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The paper elaborates on experimental studies of heat transfer and kinematic structure of steady and pul- 

sating air flows past a spanwise rib. The forcing frequency range of (0–30) Hz is considered, and the 

normalized forcing amplitude of velocity is 0.5. Forced flow pulsations are shown to enhance heat trans- 

fer if compared to the steady-state flow, particularly in the near-wake region behind the rib. Experimental 

data on the heat transfer coefficient in pulsating flows are best generalized using the non-dimensional 

pulsation frequency (Strouhal number). Profiles of velocity and turbulent parameters are demonstrated 

at a number of representative coordinates along the separation region. The dynamics of the kinematic 

structure of pulsating flows is described using the profiles of parameters in different phases of forced 

flow pulsations. The correlation between local heat transfer in the separation region and local hydrody- 

namic parameters is analyzed. The distribution of heat transfer coefficient over the wall in the rib wake 

correlates best with the distributions of transverse velocity component. 

© 2020 Elsevier Ltd. All rights reserved. 
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. Introduction 

Flow separation is a common phenomenon encountered in na-

ure and engineering. Chang [1] described different types of sepa-

ated flows in detail. In engineering, flow separation is considered

nfavorable when it promotes hydraulic loss. At the same time, it

an be beneficial for heat and mass transfer enhancement. 

Flow separation in channels is attributed to complex geometry

f these channels. The structure of separated flows features sep-

ration and reattachment points (lines) as well as a recirculation

egion. The flow pattern is further complicated by the pulsating

ehavior of flow parameters even under steady boundary condi-

ions. 

Flows past obstacles are a common type of separated chan-

el flows. The shape and location of obstacles have a major im-

act on the kinematic structure and heat transfer [2] . In partic-

lar, such flows are observed in electronic devices, in which cer-

ain thermal condition must be maintained. In these cases, the

hape and location of heat releasing roughness elements (ribs) can

e essential for cooling [3] . In general, different shapes of obsta-

les (twisted spirals, V-shaped ribs, grooves, dimples, etc.) can be

mployed for enhancement of transfer processes in channels [4 , 5] .

uch elements (both single and in arrays) can increase heat trans-
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er manifold if compared to smooth channels. Channels with dis-

rete roughness elements exhibit two- three-fold augmentation of

eat transfer [6–14] . 

According to currently available research data, the distributions

f heat transfer coefficient behind both backward-facing steps and

ibs are non-monotonic with a minimum near the obstacle and a

aximum close to the reattachment point. Heat transfer can be

stimated using different empirical correlations, e.g. its maximum

alues can be drawn from generalization made in [15] . 

Forced flow pulsations induce standing or traveling waves in

ows [16 , 17] entailing specific patterns of hydrodynamics and heat

ransfer in the channels, including the resonance. Such flows have

wo additional governing parameters: frequency and amplitude

f pulsations [18–20] . However, it may also appear necessary to

ake into account the wave shape (velocity variation pattern) [20] .

eanwhile, the majority of research papers deal with a harmonic

r close to harmonic pulsation pattern. 

Hydrodynamics and heat transfer in separated flows subjected

o forced pulsations of velocity (flow rate) are considerably more

omplicated [21–24] . Pulsations can be generated, among other

ethods, by acoustic impact on the flow [25] . Heat transfer in such

ows grows with the increase in the Reynolds number and pul-

ation amplitude similarly to backward-facing step flows [26 , 27] .

orced flow pulsations can cause fundamental rearrangement of

eparated flows. Experiments in [22] revealed reduction in the

eattachment length behind an orifice as well as heat transfer aug-

https://doi.org/10.1016/j.ijheatmasstransfer.2020.120173
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Nomenclature 

A U amplitude of velocity pulsations, m/s 

f frequency, Hz 

e rib height, m 

H channel height, m 

h heat transfer coefficient, W/(m 

2 •K) 

Nu = he / λ Nusselt number 

Q heat flux, W; or volumetric flow rate, m 

3 /s 

Re = U 0 e / ν Reynolds number 

R electrical resistance, �

St = fe/U 0 Strouhal number 

T temperature, °C (K) 

U streamwise velocity component, m/s; or voltage, V 

U 0 bulk velocity at the channel inlet, m/s 

V transverse velocity component, m/s 

x, y coordinates, m 

X R flow reattachment coordinate (reattachment 

length), m 

Greek symbols 

τ time, s 

β= A U / U 0 normalized amplitude of flow velocity 

ϕ phase angle of velocity pulsations, deg 

λ thermal conductivity, W/(m •K) 

ω= ∂ V / ∂ x - ∂ U / ∂ y flow vorticity, 1/s 

Subscripts 

i number of track 

w wall 

st steady flow 

p periodic 

mentation of up to 1.5 times in the separation region and up to 5

times in the immediate vicinity of the orifice (if compared to the

steady flow case with the same average flow rate). Cukurel et al.

[25] also documented the shifted location of maximum heat trans-

fer coefficient in flows subjected to acoustic impacts of different

frequencies and amplitudes in the vicinity of a square rib. However,

they did not observe the same level of heat transfer enhancement

as in [22] . Yet another technique to impact the flow structure is

periodic blowing-suction through the edge of the rib. Such an ap-

proach was employed by numerous studies into backward-facing

step flows [28–31 ]. These papers were mainly focused on the flow

structure control. They documented the reattachment length re-

duction by an average of 30%. Rhee and Sung [32] studied heat

transfer enhancement by periodic flow excitation through a slit on

the backward-facing step edge [32] . They reported 40% increase in

the heat transfer coefficient in the near wake of the step at the

Strouhal number of 0.275. 

