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MEASUREMENTS OF HEAT TRANSFER AND FLUID FLOW IN A
RECTANGULAR DUCT WITH DIFFERENT TYPES OF
RIB-TURBULATORS
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ABSTRACT

Experiments are conducted to study the heat transfer and triction in a rectangular duct
roughened by arrays of alternate ribs (square-, triangle-. and circle-shaped ribs). The
Reynolds number Re based on duct hydraulic diameter rages from {2,000 to 60.000.
whereas the rib pitch-to-height ratio (P7A) varies trom 6 1o /8. To understand the
mechanism of heat transfer enhancement the measurements of streamwise mean
velocities are also conducted in the square-ribbed duct. The results show that the flow
of air through the ribbed duct becomes periodically fully developed after the third rib
from the duct inlet. The data indicate also that the wiangular tvpe ribs have a
substantially higher heat transfer performance than any other ribs in the studied range.
The experimental results show that the heat transfer enhancement factors are greater
than the friction factor ratios associated with the use of rib-wurbulators in the
rectangulor ducts. Also. the rib conductivity atfects significantly on the heat transfer
enhancement factor. Correlations for friction and heat transter in square-ribbed ducts
are developed to account for rib spacing to height ratio and flow Reyvnolds number.

Keywords: Heat transfer enhancement. Friction factor: ‘Rib-turbulator: Ribbed duct:
Rib-shaped geometries; Rib thermal conductivity: Constant heat tlux.
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Nomenelature
Ap heat transfer surface area of the ribbed duct, m’ Subscripts
Dy, hydraulic diameter, D, = 2WH/(W+H), m b bulk
f friction factor N rib index
fe friction factor for the ribbed duct s smooth
fs triction factor for the smooth duct W wall
h rib height, m con  conduction
H height of the duct, m P periodicaily
kq air thermal conductivity. W/m K rad  radiation
ky wood thermal conductivity, W/m K

Ny  local Nusselt number

Nup  average Nusselt number for the periodically
fully developed ribbed duct flow

N, average Nusselt number for the smooth duct flow”

P rib pitch, m

Pr Prandtl number

Ap pressure drop through the periodically fully
developed duct flow, Pa

Q.  net heat transfer rate, ¥

Re Reynolds number. {/.Dy/'v

Ty local bulk temperature of air, K

Fir local wall temperature, K

U, free stream velocity. m/s

i streamwise mean velocity at different y-positions, m/'s
W width of the duct, m

i axial coordinate (x = ¢ at the upstream edge of tesl plate)
Ay,  position of reattachment point downstream of the rib
¥ transverse coordinate, see Fig. 3

Greek Symbol

£ air density, kg/m’
- . . . . )
v air kinematic viscosity. m™/s

1. INTRODUCTION

A well-known method to increase the heat transfer is to roughen the surface either
with a sand grain or by use of regular geometric roughness elements (tins or ribs) on
the surface. However, the increase in heat transfer is accompanied by an increase in
the resistance to fluid flow. Many investigators have studied this problem in an
attempt 10 develop accurate predictions of the behavior ot a given roughness geometry
and to define a geometry which gives the best heat transfer performance.

Fluid flow associated with heat transfer in a fin-array dyct or ribbed duct has been a
subject of extensive research in the past two decades because of its significance in a
wide variety of practical applications. for example. turbine blade cooling and heat
exchangers, Hwang and Lui [1] conducted an experimental study to compare the
overall heat transfer coefficients in straight and 90° wned trapezoidal ducts with pin-
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fin arrays. The optimum shape and arrangement of staggered pins in a rectangular
channel to give the optimization between the pressure drop and heat transfer were

studied by Lee etal. [2].

