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Experimental study of natural convection heat tfansnside smooth and
rough surfaces of horizontal equilateral trianguleliannels with a uniformly
heated surface are performed. The effect of smanthrough surface of
average roughness, ra = 0,02, on the heat transfer characteristics are
studied. The local and average heat transfer cdefits and Nusselt number
are obtained for smooth and rough channel at diffiéerRayleigh numbers
from 6.45 x 105 to 4.45 x 106. The findings showattthe values of
temperature difference between the inside surfaxckambient air increase
with increase of axial distance from both ends leé thannel until a
maximum value at the middle of the channel. Thelteshow a higher
values of local (Nux) for rough channel along theahdistance compared
with the smooth channel. The average Num of rolgimrel is higher than
Num of smooth channel by about 7%. The resultsirdadlaare correlated
using dimensionless groups for both rough and smautrfaces of the
equilateral horizontal triangular channels.
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NOMENCLATURE
Cross-sectional area’’m q Heat flux, Q/A, Win?
Surface area, m Ra Rayleigh number, Gr Pr
Constant ra  Average roughnesgm
Specific heat of air at constant Ri  Richardson number, Gr/Re
pressure, J/kg K S  Fin spacing, m
Hydraulic diameter of triangular T,  Ambient air temperaturé
channel, m Ts Inside surface temperature of
Gravity acceleration, nf/s triangular channel, K
Grashof number, gDk v2 Tns Average inside surface temp. of
Fin height, m triangular channel, K

Local convective heat transfer Tnt  Mean film temperature, K
coefficient, gAT,, W/nf? K
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hn  Average convective heat transfer X  Axial distance measured from

coefficient, W/M K triangular channel entrance, m
k  Thermal conductivity, W/m K AT, Temperature differenc€l. -T..),C
L  Triangular channel length, m Greek Letters
Nu, Local Nusselt numbehD/k £ Volumetric coefficient of thermal

expansion, ¢
Nu, Average Nusselt numbdi, D/k 4 Dynamic viscosity of air, kg/m s
Pr  Prandtl number,,qu/k v Kinematic viscosity of air, (jp},
2
m-/s
Q  Electric power of main heater, W p  Density of air kg/m

1. INTRODUCTION

Natural convection heat transfer has gained cordilie attention because of its
applications in many practical fields in the aréamergy conservation, design of solar
collectors, heat exchangers, nuclear engineeriogling of electrical and electronic
equipment and many others. The increasing intémedtveloping compact and highly
efficient heat exchangers motivated researchestudy heat transfer from tubes of
non-circular cross section,(elliptic, rectangulsguare, ... etc). Shehata [1] studied
natural convection inside vertical, inclined andibontal annulus tube of radius ratio
of 0.73 with heated inner tube and adiabatic otube. The results showed that the
maximum heat transfer coefficient was obtainedhat tertical position and it was
decreased with decrease the inclination angle. rillatonvection inside open ended
horizontal and vertical annuli of tube with diffateannulus ratio was also studied
experimentally by Sarhan et al. [2]. Correlatiohshe dimensionless group of average
Nun - Ra were obtained for the horizontal and vertmasitions. The results showed
that the cooling by natural convection inside thawdi decreases with the increase of
radius ratio. Abdul-Aziz. [3] studied heat trangigrnatural convection from the inside
surface of a uniformly heated tube at differentlimation angles. The experiments
were conducted in the range of Ra from 1.44 %t&@8.85 x 18, L/D from 10 to 31.4
and angle of inclination from 0 to 75. The maximarerage Ny was recorded for
vertical position. Omara et al. [4] studied expenmal investigation of natural
convection inside horizontal elliptic tube with féifent angle of attack at uniformly
heated surface. The angle of attagkwas varied from 0 to 90 with steps of 15. The
experiments covered a range of Rayleigh number {iRa) 1.45 x 10to 1.78 x 10,
The results show that the angle of attack has m@ifgignt effect on the heat transfer
coefficient. The values of temperature grow up gltime axis of the tube from both
ends until reaching to the maximum value at thedigidbf the tube. Also, the local
(Nu) is increased with the increase af &t the same axial distance. The averagg Nu
is increased with the increase aj &t the same Ra.