From a practical perspective, the research results in this field

can benefit different engineering developments: aircrafts, heat ex-

changers, pipeline systems, etc. They are also relevant for turbo-

machinery operating in steady and pulsating modes [33] . 

Intensive generation of regular vortices behind obstacles is a

typical feature of pulsating separated flows [22 , 34] . These vortical

structures are supposed to enhance the transfer processes. How-

ever, it should be noted that a reverse situation is also possible in

this case. In high-frequency modes, stable vortices may exist near

the wall impeding heat and mass transfer between the core flow

and the near-wall region [34] . 

The present experimental research estimates the correlation be-

tween heat transfer in the separation region of the pulsating flow

and its hydrodynamics. 
. Experimental setup and procedure 

Heat transfer behind a rib in pulsating flows was studied using

n experimental setup schematically shown in Fig. 1 . The setup in-

luded a smoothly shaped inlet (position 1 in Fig. 1 ) and a test

ection (pos. 3 ), which was a 0.115 × 0.15 m 

2 rectangular chan-

el with the length of 1.2 m. An aluminum square rib (pos. 6 )

as installed on one of the 0.15 m wide walls at the distance of

00 mm from the inlet. The rib height was e = 30 mm (all three

imensions of the rib: 30 × 30 × 150 mm 

3 ). Part of this same

all served as a 455 mm long measurement section (pos. 2 ) for

eat transfer experiments. Flow pulsations that followed close to

armonic pattern were generated at the channel outlet by a rotat-

ng flap (pos. 4 ) fitted on the engine shaft. The axis of the flap

as perpendicular to the channel axis. Pulsation frequency was

et by adjustment of the engine shaft speed using Vacon 10 fre-

uency converter. Besides, the amplitude of pulsations could be ad-

usted in the pulsator in the range of β= 0–1. To this end, two win-

ows were made in the pulsator. The first window was equipped

ith the rotating flap, while the second one was open. Adjust-

ng the ratio between the open flow areas of these windows we

et the required amplitude of forced flow pulsations. Detailed de-

cription of the pulsator is given in [35] . To maintain stable av-

rage flow rate, a 1.5 m 

3 receiver tank was installed downstream

f the pulsator. The air flow from the receiver was adjusted by

pening an appropriate critical flow nozzle. The flow rate was

enerated by a compressor operating in a suction mode. Thus,

he air with environmental parameters was supplied to the chan-

el inlet. The air temperature was measured by a platinum re-

istance thermometer Pt100 (pos. 5 ) installed in the smooth inlet

pos. 1 ). 

Heat transfer between the wall and the flow was provided by

eating the measurement section by direct current supplied from

 battery with the voltage E = 24 V. To that end, a printed circuit

oard with copper tracks was used as a channel wall. Simultane-

usly, these tracks served as resistance thermometers that mea-

ured local wall temperatures. Thus, the distribution of heat trans-

er coefficients was estimated from heat release values and tem-

erature difference between the wall and the flow. 

Normalized rib height (blockage ratio) in the channel was

 / H = 0.26, where H = 115 mm is the channel height ( Fig. 1 ).

t should be noted that the canonical problem in this field is an

nbounded flow past an obstacle: e << H ( e / H << 1). In practice, it

eans that very small objects or channels with very large cross

ections must be considered. In the former case, detailed (spatially

esolved) studies of hydrodynamics and heat transfer in the sepa-

ation region are challenging. In the latter case, experimental stud-

es are quite expensive. Thus, the channel geometry studied in the

resent experiments is a compromise between these contradictive

equirements. It allowed us to obtain detailed distributions of pa-

ameters in separated flows using reasonable dimensions of the ex-

erimental setup and reasonable flow rates. 

The obtained data were analyzed under the assumption that

he separated flow is two-dimensional. This assumption is valid for

urbulent flows if the ratio between the channel width and the rib

eight is more than 10 [36] . However, many experimental stud-

es considered significantly lower ratios (e.g. the ratio is 5 in [37] ).

bviously, three-dimensionality of flows is progressively more pro-

ounced with the decrease in the normalized channel width. But

any authors treat such flows as two-dimensional in the axial

lane, at least in terms of the averaged parameters. 

In our case, this ratio was 150 mm/30 mm = 5. So, in the frame-

ork of the above mentioned compromise and in application to

he axial plane of the channel, we considered the flow to be two-

imensional. The influence of corners of the plane channel on hy-

rodynamics and heat transfer was neglected in this paper. Accord-
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Fig. 1. Experimental setup: 1 – inlet; 2 – heated wall; 3 – channel; 4 – pulsator; 5 – thermometer; 6 – rib; 7 – sections in which flow parameters were measured. 
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Fig. 2. Electrical resistance of tracks vs temperature. 
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ngly, the obtained results are valid for the axial (central) plane of

he channel under consideration. 