Many experimental and numerical works were carried out to investigate the heat
transfer characteristics of rib-roughened surface. Webb et al. [3] presented heat
transfer and pressure drop data for fully developed wrbulent flow in circular tubes
with transverse square ribs attached internally. Gee and Web [4] studied
experimentally the effect of the rib helix angle on turbulent heat transfer and friction
loss for fully developed flow in circular tubes, the helicat rib roughness yields greater
heat transfer per unit friction than the transverse rib roughness with the preferred helix
angle approximately 49°. Sparrow and Tao [5] investigated the effects of the
Reynolds number (/0,000 < Re <+43,000) and the rib pitch to height ratio (F7h = 9.15,
18 3. and 36.6) on the mass transfer coefficient and the friction tactor for developing
duct flows with rod ribs attached both on two opposite walls and on one wall only of a
rectangular duct. The mass transfer was determined by using the naphthalene
sublimation technique, but metallic rib-turbulators were not coated with naphthalene.,
and therctore. the contribution of additional surface area duc o the presence of
circular rods to heat transfer enhancement was not considered. Hwang [6] investigated
a comparison of tully developed heat transfer characteristics in rectangular ducis with
one wall roughened by slit and solid ribs. He concluded that the slit-ribbed geometry
gives higher ribbed-channel heat transfer than the solid-ribbed geometry. The flow
characteristics in a rectangular channel downstream of a backward facing step and
tour rib-turbulator arrangements were compared by Roclawski et al. {7]. They found
that the flow through the ribbed channel could be characterized by a series of
accelerations, decelerations with separation, reattachment and redevelopment due 1o
the sudden changes in cross-section.

Numerical investigations c¢oncerned with heat transfer and pressure - drop
characteristics in a ribbed duct have become available recently. such as the studies by
Tsat et al. [8)], Bredberg and Davidson [9], Kwang Kim and Sun Kim [10]. and
Bredberg et al. [11]. The wrbulence models used in these studies were a k-£ model. k-
& model. and an explicit algebraic Revnolds stress model.

The main objective of the present study is to investigate the effects of rib shapes on
the heat ransfer and friction in rectangular channels. Measurements of ditferent rib
shapes: square-, circle-, and triangle-shaped geometries are made. Moreover. two
components that contribute to the heat transfer enhancement. i.e.. additional heat
transfer surface area. and improved turbulent mixing. are intentionally separated by
examining the eftect of rib conductivity on the heat transter. Centerline local heat
ransfer coetficient distribution and average heal tansfer coefficient and friction
factor in the periodically fully developed regime areé measured on the bottom-ribbed
wall of the test channel. The geometric parameter was varied within ihe range of 6 <
P/h < 18, The distribution of mean streamwise velocity component at difterent axial
pusitions is also investigated for the assistance of understanding the mechanisim of
heat transter enhancement. Correlations for the friction factor and average Nussell.
Nup, number for tully developed turbulent flow in rectangular channel with repeated
square rib-roughness are successtully developed in terms of Re nuwmber and geometry
parameter P4,
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2. EXPERIMENTAL SETUP AND DATA REDUCTION

2.1 Experimental Setup

Figure [ shows the airflow system and experimental apparatus employed. A
centrifugal blower forced air through the test section. The major components of the
experimental setup have been previously deseribed by Morad [12].

The test duct is 300 mm long, with a rectangular cross section of 220 mm (width, #)
by 720} mm (height., H) for a duct aspect ratio (W7H) of 1.83. The bottom wall serves
as a heat transfter surface roughened by a series of ribs. while the top and two vertical
walls are smooth. The rib spans the entire width of the test section. Aluminum bars of
square cross-section (3 by J mm), circular cross-section (3 mm in diameter). or
triangular cross-section (5 mm base and height) are attached to ‘the heated wall
alternately. The ribs are glued uniformly on the heated surface by thermal epoxy. In
the baseline experiments (square rib with P74 = 6), the ribbed wall is arranged: three
thermocouples within every rib pitch, which are located at /.3, 3. 4.5k downstream of
rib rear face. respectively. In addition. the top wall of each rib has one thermocouple.
These thermocouples embedded flush on the top wall of the ribs to avoid flow
disturbance. All thermocouples are copper-constantan thermocouples of ¢.23 mum in
diameter. The rear face of the first rib located at a distance of one pitch from the
upstream edge of the heated surface. At different axial positions. a thermocouple
probe inserted from the top duct wall inte the duct flow to measure the bulk air
temperature. The pressure drop measurements were performed using an aluminum
test plate under isothermal condition; i.e., without heat flux. Two pressure taps are
connected to an inclined manometer to measure the pressure drop across the
periodically fully developed flow. The mean sltreamwise velocily distribution at
different axial positions are measured by a spherical J-hole probe with a sphere
diameter of 2.9 mm and pressure tap diameters of 0.3 mm [12816].

