential flow model to derive a stability boundary M*-

U*  above which the reed oscillates and below which the reed is in a stable stationary state, 

as reproduced in Figure 3.3.  These data show that along this boundary the reduced critical 

speed of the reed, U* decreases with increasing M* and that the reduced velocity, Ucritical* 

is nearly invariant for heavier reeds (M*>1), indicating that at fixed flow density and reed 

mechanical properties (E and rs) for such reeds, Ucritical increases as (ts/Ls)
1.5.  While this 

 

Figure 3.3.  The stability boundary of a reed cantilevered at the root in a uniform cross 

flow derived from the potential flow model of Shelley et al (2005).  For reed of given 

mass ratio M*, the domains below and above the curve correspond to flow speeds U*  

for which the reed is stable or unstable to flutter, respectively.   
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analysis provides the parameters influencing the onset of reed motion (M*  and U* ), it 

doesnôt account for viscous losses on the reed, and when the reed is immersed in a channel, 

the analysis doesnôt account for the proximity of the channel walls which is a central 

element of the present investigations. 
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3.2  Reed Fluttering in Channel Flow 

The present investigations focus on fluttering reeds in low and high aspect ratio 

rectangular channels.  The motion of a cantilevered reed was first investigated in a channel 

having a square (25 x 25 mm) cross section and 250 mm long (cf. Chapter II), and a 

schematic rendition of the reed mounting in a rectangular channel is shown in Figure 3.4a.  

In the present investigations, the reed was cantilevered across the span (H) of the channel 

and was fabricated using a thin film including polyester (E = 5GPa, rs = 1,390 kg/m3), and 

mylar (E = 4.5GPa, rs = 1,370 kg/m3) reeds.  The reed planform dimensions were varied 

over a broad range (12 mm < Ls < 150 mm, 4 mm < Hs < 22mm), as was the thickness 

(12.7 mm < ts < 200 mm).  The motion of the reed is monitored on its centerline 

(intersection with the plane z = 0), nominally 5 mm upstream of its tip using a laser-based 

range finder as shown schematically in Figure 3.4b. 

 

Figure 3.4.  a) Schematic of a section of a channel showing the placement of a thin-film 

reed cantilevered on a thin (5 mm) stainless-steel plate mounted between the top and 

bottom wall of the channel at downstream of the channelôs entrance; and b) A cross 

section of the reed in the x-y plane z = 0.  The motion of the reed is monitored along its 

centerline using a laser range-finder (marked by a green line segment). 
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The critical speed of the reed motion and the onset of its oscillations were 

determined by gradually increasing the average air speed in the channel while monitoring 

reed motion.  An example of the characterization of the critical speed in the present channel 

is discussed below using a polyester reed measuring 45 x 22 mm and 38.1 mm thick.  The 

flow speed was increased at a low rate from some reference speed below Ucritical (16 

cm/sec/sec) using a flow controller in the air supply (cf., Chapter II)   

The temporal variation of the reed motion (5 mm upstream of its tip) is shown in 

Figure 3.5a in terms of the oscillation amplitude Atip/W = (ytip-ώ )/W, where ώ  is the 

time-averaged position of the reedôs tip (the rest position of the tip is not necessarily at the 

cross-stream center of the channel, y= 0, in the present example, the tip of the reed is the 

offset relative to cross-stream center by about 0.01W) as the average air speed in the 

channel  is varied between 4.72 (at t = 0) and 4.88 m/sec (t = 1 sec).  When the flow speed 

is just below the onset of oscillations (500 msec < t < 600 msec), the reed exhibits a mild 

flutter with a nominal amplitude Atip < 0.05W.  The oscillation amplitude increases with air 

speed to 0.26W for t > 500 msec, and the critical speed (defined when the oscillation 

 

 

Figure 3.5.  a) The variation with time of reedôs oscillation as the channel speed 

increases between 4.72 and 4.88 m/sec (the reed offset at t = 0 from the channel center 

is about 0.01W); and b) The variation of reed oscillation frequency with 

increasing/decreasing air speed in the channel. 
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amplitude exceeds 0.05W) is Ucritical = 4.8 m/sec (the oscillation frequency, fosc is 

approximately 47 Hz or the strouhal number StL = fosc ÅLs/U = 0.42).  The oscillation 

amplitude reaches a quasi-steady magnitude of 0.26W within 6 oscillation cycles, and the 

oscillation frequency increases to 48 Hz when the air speed reaches U = 4.88 m/sec.  Figure 

3.5b shows the variation of oscillation frequency of the reed as the speed of the air flow in 

the channel is increased from 4 m/s to 5.7 m/s and then decreased back to 4 m/s at 

increments/decrements of 0.3 m/s.  Each speed is maintained for 10 seconds and the time 

series of the rangefinder signal is sampled at 20 KHz for computing a power spectrum.  

Within the range of the present investigations, it was found that following the onset of the 

critical speed the reed frequency increases as U1.3.  It can also be observed that the when 

the channel speed is decreased, the reed continues to oscillate until a lower critical speed 

(4.5 m/s), thereby displaying hysteresis (as described by Watanabe et al., 2002 for reeds in 

uniform flow).  For the current work, unless otherwise noted, critical speed is defined as 

the flow speed above which the reed starts oscillating when the flow speed is gradually 

increased in the channel. 

Using the procedure described in connection with Figure 3.5, the critical speed was 

characterized for two reed lengths Ls = 30 and 45 mm and a range of reed thicknesses 

ts = 13, 25, and 38, and 50 mm.  Figure 3.6 shows the variation of the reduced critical speed, 

Ucritical* with the reed inertia ratio, M*.  In these experiments, independent measurements 

of the critical speed were repeated (four times) for each reed configuration and the 

variances are marked by the error bars.  The stability boundary of a reed in a uniform flow 

shown in Figure 3.3 is also included for reference.  These data show that Ucritical* decreases 

with increasing inertia ratio (as the reed becomes heavier compared to air) and asymptotes 
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to U*  å 12 for M*  > 1.5 indicating that for a given reed length the (dimensional) critical 

speed Ucritical  of the heavier reeds increases with thickness as ts
1.5.  It is noteworthy that for 

M*  > 0.8, the measurements agree well with the uniform flow model indicating that the 

proximity of the channel walls, viscous effects, and 3-D modes of the reed motion become 

less important as the mass of the reed is increased.  The increasing deviation between the 

model and the measured critical speed when M*  is lower indicates that these effects are 

more important, and it might be argued that reed-wall interactions over a longer reed length 

for the thinner reeds due to their low bending rigidity.  The variations of critical speeds, 

Ucritical* with M* were also measured in higher aspect ratio channels with H/W = 5 and 10 

for the same reeds as in H/W = 1 channel and, since these variations collapse on M* -

Ucritical* curve of the H/W = 1 channel, they are not discussed further.   

  

Figure 3.6. a) Variation of the critical flow speed Ucritical* with the reed mass ratio M*: 

ts = 13 mm (ƴ), 25 mm (), 38 mm (ƶ), 50 mm (ǒ) and for Ls = 45 and 30 mm. The solid 

black line is the critical speed of a 2-D reed in uniform stream based on the potential 

flow model of Shelley et al. (2005) (cf. Figure 3.3).  The variance of the measured critical 

speed are shown by a bar for each reed. 
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The motion of the reed is also characterized in terms of its oscillation frequency 

that was assessed from time traces of reed motion near its tip (cf. Figure 3.5).  Figure 3.7 

shows the variation of the reed oscillation frequency (represented by the Strouhal 

number, StL) with the reduced speed U*.  It is noted that for these data sets, the channel 

Reynolds number, Re = UÅDh / ◒ (Dh is the hydraulic diameter) varies within the range 

1,000 < Re < 18,000 and the reed thickness is increased incrementally: ts = 25, 38, and 

50 mm for reeds of length, Ls=50 mm.  For thicker reeds (ts = 38.1 and 50 mm), StL is nearly 

invariant with the reduced speed, U* (StL º 0.45 and 0.4 respectively) but for a thin reed 

(ts = 25 mm), StL decreases from 0.68 to 0.57 for 19 < U*  < 31.  These variations indicate 

ñmode-switchingò for the thin reed as has also been observed by Alben (2015) through an 

inviscid flow model for reeds (or flags) in channels.  

The interactions of the reed with the channel flow also leads to form drag due to 

channel blockage created by the reed and viscous drag on the reed and channel surfaces.  

These reed-channel interactions are manifested in the form of increased pressure drop 

  

Figure 3.7. Variation of the reed Strouhal Number StL (Ls = 45mm) with the reduced 

velocity U* for t = 25 mm (), 38 mm(), and 50 mm(ƶ). 
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within the channel measured using Darcy friction factor, f  = DP/(0.5ÅraÅU
2
ÅL/Dh, where DP 

is the static pressure drop across the channel (cf. Chapter II).  Figure 3.8 shows the variation 

with Re of friction factor in the absence and presence of the reed (Ls=50 mm and ts = 25, 

38 and 50 mm).  In the absence of the reeds, the friction factor decreases with Re 

(f ~ 400Re- 1).  The high levels of f in the base-flow compared to fully-developed flow 

(f = 64Re-1) show that because the channel is short (L/Dh = 10), the channel entrance effects 

are significant and the channel pressure drop has to balance both the wall shear stresses 

and increase in flow momentum.  In the presence of reeds, there is an increase in f at all Re 

and for each thickness. Since the critical Re above which the reed oscillates increases as 

the reed thickness increases (as described in connection with Figure 3.6), the curves of 

f vs. Re shift towards the right as the thickness increases.  There is an increase in f of about 

115% at Re = 6,200 (t
s
 = 25 mm), 132% at Re = 8,000 (t

s
 = 38 mm) and 157% at 

Re = 10,000 (t
s
 = 50 mm).  It should be noted that for an invariant Re, the increase in f 

 

Figure 3.8.  Variation of the channel friction factor, f with the Re in the absence ()֙ and 

presence of reeds: t
s
 = 25 mm(), 38 mm(), and 50 mm(ƶ). 
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decreases with increase in reed thickness (e.g., at Re = 10,000, the increments in f are 283, 

216 and 157% for t
s
 = 25 38, and 50 mm respectively).  The decrease in f can be attributed 

to the decrease in the reed oscillation frequency as its thickness increases.  For example, at 

Re = 10,000, StL decreases from 0.7 to 0.4 as ts increases from 50 to 25 mm.  The 

dependence of the friction factor on the oscillation frequency is discussed further in § 4.5. 

  



 

56 
 

3.3  Flow Dynamics in the Presence of Reed in Low Aspect Ratio Channels 

The effects of the reed on the flow within a low-aspect ratio channel are investigated 

in a channel having a cross section of 25 x 25 mm (cf. Chapter II) where the channel walls 

are farther apart and effect mild interactions with the reed motion.  The motion of a reed 

(22 x 45, 38 mm thick, critical speed 4.8 m/s) in this channel is captured by imaging the 

centerline of the reed using a video camera (1,600 x 1,200 pixels) that is triggered by the 

motion of a reference point (as obtained from the range finder at the mid-span of the reed 

and 0.1Ls upstream of its tip when the reed is at rest, cf. Figure 3.4b).  Digitized images of 

the reedôs centerline (in the cross-stream plane, z = 0, cf. Figure 3.4a) are captured for 39 

equally-spaced cross-stream positions of the reference point, yref, across the channel width 

and the conditionally-averaged centerlines (cf. chapter II) are shown in Figures 3.9.  As 

shown in Chapter II, the difference between the positions of the reference point based on 

the centerline position and the range finder does not exceed 0.06Ls.  The data in figure 3.9 

shows that the reed comes in contact with channelsô left (ώ = 0.5, y/Ls = 0.27) and right 

 

Figure 3.9.  Overlaid traces of the centerline of a reed measuring 22 x 45 (38 ɛm thick) 

in a 25 mm channel at 39 equally spaced positions of a reference point yref near its tip 

(cf. Figure 3.4b) for U = 4.8 m/sec.  The centerlines are conditionally averaged from 

ensembles that are acquired position-locked to the motion of the reference point.  
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(ώ = -0.5, y/Ls = - 0.27) walls only near its tip.  That the critical speed of the reed is close 

to the speed of a similar reed in a uniform flow (c.f., figure 3.6) shows that the effects of 

its interactions with the walls on its critical speed are insignificant.  The data in Figure 3.9 

also show slight asymmetry between the reedôs motions towards the left and right walls 

during the oscillation cycle.  The asymmetry stems from pre-stressing during the laser 

fabrication process. 

The kinetic energy of the reed is calculated using the motion of its (conditionally 

averaged) centerline across the channel width (neglecting spanwise variations).  In these 

calculations, the reed length was divided into elements of length ds = Ls/100 or 0.45 mm 

(15 times the imaging resolution, cf. chapter II) and the x-y coordinates at the center of 

each element, s, are computed for each of the 39 centerlines during the oscillation cycle.  

The times corresponding to each position of the reference point, yref, are extracted from the 

average reed oscillation cycle (cf. chapter II) to yield the time-stamp of each centerline, 

tref (i) .  The streamwise (Vx) and cross-streamwise (Vy) reed velocities were obtained at 38 

 

Figure 3.10.  Color raster plot of the variation of the reed kinetic energy in the 25 mm 

channel along its centerline s during the nominal oscillation period Tcycle = 0.02 sec 

(Ls = 45 mm, ts = 38 mm).  At tw-1 and tw-2 (marked by dotted lines) the reed tip touches 

the channel left (1) and right (2) walls, respectively. 

 



 

58 
 

instants t = [tref (i) + tref (i+1)]/2 along the average cycle and are defined as 

Vx(s,t) = (Dx(s) / Dtref) and Vy(s,t) = (D y(s) / Dtref) where D refers to differences between 

tref (i+1) and tref (i).  The reed velocity magnitudes, V(s,t) = (Vx
2+Vy

2)0.5 were used to 

calculate the elemental kinetic energy of the reed, d (KE) (s,t) = πȢυ” ὠὸὡ Ὠί, and 

the total kinetic energy of the reed ὑὉ† ᷿  ὑὉίȟ†.  The present investigations‏

demonstrated that the reedôs total kinetic energy KE å O (10 - 6J) is typically four orders of 

magnitude higher than its elastic potential energy ὖὉ ᷿ ρςτϳ ϽὉὸ Ὠὼί 

(Williams, 2009).  The variation of the reedôs kinetic energy (at its nominal critical speed) 

along its length during the oscillation cycle, d (KE) (s/Ls, t/Tcycle,), where the nominal 

oscillation period Tcycle is 0.02 sec is shown using color raster plot in Figure 3.10.  It should 

be noted that the cycle begins when the reed is at the left wall (tw-1 = 0, ώ = 0.5) moving 

towards the right wall (tw-2 = 0.5ÅTcycle, ώ = -0.5) and ends back at the left wall.  These data 

show the presence of multiple travelling waves of celerity, (ds/dt)/U = 0.5, from the root 

to the tip of the reed per oscillation cycle that intensify along the reed length.  These 

travelling waves lead to periodic peaking and release of the kinetic energy near the tip 

(0.84 < s/Ls < 1).  These peaks occur when the tip is at the cross-stream center of the 

channel (t/Tcycle = 0.25 and 0.75) and indicate the acceleration and deceleration of the reed 

towards the channel walls (the arrival times at the walls are marked by the dotted lines).   
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The flow structures induced by the interactions between the reed and the channel 

flow are assessed from PIV measurements that are acquired locked to the cross stream 

position of the reed (as in Figure 3.9, cf. Chapter II).  These data are acquired within the 

cross stream (x-y) plane z = 0 over the reedôs surface and downstream of its trailing edge.  

As described in connection with Figure 3.9, these data are taken at 39 equally-spaced cross-

stream positions of a reference point on the reed, yref, such that 170 images are included 

and averaged at each position to yield the position-averaged flow field.  The field of view 

at each of the reedôs position is comprised of four partially overlapping (16%) streamwise 

fields each spanning the width, W, of the channel and Dx = 0.75W long (the entire field of 

view is 1.6 < ὼ < 4.2).  A separate CCD camera is triggered to simultaneously acquire 

images of the reedôs centerline synchronized with the PIV images.  It is instructive to first 

consider the flux of spanwise vorticity (uÅwz) across the width of the channel at 0.05Ls 

 

 

Figure 3.11.  Color raster strips of the spanwise vorticity flux, uĀwz across the width of 

the channel during the reed oscillation cycle.  Each strip is plotted at sequential time 

steps as a reference point near the reed-tip passes through 39 positions across the width 

of the channel (the cross-stream position of the reed tip is indicated by white line 

segments). 
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downstream of the reed tip.  The cross stream variation of the flux is plotted using color 

raster plots (Figure 3.11) in unit strips that span the width of the channel [to the channelôs 

left (ώ = 0.5) and right (ώ = -0.5) walls] at each of the 39 cross stream positions of the reed 

during the oscillation cycle.  A white line segment marks the elevation of the reed-tip at 

each flux strip as the reed moves from the right to the left wall and back.  At the beginning 

of the cycle (ώ = -0.45), the reed tip is near the right wall (ώ = -0.5) and as it moves towards 

the left wall (ώ = 0.5), a flux of CW vorticity is shed from the reedôs left surface which 

moves leftwards with the reed.  Concurrently, the CCW vorticity flux on the channelôs left 

wall associated with the wall-boundary layer (just downstream of the reed) diffuses 

towards the channel center until the reed-tip touches the left wall.  At this instant, the 

interactions between the CW and CCW vortical structures on the reed and the left-wall 

modulate the left-wall boundary layer.  As the reed-tip moves towards the right wall, a 

CCW vorticity flux sheds from the right surface of the reed and interactions between this 

CCW vorticity and CW vorticity on the right wall modulates the boundary layer on the 

right wall near the end of the reed cycle.  The modulation along the right wall appears to 

occur at the reed oscillation frequency: it is suppressed during the first half of the reed cycle 

(t/T < 0.5), increases during the second half (t/T > 0.5) , and is suppressed again when the 

reed-tip touches the right wall.  As shown in Figure 3.16a, the shedding of CW and CCW 

vorticity from the left and right reed surfaces each cycle lead to the dominant peaks at twice 

the reed-frequency in velocity spectra acquired near the channelôs centerline while the 

periodic modulation of the wall-boundary layer leads to a dominant peak at the reed 

oscillation frequency in spectra acquired near the channel wall (Figure 3.16b).  
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Figure 3.12 shows 18 color raster plots of position-averaged spanwise vorticity 

concentrations wz superposed with velocity vectors over and downstream of the reed (cf. 

Figure 3.9 and Figure 3.11) at Re = 7,200 (the reed centerline is colored in red).  It should 

be noted that a portion of the flow field on the right of the reed was in the reedôs shadow 

where the velocity data could not be obtained and has been shown in gray in Figure 3.12.  

Even though the reedôs motion is slightly asymmetric (cf. Figure 3.9), the vorticity fluxes 

shed from the reedôs right and left surfaces are antisymmetric (as evident in Figure 3.11) 

indicating that the flow on the right of the reed (in the shadowed region) evolves nearly 

identical to the flow on its left.  Each image is characterized by the cross-stream distance 

(- 0.5 < ώtip < 0.5) of the reed-tip to the channelôs center (ώ = 0).  The sequence covers a 

full cycle of the reed motion in the channel; the cycle begins when the tip is near the 

channelôs right wall (ώ = -0.5), Figures 3.12-a.1 (ώtip = - 0.42 ) to c.2 (ώtip = 0.45 ) show the 

reed motion from the right wall towards the left wall (ώ = 0.5)and Figures 3.12-d.2 

(ώtip = 0.37 ) to f.3 (ώtip = -0.45 ) show the reed motion from left towards the right wall.  

The reedôs shape and motion clearly affect the flow on both of its sides.  In Figure 3.12-

a.1, the concave reed shape produces an adverse pressure gradient along the reedôs left 

surface leading to formation of CW surface vorticity which merges with CW vorticity on 

the channelôs right wall causing the shedding of CW vortex near the right wall as the reed 

moves leftwards (Figure 3.12-b.1).  As the reed-tip reaches the channel center (Figure 3.12-

e.1, ώtip = -0.05), the reed shape changes such that the vorticity concentrations accumulate 

at the tip (while diminishing near the root) and are shed downstream.  As the reed-tip 

approaches the left-wall (Figure 3.12-b.2, ώtip = 0.35), the reed constricts the flow between 

its left surface and the left wall suppressing the vorticity along both surfaces (due to 
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favorable pressure gradients).  The constriction causes a jet-like flow near the reed-tip 

leading to full detachment (from the reed) and downstream advection (past the streamwise 

 

 

Figure 3.12. Color raster plots showing distributions of position-averaged spanwise 

vorticity concentrations superposed with cross-stream velocity vectors in the cross-stream 

x-y plane z = 0 left of the surface of the reed in Figure 3.9 and in its near wake.  The trace 

of the reedôs centerline is shown for reference (the velocity field under the reed which is not 

illuminated by the PIV laser sheet is marked in gray).  These images are locked to 39 

equally-spaced positions of the reed reference point yref (cf. Figure 3.9) near the reed tip 

( ώtip marked at the bottom of each image).  The spanwise vorticity flux in Figure 3.11 is 

extracted at AB and shown for reference. 
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edge of the image) of the CW vorticity concentrations that nearly span the channel width.  