Dogan and Sivrioglu [5] studied experimentally timxed convection heat
transfer from longitudinal fins in a horizontal tacgular channel. Reynolds number,
Re, was always about 1500. Experiments were coadufdr modified Rayleigh
numbers 3 x 10< Ra < 8 x 1Band Richardson number 0.4 < Ri < 5. Dimensionless
fin spacing was varied from S/H = 0.018 to S/H 640and fin height was varied from
H:/H = 0.25 to HH = 0.80. For mixed convection heat transfer,rdmilts showed that
the optimum fin spacing which yields the maximunathgansfer is S = 8-9 mm and
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optimum fin spacing depends on the value of Ra.aNa{lstudied natural convection
heat transfer in horizontal and vertical closedraar enclosures with heated
rectangular finned base plate. The study has bg@erienentally investigated at a wide
range of Rayleigh number (Ra) for different fin sipg and fin length values. The
results gave an optimum fin spacing for which Nitseember (Nu) and finned
surface effectivenesg)(are maximum. It has been found that increasingidngth
increases Nyand €); also increasing Ra increases,Nar any fin-array geometries.
Achenbach [7] studied the effect of surface rougknen the heat transfer from a
circular cylinder to the cross flow of air. In hssudy Reynolds number was varied
from 2.2x10 to 4x16. The variation of the roughness parameter was OD< <
900x10. Particular attention has been paid to the tremsifrom a laminar to a
turbulent boundary layer as a function of Reynaldmber and roughness parameter.
Abdlimonem and Michel [8] studied the effect of suwe roughness on the average heat
transfer of an impinging air jet. The roughnesskttite shape of a circular array of
protrusions of 0.5 mm base and 0.5 mm height. €balts indicated an increase up to
6.0% of the average Nusselt number due to surfagghness.

Varol et al. [9] studied natural convection in &mgle enclosure with flush
mounted heater on the wall, the study of naturalveotion heat transfer in triangular
enclosure was analyzed numerically at differenapeaters, including the aspect ratio
of triangle (AR = 1 and 0.6), Rayleigh number awmthdength and position of heater.
The results showed that the flow and temperatwie fare affected by the shape of
enclosure and Rayleigh numbers play an importaet oo them. Both position and
location of heater affect the flow circulation ame&t transfer. Koca et al. [10] studied
the effects of Prandtl number on natural conveciiortriangular enclosures with
localized heating from below. The study has beealyard by solving governing
equations of natural convection in stream functiamticity form with finite-difference
technique. The results showed that computation® warried out for dimensionless
heater locations (0.15 s< 0.95), dimensionless heater length {0 <0.9), Prandtl
number (0.0K Pr< 15) and Rayleigh number (18 Ra< 1(). It is observed that both
flow and temperature fields are affected by vasmatof Prandtl number, location of
heater and length of heater as well as Rayleighbeunvarol et al. [11] studied
numerically analysis of the entropy production doefree convection in partially
heated isosceles triangular enclosures from belodr symmetrically cooled from
sloping walls, having inclination angle of 38°0 < 60°. The results showed that for
Rayleigh number (f0< Ra< 8.8 x 16). Dimensionless entropy production number
increases with increasing of Rayleigh number andreimsing of sloping wall
inclination angle of the triangular enclosure. Anrease in Rayleigh number decreases
the Bejan number. Nusselt number increases witteasing of Rayleigh number and
length of heater.

In the present work natural convection heat trangfeough horizontal open
ended equilateral triangular channel is experinignsaudied. The effect of the inner
surfaces roughness is taken into considerations.