. Measurement techniques 

The employed method consists in heating of the surface with

imultaneous estimation of its local temperature on the basis of

he measured electrical resistance of the heating element associ-

ted with this temperature. To that end, the heated wall (pos. 2

n Fig. 1 ) spanning across the whole channel width was embedded

nto some part of the test section wall ( Fig. 1 ). This heated wall

as a printed circuit board (PCB) with the length of 455 mm and

he thickness of 1.5 mm. Zigzag tracks were etched on the copper

lating of PCB that faced toward the channel interior. There were a

otal of 47 copper tracks localized in rectangular regions with the

reas of 150 × 9.5 mm 

2 . Each region had its own contacts that

ould be connected to the current source in series or parallel cir-

uit. Central segments of tracks with the size of 80 × 9.5 mm 

2 

ad electrical contacts for voltage drop measurement. These con-

acts (copper tracks on the reverse side of PCB) were connected

o terminals and further to an analog-to-digital converter and PC.

oltage drop across each heating element was measured in order

o estimate the heat generation and electrical resistance of seg-

ents of tracks and hence the temperatures of wall regions us-

ng the temperature-resistance relation. Prior to these measure-

ents, calibration curves of electrical resistance of tracks, R i , vs

emperature were plotted. For illustrative purposes, Fig. 2 shows

nly a few calibration curves, and the rest of them are similar in

oth the behavior and values. A constant climate cabinet was em-

loyed for these measurements. The temperature was controlled

y a platinum thermometer Pt100 with the accuracy of 0.3 °С . Dur-

ng the resistance measurements, the electric current supplied to

he tracks was the same as during the PCB heating in the mode

f heat flux measurement, but the pulse duration was short (no

ore than 0.2 s). This pulse duration allowed neglecting the vari-

tion of track temperature during the calibration. The calibration

ata provided the resistance, R i0 of each track at the temperature

 0 = 0 °С . Simultaneously, the temperature coefficient of resistance,

t , included in R i = R i0 (1 + αt ( T i - T 0 )) was estimated. This coefficient

t Т 0 = 0 °С was close to the reference value for copper. The calibra-

ion yielded αt = 0.00421 °С −1 , and the root-mean-square deviation

f this value for all the tracks combined was σαt = 0.0 0 0 04 °С −1 .

he experimental data were processed using individual R i0 for each

rack and one constant αt = 0.00421 °С −1 for all tracks. 
The whole surface of the wall was heated by electrical current

ccording to the boundary condition of the second kind, q = const.

emperature measurements were carried out in the central part of

he wall where the temperature field is assumed to be uniform

n spanwise direction. Under these conditions, the measuring sec-

ion of PCB was essentially a set of resistance thermometers spaced

.5 mm apart along the channel. The measurements yielded the

alues of heat flux and temperature on the heated wall. 

The external surface of the heated wall was thermally insulated.

Local heat transfer coefficients corresponding to streamwise co-

rdinates х i were determined from the heat balance equation: 

 i = 

U i I i − Q 

∗
i 

F ( T i − T f ) 
, 

here T i is the local temperature of the wall; T f is the flow temper-

ture; U i I i is the heat generated by electrical current in the mea-

urement section; Q i 
∗ is the heat losses; F is the section area. Q i 

∗

ncludes the heat loss through thermal insulation, radiation, ther-

al conductivity to the adjacent walls and heat fluxes between the

djacent tracks. The flow temperature, T f , is the temperature mea-

ured at the channel inlet. Heating of the flow from the wall was

eglected, because the maximum increase of the flow temperature

t the end of the heated wall did not exceed 0.6 °C even at the

inimal air velocity. The temperature growth was even less pro-

ounced at higher velocities and close to the rib. This did not re-

ult in a noticeable increase of the uncertainty in heat transfer co-
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Fig. 3. Heat transfer coefficient in the separation region behind the rib. 
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U  

q  

g  
efficient, because in all the considered flow regimes the air was

heated by no more than 1.2% of the average temperature head,

which ranged between 20 and 50 °С . The description of measure-

ment technique with the uncertainty analysis is provided in [34] .

The uncertainty in measured temperature was shown to be the

major source of uncertainty in the measurement result, h i . The

relative uncertainty reduces with the increase in the temperature

head and does not exceed 

�N u i 
N u i 

∼ 0 . 05 at the temperature head of

20 °С . At the temperature heads considered, the relative uncertainty

in local heat transfer coefficient did not exceed 0.05. 

The kinematic structure of flow was studied at several repre-

sentative coordinates in the axial plane along the channel behind

the rib. Channel walls were made of transparent materials (glass

and polycarbonate). To visualize the flow structure, aerosol par-

ticles were supplied to the channel inlet from the conditioning

chamber (air with MT-Gravity liquid particles with the medium

density and the average particle size of about 0.1..5 μm; Safex

aerosol generator). The light sheet was generated by a continuous

diode-pumped laser (DPSS-Laser) KLM-532/50 0 0-h. The flow pat-

terns were recorded by a high-speed monochrome camera Fastec

HiSpec with the frame resolution of 700 × 80 pix (scaling factor of

0.031 mm/pix), frame rate f = 9259 1/s, video duration 3.5 s. The

camera was equipped with a high-aperture lens Navitar 1 ′ ’F/0.95

with a focal distance of 25 mm and manual focus control. Optical

method SIV (Smoke Image Velocimetry) based on digital process-

ing of recorded flow patterns was employed for measurements of

the fields of velocity and Reynolds stresses. Velocity vector fields

in this method are estimated from the displacements of turbu-

lent structures visualized by the aerosol. Minimal size of the in-

terrogation window used in this study was 16 × 6 pix (the short

size positioned normal to the wall). These measurements enabled

to analyze the kinematic structure of turbulent separated flows.

