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Convective heat transfer in a channel with perforated ribs
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Abstract

An experimental study of convective heat transfer in a channel implemented with perforated ribs immersed in a turbulent boundary layer
is presented. Infrared thermography associated with the steady heated thin foil technique is applied to obtain the mapping of the heat transfel
coefficient. Different types of perforations are compared in the case of single turbulator configuration. Conclusions are drawn on the effect of
the rib design on the heat transfer enhancement. Next, the study focuses on the turbulator with perforations of chevron type. Then, emphasi:
is given to the influence of the rib-to-rib spacing, the open-area factor and the channel Reynolds number on the thermal exchange. Comparec
to solid rib, a local thermal enhancement factor of 3 can be expected just behind the perforated turbulator. Fully developed flow is reached
after the 5th to 6th rib. The optimal design combines a rib pitch ratio of 5 with an open area factor of 0.53 for channel Reynolds number
ranging from 30000 to 600001 2002 Editions scientifiques et médicales Elsevier SAS. All rights reserved.

Résumé

Le papier décrit une étude expérimentale du transfert de chaleur par convection forcée dans un canal muni de pontets perforés immergé
dans une couche limite turbulente. La thermographie infrarouge est combinée a la technique stationnaire du feuillet chauffant pour obtenir
la cartographie du coefficient de transfert de chaleur. Différents types de perforation sont comparés dans le cas d'une configuration a un
turbulateur. Des conclusions sont tirées quant a I'effet de la forme du pontet sur I'amélioration du transfert de chaleur. Par la suite, I'étude se
consacre au turbulateur avec des perforations a chevron. L'accent est alors placé sur I'influence de I'espacement entre pontets, de la porosi
de surface du pontet et du nombre de Reynolds du canal sur I'échange thermique. Comparé au pontet plein, une amélioration du nombre
de Nusselt local d'un facteur 3 peut étre obtenue juste en aval d’un turbulateur perforé. Le régime développé est atteint aprés 5 a 6 pontets
Un arrangement optimal se dessine pour un rapport espacement/hauteur de 5 avec une porosité de surface de 0,53 dans la plage du nomt
Reynolds du canal de 30000 & 600002002 Editions scientifiques et médicales Elsevier SAS. All rights reserved.
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1. Introduction of ribs, represented by prismatic obstacles emerging from a
flat wall in a turbulent boundary layer, produces typical flow
pattern which is encountered in many engineering situations

Turbulent flows around bluff bodies are characterised by SUch as heat exchangers, advanced gas-cooled reactor fuel
the formation of complex vortical regions that govern the elements, blade internal cooling channels, ventilation equip-

thermohydraulic behaviour of the system [1]. The presence ment of microelectronics systems. The ribs, which are gener-
ally of solid type, create local wall turbulence due to the sep-

aration and reattachment of the flow. However, in addition to
pressure drop penalty, the solid turbulators induce local heat
E-mail addressbuchlin@vki.ac.be (J.-M. Buchlin). transfer deterioration and subsequent hot spot formation at
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Nomenclature

e thickness of the heated plate................ m x axial co-ordinate ......................... m
EF,  thermal enhancement factor y spanwise co-ordinate ..................... m
h heat transfer coefficient.......... MW2.K-1 Greek svmbol

H height OF the fib . .. ...\ veeeeeeeeeeenn . m reeK symuols

k thermal conductivity ............ whl.K-1 B open area factor

q heat fluX.........cooveeeeineannn.. Wi—2 v kinematic viscosity .................. st

