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ABSTRACT

Experiments were carried out to study the local and average heat transfer by mixed convection to a
simultaneously developing air flow in a horizontal . inclined, and vertical concentric c¢ylindrical
annulus. The experimental sctup consists of an annulus has a radius ratio of 0.555 and inner
cvlinder with a heated length 1.2m subjected to the constant heat {lux while the outer cylinder is
subjected to the ambient temperature. The investigation covers Revnolds number range from 154 to
845, heat (lux varied from 96 W' to 845 W/m®, and annulus angles of inclinations ¢ =0°
(horizontal), 40°, 70°, and 90° (vertical). Results demonstrate the temperature variation along the
imner cylinder surface and the local Nusselt number Nu, variation with the dimensionless axial
distance . for all angles of inclinations which shows an increase in the Nu, values as the heal flux
increascs and as the angle of the inclination moves from the vertical to the horizontal position.
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INTRODUCTION

Laminar flow heat transfer in annuli is encountered in a wide variety of ¢ngineering situations,

including the barrel- type expitaxial reactor ( chemical vapor deposition reactor) in the semi
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conductor manufacturing industry (Hanzwa 1986), heat exchangers designed for viscous liquids in
chemical process and food industries (Hessami 1987), the cooling of electrical cables, the collection
of solar energy (Ciampi 1987), etc. In many of these applications, flow through the annular passage
is characterized by small Reynolds numbers for which buoyancy effects may be significant, Even
though such applications are now being used widely, there is a lack of understanding of many
details of laminar flow and heat transfer physics concepts, The difficulties with laminar flows are
associated with the fact that fluids which in practice are in this flow regime usually have properties
which are strongly dependent on temperaturc. As a result, to cover this lack, the present study is
motivated and concerned with the experimental investigation of laminar mixed convection in the
thermal and hydrodynamic entrance region of concenlric annulus with uniformly heated inner
cylinder, and outer cylinder subjected Lo ambient.

Many experimental and theoretical investigations have been conducted to study the effect of frece
convection on  laminar  flow inside horizontal. inclined, and wvertical annulus.-
(Lundberg, et-al 1962). studied experimentally and theoretically the mixed convection of
simultaneously developing laminar upward air {low in a vertical annulus, The experimental study
included four annulus radius ratios (0.132, 0.25, 0.375, and 0.5).The thermal condition of the inner
wall was isothermal and the outer wall was adiabatic, while Re varied from 800 to 1500. Variation
of the inner surface temperature and the heat transfer coefficient along annulus were depicted.
While the theoretical study included evaluation of the four fundamental solutions in the thermal
energy regions by solution of the eigen value problem.

(Hanzawa, ¢t-al 1986), performed experiments to study the mixed convection of upward gas flow in
a vertical annulus of radius ratio range from 0.39 to 0.63 und hydraulic diameter to heating section
length range from 0.34 to 1.4 . A part of the inner tube was i1sothcrmally heated while the outer tube
was kept adiabatic. Study covered Gr range from 1.5%107 10 2.6%10°, Re range from 20 10 100. The
effects of operating conditions on the temperature profiles, flow pattern and heat wansfer coc{ficicnt
were investigated, (Falah & Yascen 1993) performed experiments to study the local and average
heat transfer by mixed convection to a simultaneously developing upward air flow in a vertical |
inclined and horizontal concentric cylindrical annulus with a radius ratio of 0.41 and the inner
cylinder with a heated length of 0.85 m1 was subjected to the ambient temperature, The investigation
has covered Re rangc from 300 to 1200, heat flux varied trom 90 W/m? to 680 W/m® and annulus
angle of inclination 0°(vertical), 30°. 457, 60° , and 90° (horizontal). The results show that the heat
transfer process improves as the angle of inclination deviates from the vertical to the horizontal
position.

EXPERIMENTAL APPARATUS

An open air circuit was used which included a compressor (B) , orifice plate section (C), settling
chamber (D), test section and a flexible hose (E). The air which is driven by compressor can be
regulated accurately by using two control valves, as shown diagrammatically in Fig. (1). The air
induced by the comnpressor , enters the orifice pipe section (Standard British Unit) and then scutling
chamber through a flexible hose (E). The settling chamber was carelully designed to reducc the
flow fluctuation and to get a uniform flow at the test section entrance by using flow straightener
(G). The air then passed through 1.2 m long test section. A symmetric flow and a uniform velocity
profile produced by a well design Teflon bell mouth (I) which is fitted at the annulus outer
aluminum cylinder (1) and belted inside the settling chamber (D). The inlet air temperature was
measured by one thermocouple (J) located in the settling chamber (D) while the outlet buik air
temperature was measured by three thermocouples (Z) located in the test section exit. The local
bulk air temperature was calculated by using a straight line interpolation between the measured inlet
and outlet bulk air temperature.