Detailed description of the measurement technique as well as its

application are given in [38–40] . The uncertainty of SIV measure-

ments was analyzed by Molochnikov et al. [39] . They showed that

the main source of uncertainty in measured components of veloc-

ity vectors is a random error in estimation of frame-to-frame dis-

placement of the image, and the total absolute uncertainty in SIV

measurements does not exceed 0.039 pix. For the spatial resolution

and the frame rate chosen for the current research, the root-mean-

square deviation of velocity components is 0.03 m/s. 

SIV measurements yielded the profiles of streamwise and trans-

verse components of velocity, fluctuations of streamwise and trans-

verse velocities, Reynolds stress and vorticity, ω, at the representa-

tive coordinates of the separated flow. 

4. Results of heat transfer studies 

Heat transfer was studied for the following ranges of param-

eters. Bulk velocity in the channel U 0 = Q / F 0 = (1.7 – 6.35) m/s ( Q

– volumetric flow rate, F 0 – cross section area of the channel).

It should be noted that the receiver tank included in the experi-

mental setup guaranteed stable constant time-averaged flow rate

through the channel. Flow pulsations (about the average flow rate

Q ) were limited to the test section exclusively. The Reynolds num-

ber based on the rib height was Re = U 0 e / ν= (3400 – 12,700), which

provided turbulent flow in the separation region. The flows with

minimal velocities ( Re = 3400) corresponded to the boundaries of

the turbulent flow range [41] . Forced velocity pulsations were gen-

erated in the frequency range of f = (0 – 30) Hz with a normalized

amplitude β= A U / U 0 ~0.5. 

Fig. 3 demonstrates the measured distributions of heat transfer

coefficient. The upstream edge of the rib is taken as х = 0 coordi-

nate. For illustrative purposes, the rib is shown as a black square in

the figure with a proper scale and location relative to х -coordinate.

The heat transfer coefficient is plotted in a non-dimensional form
s Nu/(Re 0.72 Pr 0.43 ). The Nusselt number is based on the rib height,

u = he / λ. The correlation Nu = 0.0803Re 0.72 Pr 0.43 taken for refer-

nce was suggested in [15] as an approximation of a large amount

f experimental results on heat transfer in the separation region

ear the reattachment point reported by different authors. How-

ver, authors [15] employed the length of the dividing streamline

~reattachment length) as a linear scale. It appeared that when

e used Re 0.72 for data generalization, the distributions of heat

ransfer coefficient over the whole length of the separation re-

ion were independent of the Reynolds number both in steady and

ulsating flows. The effect of forced flow pulsations is best gen-

ralized using the non-dimensional pulsation frequency (Strouhal

umber), St = fe/U 0 . It has to be noted here that the normalized am-

litude of flow pulsations remained at the same level in all exper-

ments. Curves in Fig. 3 show that the distributions of heat trans-

er coefficient coincide at certain St numbers (with a scatter lying

ithin the range of reproducibility of experimental results). The

ines in the figure are the averaged distributions for St = 0, 0.094

nd 0.125, while the dots are experimental data. Each considered

ode had its own individual Strouhal number because of the in-

remental adjustment of frequency (by frequency converter) and

ow rate (by a set of critical flow nozzles). Accordingly, during the

nalysis, the results that were grouped together were actually ob-

ained at slightly different Strouhal numbers. In pulsating flows,

he Strouhal number stayed within the intervals of St = 0.094 ±0.010

nd St = 0.125 ±0.010, while in the steady flow it was unambigu-

usly equal to 0. 

Experiments showed that heat transfer averaged over the

ength of the separation region was enhanced in pulsating flows

ompared to the steady-state flows due to significant heat transfer

ugmentation in the near wake of the rib. The increase in the forc-

ng frequency makes the peak heat transfer shift toward the rib.

lmost three-fold enhancement of heat transfer is observed in the

mmediate vicinity of the rib if compared to the same wall coor-

inate in steady flows. Further downstream, the heat transfer level

n pulsating flows becomes lower than that in steady flows and

hen approaches the steady flow values. It is noteworthy that sim-

lar effect was observed in [22] . However, the Strouhal number in

22] was based on the reattachment length (the coordinate of peak

eat transfer) and the following physical interpretation was pro-

ided: when St = 1, the distance traveled by the flow during one

eriod of forced pulsations is equal to the reattachment length. 

. Kinematic structure of flow 

The flow patterns were studied in detail at the bulk velocity

 0 = 1.7 m/s ( Re = 3400). For pulsating flows, first of all, the fre-

uency of forced velocity pulsations was checked using the oscillo-

rams, and the pulsation amplitude was estimated. Fig. 4 demon-
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Fig. 4. Pattern of velocity variation. 
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Fig. 5. Profiles of flow parameters in the separation region. 
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trates velocity behavior in the core flow ( y/e = 2.4) at x/e = 3.

his curve is essentially an averaged oscillogram of velocity. Each

oint of the curve was derived by averaging over a large number

f periods of forced pulsations at the phase angle �ϕ= 45 °, where

= 2 π f τ . The phase angle was zero, ϕ= 0, when the reference ve-

ocity reached the average level in the acceleration phase. Veloc-

ty oscillogram at a given point of undisturbed flow (outside the

eparation region) was used as a reference signal. As Fig. 4 shows,

he normalized amplitude of forced velocity pulsations, β= ( U max 

U min )/( U max + U min ), is 0.52. Notice that the normalized ampli-

ude of pulsations in the oncoming flow is employed for descrip-

ion of flow patterns. When the obstacle height is relatively small

ompared to the channel height, the amplitude of pulsations in the

ore flow is close to this value. However, at other points, especially

n the separation region and close to it, the local values of β are

ifferent and can reach β> 1 if reverse flows occur. 