Nu Nusselt number based on channel height Subscript

Nugy Nusselt number based dh

(Nug) mean Nusselt number c convection
Nu,  Nusselt number without rib H based on rib height
P spacing between two successive ribs......... m ar
Re channel Reynolds number J Joule
Rey Reynolds number based éh L conductive and radiative heat losses
T teMPErature . ........eeeeeeeeeeeeenns, K T radiant contribution
TU IR thermal unit w wall
U VElOCItY . ..o sl 00 free stream
1.2 ‘ 2. Experimental method
Nup/Nuy, ;..
1 The convective heat transfer behind the rectangular perfo-
rated rib mounted on the flat plate is studied by means of the
0.8 thermofoil technique previously developed at the von Kar-
man Institute to investigate heat transfer of impinging jets
0.6 [9,10]. The wall is designed to dissipate by Joule effect a

________ 22700 constant (in time) and uniform (in space) heat flyxThe
; measurement of the steady state distribution of the surface
0.4 - hot spot =—6700 temperaturely, (x, y) allows the determination of the local

? —9--16000 x/H convective heat transfer coefficigni(x, y) according to the

H ;
.¢ . | . , Newton relation:

| . L
0 2 4 ® 8 10 g = qex.y)
C

Fig. 1. Heat transfer distribution behind solid-type turbulator [2]. T Tw(x, y)—T;

1)

In the above expressiofi; is the free stream temperature
and ¢, is the heat loss by conduction in the plate and
their rear concave corner as shown in Fig. 1 [2]. To get rid radiation between the wall and the surrounding. Assuming
of this deficiency, turbulent porous or perforated turbulence all the environment at the fluid temperature, can be
promoters have been proposed [3]. So far, most of the perfo-expressed making use of the fin theory:
rations tested consist of rows of holes drilled trough the ribs _ 2
[4-6]. The heat transfer coefficient is generally determined 5, — gite-k-ViIw hy @)
by temperature measurements performed by thermocouples Tw(x, y) = Ti

flush-mounted on a heated wall and/or laser holographicin- ¢ and k are the thickness and the thermal conductivity of
terferometry to retrieve the thermal boundary layer profile the plate, respectively. The radiative heat transfer coefficient,
[7.8]. hy, is estimated by means of the radiosity concept dfige

This study focuses on the heat transfer enhancementis known. Eq. (2) leads to the following recommendations:
achieved with new designs of perforated turbulator. Tests the heated plate should be of low thermal conductivity and
are conducted on a single and multiple two-dimensional small thickness and/or the thermal sensor should have a
rectangular and thermally passive ribs (unheated) placedhigh spatial resolution to resolve properly the conductive
in a turbulent boundary layer that develops over a heatedterm; it should be uniformly covered with coating of large
flat plate. The experimental method involves the steady emissivity to avoid artificial distortion in the temperature
state measurement of the wall temperature by means of arfield and difficult reflectivity corrections. In this respect,
infrared scanning radiometer. infrared thermography is an appealing technique.
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3. Experimental test set-up tivity (0.15 W-m~1.K—1). This flat heater, 1.25 m long and
0.2 m wide, is fixed at the centre of the test section and pro-

The experimental investigation is carried out in the duces a uniform and equal heat flux on both sides. The re-
VKI-L12 wind-tunnel. The facility is sketched in Fig. 2.  sulting square-wave continuous electrical resistance is con-
A close view of the test section is shown in Fig. 3. The nected to an AC generator. The Joule heating is monitored
test section is @ x 0.2 m? in cross section and 1.5 m by potentiometer, ammeter and voltmeter. A maximum heat
long. A maximum free stream velocit§/,, of 25 ms™1 flux of 3000 Wm~2 can be achieved; however, the wall tem-
with a turbulence level of 0.3% can be attained. A hot perature has to be limited to 8C to ensure the integrity of
wire anemometer or a Pitot tube fixed to a displace- the set-up. Both faces of the heated flat plate are coated with
ment mechanism and connected to a pressure transducer ia black paint of emissivity factar, = 0.95 to improve the
used to measure the velocity profile through the boundary thermography measurements and allow correction for radia-
layer. tion.