The test section consisted of 4 mm wall thickness, 50 mm outside diameter and 1.2 m long
aluminum cylinder (K) located centrally in 5 mm thickness , 90 mm inside diameter and 1.2 m long
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aluminum cylinder, by fitting it at the test section infet with the 20 mm inside diameter . 50 mm
outside diameter and 15 mm long Teflon tube (N) and at the test section exit with the teflon picce
(M). A ring (P) is used to hold and support the aluminum cylinder (K} with the teflon piece (N)
centrally inside the settling chamber by adjustable screws ((Q). The (eflon was chosen because of its
low thermal conductivity t order to reduce the heat loss from the aluminum cylinder ends.

The inner cylinder was heated electrically using an clectrical heater which consists of a nickel-
chrome wire ®, wound as a coil spirals around solid teflon tube and is covered by a 2 mm
thickness asbestos layer , and the space between the asbestos and the inner cylinder wall is {itted
with a fine grade sand to avoid hecat convection in it and to smooth out any irregularities in the heat
flux. The hole apparatus 1s designed with a view to obtain a good concentricity of the core cylinder
and the containing cylinder, The temperature of the outside surface of the inner cylinder was
measured by seventeen asbestos sheath alumel-chromel (type K) thermocouples , arranged along
the cylinder , the measuring heads of the thermocouples were made by fusing together the ends of
LWO wires.

The thermocouples were fixed by drilling holes of 1.5 mm diameter in the cylinder wall and the
ends of the holes chamfered by a 3 mm slug to locate the measuring junctions which were then
fixed by a high temperature application Defcon adhesive . The excess adhesive was removed and
the cylinder outer surface was cleaned carefully by fine grinding paper. All the thermocouples wires
and heater terminals were taken out the test section through both teflon pieces (N,M) .

On the other hand . therc were twelve thermocouples placed in three sections along the inner
cylinder of the annulus {(at z=1 cm, 53 em, 108 ecm } , four for each section arranged at angle

(¢:O°, 90°, 1807, 2707) around the inner ¢ylinder. Other ten thermocouples were (type K) used (o

measure the inner surface temperature of the annulus outer cylinder (I). Thermocouples positions at
the outer sucface were located and then a 2 mm dceep pits were drilled in which the thermocouples
were fixed by Defcon adhesive. All thermocouples were used with leads . the thermocouple with
lead and without lead were calibrated against the melting point of ice made from distilled water and
the boiling points of scveral pure chemical substances. To determine the heat loss from the test
section ends, two thermocouples were {ixed in each teflon piece. The distance between thesc
thermocouple was 12 mm. Knowing the thermal conductivity of the teflon , the ends condition
could thus be calculated.

EXPERIMENTAL PROCEDURE

To carry out an experiment the following procedure was followed:

1- The inclination angle of the annulus was adjusted as required.

2- The compressor was then switched on te circulate the air , through the open loop. A regulating
valves were used for adjusting the required mass flow rate,

3- The electrical heater was switched on and the heater input powcer then adjusted to give the
required heat flux.

4- The apparatus was lcft at least three hours to establish steady state condition. The
thermocouples rcadings were measured every half an hour by means of the digital electronic
multimeter until the reading became constant , a final rcading was recorded. The input power to
the heater could be increased to cover another run in a shorter period of time and to obtain steady
state conditions for next heat flux and same Reynolds number. Subsequent runs for other
Reynolds number : ad annulus inclination angle ranges were performed in the same previous
procedure.

5- During each test run , the following readings were recorded:

a-  The angle of inclination of the annulus in degree.

b-  The reading of the manometer (air tiow rate ) in mm Hso.

¢-  The readings of the thermocouples in “C.

d-  The heater current in amperes.
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¢- The heater voltage in volts.

DATA ANALYSIS

Simpiified steps werc uscd to analyze the heat transfer process for the air flow in an annulus where
the inner cylinder was subjected to a uniform heat flux while the outer cylinder was subjected to the
ambient temperature. The total input power supplied to the inner cylinder can be calculated:

Qv Al ()
The convection and radiation heat transferred from the inner cylinder is -

Qer=Qi- QcoTu' (2)

~

where Qgung 15 the conduction heat loss which was found experimentally equal to 3 % of the input
power. The convection and radiation heat flux can be represented by:

Qer™ Q/A] (3)

where (A; =21, L)

The convection heat flux , which is used to calculate the tocal heat transfer coefficient is obtained
after deduce the radiation heat flux from g value. The local radiation heat flux can bc calculated as
follows:

ql_ :F],ag Ol.((ls)z+273)4 “((132)Z+273)4j (4)

where: _
F.o= view factor between inner and outer cylinder =1
(ls)z: local temperature of inner cylinder.