When the reed is in contact with left wall (Figure3.12-c.2, ώ = 0.45), the flow between the 

reedôs left surface and the channelôs left wall is blocked and the reed sheds CCW vorticity 

concentrations from its right surface.  As a result of the blocked flow above the left surface 

of the reed, the reed bends towards its right surface upstream of its tip and begins to move 

towards the right wall of the channel (Figure 3.12-d.2, ώ = 0.37).  As the reed continues its 

sweeping motion towards the right wall, the layer of CCW vorticity begins to roll up and 

interact with the CCW vorticity layer on the channelsô left wall.  This interaction severs 

the wall vorticity layer (e.g., Figure 3.12-e.2, ώ = 0.3) resulting in shedding of a CCW 

vortex (similar to CW vortex observed in Figure 3.12-b.1).  As the reed detaches from the 

left wall (Figure 3.12-e.2), the reed sheds concentrations of CCW and CW vorticity near 

its tip from its right and left surfaces respectively.  However, while the left reed surface 

experiences favorable pressure gradient (whose magnitude increases as the reed curvature 

increases along the reed length), the right surface experiences adverse pressure gradient 

leading to strengthening of CCW vorticity on the right surface and suppression of CW 

vorticity on the left surface.  Figures 3.12-d.2 to e.3 show the accumulation and shedding 

along the right reed surface of this CCW vorticity concentration during the motion of the 

reed between the channelôs left and right walls before it is advected downstream past the 

edge of the image (Figure 3.12-f.3) (Similar to the evolution of the CW vorticity 

concentrations between Figures 3.12-a.1 to c.2). 

The dynamics and influence of the vortical structures shed from the reed surfaces 

on the channel flow are studied through 39 position-averaged (cf. Figure 3.9) flow-fields 

downstream of the reed (3.1 < ὼ < 9.7, ὼtip= 3) at the cross-stream (x-y) plane, z = 0.  These 
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data were acquired using five, partially overlapping fields of view (downstream of reed) 

across the width of the channel, each 1.5W long with streamwise overlap of 16%.  Selected 

color raster plots of position-averaged spanwise vorticity along with the reed centerlines 

are shown which illustrate the advection and diffusion of vorticity concentrations 

downstream of the reed as it moves from the channelôs right to the left wall when its tip is 

at ώtip = - 0.45, - 0.25, -0.05. 0.3, and 0.45 (Figures 3.13a-e, respectively).  It should be 

noted that the streamwise locations of the root and tip of a straight reed (ὼ = 1.2 and 3) are 

 

Figure 3.13. Color raster plots of the position-averaged spanwise vorticity, wz in the x-

y plane (z = 0) downstream of the reed (3.1 < ὼ < 9.7) as the reed (cf. Figure 3.12) 

moves from the right to left wall (a-e).  The reed centerlines and its tip location ώtip are 
shown for reference.  Velocity vector of magnitude 5m/s is shown for reference in (a). 



 

65 
 

shown for reference and the scale of the colorbar (as compared to Figure 3.12) has been 

reduced to elucidate the vortical structures downstream of the reed.  The channel flow 

downstream of the reed shows the time-evolution of vortical structures shed from the reed-

tip.  When the reed is at the right wall (Figures 3.13a, cf. Figure 3.12-f.3), a CCW vorticity 

concentration (spanning the channel width) can be observed for 4 < ὼ < 4.7 which was shed 

from the right reed surface during its motion from the left to the right wall (cf. Figures 

3.12-d.2 to f.3).  This vorticity concentration creates a velocity profile near the right wall 

(4.3 < ὼ  < 4.4) which resembles a wall jet and increases the momentum near the wall.  

Further downstream, 8.6 < ὼ < 9.7, the jet created during the prior reed oscillation cycle (at 

similar tip-position) can be observed near the right wall albeit the increase in momentum 

near the wall is smaller ostensibly due to diffusion.  As the reed moves from the right to 

the left wall, (Figure 3.13b-e), a CW vorticity concentration is shed from the reedôs left-

surface and a wall-jet can be observed near the channelôs left-wall (Figure 3.13e).   

The effect of the advected vortical structures on the flow downstream of the reed is 

also characterized using the kinetic energy of the velocity fluctuations.  Following the 

methodology adopted by Hussain et al. (1972), two approaches to calculating the 

fluctuating kinetic energy are considered: a) position-averaged kci(x, y, tref) where tref is the 

timing (during the cycle) corresponding to each position of the reed-reference, yref and b) 

time-averaged kf(x, y) where   

 
Ὧ ὼȟώȟὸ ρȾὔ Ͻ ό ό ὺ ὺ  1.1 

 Ὧ ὼȟώ ρȾὔϽ ό ό ὺ ὺӶ  1.2 
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a total of Nci ensembles of the streamwise and cross stream velocity components fields uci 

and vci (locked to each of the 39 reed positions) are averaged to yield the position-averaged 

fields {uci}(x, y, tref) and {v}( x, y, tref) and the time-averaged fields ό and ὺӶ. 

Figure 3.14 shows the distributions of fractional position-averaged fluctuation 

kinetic energy, Ὧci = kci / В Ὧ  downstream of the reed (in cross stream plane z = 0) for 

the tip positions and the streamwise domain of Figure 3.13 (В Ὧ  is the sum of the 

position-averaged fluctuation kinetic energies).  A comparison between these data and the 

 

Figure 3.14. Color raster plots of the position-averaged fractional fluctuation kinetic 

energy , Ὧci in the ὼ ώ plane (z = 0) downstream of the reed (3.1 < ὼ < 9.7) as the 

reed (cf. Figure 3.13) moves from the channelôs right to left wall (a-e). The reed 

centerlines and tip-locations ώtip are shown for reference. 
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corresponding position locked vorticity fields (cf. Figure 3.13) shows that in the proximity 

of the reed-tip, the velocity fluctuations are associated with the shed vortical structures but 

farther downstream ( ὼ > 5.5) these fluctuations expand their domain of influence as the 

vortical concentrations spread.  

The time-average energy of the velocity fluctuations in the absence and presence 

of the reed are characterized using the distributions of (normalized) fluctuating kinetic 

energy of the flow Ὧf(x,y) = kf/U
2 (cf. Equation 1.2; U is the average channel speed) as 

shown in Figure 3.15a and b.  Even though the flow in the absence of the reed is transitional 

(Re = 7,200), the fluctuation kinetic energy (cf. Figure 3.14a) is low throughout the center 

domain of the channel [Ὧ (ὼ , ώ = 0) < 0.006U2] and is slightly elevated near the walls at 

the channel exit [Ὧ (ὼ = 9.7, ώ =±0.4) º 0.02U2].  In the presence of the reed, the 

fluctuating kinetic energy levels near the tip are up to 20 times higher than in the base flow.  

 

Figure 3.15. Color raster plots of the fluctuating kinetic energy Ὧf (Re = 7,200) in the 

ὼ ώ plane (3.1 < ὼ < 9.7, z = 0) in the absence (a) and presence of the reed (b, cf. 

Figure 3.12). 
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However, it is remarkable that these levels decrease monotonically with streamwise 

distance and are nearly the same as the levels of the base flow at the channelôs exit.  It is 

also noteworthy that the streamwise rate of decrease Ὧf is higher near the channelôs side 

walls than at the center domain of the channel ostensibly owing to viscous effects.  As 

shown by Wiltse et al.(1998), the small-scale dissipation increases significantly in a shear 

layer that is forced at high frequencies.  It appears that similar mechanisms may also cause 

the observed reduction in Ὧf downstream of the reed which is oscillating at 50 Hz 

(StL = 0.42).  The streamwise evolution of the kinetic energy associated with the reed-

induced flow fluctuations is discussed in more detail in connection with the reed 

oscillations in high aspect ratio channels in § 4.3 and 4.4.  
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The characteristic frequencies of the velocity fluctuations induced by the reed 

(Re = 7,200) are assessed from velocity power spectra obtained by Dr. P. Hidalgo (private 

communication).  The spectra were measured using an uncalibrated hot wire sensor 

sampled at 20 KHz downstream of the reed at ὼ = 3.08, 5.08 and 7.08 (0.08W, 2.08W, and 

4.08W relative to the tip of the reed), and Figures 3.16a and b show measurements along 

the channelôs centerline and 0.08W leftwards from its right wall or at ώ = -0.42, 

 

Figure 3.16.  Power spectra of the streamwise velocity measured along: the channelôs 

centerline (a) and 0.08W leftwards from the right wall (b) at the streamwise stations: 

ὼ = 3.08, 5.08, and 7.08.  The spectra at ὼ = 5.08 and 7.08 are shifted down by four and 

eight decades, respectively and the spectrum at ὼ = 3.08 is repeated (in gray) for 

reference. The solid black line depicts -5/3 slope. 
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respectively.  In these plots, the spectra measured at ὼ = 5.08 and 7.08 are displaced 

vertically downward by four and eight decades, respectively and the spectrum near the reed 

at ὼ = 3.08 is repeated for reference (in gray).  

The spectrum on the channelôs centerline at ὼ = 3.08 (Figure 3.16a) exhibits 

spectral peaks at the reedôs oscillation frequency (50 Hz) and its higher harmonics 

suggesting the presence of multiple oscillation modes.  The dominant spectral peak occurs 

at twice the reed oscillation frequency due to alternate shedding of CW and CCW vortical 

structures from its left and right surfaces during the motion towards each of the channel 

walls as shown in Figure 3.12.  In contrast, the corresponding spectral measurements 0.08W 

left from the channelôs right surface in Figure 3.16b shows a dominant spectral peak at the 

reedôs oscillation frequency corresponding to the shedding of a CW vortex once per cycle 

due to the interaction between the reed and the wall (cf. Figure 3.12).  The centerline 

spectral distributions at ὼ = 3.08 and 7.08 (Figure 3.16a) demonstrate that as the vortical 

concentrations are advected downstream, the spectral peaks at the reed harmonics diminish 

but there is a broadband increase in spectral content of the embedding channel flow for all 

other frequencies below 5,000 Hz.  In fact, at ὼ = 7.08 there is an increase of nearly a 

decade in the magnitude of the spectral content of the low-frequency end of the flow (below 

50 Hz) but the spectral peaks decrease by up to three decades with no discernible peaks 

beyond the fourth harmonic of the reed-frequency.  These observations suggest that the 

interaction of the reed with the flow leads to energy transfer to lower frequencies or down 

the energy cascade.  The spectrum at ὼ = 7.08 exhibits a brief inertial subrange (depicted 

by a line segment with a -5/3 slope) indicating the presence of energy cascade to small-

scale motions in turbulent shear flows (Pope, 2000b).  However, as noted in connection 
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with the streamwise decrease in fluctuating kinetic energy near the wall in Figure 3.15, the 

spectra near the channel wall at ὼ = 3.08 and 7.08 (Figure 3.16b) demonstrate a streamwise 

decrease in spectral content by up to three decades at the reed harmonics and by one decade 

at the low end of the spectrum.   

These data indicate that the time-periodic alternate shedding of vortical 

concentrations from the reed increases the energy of a broad range of small-scales in the 

channelôs center cross stream domain and establishes an inertial sub-range which leads to 

increased mixing.  In addition, these vortical structures disrupt the vorticity layers along 

the channel walls and thereby can help reduce the thickness of the thermal boundary layer.  

As shown in Chapter V, the combined effects of thinner thermal boundary layer and 

increased small-scale mixing of the channel can lead to significant enhancement in heat 

transfer in the presence of the reed. 
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3.4  Some Aspects of Reeds Flow Dynamics in High Aspect Ratio Channels  

As discussed in Chapter I, the flow interactions of reeds with channel flows owe 

much of their importance to their application for heat transfer enhancement in higher aspect 

ratio channels that are characteristic of the fin channels in a broad range of heat exchangers 

(e.g., Bar-Cohen et al., 2002).  Therefore, following the investigations of the interactions 

between the reed and the flow within a low aspect ratio channel where the wall effects are 

muted, the focus of the present investigation is shifted to reed-flow interactions in higher 

aspect ratio channels as a prelude to their effects on heat transfer enhancement.  The bulk 

of these investigations focus on a channel of aspect ratio H/W = 5 (W = 5 mm) as described 

in Chapter II.  This section provides a comparison of the reed dynamics and the ensuing 

small-scale vortical motions between high and low aspect ratio channels (W = 25 and 5 

mm, H = 25 mm, L = 250 mm). 

 

Figure 3.17.  Overlaid traces of centerlines of 38 ɛm thick reeds in 25 (a) and 5 mm (b) 

high channels in which the respective reed lengths are 45 and 50 mm and the air flow 

is set at each reedôs critical speeds.  Each set of data are scaled with the corresponding 

channel width and reed length.  The streamwise location of the reed root is xo.  
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The dynamics of reed motion in the 25 and 5 mm channels are compared using two 

reeds having the same thickness (38.1 mm), respective lengths of 45 and 50 mm, inertia 

ratios M*  = 0.9 and 0.95, Ucritical = 4.8 and 5 m/s, and oscillation frequencies of fosc = 50 

and 65 Hz.  It should be noted that even though the reed lengths are nearly identical, 

Ls/W = 1.8 and 10 in the low- and high-aspect ratio channels H/W = 1 and 5, respectively.  

The critical speeds and oscillation frequencies indicate that the proximity of the channel 

side walls has only a marginal effect on the reedsô motions.  Multiple traces of the 

conditionally averaged reed centerlines (described in connection with Figure 3.9) were 

obtained for each of the reeds as shown in Figures 3.17a and b in which the centerlinesô x 

and y coordinates are scaled with the corresponding reed lengths Ls and channel widths W, 

respectively.  As expected, these data show that the reedsô cross stream motion scales with 

the channel width and, more importantly, that their interactions with the channel side walls 

occur only at the tip in the 25 mm channel and along the vicinity of the tip 

[0.9 < (x-x0)/Ls < 1, xo is the streamwise location of the root of the reed] in the 5 mm 

channel.  A comparison between the traces of the reed centerlines in the two channels show 

that the reed motion in the 5 mm channel develops higher order modes compared to the 25 

mm channel.  The reeds modes appear to manifest as travelling waves along the reedôs 

length with shorter wavelength in the 5 mm channel.  The motion of these waves can be 

further inferred from x-t diagrams of distributions of the reedsô kinetic energy in Figure 

3.19.   

The reed motion in the 5 and 25 mm channels are decomposed using POD analysis 

of its centerline traces (cf. Figure 3.17) similar to the technique used by Han et al. (2003) 

into 38 orthogonal bending modes.  The first two POD modes of each reedôs motion capture 
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approximately 95% of the total modal energy in each channel.  The reed centerline traces 

are then reconstructed based on the first and second modes only and these reconstructed 

traces are shown for the 5 (Figures 3.18-a.1 and a.2) and 25 mm channels (Figures 3.18-

a.2 and b.2).  The reed envelopes were also constructed by a combination of modes I and 

II and these reconstructed envelopes nearly covered the full excursions of the reed motion 

as expected.  It should be noted that while the reed motion based on Mode 1 and Mode 2 

in the 25 mm channel is nearly symmetric about y = 0, the reed traces based on Mode 1 in 

the 5 mm channel are asymmetric about the channel center (y = 0) and tilted towards the 

top wall.  It is conjectured that this asymmetry (which is also evident in actual reed traces 

in Figure 3.17b) could be because the reed root is slightly offset from y = 0 (cf. Chapter 

II).  When the channels walls are farther apart (Figure 3.18-a.1), the Mode 1 exhibits simple 

bending with single-sign slope and no inflection point during the entire oscillation cycle.  

However, Mode1 in the 5 mm channel is significantly different and exhibits reduced cross-
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stream motions up to the node at x/Ls = 0.5, and some flattening near the channel wall for 

x/Ls > 0.88 (although the full traces in Figure 3.17 do not show this).  These data indicate 

that the effective oscillating segment of the reed is shorter in the 5 mm channel compared 

to the 25 mm channel and that the oscillations are ñhingedò around the node at 0.56Ls and 

ostensibly related to the marginally higher oscillation frequency.  This observation is 

consistent with the frequency measurements in §4.5 which show that the reed frequency 

increases with decreasing reed length.  It is remarkable that the features of Mode 2 of the 

reed that captures less than 20% of the modal energy are similar in the two channels 

(Figures 3.18-a.2 and b.2), indicating the proximity of the walls does not significantly 

change the dynamics of the reed motion and may be thought of as primarily shortening its 

oscillating segment. 

 

Figure 3.18.  Reconstructions of reed traces based on first and second POD modes of 

the reedôs centerline motion in the 25 (a.1, a.2) and 5 mm (b1, b2) channels (cf. figure 

3.17). 
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The distribution of the kinetic energy along the reed d (KE)(s, t) during the 

oscillation cycle is calculated through the motion of its centerline (cf. figure 3.17).  These 

distributions are scaled with the increment of fluid pumping energy required in the presence 

of the reed during its oscillation period above the base flow: DEcycle = (DPs·ά/ra)Tcycle 

where DPs is the increment in pressure drop across the channel due to the reed and ά is the 

mass flow rate through the channel (DEcycle = 12·10-4 and 2·10-4 Joule in the 25 mm and 5 

mm channels).  The normalized kinetic energy distributions, 

d (KE)*(s, t) = d (KE)(s, t)/DEcycle  for the reeds in 25 and 5 mm channels (cf. Figure 3.17) 

are shown in Figure 3.19a and b.  The times when the tip of the reed first touches the left 

and right walls during its excursions are marked by dashed lines.  These s-t distributions 

demonstrate the temporal propagation of travelling waves along the reed length during the 

cycle (as shown by the diagonal bands in Figures 3.19a and b).  The wave propagation 

speeds or celerity c = ds/dt are estimated from the slope of the bands and are 2.4 and 2.3 

 

Figure 3.19.  Color raster plots of the variation of the reedôs kinetic energy along its 

length s during the nominal oscillation period Tcycle in the 25 (a) and 5 (b) mm channels 

(cf. figure 3.17).  The times tw-1 and tw-2 correspond to the times at which the reed tip 

first touches the channelôs left (1) and right (2) walls. 
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m/sec for the 25 and 5 mm channels, respectively.  The reed kinetic energy intensifies as it 

propagates along each reed and reaches its maximum at the tip when the tip is at the center 

of the channel (t - tw - 1 = 0.25 Tcycle).  As the tip approaches the right wall, it decelerates 

and loses it KE and the cycle resumes upstream of the tip until the tip reaches the center 

again (t - tw - 1 = 0.75 Tcycle).  In the 5 mm channel, the KE propagates along a shorter 

domain along the reed with a similar speed (c = 2.3 m/s) to the 25 mm channelðconsistent 

with the ñhingeò effect that is shown in the POD modes (Figure 3.18b1).  The total kinetic 

energy of the reed (integrated along its centerline), ὑὉᶻὸ  ᷿  ,ὑὉᶻίȟ ὸὨί‏

was also calculated and its variation along the oscillation cycle is shown for the 25 mm and 

5 mm channel in Figure 3.20.  These data are plotted so that the cycle begins at the time 

that the tip touches the left wall (tw-1) and it begins to move towards the right wall (tw-2) 

similar to the discussions of Figures 3.19a and b.  Even though the tip of the reed is at rest 

on the walls, the (total) normalized kinetic energy is nonzero since the bulk of the reed is 

 

Figure 3.20.  Variation of the normalized kinetic energy during a nominal oscillation 

cycle of the reeds in the 25 mm (ǒ) and 5 mm (ǒ) channels.  The cycle shown starts at 

the time at which the reed tip first touches the channel left wall (tw-1) and the time it 

touches the right wall (tw-2) is marked by a dashed line. 
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still moving.  Furthermore, the frequency of the reedôs kinetic energy variations is twice 

its oscillation frequency as the reed-tip crosses the channel center twice per cycle when its 

KE peaks.  It is remarkable that these normalized distributions for the two channels nearly 

collapse on top of each other which means that the integrated kinetic energy of the reed 

scales with the incremental pumping energy, DEcycle of the channel flow.  These data show 

that the reed kinetic energy at any instant in the cycle is up to six times smaller in the 5 mm 

channel which is not surprising since the reed amplitude is five times smaller and reed 

frequency only increases by 20%.  
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The influence of the reed on the small scale motions downstream of it tip which 

have been characterized for the high aspect ratio channel in § 4.3 and 4.4 indicate that its 

streamwise evolution can be characterized using a cross-stream integral measure: the 

(normalized) bulk mean fluctuation kinetic energy, 

Ὧ ὼ  ρȾ Ὗ ᷿  όɆ όᴂ  ὺᴂὨώ
Ȣ

Ȣ
 , where όᴂ and ὺᴂ are the variances of 

streamwise and cross- streamwise velocity fluctuations measured using PIV.  The 

streamwise variation of Ὧ  downstream of the tip is compared for the reeds in the 25 and 

5 mm channels in Figure 3.21.  These data indicate that Ὧ  at the tip of the reeds is six 

times smaller in the 5 mm channel (commensurate with the lower reed kinetic energy, cf. 