The heating device is a serpentine-shaped copper thermo- Five types of perforated rib turbulator, 20 mm high and
foil resistance (162) sandwiched between two thin black 20 mm wide, made in Plexiglas are tested. They are sketched
painted Bakelite plates of 1.5 mm thick and of low conduc- in Fig. 4. The channel blockage does not exceed 20%. The

IR Scanner

Pitot probe
& Hot wire

DAS PC

- IR Processor

Thermocouple Heated plate

Power generator

Fig. 2. Schematic of the test facility VKI-L12.

Fig. 3. Close view of the test section.
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Fig. 4. Schematic of the perforated turbulators tested.

50

first type is composed of 8 half holes of 8 mm in diameter, T, [ C]
horizontally drilled on the base of the rib (BH-type). The w
second promoter of is perforated by a raw of 12 holes, 4, //0
8 mm in diameter, alternatively tilted upward and downward
(TH-type). Four arches of 9 mm in height and 34 mm in

width form the third turbulator (AR-type). The arches are 30
replaced by 5 columns made of small cylinders of 5 mm in
diameter and 15 mm high to obtain the fourth obstacle (CO-
type). Finally, the last permeabile rib is composed of chevron 20
shape clearances corresponding to 5 alternate diverging and

converging apertures, 15 mm high and 20 mm wide for the TU
larger section, with a total opening angle oP4CH-type). 10
Preliminary tests have shown that the same heat transfer 1500 1800 2100

coefficients are obtained when identical ribs are placed

symmetrically on each face of the heated wall or when they

are only located on the top face. Therefore, all the tests are ) ) o )

conducted with only turbulators placed on the upper face of thermal losses by conduction remain negligible since they

the flat plate. do not exceed 2%, while the heat losses by radiation can add
The IR radiometer is the AGEMA Thermovision 900 sys- UP t0 13% of the total flux.

tem with a HgCdTe detector sensitive in the 8—12 um wave-

length range and cooled by liquid nitrogen. The measurable

temperature range is30°C to 1500°C with an announced 4. Typical results

thermal sensitivity of 0.2C. The camera is equipped with

a standard optical set-up of (1@ertical)x (5° horizontal) ~ 4.1. Single rib configuration

giving an instantaneous field of view (IFOV) of 0.76 mrad.

The camera scans an area of aboutx880 mn¥ located Tests have been carried out for rib Reynolds numbers,

behind the obstacle, via a special 45-degrees mirror andbased on rib heigh? and unperturbed free-stream velocity

through a transparent plastic window. It is connected to a U, ranging from 5000 to 35000. The convective heat

dedicated PC for acquisition at a frame rate of 20 Hz and transfer coefficient is represented by the Nusselt number

processing of thermograms (2%2136 pixels). The ther-  Nuy = hcH/ ks whereks is the air thermal conductivity.

mography system is calibrated prior to each test by means Typical mapping of the Nusselt number behind each type

of T-type thermocouples flush-mounted on the top face of of turbulator is shown in the layout of Fig. 6 for rib Reynolds

the heated plate and connected to a PC-controlled data achumber equal to 22000. Each rib design produces a different

quisition system. A typical calibration curved is plotted in heat transfer mapping which reflects the footprint of the flow

Fig. 5. The thermography system is calibrated prior to each pattern and the turbulence features associated with.

test by means df -type thermocouples flush-mounted on the The BH-type rib gives rise to the formation of a multi

top face of the heated plate and connected to a PC-controlledwvall-jet system, the strength of which decreases quickly

data acquisition system. Linear fit models satisfactorily the so that no more effect is appreciated at a downstream

relation between the radiometer output, in terms of the ther- distancex ~ H. From this location no significant spanwise

mal unit TU, and the wall temperatuflg, for the test con-  variation of Nuy is observed indicating that the flow has

ditions herein considered. Data reduction indicates that theretrieved its two-dimensional character. A minimum heat

Fig. 5. Calibration curve of the IR radiometer.
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15 ;m 25 3
CH-type rib
Fig. 6. Mapping of the heat transfer coefficieRtey = 22000.