The kinematic structure of flow was studied successively at cer-

ain coordinates by measurement of velocity fields in narrow trans-

erse stripes of the channel central plane instead of the whole flow

t once. The measurement area was reduced in order to provide

igh space-time resolution of the profiles of velocity and turbulent

arameters. These profiles were obtained in steady and pulsating

ows ( f = 10 Hz, St = 0.176). 

Positions of the time-averaged profiles in Fig. 5 indicate their

 -coordinates. Measurements were performed in the flow region

hat was most affected by forced flow pulsations, x / e = 1.05 – 10.

t the first coordinate ( x / e = 1.05), the measurements were car-

ied out immediately behind the rib, at the normalized distance of

.05 from its downstream edge. All parameters are normalized by

he bulk velocity, U 0 . Dashed lines refer to the steady flow, while

olid lines refer to the pulsating flow with the frequency f = 10 Hz

St = 0.176). The coordinates are normalized by the rib height, e . For

llustrative purposes, the horizontal dashed line in the figure marks

he rib top. 

The obtained measurements were analyzed with the assump-

ion of two-dimensional flow at least in the axial plane in which

easurements were performed. Each velocity component in steady

urbulent flow was considered as a sum of averaged (overlined)

nd turbulent velocities: 

 = Ū + U 

′ , V = V̄ + V 

′ . 
The periodic velocity (denoted with a tilde mark) was added

hen pulsating turbulent flows were considered: 

 = Ū + 

˜ U + U 

′ , V = V̄ + 

˜ V + V 

′ , 
here ˜ U = A U Sin ( 2 π fτ ) . 

In Fig. 5 , RMS turbulent fluctuations U ́ and V ́ are shown as

ulsating components in steady flows, while the pulsating compo-
ents in pulsating flows are the sums of RMS periodic and turbu-

ent fluctuations: 

 p = 

˜ U + U 

′ , V p = 

˜ V + V 

′ . 
This is motivated by the fact that it is the combined effect of

eriodic forced pulsations and turbulent fluctuations that impacts

he heat and mass transfer and momentum transport in the flows

nder consideration. 

Overall, the hydrodynamic parameters measured in the steady

ow agree well with the available data on separated flows. Profiles

f streamwise velocity, U , exhibit the characteristic regions: core

ow, reverse flow behind the rib, high transverse gradient in the

ixing layer. Profiles of U yield the coordinate of the reattachment

oint, X R , at which ∂ U / ∂ y │w 

= 0 condition is fulfilled on the wall.

 ≈6 e in steady flows ( Fig. 5 , a ). The reattachment point in pul-
R 
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Fig. 5. Continued 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

b  

m

 

m  

t  

i  

t  

t  

s  

u  

t  

a  

p  

g  

x  

f

a  

a  

p  

v  

i  

t  

a  

d  

S  

(  

t  

b  

l  

a  

l  

p  

s  

b  

m  

t  

a  

i  

c  

v  

s  

d

 

b  

H  

w  

(  

0  

Fig. 6. Vortex formed behind the rib in pulsating flow at f = 10 Hz. 
sating flows is much closer to the rib: X R ≈3 e . This fact complies

with the reduced reattachment length in pulsating flows observed

earlier [22] . 

Turbulent fluctuations of streamwise velocity component in

steady flows agree well with [42] and exhibit approximately sim-

ilar peak values U ́/U 0 ~0.2 in the mixing layer, which are lo-

cated above the separation region ( Fig. 5 , b ). The coordinates of

these peaks are somewhat different from [42] : y /e ~1.3 instead of

y /e = 2.0 – 2.5 [40] . This discrepancy can be attributed to the fact

that Fouladi et al. [42] studied an unbounded rib flow in a wind

tunnel, while the present paper deals with the separated flow in

the channel of finite height ( y/e ≤ H/e = 3.83). Turbulent fluctua-

tions of transverse velocity component, V ́, behave similarly ( Fig. 5 ,

d ). Their peak values are approximately equal to V ́/U 0 ~0.1–0.15,

which complies with the literature data on separated flows. It is

noteworthy that comparison of results obtained in steady flows can
e considered as additional verification of the employed measure-

ent method. 