Figure 3.20) and decreases in the streamwise direction albeit at significantly higher rates 

in the 25 mm channel such that Ὧ  is identical in the two channels near the channel exit 

(which is at x-xtip = 7W and 36W in the 25 and 5 mm channel).  It is conjectured that since 

the turbulence production in the base flow is low (as evident by low levels of fluctuation 

  

Figure 3.21.  Streamwise variation of the normalized bulk mean fluctuation kinetic 

energy Ὧm measured in the x-y plane z = 0 downstream of the reed tip xtip in the 25 (ƺ) 

and 5 (ǒ) mm channels for the reeds discussed in connection with Figure 3.20. 
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kinetic energy, cf. Figure 3.15b), the energy of the small scales (as measured by Ὧ ) 

decreases downstream by small-scale dissipation.  The work of Wiltse et al. (1998) on high-

frequency forcing of a square jet shear layer showed that the maximum small-scale 

dissipation occurs at the actuation frequency.  It is therefore conjectured that the decrease 

in Ὧ  downstream of the reed is associated with similar increased dissipation at the reed 

oscillation harmonics.  The scale of this dissipation is estimated as Dvf = Ὧm
3/2/ Lf 

(Sreenivasan, 1984) (Lf  = W is the length scale of the largest eddies) and it is up to three 

times higher in the 25 mm channel leading to precipitous decrease in fluctuation kinetic 

energy in the 25 mm channel.  While it might be argued that lower levels of fluctuation 

kinetic energy in the 5 mm channel may lead to low heat transfer enhancement, it should 

be noted that Re is also lower in the 5 mm channel since U is nearly identical (Re = 7,200 

and 2,000 in the 25 and 5 mm channels, respectively).  As will be shown in chapter V, the 

reed induced heat transfer enhancement can be increased in the 5 mm channel by increasing 

Re.   

 

.   
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CHAPTER IV  

CHARACTERISTICS OF REED DRIVEN SMALL -SCALE 

MOTIONS IN HIGH ASPECT RATIO CHANNELS  

Overview 

This chapter focuses on characterization of reed driven small-scale motions in high 

aspect ratio channels by analyzing the streamwise and spanwise changes in the global flow 

field, and the distributions of the kinetic energy associated with the flow fluctuations in the 

presence and absence of reeds.  The effect of reed parameters (including its thickness, 

length and span) and channel parameters (including flow Reynolds number and the location 

of the reed in the channel) on the small-scale motions are studied through time-averaged 

and phase-averaged PIV and hotwire in a H/W = 5 or W = 5 mm wide channel.  

4.1  Introduction 

Chapter III demonstrates the salient characteristics of the interactions between a self-

oscillating reed and the channel flow in a low aspect ratio channel [H/W º 1, Ls/W = O(1); 

H and W are the channel span and width and Ls is the reed length] and highlights the effects 

of the increase in the channelôs aspect ratio, or the proximity of its side walls to the 

oscillating reed.  The present chapter builds on the findings presented in Chapter III  and 

expands the investigations of the effects of the interactions between the reed and the flow 

within channels whose widths are significantly shorter than the length of the reed 

[Ls/W = O(2)].  These investigations owe part of their importance to practical applications 

in the fin channels of air-cooled heat exchangers that are designed to yield high heat 
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transfer surface area (e.g., Bar-Cohen et al., 2002).  In these channels, the heat transfer 

characteristics are measured by Nusselt number (Nu) and their efficiency depends on the 

channelôs friction factor (f).  Each of these parameters depends on multiple dimensionless 

ratios as listed in Equation 4.1 and 4.2 (excluding the roughness, e/H and Prandtl number, 

Pr). 

In the current investigations, the effects of the reed on the channel flow were explored 

over a range of Reynold numbers and reed planform shapes (Ls/W, Hs/W) and thicknesses 

that varied their operating frequencies measured by the Strouhal number (StL), and for a 

few reed locations (x0/W).  

Similar to the analysis described in Chapter III, the flow structure induced by the 

reed oscillations was characterized by acquiring PIV data measured locked to the motion 

of the reed, and the reed-induced changes in the global flow fields were characterized using 

time-averaged flow fields, while the flowôs spectral characteristics were assessed using 

hot-wire anemometry.  The effect of the reed on the channel flow is assessed from 

streamwise and spanwise changes in the velocity fields and concentrations of the spanwise 

vorticity and of the fluctuation kinetic energy. 

  

 f = P1(L/W, H/W, Re, Ls/W, Hs/W, StL x0/W) 4.1 

 Nu = P2 (L/W, H/W, Re, StL, Ls/W, Hs/W, x0/W) 4.2 
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4.2  Phase-Locked Measurements of the Reed-Induced Flow Field 

The flow field downstream of the reed is investigated using PIV snapshots that are 

captured in conjunction with measurements of the cross stream position of the reed.  The 

reedôs position is characterized by the intersection of its surface centerline with the laser 

beam of a range finder that is normal to the channelôs left (ώ = 0.5) and right (ώ = -0.5) 

walls (cf. Chapter II) and intersects the reedôs centerline at 0.1Ls upstream of its trailing 

edge when the reed is at rest in the absence of cross flow (the position of the range finder 

beam relative to the tip varies somewhat during the oscillation cycle).  The PIV images are 

acquired at 8.52 Hz during the cross stream motion of the reed and the acquisition 

frequency is selected to prevent aliasing with the motion (which is nominally at 65 Hz).  

The corresponding cross stream position of the reedôs surface is recorded at the time that 

the PIV images are acquired and time series of the reed motion and of the PIV images are 

sampled simultaneously by the data acquisition system.  The time series of the reedôs 

 

Figure 4.1 a) Superimposed 3000 instantaneous cycles of the reed position inferred 

from the range finder measurements along with the ensemble-averaged cycle, and b) 

the cross stream center (ǒ) of each data bin based on a sine function that is fitted to the 

ensemble-averaged cycle.  
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motion is organized in successive cycles that are ensemble-averaged (shown in Figure 

4.1a), and the ensemble-averaged cycle is fitted to a sine function 0.5Āsin(2pὸǶ) where 

ὸǶ = t/Tcycle, Tcycle is the period of the time-averaged cycle.  The PIV images are grouped in 

38 ñbinsò that are characterized by isochronous (DὸǶ = 1/38) increments during the reedôs 

motion across the channel width whose cross stream centers and timing within the cycle 

(ώbin and ὸǶbin) are marked in Figure 4.1b.  The width of the individual bins varies during the 

oscillation cycle as Dώ = /́38Åcos(2pὸǶ) and has minima near the top and bottom walls 

(ὸǶ = 0.25 and 0.75 respectively) and maxima near the channel center (ὸǶ = 0 and 0.5).  The 

PIV images that are captured along with the reedôs position are then sorted into these bins 

(cf. Chapter II).  Note that owing to cross-stream asymmetry in the attachment of reed to 

its upstream post, the reed motions between the channelôs center (ώ = 0) and its left and 

right walls (ώ = 0.5 and -0.5 respectively) are slightly different (|ώm| = 0.37 and 0.32, 

respectively, where ώm = ᷿ώ ὨὸǶ is the time-averaged tip-elevation between the channel 

center to the walls).  The flow fields of the sorted PIV images within each ñbinò are 

averaged to obtain the phase (or bin) -averaged flow field while the reed is at that given 

position (ώbin) within the channel.  In what follows, each ñbinò is referred to by the specific 

phase (a = 2pὸǶ) of its center cross-stream location (ώbin) where a  varies in equal 

increments of 2p/38 within p/38 Ò a Ò 2p-p/38.  The average number of images within the 

bins (centered about each discretized phase) was 78, and the actual number of images 

varied from a maximum of 100 at a = p/2 to a minimum of 60 at a = p/38.   
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The phase-averaged flow fields at Re = 2,000 downstream of a reed for which 

Ls/W = 10, Hs/H = 0.9, and StL=0.5 (fosc = 65 Hz) and whose tip is located at ὼtip = 16 are 

first analyzed using cross-stream distributions of phase-averaged (normalized) streamwise 

flux of spanwise vorticity (uÅwzW/U2) extracted at the channelôs mid-span (z = 0) at 

ὼ = 17.7.  These distributions are obtained for each of the 38 isochronous bin phases 

(Da = 2p/38) through the average reed cycle (p/38 Ò a Ò 2p-p/38) and are shown as color 

raster strips in Figure 4.2.  Since these distributions are obtained 1.7W downstream of the 

reed-tip, there is a phase delay between the cross stream position of the reed tip and the 

distributions of the vorticity flux.  The phase delay is estimated from the convection time 

1.7W / U of the vorticity between the tip of the reed and the measurement station and the 

 

Figure 4.2. Color raster strips of the spanwise vorticity flux across the width of the 

channel during the reed oscillation cycle.  The strips are plotted at sequential, equal 

phase steps as the reed tip passes through the 38 increments across the width of the 

channel (the cross stream positions of the reed tip offset for the convection time delay 

are indicated by white line segments across each strip).  The bin numbers are marked 

for reference along the top of the figure. 
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position of the reed tip offset by the phase delay and corresponding to each bin in Figure 

4.1b is marked using a white line segment in Figure 4.2.  The cycle begins when the (offset) 

reed tip is on the right of the channelôs center (ώtip = -0.25) and moving leftwards towards 

the channelôs left wall (ώ = 0.5) (bins 1 to 14), followed by motion from the left to right 

walls (ώ = -0.5) (bins 15 to 33) and then from the right wall towards the channel center 

(bins 34 to 38).  These data indicate that the bin-averaging may not be as effective when 

the reed tip is in the vicinity of the left and right channel walls for |ώtip| >0.3 where the 

phase-based variations in the flow appear to be washed out ostensibly owing to insufficient 

time resolution.  When the reed-tip is on the right of the channel center (ώtip = -0.25, bin 

1), the boundary layers near the channel walls exhibit reduced vorticity fluxes, ostensibly 

due to interactions between reedôs undulations and the flow on each of its sides upstream 

of its tip.  A thin band of flux of CW (blue) vorticity to the left of the reedôs left surface 

marks this surface boundary layer while the vorticity flux on its right surface appears to be 

diminished ostensibly as a result of changes in the pressure gradient along the reed that are 

coupled with its undulating curvature (as also evident for the low aspect ratio 25 mm 

channel in Figures 3.12b to f).  As the reed moves towards the left wall (bins 3 to 7), a 

CCW (red) vorticity band appears to the left of the reedôs CW vorticity band.  It is 

conjectured that this band is associated with interactions of the reedôs left surface with the 

left wall upstream of the tip and local separation of the wall (CCW) vorticity layer.  

Simultaneously, a CCW band is observed on the right surface of the reed in bins 3 - 7 which 

is indicative of the evolution of the boundary layer on the reedôs right surface due to 

changes in reed curvature during its motion towards left wall.  As the reed approaches the 

left wall (bins 8 to 14), the vorticity flux on the left wall increases owing to the contraction 
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of the channel flow by the reed and the increased flow momentum near the left wall.  It is 

also apparent that as the reed moves towards the left wall there is an intermittent 

concentration of CW vorticity near the right wall as a result of earlier interaction with the 

reedôs tip.  This concentration indicates time-periodic modulation that can contribute 

significantly to cross-stream mixing and enhancement of heat transfer.  As the reed 

approaches the left wall, the appearance of bands of CCW and CW vorticity fluxes to the 

right of its right surface (bins 19 to 25) are antisymmetric to the appearance of the 

corresponding bands to the left of its left surface during its leftwards motion (bins 1 to 7).  

Owing to the interactions between the reed surface and the flow at and upstream of its tip, 

the wall-bound vorticity flux is modulated at twice the frequency of the reed.  This is 

remarkable since in the 25 mm channel, the wall vorticity is modulated at the frequency of 

the reed (cf. Figure 3.11) due to interactions of reed-bound and wall-bound vorticity fluxes 

at its tip and there are no reed-wall interactions upstream of the tip.  The interactions of 

reed surfaces and flow upstream of tip in the 5 mm channel evidently lead to the formation 

of additional bands of fluxes of CW and CCW vorticity close to the tip.  Such interactions 

are clearly absent in the lower aspect ratio channel in which Ls/W = 1.8 compared to 

Ls/W = 10 in the high aspect ratio channel. 
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Figure 4.3 Color raster plots of distributions of bin-averaged spanwise vorticity, ‫  

(superposed with the velocity vectors) downstream of the reed tip, (ὼtip = 16) for 

17.6 < ὼ < 18.4 at the channelôs mid-span z = 0.  Selected cross-stream locations of the 

tip  - 0.3 < ώtip < 0.3 are shown when the tip is moving towards channelôs left wall 

(ώ = 0.5) from bins 1 to 8 (a1 to b4, p/38 < a < 15p/38, cf. Figure 4.2) and towards 

right wall (ώ = -0.5) from bins 19 to 26 (c.1 to d.4, 37p/38 < a < 51p/38). The location 

of the reed tip (corrected for the convection delay of the flow) is shown upstream of 

each image.  The dashed line segment AB is the location where the vorticity fluxes in 

Figure 4.2 are extracted. 
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The ñphase-averagedò vorticity fields during the motion of the reed (cf. Figure 4.2) 

at Re = 2,000 are calculated across the channel width within the field of view -0.5 < ώ < 0.5 

and 17.6 < ὼ < 18.4 at the channelôs mid-span z = 0 (six such streamwise fields were 

measured downstream of the reed such that their streamwise centers, ὼc  are equally spaced 

between ὼc = 18  and 48).  Cross-stream bin-averaged concentrations of the spanwise 

vorticity distributions are shown in Figure 4.3.  These data were selected to elucidate the 

interactions of the reed with the flow about the center of the channel within the 

range  - 0.3 < ώtip < 0.3 where the bin-averaging is more robust.  These data are organized 

in two groups of left and right column pairs (Figures 4.3-a.1 through b.4 and 4.22-

c.1 through d.4) that each shows a sequence of the reed motion leftwards (from channelôs 

right to left wall) and rightwards, respectively (bins 1 ï 8 and 19 - 26 in Figure 4.2).  As 

discussed in connection with Figure 4.2 the corresponding positions of the reed tip 

accounting for the convection delay are shown upstream of each image.  Clearly, the reed 

partitions the flow within the channel into two streams (left and right of the reed) and the 

interactions of the flow within these partitions with the reedôs undulating surface are 

reflected in the phase-averaged fields downstream of the tip.  When the reed-tip is moving 

leftwards and away from the right wall (ώtip = -0.25, Figure 4.3-a.1) the flow speed within 

the right channel partition is low due to reed blockage and there is a concentration of CW 

(blue) vorticity in midstream that probably peeled off the right wall (ώ = -0.5), the flow in 

the left partition expands along the reedôs concave surface which leads to the formation of 

a CW vorticity layer on the reedôs left surface and shows some velocity deficit in its near 

wake (Figures 4.3-a.2 through a.4, -0.2 < ώtip < - 0.1).  The CW vorticity layers from the 

right wall and the reedôs left surface are advected across the streamwise extent of the 
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window.  At the same time, the CCW (red) vorticity layer on the right surface of the reed 

intensifies as the flow speeds up and is inserted between the two CW vorticity layers.  As 

the reed tip continues to move leftwards, the CW vorticity layer from the right wall moves 

towards the channelôs centerline (Figure 4.3-b.1 through b.3), and similar internal 

separation that occurs within the left partition leads to the formation of a layer of CCW 

vorticity layer to the left of the CW vorticity on reedôs left surface that is advected into the 

left stream.  Meanwhile, the CCW vorticity on the left surface exhibits clear upstream 

modulation while the CW vorticity along the right layer intensifies and recovers from the 

earlier separation. 

The evolution and advection of the vorticity concentrations during the rightward 

motion of the reed (columns c and d in Figure 4.3) are similar to and antisymmetric with 

respect to the corresponding opposite concentrations during the leftward motion.  As an 

example, a comparison between Figures 4.3-a.1 and c.1 shows the antisymmetry in 

vorticity concentrations about the channelôs center.   
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To assess the variations in the flow that originate at different positions along the 

reedôs span, phase-averaged vorticity fields (similar to Figure 4.2) are computed for five 

equally spaced PIV stations between the channelôs mid-span (ᾀǶ = 0) and top wall (ᾀǶ = 2.5) 

ᾀǶ = 0, 0.5, 1, 1.5 and 2 (Figures 4.4-a.1, a.2, a.3, b.1 and b.2 respectively) at ὼc = 18 (as 

shown in §4.3, the time-average flow fields are symmetric about midspan, ᾀǶ = 0).  The 

vorticity flux distributions in the planes ᾀǶ = 0 and 0.5 (Figure 4.4-a.1 and a.2) are similar 

although the CW and CCW vorticity bands to the left of the reed surfaces at a = p/38 

migrate slightly towards the right wall at ᾀǶ=0.5 ostensibly due to spanwise bending of the 

 

 

Figure 4.4. Similar to Figure 4.2, spanwise variations of cross-stream, phase-averaged 

distributions of phase-averaged vorticity flux during the reed oscillation cycle (the 

cross-stream position of the reed tip offset for the advection time delay is indicated by 

white line segments) at the spanwise locations 

ᾀǶ = 0 (a.1), 0.5 (a.2), 1 (a.3), 1.5 (b.1), 2 (b.2) (as shown schematically below 4.4-b.2). 
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reed.  These bands of vorticity flux deflect even further towards the right wall at ᾀǶ = 1.5 

and appear to be fragmented close to the channelôs top wall.  These data indicate that the 

vortical structures associated with these bands are modulated intermittently during the reed 

motion due to interactions with the top wall.  At ᾀǶ = 2, the CW and CCW vorticity 

concentrations across the channel width (not locked to reed motion) are ostensibly due to 

interactions between the reed and the corner flows (bound by the left, right and top walls).  

The variations in the cross-stream distributions of vorticity fluxes are also computed 

farther downstream of the reed at the channelôs mid span and compared with the 

corresponding time-averaged data in the presence and absence of the reed to assess the 

effect of reed on the time-averaged flow in the channel.  Measurements similar to Figure 

4.2 taken at ὼ = 23.7, 35.7 and 47.7 are shown in Figures 4.5-a.1, b.1 and c.1 respectively.  

The phase variations of vorticity flux distribution in Figures 4.5-a.1, b.1 and c.1 exhibit 

time-periodic modulations of the vorticity layers along the left and right walls in which the 

degree of modulation diminishes with streamwise distance and is absent at ὼ = 47.7.  

Remarkably, the bulk flow near the center of the channel shows little phase-dependent 

variations.  The absence of phase dependent variations indicates that effects of the reed are 

either no longer locked to its cross-stream motion, or that these effects decay by ὼ = 35.7.  

It is noted that the hot-wire velocity spectra near the channel exit (§4.4) exhibit a wide 

range of spectral components at the reed frequency and its higher harmonics indicating that 

the effects of the reed are sustained far beyond the phase coherence relative to its motion 

(the reedôs streamwise domain of influence is also discussed in some detail in §4.3).  The 

corresponding time-average distributions of vorticity flux in the absence and presence of 

the reed in columns 2 and 3 respectively of Figure 4.5 show clear concentrations of 
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spanwise vorticity in the wall layers that intensify with streamwise distance while the 

corresponding time-averaged data in the absence of the reed show that the vorticity flux is 

distributed and more diffused across the channel without clear streamwise intensification.  