transfer coefficient is found at ~ 2H where local flow The other perforated rib designs yield unanticipated
detachment occurs due to the impact of the wall jets findings. The mapping corresponding to AR-type as well the
onto the recirculation bubble provoked by the upper-flow CO-type turbulators point out that zones of high heat transfer
impingement{ > 6H). appear in the wakes of the arch pylons or the cylindrical
The Nug-mapping of the TH-type rib reveals the pres- columns but not in the continuation of the clearance where
ence of highNug-values, which results from local imping- paradoxically low values of heat transfer coefficient are
ing jets exhausting from the holes tilted downward. An area observed. ThesBug -distributions hint at the formation of
of strong convection, about2H width, is thus realised and  complex vortical three-dimensional structures produced by
delays the minimum heat transfer & 3H) compared with the interaction of the upper flow with the wakes leading
the BH-configuration. to area dominated by high turbulence level. However, it
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Fig. 7. Downwind distribution of the enhancement factor.

is worth noticing that the distribution remains rather well Therefore, complementary aerolic measurements should be
organised in the spanwise direction. performed to confirm such a behaviour.

Although the same trends are depicted on M- To quantify the thermal enhancement provided by perfo-
mapping of the CH-type rib, additional peculiarities have to rated ribs, théluy -distribution is compared to that obtained
be emphasised. A spanwise distortion is now noticeable. It With rib without perforation, which is named solid rib. The
is mainly due to the development of a lower-heat-transfer comparison relies on the evaluation of a local enhancement
region at the exit of the converging section whereas the di- fa_tctor E_Fh defined as the_ratl_o of_the heat transfer coeffi-

. . . .. _cient with porous and solid rib. Fig. 7 displays the down-

verging opening provides good thermal exchange. This is . o ! .

ticularl ticed at the ed h i b wind distribution of EF;, for the designs tested. The varia-
p;’;\r Icularly notice ha " ee geshw ere. vqr |ce; arg pro. @"tion of the enhancement factor is plotted along different lon-
bly generated by the flow detachment inside the diverging i inal pathga, b, ) defined in Fig. 6. As sought for, the
perforation. In such a condition, it |§ conceivable to suspect perforated turbulator improves significantly the heat trans-
the presence of an unsteady or oscillatory flow pattern result-fer jn the rear area. Depending on the turbulence promoter
ing from interactions between the different streams. Unfortu- design, the enhancement zone may exceed a lengti/ of 4
nately, such an information cannot be conveyed by the heatAfter this distance the perforation effect is no more felt and
transfer data given the thermal inertia of the heated plate.the thermal behaviour is similar to that produced by the solid
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Fig. 8. Reynolds number effect ghlu). Fig. 9. Open-area ratio effect dhu).

I’Ib The maXimum enhancement iS |Ocated Close to the baCk The effect Of the p|tch raucP/H on the heat transfer
face of the rib ¢ < H) and may reach value as highas 3. gistribution is depicted in Fig. 11. The increase of theH -

The comparative exercise is extended to the averageya|ye assists the flow penetration through the turbulators and
Nusselt numbetNuy) defined as the mean value over the jmproves the heat transfer. Part of the airflow passes through
area of observation (length of#). Fig. 8 shows thatNuy) the perforated rib and interacts with the recirculation bubble
increases with the rib Reynolds number for all the turbulator generated beh|nd the r|b by the impingement Of the upper
designs. At the same flow conditions, the CO- and CH-type free stream on the wall. As a consequence, the hot spot area
turbulators are the more thermal efficient: they afford about Occurring in the region just beh|nd a So|id_type r|b does not
65% of enhancement exist anymore in presence of perforated turbulators and the