Transy erve mechanism

e e S
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Blower Setling chamber N ablion et DSquare rib

gl i Nof o seule ATrian_gular rib
() Schematic diagram of Test rig P

T O Circuiar rib
H

(h) Ditterent rib shapes

1]
(c) Section 4-4
Fig. I: Schematic diagram of experimental sctup

The heat transfer test surface is a constant heat flux lat plate surface (Fig. 2). It
consists of a number of stainless steel sirips placed side-by-side and glued to a PIC-
plate using 0./3 nm thick adhesive polymer film. The 21 C-plate not only forms the
structural portion of the surface. but alse reduces the heat losses by conduction. The
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Stvrofoam insulation behind the plate is approximately’ 3¢ mun thick. The stainless
steel heaters are .3 mm thick by 20 mnz in the flow direction and spaced .2 mm apart
(Fig. 7). The heater strips were sprayed with a coating material (Nextel Valvet
Couting) of emissivity £ = (.93, The individual metal strips are connected in series by
heavy stainless steel bus bars. To prevent the electrical contact between the bus bars
and the sidewalls of the test section, the’bus bars were covered with a sheet of PFC.
Thermocouples, of diameter (.23 mm, are bonded in special grooves in the PFC base
plate beneath the foil strips. They are used to measure the surface temperature
distribution. The thermocouple leads run in opposite directions along the surface for a
short distance 1o minimize heat loss through them. Thermocouples are also atlached to
the back of the PFC plate at various locations in order to determine that portion of
heat dissipated in the surips which is conducted through the PFC plate. Power for the
heaters is provided by 900 Wart DC power supply wired in series with the heaters and
with a reference resistance (5 m£2). Current flow is determined from the voltage drop
across the reference resistance and the heat generated is calculated from the current
flow and the voltage drop across the heaters.

/ Lacquer (e=0.93) .
) Meial foil (0.5 mun)
/, Adhesive Polyvmer film
—f—F—— 7 PVC-Plate
% somen omen rom meow et . Thermocoupies
Stainless Stee! Bus Bar

Fig. 2: Schematic diagram of constant heat flux test plate.

2.2 Data Reduction

The local convection heat transfer coefficient of the heated surface is correlated in
terms of the local Mu number. which is defined as

QcDIr
A4,(T, - Tk,

where D), is the hydraulic diameter (D), = 2WH/AW+H)). Here. Q‘. is the net heat
transter rate from the ribbed wall to the air, and is calculated by subtracting the heat
losses (conduction and radiation losses) from the supplied elecirical power. The
electrical power generated from the foil strips is determined from the measured
current flow and the voltage drop across the foil strips. The wtal heat losses. during
the experiments is estimated by:

Qa' - QL'UI." + Qrml' (2)

Q... is the conductive heat loss, which was calculated by assuming one-dimensional

Nu = (1)

heat conduction through the test plate as in Morad [12]. Radiution heat loss. O,.m,.

can be calculated by estimating the radiation configuration factors between the heated
surtace (¢ = 4.935) and other walls of the test section. The approximate magnitudes of
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heat losses were as follows: radiation. /3% and conduction. 2, 3% of the electrical heat
generation.

In Eq. (1). T, is the bulk temperature of air measured using a thermocouple probe.
The inlet bulk air temperature is 23-28°C depending on the test condition. The
projected surface area of the corresponding ribless wall serves as the heat transfer
surface area (A,,) in Eq. (1). By using the estimation method of Kline and McClintock
[13]. the maximum uncertainty of Mu number is less than & 2% for the Re number
range of 12,000 < Re < 60,000. The fully developed average Nusselt number, Nup, is
determined by averaging the local My numbers through the periodicatly fully
developed region.