2. EXPERIMENTAL SET UP AND TEST PROCEDURES

The experimental test rig is shown diagrammaticatlyFig. 1. It consists of a
horizontal equilateral triangular channel (testie®} mounted on a frame.
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1- Triangular channel.
2- Thermocouples.

3- Asbestos layers.

4- Frame.

Fig. 1. Experimental setup

The equilateral triangular channel of length 500 mmade from copper of
1.5 mm thickness. The outer surface of the trisaxgahannel is completely covered
with an electricity insulating tape as shown in.FRAgA nickel-chrome wire of 0.4 mm
diameter is uniformly wound to form the main healigre main heater is covered with
an asbestos layer of 45 mm thickness surroundeshbther nickel-chrome wire of 0.4
mm diameter was wound uniformly to form a guardtbeaThe guard heater is
covered with a 30 mm thick asbestos layer. Twospafithermocouples are installed in
the asbestos layer between the main heater arglithvd heater. The thermocouples of
each pair were fixed on the same radial line. Thardj heater is adjusted so that, at
steady state, the readings of the thermocouplesacii pair became practically the
same. Thus, all the energy generated by the matehshould be flown inward to the
triangular channel.

= W N =

1. Triangular channel. 2. Electricity insulation. 3. Main heater.
4. Asbestos layers. 5. Guard heater. 6. Aluminium strips.
7. Pair of Thermocouples. 8.Thermocouples.

Fig. 2. Heaters arrangement
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The inner surface temperature of the triangulamobhis measured by 15
chromel-alumel thermocouples of 0.4 mm diametedeseld in slots milled along the
axial and circumferential directions. The distributiontbérmocouples is located for
five measuring stations for each face at axialagists of 50, 150, 250, 350 and 450
mm from one end of the triangular channel as shiowtig. 3.
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Fig. 3. Distribution of the thermocouples on thartgular channel

The ambient air temperature was measured by twontieouples fixed at the
triangular channel ends. All temperatures are nredsoy digital thermometer capable
of readingt0.1 C. The input electric power was regulated I&/pgower variance and is
measured by a digital wattmeter with a resolutibe@01 W. The experiments were
conducted with the test section in a closed rodnn2.x 2.5 m of plastic transparent
walls to prevent currents of air. The measuringrimeents are mounted outside of this
room. The input electric power to the main heaearantrolled and changed by the AC
variac for each experiment. The steady state condibr each run was achieved after
3 — 4 h approximately. The steady state condittonansidered to be achieved when
the temperature reading of each thermocouple washanged by more than +0.5 C
within 20 min. When the steady state condition watablished, the readings of all
thermocouples, the input power, the inside surfecgperatures of triangular channel
and the ambient air temperature were recorded.

Two equilateral triangular channels one has a smsotfaces and the second
has a rough surfaces of 008 roughness were used for the present study.

3. UNCERTAINTY ANALYSIS

Generally, the accuracy of the experimental resig{sends upon the accuracy of the
individual measuring instruments and the manufactuaccuracy of the triangular
channel. Also, the accuracy of an instrument istéichby its minimum division (its
sensitivity). In the present work, the uncertaigtie both the heat transfer coefficient
(Nusselt number) and Rayleigh number are estimdgdusing the differential
approximation method. For a typical experiment,ttital uncertainty in measuring the
main heater input power, temperature differens&.) heat transfer rate and the
triangular channel surface area were +0.2%, +0824/% and +0.23%, respectively.
These are combined to give a maximum error of +3iB%eat transfer coefficient
(Nusselt number) and a maximum error of +4.7% igl&@gh number.
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4. DATA REDUCTION

In the present work, the local heat transfer cosdfit, h,, between the inner surface of
the triangular channel and the air inside the gidar channel is calculated from Eq.
(2).

he=q/(Ts—T) (1)

The temperature difference between the inner saidéthe triangular channel
and the air inside the triangular channel is gign
ATs= (Ts=T,) (2)
The corresponding local Nusselt number, Nu is dated from Eq. (3).
Nu, = hy x D/k 3)