An important design parameter of a perforated rib is the |ocal thermal enhancement factor may reach values as high
open-area factog. It is the ratio of the clearance areatothe 5953 as already underlined.
total front area. ObViOUSly, it is nil for SOlid'type rib. Since However, the p|0ts of the average Nusselt number ra-
the larger isg the lower will be the pressure drop induced tjo reported in Figs. 12 and 13 indicate that the open
by the perforated ribs [5,8], it becomes worth plotting the area modulates this effect. At loy-values and/or small
average heat transfer coefficiefNuy) versus the surface  p/p the system behaves like impermeable rib arrange-
porosity. ment. At high 8-values and/or large/H, the turbulators

Fig. 9 compares all the perforated ribs tested. In the rangedo not suitably perturb the flow and the mean thermal en-
of the investigated open-area ratio, 0 to 36%, the increasehancement factotNu)/Nu, remains moderate. Therefore,

of B improves the heat transfer. Such a finding agrees it js not surprising to end at an optimal configuration that
with the data obtained on permeable ribs made of rows of tyrns to be a pitch ratio of 5 for a surface porosity of

circular perforations [4,7]. At more or less the same surface ghout 0.53.

porosity and same Reynolds number (therefore at equivalent  Finally, Fig. 14 emphasises the effect of the channel
pumping power) the Chevron-type rib seems more efficient Reynolds number on the mean normalised Nusselt number.
than the Column-type rib. To conclude on this aspect, the As the Reynolds number increases, the thermal exchange
investigation has proceeded to experiments including ribbedrises until a critical value at which the flow resistance due to
wall with periodic perforated Chevron-type turbulators to surface porosity becomes too important. The air stream does

highlight in particular the effect of the rib pitch. not penetrate sufficiently through the permeable turbulator
and the thermal efficiency declines. Therefore, an extremum
4.2. Effect of rib spacing exists depending on the open area factor. For the optimum

configuration, the recommended values of Reynolds range
Fig. 10 displays a typical sequential mapping of the from 30000 to 60000.

Nusselt numbeNu based on channel height and normalised
by the corresponding smooth-channel valueRex= 3200,
B = 0533 and P/H = 5. The fully developed flow is 5. Conclusions
reached after the 5th or the 6th rib. This finding is also
obtained for all following tests performed for channel Steady-state heat transfer measurements behind two-
Reynolds numbeReranging from 10000 to 100000, open dimensional perforated ribs immersed in a turbulent bound-
areafactop from 0.32 to 0.69 and pitch ratiB/ H from 2 to ary layer are performed. Quantitative infrared thermogra-
6. Thus, the data will focus on the heat transfer distribution phy associated with the heated thin foil technique provides
in the 6th interval. a detailed description of the thermal field. The mapping of
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Fig. 13. Effect of the open area factor on the mean Nusselt number.
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Fig. 14. Effect of the channel Reynolds number on the mean Nusselt

number.

the heat transfer coefficient constitutes a useful visualisation

support to interpret the complexity of the resulting flow.

In a first step, the study compares the average heat
transfer coefficients obtained with five new designs of
perforated turbulators. Part of the air flow passes through

the perforated rib and interacts with the recirculation bubble
generated behind the rib by the impingement of the upper
free stream on the wall. As a consequence the hot spot
area occurring in the region just behind a solid-type rib
does not exist anymore in the corresponding region of the
perforated turbulator. The local thermal enhancement factor
of perforated ribs may reach peak value of 3.

The comparison of the average heat transfer coefficients
obtained with the different turbulators indicates that the
increase of the open-area ratio of the perforated rib up to
36% and for Reynolds number based of the obstacle height
higher than 20000, improves significantly the heat exchange.
Among the turbulators tested, the finding encourages further
investigating a channel wall implemented with periodically
chevron-clearance-type ribs. With such a type of perforated,
turbulators, the fully developed flow is reached after 5 to 6
ribs and the optimal design combines a rib pitch ratio of 5
with an open area factor of 0.53. The recommended range of
channel Reynolds number is from 30000 to 60000.
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