These data indicate that in the presence of the reed the momentum flux near the side walls 

increases and the peak vorticity fluxes (at ώ = ±0.45) are about 35% higher in the presence 

of the reed.  The higher momentum and vorticity flux near the wall in the presence of the 

reed are discussed further in connection with the kinetic energy budget of the time averaged 

flow in § 4.3.  
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Figure 4.5.  Streamwise variations (Re = 2,000) of phase-averaged cross-stream 

distributions of vorticity flux as in Figure 4.2 (column 1) and the corresponding time-

averaged vorticity flux in the presence (column 2) and absence (column 3) of the reed 

at  ὼ = 23.7 (a), 35.7 (b), and 47.7 (c) shown schematically above Figure 4.5a. 
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4.3  The Time-Averaged Reed-Flow Interactions (Re = 2,000) 

Following the analysis of the oscillation-locked interactions between the reed and the 

flow in the high aspect ratio channel, attention is shifted to characterization of the time-

averaged effects of the reed on the flow.  For a given mass flow rate, the reed motion and 

the associated channel losses are driven by an increase in pressure (over the base flow) 

throughout the channel length.  The streamwise variations of the static gauge pressure 

coefficient along the channel Cp(ὼ) = p(ὼ)/(0.5·r·U2) [p(ὼ) is the gauge static pressure] in 

the absence and presence of reed at Re = 2,000 are shown in Figure 4.6 (ὼtip is the position 

of the tip of the reed at rest).  In the absence of the reed, the channel pressure gradient 

downstream of the reed, dCp/dὼ º -0.025 is nearly constant in the domain 17.2 < ὼ < 46.2 

indicating a nearly fully-developed flow.  It is  noted that while the current measurements 

do not include the pressure variations associated with the channel entrance (e.g., Sparrow 

et al., 1967), in the domain that would be covered by the reed (3.2 < ὼ < 17.2), 

dCp/Ὠὼ = -0.043.  In the presence of reed, the pressure levels along the channel are higher 

 

Figure 4.6  Streamwise variation of the channel static gauge pressure coefficient, 

Cp(ὼ) in the absence (ƴ) and presence of the reed (ǒ) at Re = 2,000.  
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than in the base-flow and the streamwise pressure gradient is significantly higher along the 

reed (dCp/dὼ = - 0.1 for 3.2 < ὼ < 17.2) than downstream of the reed (dCp/dὼ= - 0.035 for 

17.2 < ὼ < 46.2).  While the higher pressure drop along the reed is associated with the 

energy required to sustain the the reed motion, the marginally higher pressure drop 

downstream of the reed compared to the base flow is associated with the advection of the 

vortical structures which are produced near its tip (cf. § 4.2). 

 

Figure 4.7 Instantaneous cross stream distributions (ὼ = 36, ᾀǶ = 0) of streamwise and 

cross stream velocity components (ό in a.1 and b.1 and ὺ in a.2 and b.2, respectively) 

in the absence and presence of the reed (columns a and b, respectively) at Re = 2,000 

in the 5 mm channel. The scale of ὺ is enlarged (the black dotted line is ὺ = 0). 
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The time-averaged streamwise evolution of the flow is assessed from PIV 

measurements in the cross stream (x - y) plane z = 0 (the field of view of each measuring 

0.8W X W) at six equally-spaced streamwise locations between the reed tip (ὼ  = 16) and 

the channel exit (ὼ = 50).  The data at each streamwise position comprises an ensemble of 

3,000 images acquired at 8.52 Hz.  In the current analysis, cross stream profiles are 

extracted at the streamwise center of each of these windows.  The differences between the 

flows in the absence and presence of the reed are demonstrated by considering 

instantaneous cross stream distributions of the streamwise (ό = u/U) and cross stream 

(ὺ = v/U) velocity components as shown in Figure 4.7 (20 cross stream profiles) acquired 

at ὼ = 36.  While in the absence of the reed the instantaneous velocity profiles are nearly 

invariant (with time), significant fluctuations are visible throughout the channel width in 

the presence of the reed, even though the measurements are acquired at 20W downstream 

of its tip.  These fluctuations are caused by the advection of the induced vortical structures 

and are directly related to changes in the time-averaged flow field in the presence of the 

reed.  Asymmetry between the cross stream velocity distributions near the channelsô left 

(ώ = 0.5) and right wall (ώ = 0.5) that is evident in Figure 4.7-b.2 is ostensibly due the slight 

asymmetry in the reed motion (cf. Figure 4.1, §4.2).  As shown in Figures 4.8 and 4.9, these 

effects are small and can only be detected in the cross stream distributions of average cross 

stream velocity component ὺӶ and όᴂὺᴂ. 

The instantaneous realizations are time-averaged to obtain the mean and fluctuating 

flow fields for the PIV windows downstream of the reed.  The evolution of the time-

averaged flow fields are explored using cross stream distributions of streamwise and cross 

stream velocity components, spanwise vorticity, and energy budgets of the mean and 
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fluctuating kinetic energies that are computed at the streamwise center of each field in the 

absence and presence of the reed.  Figures 4.8 show the cross stream distributions of the 

time-averaged streamwise and cross stream velocity components (ό in Figures 4.8-a.1 and 

b.1, and ὺӶ in Figures 4.8-a.2 and b2) and of the magnitude of the spanwise vorticity (|,|‫z 

‫z·W/U in Figures 4.8-a.3 and b.3) and the differences between the distributions in = ‫z 

the absence and presence of the reed (Dό, DὺӶ, D|‫z|) are shown in Figures 4.8-c.1 through 

c.3.  In the absence of the reed, the cross stream distributions of ό are nearly identical for 

18 < ὼ < 48 and |ώ| > 0.25 and exhibit some marginal streamwise increase by spreading 

towards the channel center (|ώ| < 0.25) as the flow becomes more fully developed (as also 

evident in the pressure distributions of Figure 4.6).  The velocity distribution downstream 

of the reed in the presence of the reed (ὼ = 18) is remarkably nearly parabolic and is larger 

than the corresponding velocity in the base channel even though the two flows have the 

same volume flow rate.  This indicates that the spanwise effects of the reed lead to 

increased blockage near the top and bottom walls (Figure 4.8-b.1) which is also evident in 

corresponding cross stream distributions of Dό (Figure 4.8 - c.1) in vicinity of reed tip.  

Farther downstream of the reed (24 < ὼ < 30, Figure 4.8-b.1) the streamwise velocity 

flattens near the center of the channel and increases near the walls (|ώ| = 0.4) where it is 

significantly higher than in the base-flow (Dόº0.5).  For ὼ > 30, ό in the presence of the 
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reed decreases somewhat for |ώ| > 0.25 or Dό ~  0.3 near the walls at the channel exit 

(ὼ = 48).  The cross-stream distributions of ὺӶ in the absence and presence of reed (Figures 

4.8-a.2 and b.2) show that it is significantly smaller than the corresponding streamwise 

 

Figure 4.8  Cross stream distributions (at z = 0) of the time-averaged streamwise and 

cross streamwise velocity components (ό in row 1 and ὺӶ in row 2, respectively) and of 

the magnitude of spanwise vorticity (in row 3) in the absence and presence of reed ‫ 

(columns a and b, respectively) at ὼ = 18, 24, 30,34, 42,48 for Re = 2,000.  Column c 

shows the differences between the presence and absence of the reed. 
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velocity.  The time-averaged cross stream velocities during the reedôs motion towards and 

away from each of the walls should be antisymmetric about the channelôs centerline.  The 

present data shows that the motion is nearly symmetric and that the symmetry reverses 

between the streamwise stations ὼ = 24 and 48.  As discussed in connection to Figure 

4.7 - b.2, the instantaneous realizations of ὺ show slight asymmetry about the centerline 

which is also evident in Figure 4.8 ï b.2.  The distributions of the mean spanwise vorticity 

|-‫z| is streamwise| ,‫z| (Figure 4.8-a.3 and b.3) show that in the absence of the reed

invariant (as expected from the velocity profiles in Figure 4.8-a.1 and a.2).  However, in 

the presence of the reed (Figure 4.8-b.3), there is a significant increase in the vorticity 

magnitude near the wall in accord with the higher streamwise velocity.  Figure 4.8-c.3 

shows that for ὼ = 18, D|‫z| = 3.3 at the wall (ώ = ±0.5) and increases to 10.5 at ὼ = 24.  It 

should be noted that for |ώ|<0.3, the vorticity magnitude decreases in the presence of the 

reed as the velocity profiles become flat about the centerline (cf. Figure 4.8-b.1).  Even 

though the channel exit is 34W downstream of the reed there are still significant increments 

in wall bound vorticity in the presence of the reed indicating its potential influence on 

thermal transport from the walls. 
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The effects of the reed oscillations on the flow fluctuations within the channel are 

assessed through the x-y components of second moments of streamwise and cross stream 

velocity fluctuations, uô = u-ό and vô= v-ὺӶ at the PIV stations discussed in connection with 

Figure 4.8.  Cross stream distributions at the streamwise center of these windows in the 

absence and presence of the reed are analyzed for όᴂόᴂ, ὺᴂὺᴂ and όᴂὺᴂ.  In the absence of the 

reed, όᴂόᴂ, ὺᴂὺᴂ and όᴂὺᴂ are vanishingly small throughout the channel ( όᴂόᴂ, ὺᴂὺᴂ and όᴂὺᴂ  are 

smaller than 2·10-4) and therefore are not discussed further.  Figures 4.9a through c show 

the cross stream distributions of όᴂόᴂ, ὺᴂὺᴂ and όᴂὺᴂrespectively in the presence of the reed.  

To begin with, όᴂόᴂ (Figure 4.9a) is an order of magnitude larger than ὺᴂὺᴂ and όᴂὺô (Figures 

4.9b and c) and therefore they are plotted on different scales.  In the presence of the reed 

and near its tip (ὼ = 18, Figure 4.9a) the cross stream variations of όᴂόᴂ symmetric about the 

channel center and show a tri-lobed profile with local maxima at ώ = 0, ±0.35 and minima 

at ώ = ±0.2.  A comparison with the vorticity flux at this station (cf. Figure 4.2, §4.2) shows 

that while the lobes at ώ = ±0.35 are associated with the periodic disruptions of wall-

 

Figure 4.9  Cross stream distributions at z = 0 of όᴂόᴂ (a), ὺᴂὺᴂ (b) and όᴂὺᴂ (c) in the presence 

of the reed at ὼ = 18, 24, 30, 34, 42, 48 for Re = 2,000.  
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boundary layer due to reed-tip blockage, the lobe at the channel center is associated with 

the passage of triple bands of vorticity which arise due to reed interactions with the channel 

flow upstream of its tip.  At ὼ = 24, the tri-lobed fluctuations vanish, and όᴂόᴂ~0.04 for 

|ώ| < 0.3.  This decrease is associated with elevated levels of small-scale dissipation of the 

fluctuations which are discussed in connection with the energy budget of the fluctuations 

in Figure 4.12.  For ὼ > 24, while όᴂόᴂ decreases in the channel core (|ώ| < 0.3), it actually 

increases for 0.3 < |ώ| < 0.45 for 24 < ὼ < 30 followed by a decrease for ὼ > 30 (which is 

smaller than the corresponding decrease in the channel core).  As a result, near the channel 

exit, όᴂόᴂ is higher near the walls than at the channel center (όᴂόᴂ = 0.045 at ώ = ±0.4 and 

όᴂόᴂ = 0.008 at the channel center (ώ = 0)).  Figure 4.9b shows the cross stream 

distributions of ὺᴂὺᴂ which are an order of magnitude smaller than the όᴂόᴂ with modified 

scale of the x axis to resolve the lower levels.  The cross stream distributions of ὺᴂὺᴂ are 

symmetric about the channel center (similar to όᴂόᴂ) and exhibit a maxima at the channel 

center, ὺᴂὺᴂ = 0.01 at ὼ = 30 and for ὼ > 30, with a decrease throughout the channel width 

such that at the channel center ὺᴂὺᴂ = 0.0025 at ὼ = 48.  It is conjectured that since the reed 

velocities are five times smaller than the average channel speed, the cross stream 

fluctuations are smaller than the streamwise fluctuations (as also evident in the 

instantaneous realizations in Figure 4.7-b.1 and b.2).  The cross stream variations of όᴂὺᴂ 

(Figure 4.9c) show that their magnitudes are of the same order as ὺᴂὺᴂ, although όᴂὺᴂ > 0 for 

ώ > 0 and όᴂὺᴂ < 0 for ώ < 0.  As the reed approaches each of the walls, while the increase 

in u (due to contraction of flow stream between the reed and channel, cf. Figure 4.3) is 

nearly symmetric, the increase in v is antisymmetric about the channel centerline (y = 0) 
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which leads to anti symmetry in όᴂὺᴂ.  At ὼ = 18, όᴂὺᴂ distributions show a local minima 

(όᴂὺᴂ = - 0.008) at ώ = -0.37.and maxima (όᴂὺᴂ = 0.0065) at ώ = 0.32 with the different 

magnitudes ostensibly being due to the asymmetry in reed motion between the top and 

bottom wall (as discussed in § 4.2).  Further downstream the magnitude of όᴂὺᴂ decreases 

as the effect of reed dampens and for ὼ > 30 the cross stream distributions are nearly 

identical (cf. Figure 4.9b3). These data show that the second moment of velocity 

fluctuations near the reed tip are dominated by the streamwise component (όᴂόᴂ) near the 

tip which decrease at larger rates near the channel center and sustain to significantly higher 

values near the channel walls.   
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The evolution of channelôs flow field is further investigated using an energy balance 

of the time-averaged and fluctuating components of its kinetic energy in the absence and 

presence of the reed.  Equation 4.3 shows the traditional budget of the mean kinetic energy 

(per unit mass)  E = 0.5 (ό ὺӶ ύ ) (Pope, 2000a), in terms of its substantial derivative 

or material rate of change of the mean kinetic energy  

 ὈὉ

Ὀὸ
 
‬

‬ὼ

ὴό

”
ςόᴂÊόᴂÉόÊÉὛÉό‮ ςὛᴂÊόᴂÉόÊÉὛÊÉὛ‮   

(4.3) 

where u1 = u, u2 = v, and u3 = w, Sij is the symmetric part of the mean strain rate, and 

changes in gravitational potential energy are neglected (cf. Appendix A).  As noted in 

Appendix A, it is assumed that ύ = 0 and µ/µz = 0 at z = 0 (due to spanwise symmetry), ra 

and the streamwise pressure gradient µp/µx = constant (based on the pressure distributions 

in Figure 4.6), and µp/µy << µp/µx (changes in cross stream momentum and viscous stresses 

are smaller than the streamwise components as ὺӶ << ό in the region downstream of the 

reed tip, cf. Figure 4.8) and hence µp/µy is neglected. 

The material rate of change of the mean kinetic energy (M = )is affected by the 

transport of mean kinetic energy due to the mean pressure 

Tp =      (using continuity,  = 0), mean viscous stresses 

Tv = ςόᴂÊόᴂÉό = RT snoitautculf yticolev fo stnemom dnoces dna ÊÉὛÉό‮ Ƞ the 

dissipation of the mean kinetic energy (by the mean viscous stresses) is Dv = ςdna ,ÊÉὛÊÉὛ‮ 

the shear production of fluctuation kinetic energy kf = 0.5(όᴂ ὺᴂ ύᴂ) by the second 
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moments of velocity fluctuations is P  όÉᴂόÊᴂὛ   (which increases the fluctuating kinetic 

energy in the channel).  

Each term in the mean kinetic energy budget (Equation 4.3) is normalized by U3/W 

[the notation ñ^ò is used to denote each normalized term, e.g., Ὕ  Ὕ Ⱦ ].  The 

normalized mean kinetic energy budget in the absence and presence of the reed at 

Re = 2,000 at ὼ = 18, ᾀǶ = 0 is illustrated in Figure 4.10-a.1 and b.1.  For clarity, the line 

plots of the transport terms Ὕp Ὕv, and ὝR are marked in red, while the dissipation Ὀv and 

shear production of fluctuation kinetic energy ὖ are marked in blue and green, respectively.  

In the absence of the reed (Figures 4.10-a.1 and b.1), turbulent transport and production 

(╣R, and ╟) are negligible as can be expected considering the low-levels of second moments 

of velocity fluctuations in the base flow and the material rate of change of the energy is 

therefore influenced primarily by the balance between the mean viscous and pressure 

transport terms Ὕv and Ὕp, and the mean viscous dissipation Ὀv.  While ὓ and Ὕp vanish at 

channel walls since ό(y) = 0, Ὕv and Ὀv are clearly non-zero and balance each other 

(Ὕv = 0.03).  Away from the walls, Ὀv decreases and it nearly vanishes for |ώ| = 0.25 as the 

viscous shear stresses diminish (as is also evident in near zero levels of vorticity in Figure 

4.8-a.3), Ὕv changes sign at |ώ| = 0.4 such that Ὕv Ò 0 for |ώ| < 0.4 and Ὕp increases as the 

speed of the mean flow increases.  The balance between Ὀv, Ὕv and Ὕp results in near-zero 

ὓ for |ώ| > 0.25, and for |ώ| < 0.25, ὓ increases due to streamwise acceleration of flow (cf. 

Figure 4.8-a.1) caused by Ὕp.
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Figure 4.10  Line plots of cross stream distributions of the terms in the dimensionless 

mean kinetic energy budget (Equation 4.3) terms including the material derivative, ╜, 

transport of mean kinetic energy by mean pressure ╣p (ǒ), mean viscous stress ╣v (ƴ), 

and second moment of velocity fluctuations, ╣R (ǅ), mean viscous dissipation, ╓v and 

shear production of fluctuation kinetic energy, ╟.  The measurements are acquired at 

ὼ = 18 for Re = 2,000 in the absence (a.1) and presence of the reed (a.2).  Column b 

shows the sum of the terms on the right hand side of Equation 4.3 (gray line) along with 

╜ in the absence (b.1) and presence (b.2 of the reed). 
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All the terms of the energy budget change in the presence of the reed (Figure 

4.10 - a.2).  The most significant changes occur in the transport ὝR and shear production ὖ 

due to the elevated levels of the second moments of velocity fluctuations.  Similar to the 

base flow, near the walls Ὕv is balanced by Ὀv, which is significantly higher in the presence 

of the reed (0.06 vs. 0.03).  The higher levels of Ὀv at the wall are due to increased levels 

of viscous shear stresses in the presence of reed as is evident in the increased vorticity 

levels in Figures 4.8-a.3 and b.3.  Away from the walls, Ὀv decreases towards the channel 

center due to reduction in viscous shear stresses (Ὀv º 0 at ώ = ±0.3) and Ὕp increases in 

the presence of the reed albeit at higher cross stream rates than the base flow due to larger 

ό(y) (cf. Figure 4.8-b.1).  It is to be noted that in the presence of the reeds, shear production 

(ὖ) is evident between the channel walls and the center (a negative value signifies positive 

transfer of energy from the mean flow field to the fluctuations) and has local extrema at 

ώ = ±0.4.  The second moments of velocity fluctuations are also associated with transport 

of the mean kinetic energy through ὝR whose magnitudes are significantly higher than ὖ 

and a balance between ὝR and Ὕp leads to cross stream changes in ὓ farther away from the 

wall (|ώ| < 0.25).  While at the channel center, ὝR < 0 leading to a reduction in ὓ, at 

ώ = ±0.15, ὝR > 0, leading to an increase in ὓ.  In proximity to the wall (ώ =± 0.4), both 

ὝP and ὝR lead to an increase in ὓ.  In summary, these data show that the elevated levels 

of pressure gradients near the reed tip increase the mean kinetic energy in the channel that 

is transported from the channel center towards the wall by elevated second moment of 

velocity fluctuations in the presence of the reeds (relative to the base flow).  While a small 

fraction of this energy is lost to the production of fluctuating kinetic energy in close 
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proximity to the wall, the balance (which is significantly higher than in the base flow) is 

transported and dissipated at the wall by mean viscous stresses. 

The validity of the assumptions that were used in the present adaptation of the energy 

budget equation (4.3) are assessed by comparing the sum of the computed terms on its right 

hand side with the calculation of the material derivative that is on its left hand side in the 

absence and presence of the reed as shown in Figures 4.10-b.1 and b.2 respectively.  The 

reasonable agreement in the cross stream profiles of the sum of the right hand side terms 

with the corresponding material derivative lends credence to these assumptions. 