In fully developed duct flow with mean free stream velocity of air. U,, the Fanning
friction factor [17] was calculated from the static pressure drop across the periodically
fully developed region as:

s Ap ‘Dh i

f= [17] 3)
pUZI2\4P

This friction factor is based on adiabatic conditions. i.e..-testing without wall heating.

Maximum uncertainty of /'is estimated to be less than 7.3% for the case of Re¢ number

range of /2,000 < Re <60.000.
3. RESULTS AND DISCUSSION

3.1 Local Nusselt Number

Figure 4 shows the local Vu number distribution along the axial distance of the ribbed
wall with Re = [2,000. In this figure. the local Nu: number is plotted as a function of
the dimensionless coordinate x/h. The rib pitch to height ratio (#7h) is fixed at value of
6. The local M number along the axial distance starts with a local maximum value at
the immediate region of ribbed-wall inlet. the local Ne number decreases along the
axial distance. Two maximum values of Nu occur at the top of each rib (xh = 6.5.
12.3. 18.3, etc.) and at the reattachment point of the separated How (vh = [0. 16, 22,
etc.). respectively, and two minimum values occur at the separation regions
immediately upstream and downstream of each rib as shown in Fig. 3. which shows
the conceptual view of the flow patterns around the rib-roughened wall. The position
of reattachment point. Xy~ is approximately 3k downsiream of each rib. The Nu
number distribution approaches a periodic fully developed distribution after the third
rib ol the ribbed wall. where the distribution of local Ve number becomes
approximately the same for each rib pitch after /b = 24 (N = 3). as shown in Fig 4.

N=t N=2XN=3 N=d

FIUW Separated flows Reversed flows
Ly
/ )Q// TIIRTTR ST
P A

Reattachmen

(#) Orienation of x- and v-axis () Conceptual Hlow pattern

Fig. 3: Square-ribbed wall investigated
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Fig. 4: Local Nu number distributions along the axial distance.

3.2 Mean Streamwise Velocity

To contfirm the above hypothesis, streamwise mean velocity in the region downstream
of tour ribs (from ¥ =/ to N’ = 4, where ¥ is the rib index) are obtained with a 3-hole
probe measurements in the cold flow condition. The probe insertion location is at a
distance of four rib-heights from each rib rear face (i.e.. ¥y = 4/). where it is believed
to be out of the tlow separation (X, = 7). Measured distribution of mean velocity
ratio. w'l .. is shown in Fig. J, where U/, denotes the free stream velocity. It is
observed that the distribution /U changes significantly afier the first rib to that after
the second rib. The distribution of w/{/- appears to be the same after the third and after
the fourth ribs. as shown in Fig. 5. This means that the flow becomes periodically
fully developed after the third rib.

10 i
Square-ribbed duci. Ph = 6
9 o
N
8- + I
A N-2
7 wa o+
< A -3
6— > Nt ¥ A+
T 5 W oa+
4 - ot
3~ + FA
2 + Pa
| —+av
a T T T T T T

0n "2 0.4 fl.6 LX) 1.4 12 !4
1/ Uo

Fig. 5: Streamwise mean veloeities at several axial positions,
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3.3 Periodically Fully Developed Flow Results

3.3.1 Effects of Rib Type

Prior to ribbed duct experiments for friction factors and heat transter for roughened-
ribbed wall. fully developed friction factors and heat transfer coefficients are
measured for a smooth duct and compared with results given in the literature, as
shown in Figs. 6 and 7. The correlations for comparison includes Blasius equiation for
friction and Dittus-Boelter equation for heat transfer [14]:

f,=0.079 Re™"# Blasius correlation {14] (4)
Nu, =0.023 Re™ pr?® Dittus-Boelter correlation [14] &)