(152) = average temperature of outer cylinder.
2L

¢ = emissivity of the polished aluminum surlace=0.09.
Hence the conveetion heat flux at any position is:

q = Ger— g (5)

The local heat transfer coetficient can be obtained as:

I
()~ (),

(tb)Z: Local bulk air temperature.

(6)

Zz

All the air properties were evaluated at the mean {ilm air temperaturc (Keys 1966):

_ (15)2 + ([blz_

(1), .

(7

.- Local mean film air temperature.

tp
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The local Naisselt number (Nu,) then can be determine as:

h Dy,
Nu,= ~&—= P (8)

The average values of Nusselt number Ny, can be calculated based on calculation of average inner
surface temperature and average bulk air temperature as follows;

— 1z=L 9

tS = E Zio (IS)Z dz ( )
ey z=L

t =»]jzi0 (tb)Z dz (10)
L+t

tf == (1n

D
Nup,= q_ h (12)
k(t -t

u. D
Rey= P i b (13)
1
g B D (t, —t
Gty = a2l el (19)
Y
p Cp
Pr, = . 15
Ra,=Gry, . Pry, {10)
where:
B=1/73+1 )
u. =m/pA
22
A=mu (\12 - J
All the air physical properties p, u. v, and k were cvaluated at the average mean film temperature
(t)
f‘.

EXPERIMENTAL RESULTS

Range of Experiments
A total of 46 test runs carried out to cover annulus inclination angles, horizontal (¢«=0°), inclined

(a=40° and 70" and vertical (¢=90°). The range of heat flux 96 W/m” to 860 W/m* and Reynolds
number varied from 154 to 845,
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Temperature Variation

The temperature variation in the horizontal position is plotted for sclected runs in Figs. (2) and
Fig, (3). The variation of the surface temperature along inner cylinder for different heat flux and for
approximately Re=218 is shown in Fig. (2). It is obvious that the surface temperature increases at
the stage 0[ entrance and attains a maximum point after which the surface temperature begins to
decrease at high heat flux and be almost constant for very small heat flux. The rate of surface
temperature rises at early stage is directly proportional to the wall heat flux. The point of maximum
temperature seems to move toward the annulus entrance as the heat flux increases. This can be
attributed to the incrensing of the thermal boundary layer faster due to buoyancy effect as the heat
flux increases at the same Reynolds number.

Fig. (3) shows the effect of Reynolds number variation on the inner cylinder surface temperature for
heat flux (g=682 W/m?), It can be noticed that, the increasing of Reynolds number reduces the
surface temperature as heat flux kept constant and the surface temperature values at entrance and at
the same axial distance seem to be closer to each other then diverges downstream. This can be
attributed to poverty of natural convection at annulus entrance and high mixing cup downstrean.
The variations of surface temperature along the axis of vertical annulus for different Reynolds
number and heat flux equals to 265 W/m?® and for different heat flux and Reynolds number equals to
724 are shown n Fig. (4) & Fig. (5). respectively. The effect of heat flux and Reynolds number on
the mner cylinder temperature variation is the same as that obtained in the horizontal and inclined
positions, _

The extent of mixed convection depends on the relative magnitude of the heat flux and Reynolds
nnmber for the same angle of inclination. When heat {lux and Reynolds number arc kept constant,
the extent of local mixing due to the buoyancy effect in a horizontal annulus is larper than other
annulus angle of inclination. It can be expected that for the same condition of flow rate and input
heat flux, the inner surface temperature variation along the annulus decreases as the angie of
inclination changes from vertical to horizontal position.

Angle of Inclination Effect on the Temperature Distribufion

The effect of inclination angle on the inner cylinder temperaturce variation for g=680 W/m? and
Re=300 1s shown in Fig. (6). Figure shows a reduction in surface temperature as the annulus angle
of inclination changes from vertical to horizontal position. This reduction slightly reverses
downstream if the angle position changes from 0° (horizontal) to 40° and Reynolds number
increases to 724 beeause of dominant forced convection in the heat transfer process as shown in
Fig. (7).

T'his behavior entirely reverses if the Reynolds number increases to 845 at the same heat tlux as
shown in rig. (8). The temperature variation along the surface at the same axial distancc is
approximately the same for a=70° and 90° (vertical). and slightly decreases upstream and reverses
downstream as angle of inclination changes from 07 (horizontal) to 40°. The final behavior can be
explained as follows: at annulus entrance, the effect of free convection is small and a predominant
forced convection causes the surface temperature of the 70° and 90° (vertical) angle of inclination
less than that of 0° (horizontal) and 40° angle of inclination. after a certain axial distance a
significant reduction in the inner surface temperature as the inclination angle changes from 0° to 40°
due to the free convection begins to dominant (low mixing which reduces the inner surface
temperature, This behavior leads to the following conclusion that the heat transfer process improves
as the angle of inclination varied from horizontal to vertical when Reynoids number is enough high
because of the dominant forced convection in the heat transfer process and vice versa at low
Revnolds number case. The increasing of heat flux decreases forced convection effect and the
natural convection will be the dominant factor in the heat transter process.
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Local Nusselt Number (INu,)