Following the data in Figure 4.10, the streamwise evolution of the energy budget of 

the mean kinetic energy (at z = 0) is considered using measurements at two additional 

streamwise stations farther downstream (ὼ = 36 and 48) and the corresponding line plots 

to Figures 4.10-a.1 and a.2 are shown Figure 4.11 (the data at ὼ = 18 are reproduced for 

reference).  In the absence of the reed (Figures 4.11-a.1 through a.3), the streamwise 

variations of Ὕp, Ὕv, ὝR, Ὀv, and ὖ are small and therefore ὓ exhibits a small streamwise 

decrease about the centerline (from 0.018 at ὼ = 18 to 0.014 at ὼ = 48 ώ = 0).  By 

comparison, in the presence of the reed (Figures 4.11-b.1 through b.3) the most significant 

changes between ὼ = 18 and 48 are in ὝR within |ώ| < 0.25 and in Ὕv and Ὀv near the wall 

while ὝP and ὖ decrease monotonically towards the channelôs exit plane (ὼ = 48).  It is also 

noted that the Ὕv (which balances Ὀv near the wall) increases in the streamwise direction 

and is significantly higher than in the base flow due to the higher level of viscous shear 

stress at the wall in the presence of the reed.  It is conjectured that the higher streamwise 

momentum and vorticity near the wall farther downstream of the reed (cf. Figure 4.8-b.2 
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and b.3) lead to sustained levels of second moment of velocity fluctuations and mean strain 

rates which support the elevated levels of ὝR near the wall.  Remarkably, while compared 

to the base flow the cross stream distribution of ὓ is obviously significantly different near 

the reed, it asymptotes to the levels of the base flow near the center of the channel at the 

channelôs exit plane (Figure 4.11-a.3 and b.3).  However, the effects of the reed are still 

apparent and pronounced near the walls with important consequences for increased heat 

transfer. 
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Figure 4.11  As in Figures 4.10-a.1 and a.2 in the absence and presence of the reed 

(columns a and b, respectively) for ὼ = 18 (row 1), 36 (row 2) and 48 (row 3). 
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 While Equation 4.3 describes the budget of the mean kinetic energy of the flow, the 

changes in fluctuating kinetic energy [kf = 0.5 (όᴂ   ὺᴂ  ύᴂ)] are described in 

Equation 4.4: 

 $Ὧ

$ὸ

‬

‬ὼ

ὴόᴂ

”
ςὩό‮ πȢυϽό ό ςὩὩ‮

όόὛ  

(4.4) 

where eij is the symmetric part of the fluctuating strain rate (cf. Appendix A).  In addition 

to the assumptions made in connection with Equation 4.3, it is assumed that wô º vô and 

that e12 = e23 =e31 based on statistically isotropic cross stream and spanwise velocity 

fluctuations (Delafosse et al., 2011).  Equation 4.4 shows that the material rate of change 

of the fluctuating kinetic energy is affected by the transport of fluctuating kinetic energy kf 

by the pressure fluctuations pô given by Tpf =  , fluctuating viscous stresses 

Tvf = ςυȢπ = fRT ,snoitautculf yticolev fo tnemom dnoces yb dna ȟÊÉὩό‮

όÉᴂό , the dissipation of the fluctuating kinetic energy by the fluctuating viscous 

stresses is  Dvf = ςeht yb ygrene citenik noitautculf fo noitcudorp raehs eht dna ,ÊÉὩÊÉὩ‮ 

second moment of velocity fluctuations working against the mean flow is P  όÉᴂόÊᴂὛ .  

The dissipation of the fluctuating kinetic energy Dvf represents the loss of fluctuating 

kinetic energy to heat by small-scale dissipation while Dv (Equation 4.1) represents large 

scale dissipation due mean strain rates.  It is noted that P is the same as in Equation 4.1 but 

with opposite sign, denoting the transfer of energy from mean flow to the fluctuations.  In 

addition, the pressure transport term, Tpf was calculated from the balance of Equation 4.4 
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as Tpf = Mf - (Tvf + TRf + Dvf + P).  As with the mean kinetic energy budget, each term in 

the fluctuating kinetic energy budget (Equation 4.4) is normalized by U3/W. 

Similar to the discussion of the mean energy budget in Figures 4.10 and 4.11, the 

fluctuating kinetic energy budget kf is analyzed in the absence and presence of the reed 

using data at ὼ = 18, 36 and 48 and shown in Figure 4.12.  As in Figure 4.11, in Figure 

4.12 the line plots of the transport terms Ὕpf Ὕvf, and ὝRf are marked in red, and the 

dissipation Ὀvf and shear production of fluctuation kinetic energy ὖ are marked in blue and 

green, respectively.  Since in the absence of the reed (Figures 4.12-a.1 through a.3) the 

flow is laminar, the magnitudes of the velocity fluctuations along the channel are small (cf. 

Figure 4.9-a.1 through a.3) and result in negligible changes in the material derivative ὓf.  

In the presence of reeds (Figures 4.12-b.1 through b.3), the material rate of change of the 

fluctuating energy ὓf immediately downstream of the reed is smaller in magnitude 

compared to ὓ (~50% on the centerline, cf. Figure 4.12-b.1 and 4.11-b.1) and nearly 

vanishes farther downstream at ὼ = 36 and 48.  It is noteworthy that the contribution of the 

viscous dissipation Ὀvf is large and therefore ὓf must be balanced by the pressure 

fluctuation Ὕpf which is not computed directly from the measurements, but is estimated 

from the overall balance.  The data in Figure 4.12-b.1 shows that near the reed (ὼ = 18) the 

transport of kf by Reynoldôs stresses, ὝRf has a local maximum at ώ = 0 and two local 

minima at ώ = ±0.1 with vanishingly small levels for |ώ| > 0.1.  That ὓf  = -0.01 at the 

channel center indicates that kf decreases due to the streamwise decrease in velocity 

fluctuations and the speed of the mean flow downstream of the tip of the reed (cf. Figure 

4.8 and 4.9).  The magnitude of the viscous dissipation Ὀvf, is larger than 0.06 throughout 

the channel width (cf. Figure 4.12-b.1) and peaks at the  
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Figure 4.12  Line plots of cross stream distributions of the terms in the dimensionless 

fluctuating kinetic energy budget (Equation 4.4): terms including material derivative, 

╜f, transport of fluctuating kinetic energy by pressure fluctuations ╣pf (ǒ), fluctuating 

viscous stresses ╣vf (ƴ) and second moment of velocity fluctuations ╣Rf (ǅ); small-scale 

viscous dissipation, ╓vf and shear production of fluctuation kinetic energy, ╟. The 

measurements are acquired at Re = 2,000 in the absence and presence of the reed 

(columns a and b, respectively) for ὼ = 18 (row 1), 36 (row 2) and 48 (row 3). 
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channel center which can be associated with the high levels of shear in the vortical 

structures that are advected across the center of the channel as the reed is oscillating (cf. 

Figure 4.2).  As the strength and phase coherence of the vortical structures appears to 

dissipate and diminish farther downstream from the reed (ὼ = 36 and 48), Ὀvf decreases 

somewhat compared to its levels at ὼ = 18 (Figures 4.12-b.2 and b.3) but it is remarkable 

that the levels of Ὀvf are still quite high near the channelôs walls due to the increased levels 

of shear at the wall with the stronger gradient of the streamwise velocity compared to the 

base flow as is also evident from the distributions of the spanwise vorticity in Figure 4.8-

b.3.  As discussed above, the fluctuating energy budget along the channel which is 

primarily is affected by Ὀvf is balanced by the by pressure fluctuation transport, Ὕpf.  These 

data indicate that although the vortical structures that are induced by the oscillations of the 

reed severely diminish in magnitude, the mean flow remains significantly different from 

the base flow (especially near the walls) owing to sustained levels of transport by second 

moment of velocity fluctuations and elevated levels of viscous transport.  The fluctuating 

kinetic energy budget also shows that these stresses are sustained by pressure transport 

which indicate that the flow along the channel is subjected to pressure pulsations that are 

associated with the oscillations of the reed (similar to pulsating flow, (Trip et al., 2012)).  
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The spanwise variations in the mean and fluctuating flow fields were also assessed 

using PIV measurements (as in Figures 4.8 and 4.9) in several equally-spaced spanwise 

cross sections of the channel within -2 < ᾀǶ < 2 (the channel top and bottom walls are at 

ᾀǶ = ±2.5) at ὼ=18 in the absence and presence of reed.  The (small) spanwise variations in 

the absence of reed are discussed in Appendix B.1.  The flow symmetry (mean and 

fluctuating) about the spanwise center of the channel (ᾀǶ = 0) in the presence of reed is 

demonstrated in Figure 4.13 at ᾀǶ = ±1 and ±2 using cross stream variations of streamwise 

velocity, ό (Figure 4.13b) and of the fluctuating kinetic energy Ὧf (Figure 4.13c).  These 

  

Figure 4.13  a) Schematic rendition of the y-z plane of the channel showing the 

locations of the PIV planes (ᾀǶ = ±1, ±2), and cross stream variations of the streamwise 

velocity ό (b) and of the fluctuating kinetic energy, Ὧf (c) that are both measured at the 
streamwise center of the PIV planes.  The solid and dashed lines mark z > 0 and z < 0, 

respectively.  
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data indicate that while there are significant spanwise variations in ό and Ὧf the presence 

of the reed, these variations are nearly symmetric about ᾀǶ = 0.  It is noted that there is 

marginal cross-stream asymmetry in Ὧf at ᾀǶ = ±2, where Ὧf (ώ >0) < Ὧf (ώ < 0) which is a 

result of some asymmetry in the reed motion that is associated with the attachment of reed 

to its upstream post (as discussed in § 4.2).   

Considering the spanwise symmetry of the flow about the reed centerline, the 

spanwise variations in cross stream distributions of ό and Ὧf along the channel (ὼ = 18, 36 

and 48) are addressed for the segment ᾀǶ > 0 and shown in Figure 4.14.  At ὼ = 18 and in 

the channel center (|ώ| < 0.25), the streamwise velocity, ό (Figure 4.14-a.1), decreases in 

the spanwise direction for 0 < ᾀǶ < 1 and, for ᾀǶ > 1 becomes nearly spanwise-invariant in 

the channelôs center while it increases slowly closer to the channelôs side walls.  These data 

indicate that the effects of the reed are clearly not spanwise uniform and that the induced 

spanwise vorticity concentrations are significantly bent near the wall and potentially lead 

to the formation of streamwise vortices of alternating sense as the reed oscillates towards 

and away from the side wall surfaces.  While the present PIV planes do not capture these 

structures because of their x-y orientation, the presence of streamwise tip vortices 

downstream of the reed is evident in the 3-D numerical study on similar reeds by Rips et 

al. (2020).  The cross stream distributions of Ὧf at ὼ = 18 (Figure 4.14-b.1) intensify 

significantly near the top wall (ᾀǶ = 2) owing to the interaction with the reed but diminish 

rapidly at ὼ = 36 and 48 and are primarily confined to the channelôs side walls with little 

spanwise variation (Figures 4.14-b.2 and b.3).  
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Figure 4.14.  Cross stream distributions of the normalized streamwise velocity ό 

(column a) and fluctuating kinetic energy, Ὧf (column b) at ὼ=18 (row 1), 36 (row 2) 
and 48 (row 3) for spanwise stations, ᾀǶ=0, 0.5, 1, 1.5, 2 (Re = 2,000). 
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The spanwise variations of small-scale dissipation Ὀvf , a dominant term in the energy 

budget of Ὧf (cf. Figure 4.12) which is clearly connected with the decrease in Ὧf 

downstream of the reed is compared in Figure 4.15 between ᾀǶ = 0, 1 and 2 at ὼ = 18.  These 

data show that Ὀvf increases in magnitude between ᾀǶ = 0 and 1 across the entire channel 

width but there is a stronger increase near the channelôs center in proximity to the top wall 

indicating again the effects of the interactions between the spanwise edge of the reed and 

the top wall.  This increase in Ὀvf near the channelôs center is consistent with the higher 

levels of second moment of velocity fluctuations, (as evident from higher levels of Ὧf at 

the center in Figure 4.14b.1) downstream of the reed.   

 

 

  

   

Figure 4.15 Cross stream variations of small-scale dissipation Ὀvf of the fluctuating 

kinetic energy, kf (Equation 4.4) in the presence of reed at ὼ = 18 at ᾀǶ = 0, 1 and 2. 
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4.4  The Role of the Reynolds Number 

The discussion of the reed effects on the flow within high aspect ratio channels in 

Section 4.3 focused on a laminar base flow.  This section addresses the effect of the channel 

Reynolds number on the interactions with the reed as the base flow undergoes natural 

transition to turbulence at elevated flow speeds and the impact of the transition on the 

evolutions of reed-induced perturbations at Re = 2,000, 7,000 and 12,000, for which the 

reedôs Strouhal number is StL = 0.5 (Ls/W = 10, Hs/H = 0.9).  The respective average 

channel flow speeds U, reed frequencies fosc, and thicknesses ts are U = 5, 17.5 and 30 m/s 

and fosc = 65, 220 and 380 Hz and ts = 38.1, 76.2 and 127 mm.  As in§ 4.3, the flow is 

characterized using time-averaged PIV obtained at six equidistant streamwise locations in 

the channelôs spanwise center plane (z = 0). 

The mean flow fields in the absence and presence of reeds are analyzed using cross-

stream distributions of mean streamwise velocity ό (each normalized by the respective 

average channel speed).  As discussed in §4.3, the time-averaged cross-stream velocity in 

the channel is significantly smaller than the streamwise velocity, and therefore its 

discussion is omitted here.  Figure 4.16 illustrates the streamwise variations in cross stream 

distributions of ό at ὼ = 18, 30, and 42 in the absence and presence of reeds (columns a 

and b) at Re = 2,000 (Figures 4.16 ï a.1 and b.1), 7,000 (Figures 4.16 - a.2 and b.2) and 

12,000 (Figures 4.16 - a.3 and b.3).  As already discussed in connection with  
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Figure 4.16  Cross-stream distributions (at z = 0) of the normalized time-averaged  

streamwise velocity ό at ὼ = 18, 30 and 42 in the absence and presence of the reed 

(Ls/W = 10, StL = 0.5) at Re = 2,000 (a.1 and b.1), 7,000 (a.2 and b.2) and 12,000 (a.3 

and b.3). 
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Figure 4.8 (repeated here for reference), at Re = 2,000, near the reed, ό(ώ) is higher than in 

the base flow throughout the width as a result of blockage near the spanwise edges of the 

reed (cf. the discussion in connection with Figure 4.14), and, farther downstream (ὼ = 30 

and 42) ό decreases near the channel center (ώ = 0) and increases near the channel side 

walls (ώ = ±0.45) due to transport of mean kinetic energy by second moment of velocity 

fluctuations.  Although the blockage induced by the spanwise edges of the reed is smaller 

at Re = 7,000, ό near the side walls in the presence of the reed is still higher than in the 

base flow with a marginal decrease at the channel center (Figures 4.16-a.2 and b.2), e.g., 

at ὼ = 18, Dό = 0.2 and -0.08 at ώ = ±0.45 and 0.  Similarly, at Re = 12,000 (Figures 4.16-

a.3 and b.3), the differences between ό(ώ) in the base flow and near the tip of the reed 

(ὼ = 18) are characterized by higher ό near the side walls (Dό = 0.26 at ώ = ±0.45), but 

farther downstream (ὼ = 42), ό(ώ) is identical in the absence and presence of reed.  In fact, 

at Re = 7,000 and 12,000 ό(ώ) at ὼ = 30 and 42 in the presence of reed is also nearly 

identical.  These data indicate that the interactions between the perturbations induced by 

the reed and natural instabilities of the transitional base flow (Re = 7,000) accelerate the 

transition to turbulence and that even at Re = 7,000 the mean flow in the presence of the 

reed is similar to the base flow at Re = 12,000, where the base flow is nearly fully turbulent 

(this is discussed further in connection with Figure 4.17).  
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The differences the time-averaged fluctuating flow field are also analyzed in the 

absence and presence of reeds using the corresponding cross-stream distributions of the 

kinetic energy, Ὧf at ὼ = 18, 30 and 42 as shown in Figure 4,17 for Re = 2,000 (Figures 

4.17-a.1 and b.1), 7,000 (Figures 4.17-a.2 and b.2) and 12,000 (Figures 4.17-a.3 and b.3).  

The distributions of Ὧf at Re = 2,000 are discussed in § 4.3 (Figure 4.14) and are repeated 

here for reference.  Compared to the presence of the reed at Re = 2,000 (Figure 4.17-b.1), 

the velocity fluctuations in the base flow are negligible.  The reed leads to a tri-lobed 

distribution of Ὧf near its tip, that decreases farther downstream due to small-scale 

dissipation.  At Re = 7,000 and 12,000, the base flow exhibits some streamwise increase in 

Ὧf due to transition to turbulence which is higher for Re = 12,000 (Figures 4.17-a.3) and is 

manifested primarily by larger streamwise increases near the side walls of the channel, and 

a local minimum at its center.  The nearly four-fold increase in Ὧf at Re = 7,000 (Figure 

4.17-a.2) between ὼ = 30 and 42 near the side walls (ώ = ±0.45) indicates that the transition 

begins close to the wall near the channel exit while at Re = 12,000 transition occurs farther 

upstream.  Near the walls at ὼ = 18, Ὧf is an order of magnitude higher at Re = 12,000 than 

at Re = 7,000 and continues to increase streamwise near the wall until Ὧf 

(ώ = ±0.45) º 0.018 through ὼ = 42 albeit at a lower rate.  In the presence of reed (Figures 

4.17-b.2 and b.3), Ὧf(y) is significantly higher than in the base flow near the tip (ὼ = 18) 

throughout the channel height.  There is a local peak at the channel center at Re = 7,000 

that flattens out at Re = 12,000 with peaks near the side walls (recall that each distribution 

of kf (ώ) is normalized by its own averaged channel speed).  However, the dimensional 

levels of the peak, kf (ώ = 0, ὼ = 18), show a nearly 10-fold increase between Re = 2,000 

and 7,000 (from 1.37 to 14.39 m2/s2, respectively) showing that the reed-induced 
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fluctuations amplify with Re in the transitional base flow.  The distributions of Ὧf in Figure 

4.17-b.2 and b.3 also show that the fluctuations induced by the reed encounter increased 

dissipation (as discussed in connection with Figure 4.19) that is manifested by a significant 

streamwise decrease in Ὧf .  For example, the decreases in Ὧf (ώ = 0) at Re =7,000 are 87% 

and 41% between ὼ = 18 & 30 and 30 & 42 respectively and at Re =12,000 are 66% and 

54% between ὼ = 18 & 30 and 30 & 42 (compared to 58% and 60% at Re = 2,000, 

respectively).  It may be concluded that since the base flow near the tip of the reed is already 

transitional at Re = 12,000 small-scale dissipation is higher compared to Re = 7,000 which 

leads to lower Ὧf at ὼ = 18 (2H downstream of tip).  An important observation is that at 

both Re = 7,000 and 12,000, the levels of Ὧf(y) across the channel width in the presence of 

reed near the exit plane of the channel (ὼ = 42) become nearly identical to the levels in the 

base flow at Re = 12,000 indicating, as expected, that the presence of the reed accelerates 

the transition process (similar to pulsating channel flows, e.g., Trip et al., 2012).   
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Figure 4.17  Cross-stream distributions (at z = 0) of the fluctuating kinetic energ Ὧf at 
ὼ = 18, 30 and 42 in the absence and presence of the reeds (cf. Figure 4.17) at 

Re = 2,000 (a.1 and b.1), 7,000 (a.2 and b.2) and 12,000 (a.3 and b.3). 
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The details of the streamwise evolution of the small-scale motions in the flow are 

captured using cross-stream integral of Equation 4.4 and considering the dominant terms 

which are ὓf, Ὀvf and Ὕpf at the streamwise centers of PIV planes (similar to §4.3).  

Neglecting the smaller terms, the cross-stream integrated Equation 4.4 is: 

<ὓf> = <Ὀvf>+<Ὕpf>, where <Ὀvf> represents a loss due to small-scale dissipation 

(<Ὀvf> < 0).  Following the assumptions associated with Equation 4.4, <ὓf> = , where 

Ὧm is the (normalized) bulk mean fluctuation kinetic energy Ὧ   ᷿ όώ
Ȣ

Ȣ
ὯώὨώ.  

The streamwise variations of <ὓf> in the absence and presence of reed for Re = 2,000, 

7,000 and 12,000 are shown in Figure 4.18.  In the absence of the reed, <ὓf> > 0 for 

Re = 7,000 and 12,000 indicating that Ὧm increases in the streamwise direction as the base 

flow transitions to turbulence and the peaks (ὼ = 30 and 20 at Re = 7,000 and 12,000) 

indicate the streamwise location where the transition occurs.  That <ὓf> ~ 0 near the 

channel exit (ὼ = 48) shows that the flow has fully developed and Ὧm is streamwise 

 

Figure 4.18  Streamwise variation of the cross-stream integrated material rate of 

change of Ὧf, <ὓf> in the absence and presence of the reed (cf. figure 4.18) for 

Re = 2,000 (ƴ, ), 7,000 (ƴ,), 12,000 (ƴ,).  The position of the reed-tip is shown 

by a dashed line. 
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invariant.  In the presence of reeds, <ὓf> < 0 for all Re which simply indicates that Ὧm 

decreases in the streamwise direction and based on the cross-stream averaged budget of Ὧf, 

this means that the (cross-stream) averaged small-scale dissipation <Ὀvf> is higher than the 

transport of Ὧf by pressure fluctuations <Ὕpf>. It should be noted that in Figure 4.18, the 

magnitude of <ὓf> near the reed tip is significantly higher than that of the base flow.  In 

addition, for ὼ > 40, <ὓf> ~ - 10- 4indicating that in the presence of reeds Ὧm is nearly 

streamwise-invariant at all Re near the channel exit.  At Re = 2,000, while <ὓf> ~ -10-3 for 

ὼ < 30 indicating a nearly constant rate decrease of Ὧm, it diminishes to near zero level at 

the channel exit.  At Re = 7,000 and 12,000, while the magnitudes of <ὓf> near the tip 

(ὼ = 18) are 2- and 4-fold higher than at Re = 2,000, they also diminish faster and reach 

<ὓf> ~-10-4 for  ὼ Ó 30 indicating that <Ὀvf> is nearly balanced by <Ὕpf>.  These data show 

that near the channel exit (ὼ > 40), Ὧm reaches the same asymptotic level at all the Reynolds 

numbers considered here.   