The streamwise velocity profiles in pulsating flows, being al-

ost equal to the steady flow case, exhibited smoother transi-

ion between the separation region and the core flow ( Fig. 5 , a ),

.e. thicker (on average) shear layer. Forced flow pulsations make

he pulsating components, U p and V p , increase manifold behind

he rib (compared to U ́ and V ́). Locations of these peak values in

teady and pulsating flows are different. Generally, the peak val-

es of U p ( Fig. 5 , b ) are located farther from the wall if compared

o the peak values of U ́ in steady flows. Profiles of V ( Fig. 5 , c )

nd V p ( Fig. 5 , d ) exhibit some essential features. They have the

oints of sharp, almost abrupt, variation above the separation re-

ion. V and V p are close to zero immediately behind the rib (at

/e = 1.05) in the undisturbed flow region ( y/e > 1.9). They grow

ast near the rib ( y/e ~1.9) reaching local peaks at y/e ~1. V and V p 

lso change abruptly at the point with the coordinates x/e = 2

nd y/e ~2.2. Here, the direction of transverse velocity, V , is op-

osite to the one at the previous coordinate, which suggests the

ortical motion between the coordinates. V changes abruptly turn-

ng almost to zero. V p profile exhibits the same abrupt variation at

his coordinate. Similar behavior is observed further downstream

t x/e = 3, y/e ~2.5. However, the profile of transverse velocity, V ,

oes not change abruptly here but only has an inflection point.

imilarly, V p profile exhibits smoother transition from almost zero

in the core) to high values closer to the separation region. Thus,

he line connecting these specific points can be considered as a

oundary between two regions of flow. It is shown by a dashed

ine in the figures. The flow is mostly undisturbed and vortex-free

bove this line. Below the line, the flow is disturbed by the rib, and

arge-scale vortices form, move and break down behind the rib in

ulsating flows. The same is observed in the profiles of Reynolds

tresses ( Fig. 5 , e ) and vorticity ( Fig. 5 , f ) – the above mentioned

oundary line separates the region where these parameters are al-

ost zero from the region with high Reynolds stresses and vor-

icity. The same well-defined boundary between the regions with

nd without vortices was documented in pulsating flow separat-

ng from a sharp inlet edge of the channel [34] . Note that the so-

alled vortex-free part of flow is not strictly free of vortices. The

ortices, local in space or time, can still exist there. However, their

trength, particularly its time-averaged value, is far less than in the

isturbed region. 

Indeed, flow visualization ( Fig. 6 ) reveals a regular vortex street

ehind the rib (black square in the image) in pulsating flow.

igh level of velocity fluctuations in this region is associated

ith the dynamics of vortices. The analysis of hydrodynamics

 Fig. 5 ) demonstrates that the vortices are localized mainly within

 < y/e < 2.5 for the considered channel geometry and flow modes.
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Fig. 7. Profiles of streamwise velocities at x/e = 2 (left column) and x/e = 3 (right column) in acceleration ( a ) and deceleration ( b ) phases. 
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luctuations are less pronounced in downstream regions, which

an be attributed to disintegration of vortices. 

The flow pattern shows that the vortex formed behind the rib

pproaches closest to the wall at the distance of ~e from the trail-

ng edge of the rib ( x/e ~2). Obviously, vortices that regularly ap-

roach the wall induce strong fluctuations of flow parameters at

his location, which is evident in U p profile ( Fig. 5 , b ) at x/e = 2.

ere, the vorticity is also higher than the one at the nearest down-

tream coordinates ( Fig. 5 , f ). High vorticity values at x/e = 1.05

t the altitude y /e ~0.2 obviously indicate the existence of a corner

ortex near the wall behind the rib. 

Further information on the dynamics of processes in pulsating

ows can be derived from the distributions of parameters over the

hases of forced pulsations. Evolution of velocity profiles over a

eriod of forced pulsations illustrates the flow patterns very effi-

iently. Fig. 7 shows the profiles of streamwise velocities at two

epresentative coordinates, x/e = 2 and x/e = 3, corresponding to

he recirculation zone and reattachment region, respectively. The

rofiles are plotted for two half-periods of forced pulsations (ac-

eleration and deceleration of the main flow). Here, similarly to

veraging of oscillograms, each velocity profile is obtained by aver-

ging over a large number of pulsation periods in the range of the

hase angles �ϕ= 45 ̊. E.g. the profile for ϕ= 0 ̊ was obtained by

veraging in the range of ±22.5 ̊ around the average value ϕ= 0 ̊.

elocity profiles averaged over all phases (over the whole pulsa-

ion period) are included in Fig. 7 for comparison and shown by

ash lines (solid lines in Fig. 5 ). It appeared that there are two

roups of velocity profiles depending on their behavior: acceler-

tion phase ( Fig. 7 , а ) and deceleration phase ( Fig. 7 , b ). In the

cceleration phase, maximum acceleration is observed in the core

ow, and the profiles are elongated in their central portion. At the

oment of maximum acceleration ( ϕ= 0 ̊), the flow decelerates at
he height y ~e . This fact indicates that a vortical structure with in-

reasing rotation speed exists at this coordinate: the upper part of

he vortex promotes flow acceleration in the channel center, while

ts lower part near to the rib decelerates the flow and even trig-

ers reverse acceleration at x/e = 3. This is the pattern of pulsat-

ng flow (with vortices behind the rib) that was reported earlier

n [22] . 

Velocity patterns in the flow deceleration phase exhibit some-

hat different behavior. They are more uniform and filled, espe-

ially at x/e = 3. Their shapes at all phase angles are approximately

he same. At minimal velocities, similarly to the preceding half-

eriod, there is a reverse flow region near the wall, which is typ-

cal of separated flows. As expected, this is evident in the profiles

lotted for x/e = 2. The velocity profiles retain this shape (with a

ocal extremum near the wall) at somewhat higher velocities even

hen there is no reverse flow. 