The average heat transfer coefficient betweenrherisurface of the
triangular channel and the air inside the triangabannel is calculated from the
following equation:

h _ 1 ex=L d 4
m= T Jeeo h, dx (4)
Also, the average inner surface temperature isitzéd from Eq. (5)

1 x=L
Tms= Lo T, dx (5)
The corresponding average Nusselt numbey ilealculated from Eq. (6).
Num = hp x D/K (6)
The Rayleigh number Ra is calculated from Eq. (7).
Ra = Gr x Pr (7)
The physical properties are evaluated at the mandmperature, as in [12] as:
Tt = (Tms+ Tw)/ 2 (8)

5. RESULTS AND DISCUSSION

The results obtained in this work are the tempeeatiistribution on the inner surface
of the triangular channel, local Nu and averagg, BuRa values from 6.45 x 1
4.45 x 16, for smooth and rough channel (average roughpes8.02um).

5.1. Temperature Distribution

The measurements of the temperature on the inmircsuwof the triangular channel for
all the experiments showed that the variation mgerature readings is only axially.
Generally, the maximum difference in the tempermt@adingsATs for a horizontal
triangular channel occurs at the middle of the deafor different heat fluxes.

Figure 4 shows a parabolic variation of the temjppeeadifference AT;) with
axial distance (x) for inner smooth surface. Theeginents were performed at
different values of Ra from 6.45 x Z0Ra< 4.33 x 16. The surface temperatures are
gradually increased from both ends of the triangahannel with a maximum value at
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the middle point of the triangular channel. The agah shape of all the curves gives
symmetry around the middle point of the triangulhannel. The reason for this shape
of AT<x curves is contributed to growth of the boundager from both ends along
the axial distance.
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——q=51W/m? -—®-q=108.2W/m? ——q=186.1W/m?
|| > qg=284.8W/m? —q=404.6 W/m? —e—(q=545.2W/m?
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Fig. 4.Variation of surface temperature differe(w&;) with axial distancex) for
smooth channel at different values of heat flux.

Figure 5 shows a comparison between the temperditfezence AT,) for
rough and inner smooth surfaces along the axidhmie at q = 404.6 W/mThe
temperature difference variations along the axislatice represent similar parabolic
curves with low values for rough surface. The lawealues of the temperature
difference for the rough surface would be occurlee to increase in the effective
inner surface area due to its roughness; or caxplkined by the increase in the heat
transfer coefficient while heat flux is constant.

5.2. Local Nusselt Number, Nuy

Figure 6 illustrates the variation of local Nusseitmber (Ny) along the axial distance
of the triangular channel at the different heakds. The local Nusselt number (Ju
has a maximum value at both ends of the triangtit@nnel, and then is decreased
gradually until it reaches to a minimum value a thiddle of the triangular channel.
This can be explained by the growth of the boundaygr from both ends toward the
middle of the triangular channel causing the desweaf the convective heat transfer
coefficient and consequently decreases the tlwards the middle of the triangular
channel.
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Fig. 5. Comparison between smooth and rough chamm@iT,) with axial distance
(x) at g = 404.6 W/h
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Fig. 6. Variation of the local Nusselt number (Nwith axial distance along the
channel (x/L).
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Figure 7 shows a comparison between the local fdu inner rough and
smooth surfaces along the axial distance at q =6404nt. The local Ny values vary
along the axial distance in a form of parabolicvesrwith higher values for the rough
surface. The lower values of the local ,Nuumber for the inner smooth surface
compared to those values obtained for the rougfasairare attributed again to the
relative increase in the heat transfer coeffic@ahg the axial distance.

13

q = 404.6 W/nf
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= /
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57 —=— Rough channel

—a&— Smooth channe

3 T T T r
0} 0.2 0.4 0.6 0.8 1
X/L
Fig. 7. Comparison between smooth and 2rough chamiiilu,) with (x/L) at q = 404.6

W/nmr.