The evolution of asymptotic levels of Ὧm that are comparable upstream of the 

channelôs exit in the presence of the reed are further explored and compared with the base 

flow by considering the streamwise variations of Ὧm and <Ὀvf> as shown in Figures 4.19 

in the absence and presence of reed at Re = 2,000 (Figures 4.19-a.1 and b.1), 7,000 (Figures 

4.19-a.2 and b.2) and 12,000 (Figures 4.19-a.3 and b.3).  Each of the figures includes a 

dashed line that marks for reference the corresponding streamwise-asymptotic levels of Ὧm 

and <Ὀvf> at Re = 12,000 (0.008 and 0.02, respectively).  The present data show that 

|<ὓf>| < 0.029|<Ὀvf>| or 0.03|<Ὕpf>| and since |<Ὀvf>|  º |<Ὕpf>| only <Ὀvf> is discussed 

here.  At Re = 2,000, Ὧm and <Ὀvf> (Figures 4.19-a.1 and b.1) are negligible in the base 
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flow, but in the presence of reed, Ὧm decreases downstream of the reed from 0.03 at ὼ = 18 

to 0.0125 at the channel exit (ὼ = 47).  Evidently, the small-scale dissipation, <Ὀvf> 

(Figures 4.19-b.1) which drives the decrease in Ὧm also exhibits a streamwise decrease 

from 0.09 at ὼ = 18 to 0.03 at ὼ = 47 indicating that within the current channel both 

quantities are still significantly larger than in the base flow and would remain well above 

 

Figure 4.19  Streamwise variations of bulk mean fluctuation kinetic energy Ὧm and the 
cross-stream averaged <Ὀvf> (columns a and b, respectively) in the absence (ƴ) and 

presence (ǒ) of the reed for Re = 2,000 (, ), 7,000 (ƴ, ), 12,000 (, ).  The 

position of the tip is shown using vertical dashed lines. The asymptotic values, 

Ὧm = 0.008 and Ὀvf = 0.02 at Re= 12,000 are shown using horizontal dashed lines. 
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the base flow levels in a longer channel.  At Re = 7,000, while an increase in Ὧm for the 

base flow (Figure 4.19-a.2) is evident at ὼ = 30 due to transition, for ὼ Ó 36, Ὧm asymptotes 

to ~ 0.003 which is still well below the corresponding level at Re = 12,000 (in Figure 4.19-

a.3).  In the presence of reed (Figure 4.19-a.2), Ὧm is higher than the base flow throughout 

the channel and the rate of its streamwise decrease is higher than at Re = 2,000.  However, 

for ὼ Ó 36, Ὧm = 0.0082 which is just slightly above the level of the asymptote at 

Re = 12,000 (0.008).  The corresponding small-scale dissipation, <Ὀvf> (Figure 4.19-b.2) 

in base flow increases monotonically until <Ὀvf> ~ 0.02 and in the presence of reed, <Ὀvf> 

decreases rapidly from 0.15 near the tip (ὼ = 18) to <Ὀvf> ~ 0.02 for ὼ Ó 30 and nearly 

matches the corresponding level in the base flow and the asymptote at Re = 12,000 near 

the channel exit (ὼ = 47).  It is noted that in the presence of reed <Ὀvf> near the tip (ὼ = 18) 

at Re = 7,000 is 66% higher than the corresponding <Ὀvf> at Re = 2,000 which leads to a 

higher streamwise decrease in Ὧm near the tip at Re = 7,000.  The smaller levels of <Ὀvf> 

farther downstream (ὼ Ó 30) at Re = 7,000 are associated with lower streamwise decrease 

of Ὧm.  The streamwise trends of Ὧm and <Ὀvf> in the absence and presence of reed are 

similar at Re = 7,000 (Figures 4.19-a.2 and b.2) and 12,000 (Figures 4.19-a.3 and b.3).  It 

is noteworthy that both in the absence and presence of reed at Re = 12,000 Ὧm asymptotes 

to Ὧm ~ 0.008 for ὼ Ó 40 which is also its asymptotic level at Re = 7,000 in the presence of 

reed while <Ὀvf> at Re = 7,000 and 12,000 asymptotes to <Ὀvf> ~ 0.02 for ὼ Ó 40.  These 

data further lend credence to the observation that the reed-induced perturbations accelerate 

the transition to turbulence in the predominantly developing inlet channel flow at 

Re = 7,000.  This acceleration of the transition to turbulence of the (laminar) inlet flow is 

further hastened at higher Reynolds numbers, and is accompanied by accentuated 
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dissipation of the reed-induced flow fluctuations and the decay of Ὧm to the levels that are 

associated with the natural transition to fully-developed turbulent channel flow at the 

prevailing Reynolds number.  That the reed induced fluctuations upstream of the channelôs 

exit are still higher than in the base flow, can lead to enhanced heat transfer within the 

channel (as discussed in Chapter V). 
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As alluded to by Figures 4.16 and 4.17, the evolution of reed-induced perturbations 

is affected by interactions with the small-scale motions in the transitioning base flow.  The 

streamwise evolution of the spectral content of the flow is shown in Figure 4.20 using 

power spectral density (PSD) of the streamwise velocity fluctuations, uô, at the spanwise 

center (z = 0) of the channel.  These measurements are obtained using a hot wire sensor 

which having a cross-stream width of 2 mm (|ώ| < 0.2, centered about y = 0).  The spectral 

measurements are obtained at three equally spaced streamwise positions downstream of 

the reed (ὼ = 20, 30 and 40) for Re = 2,000, 7,000 and 12,000 in the absence (Figures 4.20-

a.1 through a.3) and presence of reeds (Figures 4.20-b.1 through b.3).  In the absence of 

the reeds at Re = 2,000 (Figure 4.20-a.1), the spectra exhibit low PSD (PSD < 10-5) at all 

streamwise positions.  The presence of the reed (Figure 4.20-b.1) leads to a remarkable 2-

decade increase in the flowôs spectral energy to PSD ~ 10- 4 for f < 1,000 Hz, with spectral 

peaks at the reedôs fundamental frequency (65 Hz) and its higher harmonics and spectral 

decay for f  > 1,000 Hz (all spectral components are higher than the base flow spectral 

components).  Farther downstream (ὼ = 30, 40), the spectral peaks at the reed harmonics 

diminish by 1-2 orders of magnitude and the PSD at the large scales (f < 50 Hz) increases 

by up to an order in magnitude.  It is remarkable that the reed oscillations lead to a spectrum 

that is reminiscent of turbulent spectra at considerably higher Reynold numbers with a brief 

-5/3 slope.   

As the Reynold number is increased to 7,000, the spectral content of the base flow 

(Figure 4.20-a.2) increases significantly at all streamwise stations with a peak at 380 Hz 

and several of its harmonics that are probably associated with transitional instabilities of 

the flow, and a pronounced spectral decay (higher than -5/3) past 1000 Hz.  Similar spectral 
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trends are observed farther downstream with an increase in the energy of the large-scale 

motions between ὼ = 20 and 30.  That the PSD become nearly invariant for 30 < ὼ  < 40 

indicates that the flow becomes nearly fully developed.  In the presence of the reed ( ὼ = 20, 

Figure 4.20-b.2) the levels of the spectral content of the PSD at Re = 7,000 increase 

significantly compared to the base flow by up to 2 decades at about 1,000 Hz, and up to 3 

decades for f > 1,000 Hz with a well-defined inertial subrange.  Farther downstream 

(ὼ = 30 and 40), the spectral levels decrease due to small-scale dissipation (as discussed in 

connection with Figure 4.21) albeit the spectra at the reed harmonics show higher decrease 

(the spectral peak at the third reed harmonics decreases by two decades, whereas the spectra 

for f < 100 Hz and f > 1000Hz decreases by less than a decade between ὼ = 20 and 40).  

A comparison between the reed spectra at ὼ = 40 between Re = 2,000 and 7,000 (shown in 

green in Figures 4.20-b.1 and b.2) shows the presence of a cross-over frequency, 

fc º 1000 Hz (marked by a vertical dashed line in column b), below which the spectral 

levels are higher at Re = 2,000 by up to 6 times and above which the spectral levels are 

higher for Re = 7,000 by up to 2 decades.  This indicates that even for the same Strouhal 

number the interactions between reed induced scales and the transitional flow (Re = 7,000) 

lead to formation of smaller scales which, as shown in Chapter V, lead to higher heat 

transfer enhancement.  When the Reynolds number is increased to 12,000, the amplitude 

of spectral components in the base flow (Figure 4.20-a.3) at ὼ = 20 at f > 2 KHz increases 

significantly compared to the base flow at Re = 7,000 (including the dissipation range).  As 

the transition process continues farther downstream (ὼ = 30 and 40), the upward offset of 

the spectra with increasing streamwise distance diminishes until the flow becomes nearly 

fully developed (at ὼ = 40).  It is noted that while the spectral peaks that are associated with 
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the transitional flow are no longer present, the spectra exhibit a lower, wider peak around 

260 Hz.  The spectral changes that are brought about by the presence of the reed (Figure 

4.20-b.3) at ὼ = 20 include spectral peaks at the reeds oscillation frequency (380 Hz) and 

its harmonics.  Similar to the spectra at Re = 7,000, the spectral components at the reed 

harmonics are offset downward by a factor of 1 and 2 decades at ὼ = 30 and 40 respectively.  

In accordance with the accelerated dissipation in the presence of the reed, the spectral 

components at ὼ = 30 and 40 within the range f < 300 Hz are actually marginally lower in 

the presence of the reed than the corresponding spectra of the base flow.  In addition, 

compared to the reed spectra at ὼ = 40 for Re = 7,000 (cf. Figure 4.20-b.2), while the 

spectral levels below the cross-over frequency fc are nearly invariant (for f  < fc, 

PSD~10- 4), the spectra above fc increase at Re = 12,000 by up to 3 times indicating that 

the interactions with the fully turbulent base flow further increases the energy of smaller 

scales. 
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Figure 4.20  Power spectra (PSD) of the streamwise velocity fluctuations uô measured 

at the spanwise center of the channel (z = 0) at three streamwise locations downstream 

of the reed tip ὼ = 20, 30 and 40 in the absence (column a) and presence (column b) of 
the reed at Re = 2,000, 7,000 and 12,000 (rows 1,2 and ,3 respectively). The solid line 

marks -5/3 slope. The cross-over frequency, fc for reeds is represented by the vertical 

dashed line and the asymptotic PSD levels for large scales (f<1Hz) at ὼ = 40 in the 

presence of reeds is represented through the horizontal dashed lines. 
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Considering the streamwise changes in the base flow, especially during transition, it 

is instructive to examine the effects of the streamwise position of the reed relative to the 

base flow.  These effects are compared for an invariant reed length (Ls/W=10) in Figure 

4.21 between tip streamwise placements at ὼtip = 16 and 26 at Re = 12,000 using the 

streamwise variation of Ὧm (at z = 0).  The variation of Ὧm for ὼtip = 16 was discussed in 

connection with Figure 4.19-b.3 (Ls/W = 10, ts = 127 mm, fosc = 380 Hz and StL = 0.5), and 

is repeated here for reference.  These data show similar increase in intensity of small-scales 

even when the tip of the reed is placed where the turbulence level in the base flow is already 

relatively high.  In fact, Ὧm, base = 0.0023 and 0.0041 at ὼtip = 16 and 26, respectively (the 

asymptotic level is Ὧm = 0.008), and the level of the reed-induced Ὧm at ὼ = 29 for ὼtip = 26 

is only about 18% lower than at the same distance from the tip for ὼtip = 16 ὼ =19) despite 

the significant increase in the background turbulence level in the channel.  Furthermore, 

 

Figure 4.21  Streamwise variation of Ὧm (at z = 0) in the absence (ƴ) and presence of 

the reed (Ls/W = 10, ts = 127 mm) at Re = 12,000 when the tip of the reed is placed at 

locations ὼtip = 16 (ǒ) and 26 (ǅ).  The streamwise locations of the reed tips are 

marked using vertical dashed lines and the asymptotic level of Ὧm at the downstream 

end of the channel (Ὧm = 0.008) is marked by a horizontal dashed line.  The data point 

closest to the reed tip at ὼ = 19 is offset by ὼ = 10 and marked using ƺ for comparison 

with the corresponding data for ὼtip = 26. 
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downstream of the tip ὼtip = 26, the exponential rate of streamwise decay of Ὧm is 1.4 times 

higher than for ὼtip = 16 and it asymptotes to nearly the same level of Ὧm = 0.008 as in the 

base flow near the channelôs exit.  These data show that despite the higher levels of 

turbulence intensity in the base flow, the reed is still able to effect significantly higher 

levels of Ὧm (5 times the base level) although its rate of decay is higher than when the reed 

is placed farther upstream where the inlet base flow is still transitional.  The present data 

indicate that when the tip of the reed is placed at streamwise position where the base flow 

is already asymptotically turbulent for this Reynold number, the streamwise decay of the 

reed-induced oscillations would be higher and therefore its streamwise domain of 

influence would be shorter with significant ramifications for enhancement of heat transfer 

over the base flow downstream of the tip of the reed. 
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4.5  The Role of the Reed Oscillation Strouhal Number 

The role of the reedôs oscillation frequency on the evolution of the flow in the channel 

is captured by varying its Strouhal number at a given intermediate transitional Reynolds 

number (Re = 5,000) of the channel flow (the evolution of the channelôs time-averaged 

base flow is described in Appendix B).  This Reynolds number is selected because the flow 

response is somewhat more muted over a range of reed frequencies than at Re = 7,000 

(characterized in §4.4), but the channel speed is above the critical speed of a range of reeds 

covering nearly the entire channel span Hs/H = 0.9 that are designed with several lengths 

and thicknesses to achieve Strouhal numbers between 0.3 and 1.6. 

The effect of reed Strouhal numbers on the mean and fluctuating flow fields are first 

assessed using reeds of Ls/W = 10 and ts = 25.4, 38.1 and 50.8 mm for which StL = 0.9, 0.7 

and 0.5 (fosc = 180 Hz, 140 and 95 Hz), respectively.  Similar to §4.4, the mean and 

fluctuating flow fields are assessed using cross-stream distributions of the streamwise 

velocity ό and fluctuating kinetic energy Ὧf at z = 0 at ὼ = 18 (Figures 4.22-a.1 and b.1), 30 

(Figures 4.22-a.2 and b.2) and 42 (Figures 4.24-a.3 and b.3).  As noted in connection with 

Figure 4.16, compared to the base flow, the oscillations lead to increases in the streamwise 

velocity near the walls and its flattening near the center of the channel downstream of the 

reed.  Furthermore, as shown in Figures 4.22-a.1, a.2, and a.3, these changes are nearly the 

same at all Strouhal numbers, nearly streamwise invariant, and resemble the distributions 

of ό(y) in the base flow at higher Reynolds numbers (Re = 12,000, Figure 4.16).  Figure 

4.22-b.1 shows that while the effects of the reed Strouhal number on ό(y) are marginal near  
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Figure 4.22. Cross-stream distributions (at z = 0) of the time-averaged streamwise 

velocity ό and fluctuating kinetic energy, Ὧf (columns a and b respectively) in the 
absence (marked by a black line) and presence of reeds (Ls/W = 10, Re = 5,000) 

oscillating at StL = 0.5, 0.7 and 0.9, at ὼ = 18 (a.1 and b.1), 30 (a.2 and b.2) and 42 

(a.3 and b.3). 
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its tip and nearly indistinguishable farther downstream, the cross stream distributions of 

Ὧf (y) near the reedôs tip increase (across the channel width) with StL and are significantly 

higher than in the base flow Ὧf (y).  These distributions are clearly associated with the 

changes in the kinetic energy of the reed motion which increases as the square of the 

oscillation frequency (cf. §3.4).  For example, at the channel center (y = 0), Ὧf for StL = 0.5, 

0.7 and 0.9 are 0.045. 0.062 and 0.072, respectively compared to 0.0004 in the base flow.  

However, similar to the corresponding data in Figure 4.17, the induced increases in 

Ὧf  diminish rapidly farther downstream, become nearly streamwise-invariant, and the 

variations between oscillations at the different Strouhal numbers become indistinguishable 

at ὼ = 30 and 42 (Figures 4.22-b.2 and b.3).  That the differences in Ὧf due to the reed StL 

in Figure 4.22-b.1 nearly vanish downstream, indicates that higher induced velocity 

fluctuations are also accompanied by increased dissipation.    
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The changes in streamwise evolution of the small-scale motions downstream of the 

reed due to the variation in StL are captured using the bulk mean fluctuating kinetic energy 

Ὧm (similar to the analysis in §4.4).  The range of StL in Figure 4.22 was expanded in Figure 

4.23.  In addition to StL (fosc, Hz) = 0.9 (180), 0.7 (140), and 0.5 (95) using Ls/W = 10 

(Figure 4.23a), a broader range of Strouhal numbers was achieved using reeds that are 

ts = 25.4 mm thick and variable lengths Ls/W = 2.4, 10, 20 yielding StL (fosc, Hz) = 0.3 

(250), 0.9 (180), and 1.6 (160) (Figure 4.23b).  As shown in Figures 4.23a and b, the 

streamwise variations of Ὧm in the absence of reeds are much smaller (Ὧm < 0.001) than in 

its presence.  As expected based on Figure 4.22-b.1, for reeds of length, Ls/W = 10 

(StL = 0.5, 0.7 and 0.9, Figure 4.23a), downstream of the tip (ὼ = 17.5) Ὧm increases with 

StL (Ὧm = 0.042, 0.05 and 0.065 for StL = 0.5, 0.7 and 0.9 respectively).  Farther 

downstream, Ὧm decreases exponentially but near the tip its streamwise diminution rate 

 

Figure 4.23 Streamwise variation of Ὧm  in the absence (ƴ) and presence of for reeds of 

b) length, Ls/W = 10 and thickness, ts = 25.4 mm (, StL= 0.9), 38.1 mm (, StL = 0.7) 

and 50.8 mm (, StL = 0.5) and b) of thickness, ts = 25.4 mm and lengths Ls/W = 2.4 

(, StL = 0.3), 10 (, StL = 0.9) and 20 (, StL = 1.6) at Re = 5,000. The horizontal and 

black line represents Ὧm = 0.008. The streamwise locations of the reeds are shown 

through the vertical dashed lines  
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increases with StL where DὯm/Dὼ are -0.007, -0.008 and  - 0.012 for StL = 0.5, 0.7 and 0.9.  

As a result of the enhanced dissipation at higher StL, farther downstream the decay rates of 

Ὧm equalize and become independent of StL (at ὼ = 24 Ὧm ~0.014, and for ὼ > 24 

Ὧm = 0.008).  As noted above, the variation of Ὧm with StL for increasing reed length (Figure 

4.23b) also yields some insight into the effects of the streamwise position of the reed tip 

(marked by vertical dashed lines) in the developing channel flow.  These data show that 

while as expected, Ὧm increases with the Strouhal number (from 0.045 to 0.065 between 

Ls/W = 2.4 and 10), it decreases slightly as StL is increased further (to 0.06 at Ls/W = 20) 

exhibiting some saturation ostensibly due to increased small-scale dissipation (as discussed 

in Figure 4.24).  Similar to the observations in connection with Figure 4.23a, the 

streamwise rate of decrease of Ὧm in Figure 4.23b increases with StL (Ὧm asymptotes to 

0.008 near the channel exit).   