The two equations provide good representations of the data for fully developed
turbulent gas flow in smooth rectangular duct. It can be seen from these figures that
the present fully developed Nu number and friction factors tor smooth tube compared
well with the previous correlations. A fairly satisfactory agreement in the above
comparison has confirmed that the experimental procedure employed is adequate and
the results obtained are reliable. Figure 6 shows the friction factors for different rib
types shown previously in Fig. /(b) for the same ribbed heizht and spacing (P/h = 6).
The square-shaped geometry has the highest value of friction factors because of its
stronger turbulence mixing caused by the ribs. Figure 7 indicates that the Nup
numbers of the triangle- and square-shaped ribs are much higher than the circle-
shaped geometry. It is probably because the turbulence mixing becomes more
significant in the sharp square- and triangle-shaped geometries. Close inspection of
this figure further shows that, it being different from that in Fig. 6. as the heat transfer
tor wriangle-shaped ribs is highest.
square-shaped rib + symore-shaped rib
trivmgle-shaped rib Fay rivimgle-sheped rib
v corvlesciped rib
®

gmuoth dict ieasvrements Sl (TCE sreUsHITIRC IS

+
Fa¥
v circle-shuped rib
®

0020 Rloasins correlution f14] L0 —  Ditux-Bugler ;'_qtgl[.lfm fidt
i % + Pl 5 _‘ ] PhH -
2
v 2 % N
04015 — v 7 & I -
4 2
J 4 + -4
~ i - =7 200 -
- . -
M'\
Hins — ry e
s 0ty — . 1 T : [ . I : T r
U008 3 Skl T Tkt i) RULT TOtH]
= ° Ry = : _ Re
Fig. 6: Friction factor vs Re number for Fig.7: Average Ny number vs Re number

ditferent rib types. for difterent rib types.
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Figures 8 and 9, respectively, show the heat transfer enhancement factors and friction
factor ratios for the three types of ribs investigated as a tunction of Re number. The
heat transfer enhancement factor is calculated by normalizing the average Nup number
for the ribbed wall duct by the average Nu, number for smooth duct given by Eq. (3).
Also. the ribbed wall friction factors are normalized by the friction factors for fully
developed flow in smooth duct calculated by Eq. (4) to give the friction factor ratios.
Je/fi. The enhancement factor decreases continuously with increasing Re number for
square- and triangle-shaped geometries but the triangle-shaped ribs give the highest
enhancement factors, Nup/Nu,, as shown in Fig. 8. The optimum enhancement factor
for circle-shaped rib occurs at approximately Re = +0,000. Figure 9 shows that the
friction factor ratios. fo/fs, for wiangle-shaped ribs are lower than for square-shaped
ribs and the minimum values of fp/f; are for circle-shaped geometry.

41 - PR 3.00
i Pheg + Sipraresshapred 11 o :\_
iy 2l " -
554 N FAY Trrangle-shuped nb +
i ﬁ A \v4 Clirele-shiped rib 275 + = 7
3 + A | + o
- - + iy b
S 254 = 250+ 4 X
= 2 e
= E + 7
% 14
204 =
1o < 235 + Segarre-shiaped rib
v
{.3 z v FAN Trnurgle-siagred rib
1 v cervle-sheped rib
13
Lo . I . , , 200 1 , ; y .
a0 30000 3n0on 70001 100 3HHKH Johon 70040

Re Re
Fig. 8 Nup/Nu, vs Re pumber for different Fig. 9 fo/]. vs Re number for different
rib types. rib types.