Such a difference in the patterns of velocity profiles is at-

ributed to the dynamics of the vortex street formation. A vortex

merges and grows behind the rib in the flow acceleration phase.

s soon as the velocity reaches its maximum, the vortex detaches

rom the rib and is swept to the flow, and then it breaks up due

o viscous stresses. Accordingly, velocity profiles in this phase are

ubjected to a combined effect of two main components of motion:

treamwise pulsations of the flow in general and vortical motion. It

s the acceleration of vortical motion that “stretches” velocity pro-

les in the core flow when the velocity grows and “shrinks” them

inducing a brief period of reverse acceleration) at y/e ~1 ( Fig. 7 , a ).

hen the velocity decreases ( Fig. 7 , b ), new vortex does not form

nd the vortex formed in the preceding half-period disintegrates.

n this case, the velocity profiles retain their shape and follow the

ynamics of forced velocity pulsations in this phase in an almost

quidistant manner. 
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Fig. 8. Profiles of transverse velocities at x/e = 2 in acceleration ( a ) and decelera- 

tion ( b ) phases. 
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We mentioned above that the averaged profiles of transverse

velocity, V , and its fluctuations ( Fig. 5 , c, d ) have specific points

most pronounced at x/e = 2. Profiles of V in different pulsation

phases provide the insight into the mechanism that forms the

kinematic structure of pulsating separated flows. Fig. 8 also shows

these profiles in two different half-periods. Abrupt change in the

transverse velocity is observed at y/e ~2.2 in the phases of maxi-

mum flow acceleration ( Fig. 8 , a ). It turns into zero and has ex-

trema of opposite signs slightly above and below the y -coordinate

of zero velocity. Such a profile of transverse velocity component

can be attributed to a horizontal jet emerging in this region, which

entrains the adjacent layers from above and below. The rate of

fluid entrainment from above layers is almost constant throughout

the period. Entrainment from below exhibits pronounced peaks at

the moments of maximum flow acceleration. These moments are

probably associated with vortices passing through this point. Jet

localization coincides with the boundary separating the regions of

high and almost zero vorticity suggested above. 

In the flow deceleration phase, the gas from the core flow is

supplied to the separation region (negative V , Fig. 8 , b ), filling the

zone abandoned by the vortex after it had been shed to the flow. 

The submitted idea is also clearly illustrated by the dynamics

of the flow vorticity profile at the same coordinates, x/e = 2 and 3

( Fig. 9 ). The dashed line in the figure represents the vorticity pro-

files averaged over the whole period of forced pulsations. Similar

grouping of vorticity profiles depending on the phases of velocity

increase ( Fig. 9 , a ) and decrease ( Fig. 9 , b ) is also indicative of fun-

damental difference between these half-periods. Vorticity changes

significantly in the phase of growing velocity. In other words, an

active process of vortex generation is observed in this half-period.
he figures show that vortices rotating in opposite directions can

merge at different heights in the channel. This is probably associ-

ted with the fact that these vortices belong to different regions

earlier referred to as vortex-free region and disturbed region).

hus, the presented data comply with the following flow pattern.

ortices with opposite rotation are formed on opposite sides of the

oundary separating the described regions; local velocities of these

ortices on the boundary match the main flow direction. 

In the deceleration phase, the rate of vorticity variation is

lower and no counter-rotating flows are observed at x/e = 3. In

his case, flow vorticity values apparently characterize the sepa-

ated recirculation flow behind the rib. During this half-period,

egular vortical structures are not formed behind the rib edge as

entioned above. 

The vorticity is high in the near-wall region of x/e = 2 section,

hich complies with the similar behavior of U p fluctuations near

he wall. 

. Correlation between heat transfer and flow parameters 

For direct comparison with hydrodynamics, Fig. 10 demon-

trates the heat transfer coefficient in steady and pulsating

 f = 10 Hz) flows separately. Note that the position of reattach-

ent points almost matches the points of maximum heat transfer.

n steady flows, the heat transfer peaks at x/e = 6.4, while X R /e = 6,

s shown above. In pulsating flows, the heat transfer grows sharply

s the distance from the rib is reduced and peaks in the immedi-

te vicinity of the rib. However, the steep part of the curve exhibits

 local “augmentation” of heat transfer. Such behavior (sometimes

ven featuring a local maximum) is typical of pulsating flows at

t~0.094 ( Fig. 3 ). This “augmentation” can probably be interpreted

s relating to the reattachment region. In this case, this “peak” is

ocated at x/e = 2.5 coordinate, so it is close to the coordinate of

ow reattachment point, X R /e = 3. 

The combined analysis of hydrodynamics ( Fig. 5 ) and heat

ransfer ( Fig. 10 ) in pulsating flows reveals some correlation be-

ween them. Higher heat transfer coefficients correspond to higher

evel of fluctuations. Moving closer to the rib, we observe progres-

ively stronger fluctuations of streamwise and transverse velocity,

eynolds stress, as well as heat transfer coefficient. However, the

orrelation is not as pronounced in steady flows. Nevertheless, it

urned out that the correlation between heat transfer and hydrody-

amics is expressed in the most explicit way when the normalized

odulus of the transverse velocity component, | V| / U 0 , is employed

 Fig. 11 ). Maximum values of | V| are taken from each profile to plot

he curve in Fig. 10 . Comparison between | V| and 

Nu ( Fig. 10 ) demonstrates that they agree with each other at

east qualitatively. It is reasonable to employ the modulus of trans-

erse velocity for comparison, because, in fact, velocity of any di-

ection provides mass transfer between the near-wall region and

he core flow, and hence, promotes heat transfer between the wall

nd the flow. 