The streamwise variations of dissipation of small scales <Ὀvf> are assessed in Figures 

4.24a and b in the absence and presence of reeds respectively.  As expected based on Figure 

 

Figure 4.24 a) As in figure 4.23 (a) and (b), the streamwise variations of cross-stream 

averaged small-scale dissipation, <Ὀvf> in the absence and presence of reeds. The 

horizontal dashed line represents <Ὀvf> = 0.02 (cf. Figure 4.19) 
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4.23, small-scale dissipation which in the base flow is lower than with the reeds 

(<Ὀvf>base < 6·10-3), increases significantly with StL near the tip, and ultimately decays 

farther downstream and is nearly identical for all StL near the channel exit (<Ὀvf> = 0.02, 

which is the level of the base flow at Re = 12,000 near the channel exit, cf. Figure 4.19).  

As discussed in Chapter V, enhanced local heat transfer at higher StL decreases farther 

downstream of the tip and therefore StL can be tuned for optimizing the reedôs thermal 

performance.   
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The present investigations have demonstrated that increasing the reed Strouhal 

number results in increased global flow losses within the channel.  These losses arise 

because the power for the motion of the reed is extracted from the embedding channel flow 

(cf. §3.1), and the formation and dissipation of the reed-induced vortical motions (cf. 

Figures 3.12 and 4.3) contribute to additional losses in the mean and fluctuating kinetic 

energy budgets (c.f. Equation 4.3 and 4.4) that must be compensated for by the air supply 

(cf. Figure 4.6).  That the intensity of the reed-induced small-scale vortical motions and 

their dissipation increase with StL (cf. Figures 4.23 and 4.24) indicates that channel 

pressure losses also increase with StL.  

The flow losses in the channel are assessed using the channelôs friction factor 

f = DP/(0.5ÅraÅU
2
ÅL/Dh,  (e.g., ¢engel et al., 2006) over a range of Strouhal numbers of 

several reeds (span Hs/H = 0.9) as shown in Figure 4.25  The Strouhal numbers were varied 

  

Figure 4.25. Variation with StL of the channel friction factor f for 1,000 < Re < 10,000 and 

reeds of length Ls/W = 10 (ǒ), 20 (ƴ) and 30 (ǅ) and thicknesses ts = 12.7, 25.4, 38.1, 50.4 

and 76.2 mm. 
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over a range of channel Reynolds numbers (1,000 < Re < 10,000) using multiple reeds of 

different lengths (Ls/W = 10, 20, 30, Ls = 50, 100 and 150 mm) and thicknesses (ts = 12.7, 

25.4, 38.1, 50.4 and 76.2 mm).  These data show that the channel friction factor, f, increases 

with StL by over a factor of 3 as StL increases from 0.46 to3.22.  Using a least-squares fit, 

the variations of f with StL are shown in Equation 4.5 

 Ὢ  πȢρɆ ὛὸȢ 4.5 

Figure 4.25 shows that the friction factors induced at all Strouhal numbers by all the 

tested reeds (different lengths and thicknesses) collapse on a single curve regardless of the 

channelôs Reynolds number.  This finding indicates that, at least within the range of the 

present measurements, the flow losses in the presence of the reeds primarily scale with StL. 

Since the flow losses within the channel depend primarily on the reed Strouhal 

number, it is desirable to understand how for a given flow speed in the channel the reed 

parameters can be selected to yield a desired Strouhal number.  As shown in other studies 

on oscillating reed dynamics (e.g., Argentina et al., 2005, Eloy et al., 2007, and Shoele et 

al., 2015), the reed motion is governed primarily by two dimensionless numbers: its inertia 

ratio M* = rsts / (raLs) and reduced velocity, U* = ὟɆ ”Ὄὒ Ὧϳ , which are 

determined by the reedôs mechanical properties (density rs, and flexural rigidity kb) and 

geometric dimensions (Ls x Hs x ts) and the average flow speed and density (U and ra).  In 

the present investigations, the dependence of StL on M* and U* is determined using data 

for all the reeds discussed in connection with Figure 4.25 (Ls/W = 10, 20 and 30 and 

ts = 12.7, 25.4, 38.1, 50.4 and 76.2 mm) as shown in Figures 4.26a and b.  Figure 4.26a 
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shows that StL nominally decreases with M* but for a given M* some scatter in StL is 

evident as the flow speed and hence U* change.  Similarly, Figure 4.26b shows that StL 

nominally increases with U* but with significant scatter.  However, if M* and U* are 

combined to form the ratio M*/U* , it is shown in Figure 4.26c that the entire set of data 

collapses on a single curve for all the tested reeds and flow speeds (or Re).  Since M*/U*  

varies as  U-1(ts/Ls)
5/2, it is more sensitive to variations in reedôs planform shape (length and 

thickness) than to the flow speed.  Using a least-squares fit, 

 
Ὓὸ  πȢςσ 

ὓᶻ

Ὗz

Ȣ

 4.6 

The data in Figure 4.26c show that StL decreases rapidly with increasing M* /U* for 

M* /U* < 0.05, and for M* /U*  > 0.05, StL is nearly invariant (decreases from 0.52 to 0.46 

as M*/U* changes from 0.05 to 0.15).  This means that for a given reed length and thickness 

the frequency increases with flow speed as U 1.33, and for a given flow speed, the frequency 

decreases with reed thickness and length as t - 0.75 and L - 0.25.  By comparison, the natural 

frequency of the reed in vacuum and away from walls varies as t and L-2 (G. A. Tetlow and 

A. D. Lucey, 2009) showing that the reed motion in proximity to the walls of the channel 

is significantly different.  The variations of StL with M*/U* were also computed for the 

low aspect ratio channel with H/W = 1 and the higher aspect ratio channel with H/W = 10.  

While the variations of StL with M*/U* in H/W = 5 and 10 channels collapse on top of each 

other, reed Strouhal number is marginally smaller in the low aspect ratio channel (for a 

given M*/U*) such that StL =0.24 (M*/U*) -0.25 which is consistent with the observations in 

connection with reed centerlines in § 3.4. 
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An important finding of the present investigations is that the losses that are associated 

with the reedôs motion are directly related to and decrease precipitously with its strouhal 

number, StL as derived from the reedôs oscillation frequency.  It was found that the reed 

frequency decreases with increase in reedôs length and thickness (for a fixed flow speed) 

and increases with increase in flow speed for a given reed planform shape (length and 

thickness) such that the reed strouhal number, StL primarily scales with M*/U*.  The small-

scale and the channel loss analysis suggest that by reducing the reed StL the channel losses 

can be significantly decreased, while the intensity of small-scale motions as measured by 

Ὧm, sustain downstream of the reed.  The reed driven small-scales persist near the channel 

side walls and the reed makes a laminar base-flow look ñturbulentò which, as seen in 

chapter V, leads to significant heat transfer enhancement.  Even at fully turbulent Re, there 

exist a finite channel length where the reed enhances small-scale motions as compared to 

the base leading to heat transfer enhancement.   
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Figure 4.26. Variation of StL with reed inertia ratio M* (a), reduced speed U* (b) and 

the ratio M*/U* (c) for 1,000 < Re < 10,000 and reeds of length Ls/W = 10 (ǒ), 20 (ƴ) 

and 30 (ǅ) and thicknesses ts = 12.7, 25.4, 38.1, 50.4 and 76.2 mm. 
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CHAPTER V  

HEAT TRANSFER ENHANCEMENT USING  

SELF-OSCILLATING REEDS  

Overview 

This chapter focuses on characterization of heat transfer enhancement effected by 

small-scale motions that are induced by the oscillations of reeds (cf. Chapters III and IV) 

mounted across the span of a high aspect ratio, heated channel (H/W = 5 or 5-mm wide 

channel).  The effects of dominant parameters including the reed Strouhal number and the 

flow Reynolds number on the heat transfer enhancement are discussed in conjunction with 

the kinetic energy of the flowôs small-scale motions.  Limited investigations conducted in 

another higher aspect ratio channel (H/W = 10) illustrate the scaling of reed driven heat 

transfer enhancement.   

5.1  Heat Transfer Analysis in the High Aspect Ratio Channel 

To begin with, a description of ñinternal measurementsò (cf. chapter II) which is used 

to assess the heat transfer characteristics in the high aspect ratio channels is given.  This 

methodology utilizes the wall temperature measurements and the heat flux to the air from 

the heater to calculate the local and global Nusselt numbers. 

The present heat transfer measurements were conducted in the high-aspect ratio HT 

channel that is described in detail in Chapter II (and is used in Chapters III and IV).  In this 
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channel the wider (top and bottom) walls were constructed of aluminum plates covered (on 

the outside) with thin-film heaters and instrumented with a streamwise array of T-type 

thermocouple sensors along their mid spans (z = 0) as shown schematically in Figure 5.1a  

In the present investigations, the power to the heaters is adjusted so that their power 

ὗ  is varied to achieve a desired difference between the wall temperature Tw (x) and 

the air temperature Ta,i measured 10W upstream of the channel inlet:   

ὍὝὈὼ  Ὕ ὼ  Ὕȟ 

In the present experiments, ITDmax = 60oC in both the base flow and in the flow with reed. 

The thermal enhancement is characterized using the local and global variations in 

heat transfer coefficient and is compared with the corresponding flow losses.  The variation 

 

Figure 5.1  a) Top view of the flow path within the high aspect ratio 5 mm channel, 

which includes a 2-D contraction, the cantilevered reed, and thin-film heater adhered 

to aluminum plates each instrumented with a streamwise array of thermocouple 

sensors (cf. Chapter II);  b) Energy balance across an elementary segment of the channel 

as marked by dashed lines in (a). 
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of the local heat transfer coefficient along the channel is assessed by discretizing each of the 

aluminum plates into seven elementary panels, each Lp = L/7 long (between adjacent 

thermocouple sensors, cf. Figure 5.1) and spanning the channel height.  The discretized local 

heat transfer coefficient, h(x), is computed at the streamwise and spanwise center of each 

panel.  The effective heat flux rate supplied by the heater to the i-th panel is 

ὗ ὗ Ὤ Ὕ Ὕȟ  

where ὗ is the heat flux supplied by the heater, hins is the heat transfer coefficient of the 

insulation (which is computed by assessing the insulation losses as discussed in Chapter II), 

Ti is the average panel temperature computed as Ti=0.5·[Tw(x)+Tw(x+Lp)] (cf. Figure 5.1b), 

and Ta,o is the ambient air temperature.  The streamwise conduction within the aluminum 

plates is also accounted for and modifies the heat flux to the air within the channel  

ὗȟ    ὗ   Ὧ
ὸ

ὒ

ὨὝ

Ὠὼ
ὼ  ὒ   

ὨὝ

Ὠὼ
ὼ  

where kal is the thermal conductivity of the aluminum plates and tw is the plate thickness.  An 

energy balance is carried out across a control volume spanning the elementary panel (as shown 

by dashed lines in Figure 5.1b) which relates the heat flux supplied to the air to the increase 

in thermal energy of the incoming flow as follows: 

ὗȟ ὃ   ά·ὅp·Tm,i= 0.5 ά·ὅp·[Tm(x+Lp)+Tm(x)]. 

where ά is the mass flow rate in the channel, ὅp is the specific heat of the air, Tm(x) is the 

local bulk mean flow temperature defined as Tm(x) = ᷿ όȾὟὝώὨώ
Ⱦ

Ⱦ
 (Incropera et al., 

2002) and Tm,i = 0.5·[Tm(x+Lp)+Tm(x)] is the average bulk mean flow temperature at the 

center of a control volume spanning the elementary panel.  The local heat transfer coefficient 

at the streamwise and spanwise center of each panel is then computed using Newtonôs law 



 

150 
 

Ὤὼ
ὗȟ
Ὕ Ὕȟ

 

It is noted that some heat is lost at the channel inlet through conduction at the interface 

between the channel walls and the facility upstream which ultimately heats up the channel air 

upstream of its inlet and cannot be neglected.  The air temperature at the channel inlet Tm,0 is 

therefore calculated by an energy balance on a control volume between the plane x = -10W 

(where Ta,i is measured) and x = 0 which is the channel inlet  

Tm,0 = Ta,i + kal·tw·W·(dTw/dx)x = 0 / (άὅp). 

In addition, the boundary condition for wall temperature at the channel exit is assumed as 

ὨὝ Ὠὼϳ   π, which is used in implementing the energy balance on the last elementary 

panel upstream of the channel exit. The discretized local heat transfer coefficient at the center 

of each panel, xp is normalized using the hydraulic diameter of the channel, Dh, and the thermal 

conductivity of the air, ka, to obtain the local Nusselt number for each panel 

Nu(x) = h(x)·Dh/ka 

The global Nusselt number Nu is defined as  

Nu = ᷿ὔόὼὨ  

The integral is discretized to obtain an estimated of the global Nusselt number which is: 

Nu = ρȾὒВ ὔό ὒ  

where Nup is the local Nusselt number Nu(x = xp) at the center of each panel. 

5.2  Characteristics of Reed-Driven Heat Transfer enhancement at Re = 2,000 

The effects of the reeds on heat transfer in the heated channel was first measured at 

a relatively low Reynolds number (Re = 2,000) that is characteristic of high-performance 
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heat exchangers (the flow at this Reynolds number is discussed in §4.2 and 4.3) using a 

reed for which Hs = 22 mm, Ls = 50 mm, ts = 38.1 mm and which is operating at StL = 0.5 

(fosc = 65 Hz).  The streamwise variation of wall temperature, ITD (x), and of the local 

Nusselt number, Nu(x), calculated as outlined in §5.1 are shown in Figures 5.2a and b.  

These data show that at a given heater power the reed oscillations lead to a reduction in 

wall temperatures and hence the heater power, ὗ  is increased from 23 Watts in the 

base flow to 29 Watts in the presence of the reed to maintain the same maximum wall 

temperature ITDmax = 60oC.  In the absence of the reed, ITD (x) increases monotonically 

and reaches ITDmax at ὼ å 40.  As evident in Figure 5.2a, although the wall temperatures 

are nearly the same in the absence and presence of reed near the entry (ὼ = 0.5) and exit of 

the channel (ὼ = 49.5), the wall temperatures when the reed is installed are lower within 

the channel (8.3Ò ὼ Ò32.3), even when the heater power is increased to maintain the same 

ITDmax.  Figure 5.2b demonstrates that, as expected, in the base flow Nu(x) decreases 

monotonically (as ὼ-0.2) through the channel [from Nu(ὼ = 4.4) = 12.3 to 

 

Figure 5.2.  Streamwise variation of a) ITD(x), b) Nu(x), and c) Cp(ὼ) in the base flow 

(ƴ) and with the reed (ǒ) in the 5 mm wide channel for ITDmax = 60oC at Re = 2,000.  

The data of Kakac et. al. (1987) is shown using a solid black line, and the position of 

the tip of the reed is marked using red dashed lines. 
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Nu(ὼ = 44.4) = 7.8 ] due to the development of thermal boundary layer along the channel 

side walls.  This streamwise variation of Nu(x) closely matches the corresponding variation 

in developing laminar flows in rectangular channels of similar aspect ratio and Re (e.g., the 

data of Kaka­ et al., 1987 for H/W = 4 is shown using a black solid line in Figure 5.2b).  It 

is noted that the heat dissipated to the air (ὗ   ὗ    ὗ ) in the presence of the 

reed increases from 16 Watts in the base flow to 21 Watts.  The combination of a higher 

heat dissipation and lower wall temperatures effected by the reed leads to streamwise 

increments in the local Nusselt number Nu(x) relative to the base flow throughout the 

measurement domain.  The Nusselt number increases monotonically along the reed length 

from Nu(ὼ =4.4) = 14.2 to Nu(ὼ = 20.4) = 15.8 and thereafter decreases downstream of the 

reed to Nu(ὼ = 44.4) = 12.  The percentage increase in Nu(x) in the presence of the reed 

varies from 15% to 80% between the upstream and downstream edges of the reed and 

thereafter decreases to 53% near the channel exit (the global percentage increase in Nusselt 

number in the presence of the reed is 58%). 

As discussed in §4.3, the oscillations of the reed result in an increase in flow losses 

along its length and downstream of its tip.  These losses are manifested by streamwise 

changes in the static gauge pressure along the channel that are captured by the local 

pressure coefficient Cp(ὼ) = p(ὼ)/0.5rU2 in the base flow and in the presence of reed as 

shown in Figure 5.2c.  These data show that in the presence of the reed the pressure drop 

along the channel (3 < ὼ < 46) increases by 70%.  Furthermore, the local increase in 

pressure due to the reed, i.e., DCp(ὼ) = Cp,reed-Cp,base, decreases monotonically along the 

channel length (DCp = 1, 0.22 and 0 at ὼ = 3.2, 17.2 and 46.2 respectively).  It is 

noteworthy that while the pressure drop across the reed (3.2 < ὼ < 17.2, or 1.4Ls) increases 
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by 120% above the same channel length in the base flow, the pressure drop downstream of 

the reed (17.2 < ὼ < 46.2, or 2.9Ls) increases by 20% only and the corresponding 

increments in the Nusselt number along and downstream of the reed are 50% and 65%, 

respectively. 

The increment in Nu(x) along the reed is clearly coupled to the pressure losses and 

result from the oscillatory undulations of the reed and its interactions with the top and 

bottom walls that lead to modulation of the momentum and thermal boundary layers (as 

evident from the vortical concentrations near its tip, cf. §4.2 and Figure 4.2).  These 

modulations coupled with cross stream mixing enhance the local heat transfer from the 

wall surfaces along the reed.  As discussed in §4.3, downstream of the reed, the convected 

flow perturbations induced by the reed increase the levels of fluctuating kinetic energy in 

the flow.  The reed-induced increments relative to the base flow of the Nusselt number, 

DNu, and of the bulk mean fluctuation kinetic energy, DὯm, are shown in Figure 5.3 which 

also shows the streamwise location of these measurements.  These data show that DNu 

increases with DὯm but that the rate of change of DNu decreases as DὯm increases.  In fact, 

 

Figure 5.3 Variation of the increment in Nu(x) relative to base flow DNu with the 

increment in bulk mean fluctuation kinetic energy DὯm (cf. Figure 4.19) at Re = 2,000. 