3.3.2 EfTects of Rib Pitch to Height Ratio

Figures 1 and [/. respectively, show the heat transter enhancement factor and
friction factor ratio for periodically fully developed flow in a ribbed-wall channel with
square-shaped geometry as a function of Re number for different rib pitch to height
ratios (Ph = 6. 12, and /8). Heat transter enhancement factors and friction factor
ratios are roughly between 3.4 — 1.8 and 3 - 1.3, respectively. times that of the fully
developed smooth duct. For different values of P/, the enhancement factor decreases
and the friction factor ratio increases with increasing Reynolds number. as shown in
Figs. 10 and /]. As observed from these figures. the heat transter enhancement factor
and friction tactor ratio decrease with increasing rib piwch to height ratio because of
less frequency of duct blockages. It is important 1o mention thit the average Vi
numbers presented are based on the smooth wall surface area for the three values of
P/ investigated. Consequently, the magnitudes of the average N number obtained
bv the present work reflects the combined two augmenied Eactors. t.e.. the enhanced
turbulence mixing by distorting the flow fields caused by the presence of ribs. and the
extension in heat transfer surfaces (fin effecty provided by ribs.
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Fig 10: Nup/Nu, vs Re number for different  Fig. 1/: /s, vs Re number for different
rib pitch 1o height ratio, P/h. rib pitch 1o height ratio. P/h.

The friction factor ratio, fp/fs, the rib pitch to height ratio. P%. and the Re number can
be correlated based on the asymptotic technique of Press et al. [15]. Correlation of the
present friction data shown in Fig. // can be expressed in the following form:

fo!lf, =0518Re" (L1 h) "7 (6)
Fignre 12 shows that the uncentainties associated with Eq. (4/ is within /0%. For a
comparison, Hwang's data [6] is invelved. Equation (6) predicts the Hwang's data [6]
within #/3%. as shown in Fig. /2.

Similarly. for the Prandd number, Pr, of 0.7 in the present study. the correlation for
the heat transfer enhancement factors shown in Fig. /0 can be represented by:

Nup/ Nu, =34.976 Re ™' (P/ h)™ " 7

Figure 13 shows that the uncertainties associated with Eq. (7) is within #7%. As
shown in this figure. again, the present correlation predicted well the Hwang’s data

[6] within #//%.
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Fig. 12 fu}. correlation for square-ribbed ~ Fig. /3: Nup'Nu, correlation for square-
duet. ribbed duct.
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3.3.3 EtTect of Rib Conduectivity

it is very instructive to separate the above-mentioned two components that contribute
to heat wansfer enhancement of the rib-roughened wall. i.e.. increase in turbulence
mixing. and extension in heat transfer surface area. For this purpose. the effect of the
rib conductivity on the heat transfer enhancement factor for periodically fully
developed flow is examined and shown in Fig. /4. In this study. wood ribs (k, = 0./
W/m K) instead of aluminum ribs serves as thermally-nonactive turbulators. The duct
with thermally-nonactive ribs provides the worse heat ransfer enhancement factors,
An important conclusion is drawn from this tigure. for the ribbed wall. the thermally
active rib has a higher heat transfer enhancement factors than the thermally-nonactive
rib. This implies that the rib conduction (or increase in surface area) has contributed
significantly to heat transfer enhancement for rib-roughened wall.

101}
b +
3o — A
1 +
o
= 200 + A
- + &
Fay
“+ sepeere-ribbed et P 6
100 A i
+ Thermeldly-uchive e
FAN dhermaliy s e rih
{} T I T I T
HH00 300640 Jnooi N
Re

Fig. 14 effect of rib conductivity on the average Nup number for
periodically fully developed square-ribbed duct

4. SUMMARY AND CONCLUSIONS

The effects of rib shape, rib pitch to height ratio. and rib thermal conductivity,
on heat wansfer and pressure losses in rectangular duct have been examined
experimentally. The main findings trom the experiments are as follows:
1- The flow approaches a periodically fully developed regime atter the third rib
from the duct inlet.

2- Heal transfer enhancement tactor decreases and friction tactor ratio increases
with increasing Re number for square- and triangle-shaped ribs.

3~ The square-shaped ribs have the highest value of friction factor. while the

* triangle-shaped ribs have the highest value of heat wanster enhancement

factor.

4- The heat transfer enhancement factors are greater than the friction faclor ratios
associated with the use of rib-turbulators in the rectangular duets.

3- Heat transfer enhancement factor and friction factor ratio decreases with
increasing rib pitch 1o height ratio because of less frequently of duct
blockages.
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6- The rib conductivity affects significantly the heat wanster enhancement factor.
which increases with increasing rib conductivity.
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