Having confirmed the qualitative agreement, we searched for

ome quantitative correlation between the specified parameters of

ydrodynamics and heat transfer. This correlation can be repre-

ented by Nu~(| V| / U 0 ), which is plotted in Fig. 12 . Each point in

ig. 12 corresponds to some local value of Nu/(Re 0.72 Pr 0.43 ) and a

aximum modulus of the normalized transverse velocity | V |/ U 0 .

hese values are taken in pairs for specific x / e coordinates. Max-

mum values of the transverse velocity for each coordinate are de-

ived from the profiles demonstrated in Fig. 5 . Fig. 12 demonstrates

he empirical data acquired at different coordinates, x/e , and differ-

nt forcing frequencies, St. The line in the figure shows the power

unction 

u / 
(
Re 0 . 72 P r 0 . 43 

)
= 0 . 13 ( | V | /U 0 ) 

0 . 26 
. (1)
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Fig. 9. Vorticity profiles at x/e = 2 (left column) and x/e = 3 (right column) in acceleration ( a ) and deceleration ( b ) phases. 

Fig. 10. Heat transfer coefficient in the separation region in steady and pulsating 

flows. 
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Fig. 11. Modulus of the transverse velocity. 
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Some scatter of points around the approximating line (1) is

bserved at the lowest transverse velocities almost immediately

ownstream of the separation region, x/e > 5. However, the corre-

ation is quite strong near the rib, where the flow pulsations (vor-

ex generation) significantly promote the heat transfer. In general,

tronger correlation is observed in pulsating flows (empty symbols

n Fig. 12 ), in which the transverse velocity is more pronounced

ue to emerging vortices. 

The obtained correlation contributes to deeper insight into the

echanisms of the influence of forced flow pulsations on con-

ective heat transfer in the separation region behind an obstacle.
he correlation implies that these complex flows exhibit rather

trong interrelationship between time-averaged local heat trans-

er and time-averaged local maximum transverse velocity. In other

ords, when the space-time structure of the separation region is

undamentally rearranged under the influence of forced pulsations,

here is a flow parameter which is in strong correlation with the

ocal heat transfer. This parameter is the normalized transverse ve-

ocity near the wall, which represents the velocity of mass trans-

er in transverse direction. Large-scale vortical motion induced by

ow pulsations enhances mass transfer in transverse direction and

ugments heat transfer. The obtained Nu~| V |/ U correlation cannot
0 
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Fig. 12. Heat transfer coefficient vs transverse velocity: dots – experimental data; 

line – Eq. (1) . 
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be considered universal, and we cannot recommend it for a large

spectrum of problems yet. To do so, it must at least be tested for

other types of flow. For example, strong transverse mass transfer

may occur in separated steady flows in confined channels. 

In our case, the applicability limits of the proposed correlation

(1) are defined by the ranges of flow parameters considered in our

study. Separated flows must be: 

- subsonic U << a (a is the sound velocity); 

- translatory (no reciprocating flows), i.e. the pulsation amplitude

must be β< 1; 

- limited to the forcing frequencies St < 0.2 in order to avoid fun-

damental rearrangement of vortical structure of separated flow.

Thus, the experimental data obtained in turbulent separated

flows, including the pulsating flows, demonstrate that the location

of maximum heat transfer coefficient almost coincides with the

flow reattachment coordinate. Apart from the Reynolds number,

the local heat transfer coefficient depends on the current normal-

ized transverse velocity (its maximum value at each coordinate). 

7. Conclusions 

Experimental data on heat transfer and kinematic structure of

the separated flow past a spanwise rib in a channel were obtained

for steady and pulsating flow modes. In general, the forced flow

pulsations were shown to enhance heat transfer compared to the

steady flow case. The most pronounced augmentation of local heat

transfer (up to three times compared to the steady flow at the

same average flow rate) is observed in the near wake of the rib,

i.e. at х = (1–5) e . The effect of forced flow pulsations on heat trans-

fer distribution is generalized well using the non-dimensional fre-

quency of forced flow pulsations (Strouhal number). At identical

Strouhal numbers, the behavior of heat transfer coefficient along

the separation region is similar. The Reynolds number to the power

of 0.72 should be used to generalize the heat transfer distribution

along the whole separation region length. 

The study into kinematic flow structure based on SIV measure-

ments of the dynamics of velocity vector fields allowed us to elab-

orate on the mechanisms of heat transfer enhancement. The heat

transfer maximum is located close to the average reattachment

point both in steady and pulsating flows. In the latter case, this

point is shifted upstream towards the rib. In general, two different

zones of kinematic structure of pulsating separated flows can be

distinguished: core flow and vortical region. Close correlation be-

tween the local heat transfer coefficient and maximum transverse

velocity at the respective coordinate was revealed suggesting that

the transverse mass transfer initiated by forced pulsations plays an
mportant role in heat transfer enhancement in the near wake of

he rib. In qualitative and quantitative terms, the modulus of nor-

alized transverse velocity agrees well with the behavior of heat

ransfer coefficient along the separation region in the considered

ows: Nu~(| V| / U 0 ) 
0.26 . 
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