The streamwise locations of these data (at z = 0) are marked on the x-axis on top. 
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close the tip of the reed (20<ὼ < 24) where Ὧm levels are high, DNu/DὯm ~ 106, but near 

the channel exit (36<ὼ < 48), DNu/DὯm ~ 348.  Although downstream of the reed DNu 

decreases with DὯm, because the small scale motions induced by the reed at this low 

Reynolds number dissipate (cf. Figure 4.19, the Nusselt number in the presence of the reed 

is higher than in the base flow even near the channel exit (28W downstream of the tip).  
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5.3  The Role of the Reynolds Number in the Reed-Enhanced Heat Transfer 

The effects of the transition to turbulence in the base flow on reed-enhanced heat 

transfer are considered by varying the channelôs Reynolds number.  Corresponding to the 

investigations in §4.4, heat transfer measurements are carried out in the base flow and in 

the presence of the reeds measuring Ls/W = 10 and Hs/H = 0.9 and operating at StL = 0.5 at 

Re = 2,000, 7,000 and 12,000, with ITDmax = 60oC.  Figure 5.4 shows the streamwise 

variation of Nu(x) in the absence and the presence of reeds (tip location shown through 

dashed line) where the data for Re = 2,000 (cf. Figure 5.2b) is repeated for reference.  At 

Re = 2,000, Nu(x) in the base flow (ὗ  = 23 Watts) undergoes a mild streamwise 

decrease with the development of thermal boundary layers.  However, in the presence of 

the reed (ὗ  = 29 Watts) there is an increase in Nu(x) for 4.4 < ὼ < 20.4 up to a local 

 

Figure 5.4. Streamwise variation of the local Nusselt number at Re = 2,000, 7,000 and 

12,000 in the absence (ƴ) and the presence (ǒ) of reeds oscillating at StL = 0.5 

(Ls/W = 10, Hs/H = 0.9, ὼtip is marked by a dashed line). 
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maximum near the tip at ὼ = 20.4 which is about 1.8-fold larger than in the base flow 

followed by monotonic decrease through the channelôs exit plane.  It is noted that 

streamwise variation of Nu(x) downstream of the reed tip is associated with a similar 

variation of Ὧm which (at Re = 2,000) decreases monotonically from 0.03 at  ὼ = 18 to 

0.012 at the channelôs exit (the variation of Nu(x) with Ὧm is discussed further in connection 

with Figure 5.5).  The streamwise variation of Nu(x) at Re = 7,000 (ὗ  = 40 Watts) in 

the base flow reaches a local minimum at ὼ = 30 and then begins to increase through the 

end of the channel with the transition to turbulence (note that the levels of Nu(x) for  ὼ > 20 

are similar to the levels in the presence of the reed at Re = 2,000).  In the presence of the 

reed at Re = 7,000 (ὗ  = 55 Watts), Nu(x) has a local maximum at ὼ = 20.4 near its tip 

which is 2.45-fold higher than in the base flow before it monotonically diminishes and 

appears to reach a plateau at ὼ = 44.4 through the end of the channel.  Similar to Re = 7,000, 

when the Reynolds number is increased further to 12,000 (ὗ  = 82 Watts), Nu(x) in 

the base flow has a local minimum at ὼ = 12.4 beyond which it increases to a plateau 

(Nu(x) = 39) near the channel exit (ὼ = 44.4) as the base flow becomes asymptotically 

turbulent.  In the presence of the reed (ὗ  = 87 Watts), Nu(x) reaches a maximum near 

its tip which is 1.4-fold higher than in the base flow before it decreases monotonically to a 

plateau (Nu(x) = 39.1) near the channel exit (ὼ = 44.4).  It is noteworthy that at this 

Reynolds number, the plateauing levels of Nu(x) near the exit of the channel in the base 

flow and in the presence of the reed are similar indicating that for these operating 

conditions higher heat transfer can be achieved when using a reed in a shorter channel (and 

lower pressure losses). 
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As discussed in chapter I, the local Nusselt number is primarily affected by the 

thickness of thermal boundary layers near the channel walls and the cross-stream mixing 

within the channel.  As evident in § 4.2, (cf. Figure 4.2), the reed induced small scale 

vortical motions modulate the wall boundary layer and increase velocity fluctuations 

throughout the channel height which could lead to higher cross-stream mixing.  The 

variations in Nu(x) with the intensity of small scale motions as measured by Ὧm is therefore 

assessed and compared between the base flow and in the presence of reeds at Re = 2,000, 

7,000 and 12,000 (Figure 5.5a).  It should be noted that in Figure 5.5a, ὼ increases from 

left to right for the base flow data and from right to left in the presence of the reeds.  In the 

base flow at Re = 2,000, Ὧm ~ 0 and the decrease in Nu(x) is primarily due to streamwise 

thickening of a laminar thermal boundary layer (cf. Figure 5.2b).  As the Reynolds number 

of the base flow is increased to 7,000 and 12,000, Nu(x) increases due to the thinner thermal 

boundary layers even for Ὧm < 0.001.  As is evident in Figure 5.5a, Nu(x) in the base flow 

increases with Ὧm with transition to turbulence at these Reynolds numbers.  In the presence 

 

Figure 5.5  a) Variation of Nu(x) with Ὧm in the base flow (ƴ) and in the presence of 

reeds (ǒ) at Re = 2,000 (ƴ, ǒ), 7,000 (ƴ, ǒ) and 12,000 (ƴ, ǒ); and b) Variation of 

the reed-induced increments DNu with DὯm over the corresponding base flow at 

Re = 2,000 (ǅ), 7000 (ǅ) and 12,000 (ǅ). 
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of the reed, Ὧm is significantly higher than in the base flow at Re = 2,000 throughout the 

channel which leads to a corresponding increase in Nu(x) by the induced fluctuations within 

the wall boundary layers and mixing with the flow near the center of the channel.  A similar 

trend is also seen at Re = 7,000 and 12,000 albeit with rates which increase with Re (e.g., 

at Ὧm = 0.01, d(Nu)/d(Ὧm) = 283, 530 and 1263 at Re = 2,000, 7,000 and 12,000) due to 

interactions between the reed induced velocity fluctuations and the natural small scale 

motions in the transitioning flow.   

The relation between the increment in Nu(x) over the base flow due to actuation by 

the reed, DNu, and the corresponding increment in Ὧm, DὯm, is shown in Figure 5.5b.  While 

these curves nearly collapse at Re = 7,000 and 12,000, DNu for a given DὯm is significantly 

lower at Re = 2,000 in the absence of transition in the base flow (e.g, for DὯm = 0.01 and 

0.02 DNu = 3 and 6  at Re = 2,000 compared to DNu ~ 12 and 20 at Re = 7,000 and 12,000).  

This difference indicates that the smaller scales in the flow that are connected with the 

interactions between the reed and the transitional base flow (at Re = 7,000 and 12,000, see 

also the corresponding discussion of the velocity spectra in Figure 4.20) play a significant 

role in heat transfer enhancement.  The collapse of the curves of DNu[DὯm] indicates that 

the effect of the perturbations induced by the reed on transition is nearly the same at each 

Reynolds number (7,000 and 12,000) and, as a result, the heat transfer enhancement by the 

ensuing small-scale motions is also similar even though the Reynolds numbers and the 

(absolute) levels of Ὧm are different.  The effect of transition is further manifested by the 

observation that while at Re = 2,000 and 7,000, DNu and DὯm > 0 throughout the channel, 

at Re = 12,000 near the channel exit, DNu and DὯm nearly vanish.  However, even at 
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Re = 12,000 the reed increases Nu(x) over the base flow over a significant length of the 

channel (ὼ < 36, cf. Figure 5.4) where the inlet base flow is undergoing transition (cf. 

Figure 4.19) and hence increases the global Nusselt number.   

Following the investigation of the effects of the streamwise placement of the tip of 

the reed on small scale motions in the channel in §4.4 for Re = 12,000 (for which the base 

flow evolves from a nominally-laminar entrance flow to developed turbulent flow), the 

corresponding streamwise changes in Nu(x) and variation in DNu with DὯm are shown in 

Figure 5.6 for ὼtip = 16 and 26.  The streamwise variations in Nu(x) for ὼtip = 16 are 

discussed in Figure 5.4 (Ls/W = 10, Hs/H = 0.9, StL = 0.5 and fosc = 380 Hz) and are 

repeated here for reference .  When the reed is placed such that ὼtip = 26, the base flow is 

already asymptotically turbulent near the tip (cf. Figure 5.6a) and Nu(ὼ = 28) = 37 and is 

 

Figure 5.6  a) Streamwise variation of Nu(x) in the base flow (ƴ) and in the presence 

of the reed (Hs/H = 0.9, Ls/W = 10, StL = 0.5) for ὼtip = 16 (ǅ) and 26 (ǒ) (marked by 
dashed lines); and b) Variation of DNu with DὯm downstream of the reed.  
ITDmax = 60

oC, Re = 12,000.  The data at ὼ = 20.4 for ὼtip = 16 is offset by ὼ = 10 and 

marked using ƺ for comparison with corresponding data at ὼ = 28.4 for ὼtip = 26. 
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nearly streamwise-invariant farther downstream.  However, in the presence of reed, Nu(x) 

near the reed tip for ὼtip = 26 is nearly identical to the corresponding Nu(x) that is effected 

for ὼtip = 16.  As noted in Figure 4.22, even though the velocity fluctuations within the base 

flow increase between the streamwise positions of the tip of the reed at ὼtip = 16 and 26, 

the levels of Ὧm induced at the same reed Strouhal number are nearly the same near its tip 

resulting in similar Nu(x).  Similar to the trends for Ὧm in Figure 4.22, the streamwise rate 

of decay of Nu(x) from the peak is significantly faster for  ὼtip = 26 (the exponential decay 

rate is 1.28 times higher than at ὼtip = 16).  However, as shown in Figures 5.6 a and b, the 

increment in Nu(x) over base flow at ὼtip = 26 is lower than at ὼtip = 16 leading to lower 

levels of DNu with lower DὯm while the rates of decrease of DNu with DὯm for these two 

streamwise locations are nearly identical.   

The reed-driven heat transfer enhancement is coupled with its mechanical 

oscillations and the induced small-scale motions downstream of its tip.  This coupling 

clearly results in an increase in pressure drop within the channel or in the friction factor f 

which must be taken into account when assessing the efficiency of the heat transfer 

enhancement.  To this end, it is instructive to compare the ratio of global Nusselt numbers 

in the presence and absence of reeds Nu/Nub (as a representative of the heat transfer 

enhancement) with the ratio of the friction factor, f/fb which can be considered as the cost 

of achieving the heat transfer enhancement.  For the reeds discussed in connection with 

Figure 5.5 which oscillate at StL = 0.5 and Re = 2,000, 7,000 and 12,000, these ratios are: 

Nu/Nub = 1.58, 1.85, and 1.28 and f/fb = 1.7, 3.1 and 2.8, respectively.  It should be noted 

that in these discussions the friction factor with the reed is nearly invariant since it only 

depends on the reedôs Strouhal number (f = 0.1Å(StL)0.5, cf. § 4.5) but the base flow friction 
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factor first decreases from fb = 0.048 at Re = 2,000 to fb = 0.026 at Re=7,000 before 

increasing to fb = 0.029 at Re = 12,000 where the base flow is naturally transitioning to 

turbulence, thereby resulting in the evident trends in f/fb.    

In addition, in connection with Figure 5.6 it is noted that moving the reed tip 

(Ls/W = 10) between ὼtip = 16 and 26, Nu/Nub decreases by 6% (1.28 to 1.21) while f/fb 

decreases by 1% (from 2.8 to 2.77).  Therefore, placing the reed upstream in the channel 

yields an overall better heat transfer enhancement while keeping the channel losses nearly 

invariant.  For this reason, the effect of reed Strouhal number discussed in Ä5.4 was 

investigated upstream.   

It is noted that the effect of streamwise position of the reed was also explored using 

a different reed [Ls/W = 10, Hs/H = 0.9, StL(fosc,Hz) = 0.9(180)] at Re = 5,000 when the 

base flow is transitional and yielded similar results to what is shown in Figure 5.6.  These 

measurements have been described along with an additional streamwise position of the 

reed (ὼtip = 48) in Appendix B.   

While in the present measurements the Strouhal number was invariant, based on the 

findings of Ä4.5 the channel losses associated with the oscillations of the reed can be 

reduced by reducing its Strouhal number.  The impact of reed operation at reduced StL on 

heat transfer enhancement is explored in Ä5.4. 
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5.4  The Role of the Reed Strouhal Number in the Balance Between Heat Transfer 

Enhancement and Flow Losses 

Following the discussions in §5.3 which showed that heat transfer enhancement by 

the reed is accompanied by increased channel losses, the present section focuses on 

identifying means for reducing the channel losses while maintaining the heat transfer 

enhancement.  The approach is based on the earlier findings that the flow losses in the 

presence of reed can be significantly reduced by reducing its oscillating frequency or 

Strouhal number (cf. §4.5). 

The effects of the reed Strouhal on the channelôs local and global heat transfer as 

measured by the Nusselt number and the bulk mean fluctuating kinetic energy, Ὧm, are first 

assessed for a transitional Reynolds number Re = 5,000 where, as discussed in §4.5 

0.3 < StL < 1.6 is achieved using reeds with Hs/H = 0.9 and varying their thicknesses and 

lengths: Ls/W = 10 with ts = 25.4, 38.1, 50 mm, and Ls/W = 2.4, 10, 20 with ts = 25.4 mm, 

where ITDmax is kept unchanged by increasing heater power relative to the base flow 

(32 Watts).  Similar to the discussions of Figures 5.2a and b, Figures 5.7a and c and 5.7b 

and d show the streamwise variation of wall temperatures, ITD(x) and Nu(x), respectively, 

for the different reed oscillation frequencies.  In Figures 5.7a and b, Ls/W = 10 and 

StL = 0.5, 0.7, and 0.9, (the heater power is increased with StL to 45.7, 46.2 and 47 W).  In 

Figures 5.7c and d, ts = 25.4 mm and StL = 0.3, 0.9, and 1.6 (the heater powers are increased 

with StL to 46, 47 and 48 Watts).  The streamwise variations of ITD (Figures 5.7a and c) 

show that even at the same ITDmax and increased heater power with StL, ITD(x) decreases 

throughout the channel relative to the base flow except at StL = 1.6 for Ls/W = 20.  As 

illustrated by  



 

163 
 

  

 

Figure 5.7  The effect of Strouhal number on heat transfer enhancement at Re = 5,000 

by streamwise variations of ITD(x) and Nu(x): in (a) and (b), respectively for StL = 0.5 

(ǒ), 0.7 (ǒ), 0.9 (ǒ) (Ls/W = 10, ts = 25.4, 38.1, 50.8 mm); and in (c) and (d), 

respectively for StL = 0.3 (ǒ), 0.9 (ǒ), 1.6 (ǒ) (ts = 25.4 mm and Ls/W = 2.4, 10, and 

20), and the base flow (ƴ); and (e) Variation of reed-induced increments DNu with DὯm 

(relative to the base flow) at Re = 5,000 for StL = 0.3 (ǅ), 0.5 (ǅ), 0.7 (ǅ), 0.9 (ǅ) and 

1.6 (ǅ).  Least square fit to corresponding data at Re = 7,000 and 12,000 is also shown 

using a solid black line.  The locations of the reed tip are marked using dashed lines. 
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Carruthers et al. (2005) long reeds (dubbed ñstreamersò by the authors) in free air exhibit 

diminished cross stream motion along 30% of their length downstream from their support, 

and it is conjectured that the diminished reed motion leads to reduction in heat transfer at 

the wall and elevated temperatures for 0 < ὼ < 10 as evident in Figure 5.7c.  The magnitude 

of the decrement in ITD(x) relative to the base flow increases along the reed and reaches a 

maximum at its tip and then gradually diminishes and vanishes at the channel exit (cf. 

Figures 5.7a and c).  As evident in Figure 5.7a for reeds of length Ls/W = 10, while the 

decrement in ITD along the reed and a small region (~10W) downstream of the reed tip 

increases with StL, farther downstream ITD becomes nearly invariant StL.  For example, for 

StL = 0.5, 0.7 and 0.9 the decrements in ITD are 5.7, 7.5 and 8.7oC, respectively near the 

reed tip (ὼ = 16.4) and about 5oC for all StL at ὼ = 24.4 respectively.    

The combined effect of higher heater power and lower wall ITDôs due to the reeds is 

also evident in higher local Nusselt numbers, Nu(x), in the presence of reeds.  The 

streamwise variations in of Nu(x) (cf. §5.1) are shown in Figures 5.7b and d respectively.  

While for the base flow at Re = 5,000, Nu(x) decreases streamwise due to thickening of 

thermal boundary layer (similar to Figure 5.2b at Re = 2,000), in the presence of reeds 

Nu(x) at all StL increases up to the tip and then decreases exponentially downstream.  The 

Nusselt number at all StL is higher than in the base flow throughout the measurement 

domain except for Ls/W = 20 (cf. Figure 5.7d) just upstream of the reed at ὼ = 4.4.  

Although the increment in Nu(x) over the base flow, DNu(x) = Nureed-Nubase increases with 

StL along the reed, the rate of exponential decrease of Nu(x) downstream of the tip increases 

with StL such that the increment in Nu(x) becomes nearly identical just 10W from the tip.  

For example, as shown in Figure 5.7b for Ls/W = 10 near the tip DNu(ὼ = 20.4) = 20, 26 
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and 30 for StL = 0.5, 0.7 and 0.9, respectively and farther downstream DNu(ὼ = 28.4) ~ 16.  

The streamwise variations of the increments (relative to the base flow) DNu with DὯm as 

discussed in connection with Figures 4.25a and b (cf. §4.5) are shown in Figure 5.7e (DὯm 

has similar trends to DNu).  That the data for all reed Strouhal numbers at Re = 5,000 

collapse on nearly a single curve indicates that at a fixed Reynolds number the increment 

Nu(x) depends primarily on the increase in the fluctuation kinetic energy.  Using the 

corresponding data for Re = 7,000 and 12,000 (represented by a least squares fit), Figure 

5.7e shows that for DὯm > 0.01, the data for DNu and DὯm at Re = 5,000 7,000 and 12,000 

collapse on a single curve on which DNu ~  (DὯm)0.8.  This collapse indicates that for 

Re Ó 5,000 the small scales induced by the reed oscillation become similar as the reed 

accelerates transition to turbulence. 

Following the characterization of the effect of StL on heat transfer enhancement, 

attention is shifted to its effect on flow losses in the channel as measured by the streamwise 

pressure drop coefficient Cp(ὼ) along and downstream of the reed.  The changes in Cp(ὼ) 

of the base flow and in presence of a rigid reed (stainless-steel, Ls/W = 10, ts = 76.2 mm) 

that are induced by increasing reed StL (cf. Figures 5.7a and c) is shown in Figure 5.8a.  

These data show that the pressure drop along the reed (3.2 < ὼ < 17.2), DCp,reed, increases 

with StL (DCp,reed = 0.8, 1.3, 2.1 for StL= 0.5, 0.7, and 0.9, respectively) since the power 

required to sustain the flow losses associated with the reed motion also increases with StL.  

The corresponding pressure drop along the rest of the channel (downstream of the reed, 

17.2 < ὼ < 46.2) DCp,reed is nearly invariant with StL and lower than DCp,reed for all StL 
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(DCp,reed / DCp,ch = 1.33, 2.16, and 3.5 for StL= 0.5, 0.7, and 0.9, respectively).  This clearly 

indicates that most of the losses (at higher StL) occur along the reed and the effects of the 

reed-induced flow fluctuations on the pressure drop (relative to the base flow) are virtually 

independent of StL.  It is instructive to compare the pressure drop associated with the 

oscillating reed with the corresponding pressure drop when a rigid (non-oscillating) reed is 

placed in the channel (Figure 5.8a).  These data show that DCp,reed in the absence of 

oscillations is significantly lower and appear to be associated with the viscous losses along 

the reed.  The pressure drop downstream of the rigid reed is nearly the same as in the base 

flow.  The variation of pressure drop along the reed, DCp,reed with StL is shown in figure 

5.8b and is used to assess the pressure drop due to oscillations of the reed by subtracting 

the contributions due to the base flow and the nominal viscous losses due to the rigid reed 

(DCp,reed = 0.25 and 0.35, respectively as marked by solid lines in Figure 5.8b).  These data 

 

Figure 5.8. Streamwise variation of a) Channel gauge static pressure, Cp in the absence 

(ƴ) and presence of a rigid (ǅ) and at StL = 0.5 (ǒ), 0.7 (ǒ) and 0.9 (ǒ) (Ls/W = 10 at 

Re = 5,000). b) Variation of pressure drop along the reed, DCp,reed with StL relative to 

the pressures in the base flow and in the presence of rigid reeds (marked by solid lines). 
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show that the pressure drop due to the oscillations of the reed can be reduced by up to 84% 

by reducing StL by only 45% from 0.9 to 0.3.  These data show that the main contribution 

to the reduction in overall channel losses with StL comes from the reductions in the losses 

along the reed.  This finding indicates that by externally mounting the reed upstream of the 

channel inlet these losses can be further reduced (external reed mounting is investigated in 

Chapter 6).  

Similar to the discussion in §5.3, the changes in global heat transfer and channel 

losses with Strouhal number are captured using the ratios (relative to the base flow) of the 

global Nusselt numbers, Nu/Nub, and of the friction factors, f/fb, at a constant Reynolds 

number.  In addition, the efficiency of reeds in enhancing channel heat transfer is measured 

by calculating the thermal enhancement factor, h, which is used to compare heat 

augmentation techniques (e.g., Ligrani et al., 2003, Promvonge et al., 2008, Yu et al., 2019, 

and Rips et al., 2020).  Based on Promvonge et al. (2008), the thermal enhancement factor 

for the reed is defined as the ratio of the reed-effected Nusselt number relative to the base 

flow at a constant flow power. 

ὡpp = DPϽά/ra 

h = ὔόȾὔόȿ   Ȣ  

As shown by Promvonge et al. (2008), the flow power can be normalized as  

ὡ   
Ўὖ ά

πȢυϽ
‮
Ὀ

ὒ
Ὀ ” ὡὌ

 

The variations with StL in f/fb and Nu/Nub and at Re = 5,000 are shown in Figures 5.9-a.1 

and b.1 for the reeds in Figure 5.7, and in addition, reeds that oscillate at StL = 0.25, 0.4 

and 2.3 are also included.  In accord with the trends in §4.5, while reduction in StL by nearly 
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an order of magnitude (from 2.3 to 0.25) decreases f/fb by 65% (Figure 5.9-a.1) the 

corresponding reduction in Nu/Nub is only 16% (Figure 5.9-b.1) indicating a marginal 

reduction with Strouhal number.  The efficiency of the reeds in enhancing heat transfer is 

assessed by first comparing the variations in global Nusselt number with ὡ  in the 

 

Figure 5.9. Variation of f/fb (a.1) and Nu/Nub (b.1) with StL for reeds of thicknesses, 

ts = 25.4 mm (ǒ), 38.1 mm (ǒ), 50.8 mm (ǒ). Variation of global Nu with ὡ  (a.2) in 

the base flow (ƴ) for 1,500 < Re < 13,000 (Re increases from left to right), and in the 

presence of the reeds, the corresponding Nu in the base flow for Re = 5,000 is marked; 

b.2) Variation of thermal enhancement factor h of the reeds with ὡ , StL at Re = 5,000 

is noted near each data point. 