The variation of the average Nusselt humber,,Nuith Ra for smooth and
rough channels is shown in Fig. 8. The value of, kereases with the increase of Ra
for smooth and rough inner surfaces. Also, comgaNm, versus Ra for smooth and
rough inner surfaces shows that,Nwalues for rough surface are higher than,Nu
values for smooth surface.

5.3. Correlation of the Results

The experimental results were fitted using powgrassion in the following form:
Nun = C Rd 9)
WhereC andn are constants.
Evaluations of the empirical correlations for bsthooth and rough surface
channels are as followings:
For smooth channel  Mw 0.014 R&*  6.45 x 18< Ra< 4.33 x 10 (10)
For rough channel {= 0.02um) Ny = 0.015 R&* 6.51 x 18< Ra< 4.45 x 16 (11)
Equations (10) and (11) represent the general isqufdr natural convection
inside horizontal equilateral triangular channels8.45 x 16< Ra< 4.45 x 16. The
calculated data from Equations (10) and (11) ofaherage Nusselt numbéeXy;c.)
are plotted against experimental data of the ageMNigsselt numbeNuyex) in Fig. 9
(@) & (b). As noted from figure, the maximum deioatbetween the experimental data
and the correlated equations are +5.4% for smobdmmel and +8.2% for rough
channel.
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Fig. 9. Averagéunc, Versus Averag®lumex,for smooth and rough horizontal
triangular channels.
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6. COMPARISON WITH THE PREVIOUS WORK

Comparison of the present work with that of Sarkaml. [3], Omara et al. [4] and

Varol et al. [9] is shown in Fig. 10. The preseesults of natural convection inside
horizontal equilateral triangular channels (smodtiannel and rough channel) have
lower values than the results of Sarhan et al. f{8] natural convection inside

horizontal annuli of circular tube and Omara e{4lland for natural convection inside
horizontal elliptic tube. But the results of Nior present work (triangular channels)
are higher than the results of Varol et al. [9]riatural convection in triangle enclosure
with aspect ratios (AR = 1 and 0.6).

12
D=0.05m&L=05m
10
8 ]
D=004m&L=0.5n
5 6
=2
4] —e— Omara et al [4] (Elliptic tube)
D=0.06m &L =0.06m|—® Sarhan et al [3] (Annuli of circular tube)
—a— Present work (Rough channel)
2 —e— Present work (Smooth channel)
—¥— Varol et al [9] (Triangle enclosure, AR=0.6
—a— Varol et al [9] (Triangle enclosure, AR=1)
0 ‘ ‘ . .
0 3 6 9 12 15 18

(Ra x D/L)x10"

Fig. 10. Comparison of the present work versus &@uagt al. [3], Omara et al [4] and
Varol et al [9].

7. CONCLUSIONS

Natural convection heat transfer through the insiddace of a horizontal triangular
channels with a uniformly heated surface is ingadtd experimentally. The average
roughness of rough channel wag £r0.02um). The experiments covered a range of
Rayleigh number, Ra from 6.45 x°16 4.45 x 16, The local and average heat transfer
coefficients and Nusselt number are estimated fooagh and rough channels at
different values of Rayleigh numbers. The followimgin points can be drawn from
this study:
* The value of the local Nuin rough channel is higher than Nin smooth
channel.
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« The values of temperature difference between théas and the ambient
increase with the increase of axial distance froth lends of the channel until a
maximum value at the middle of the channel.

* The average Nuincreases with increasing Ra as expected.

» The average Nuyof rough channel is higher than Naf smooth channel and the
results indicated an increase of up to 7% of trerage Nusselt number due to
surface roughness.

e Correlations of Nusselt number for natural conwettinside open ended
horizontal triangular channels (smooth channelrangh channel) are presented
[Egs 10 & 11]respectively.
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