The effect of heat flux on the Nu, in the horizontal position for Re=218 1s shown in Fig. (9. It is
clcar that the vesults of higher heat flux for Nu, were higher than that of lower heat flux. Figure
shows also sharp decrease for the local Nusselt number values at the entrance of the annulus then
become almost constant downstream for low heat flux (q=96 W/m?) and increases as heat flux
increases. This attributes to increase in both the thermal boundary laver thickness and the surface to
bulk air temperature differcnce which accompany with an increase in the surface heat flux and that
accclerate the development of secondary tflow downstream.

The effects of Re on Nu, variation with ZZ is shown in Fig. (10) for heat flux equal to 679 W/n®
respectively. For constant heat flux, results depicted that the deviation of Nu, value moves towards
the left and increases as the Reynolds number increascs, This is obvious from inverse Graetz
number (ZZ) which decreases as the Re increases, This situation reveals the domination of forced
convection on the hea’ transfer process with a little eftfect of buoyancy force at high Re. As the Re
reduces the buovancy effect expected higher which improve the heat transfer process. The
minimum value of the Nu, increases as Re increases then the value of Nu, increases [urther
downstream for all curves due to strong natural convection in this region.

In horizontal annulus, the effect of the secondary flow is high, hence at low Reynolds number and
high heat flux. situation makes the free convection predominant, since as the heat flux increases, the
fluid ncar the heated wall becomes warmer and lighter than the bulk fluid in the annutar gap core
towards the outer wall. As a sequence, two upward currents for each side of the vertical plane flow
along the heated side wall, and by continuity, the fluid near the outer wall of the annulus tlow
downward. This sets up two longitudinal vortices, which are symmetrical about a vertical plane .

As heat flux further increases the structure of the cellular motion changes from one-cell on cach
side of the =nnulus to two and gradually into a multi-cell structure. It is expected that the intensity
of vortex increases downstream. The longitudinal vortex (or, in another express, the cellutar
motion) behaves so as to reduce the tempcerature difference between the heated inner cylinder
surface and the air flow in which led to increasing the growth of the hydrodynamic and thermal
boundary layer along the heated cylinder and causes an improvement in the heat transfer
coefticient. At low heat flux and high Reynolds number the situation makes forced convection
predominant and vortex strength decreases which decreasc the temperature difference betwecen the
heated surface and the air, hence, the Nu, values become close to the vertical eylinder values for the
same conditions as be seen later.

The variation of the local Nusselt number with ZZ in the vertical position for Re=724 and various
heat flux i1s shown in Fig.(t1). Cuwcs depicted have the same gencral shape shown in Fig. (9). The
effect of Re on Nu, for q=382 Wim?® and the same position is shown in Fig. (12). Results reveal that
the effect of heat flux and Reynolds number on heat transfer coefficient in vertical position gives a
similar trend as obtained for horizontal position,

Angle of Inclination Effect on Nu,

Re%uits for g=680 W/m* and Re=300, 724, and 845 are shown in Fig. (13), Fig. (14), and Fig. (15):
respectively. It is noticed {rom the first two figures that at the same axial distance the local Nusselt
number value increascs as the angle of inclination deviates from the vertical to the horizontal
position. As explained before that with the free convection domination, for horizontal position
creates upward airflov along the inner heated eylinder surface to form vortices having their center
in the annulus upper part with the very complicated flow pattern and with the vortex intensity
reduces as the angle of inclination change from horizontal to vertical position leading to increase
the extent of the local mixing along the annulus due to high vortices intensity. As a result . the heat
transfer process improves as angle of inclination deviates from vertical to horizontal position.

Other reverse situation will be obtained if the Reynolds nuunber increases to 843 at the same heat
flux as shown in Fig. (15). For the same ZZ the Nu, value increases gradually as the inclination
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angle deviates from the horizontal to the veriical position. This behavior continues till a certain Z7
value (0.0103) where beyond it the Nu, value becomes more closcr to cach other, and gives
approximately equal value for each 0=[0" (horizontal) and 40°] and «=[70° and 90° (vertical)].

[n general, this situation relates to the small buoyancy effect at annulus entrance and a pure forced
convection 1s dominant heat transfer process. Downstream, the secondary flow becomes more
effective which improves the flow mixing and improves the heat transfer process which appears to
be higher in the horizontal position and it’s effect reduces as the annulus position deviates towards
vertical position. As a result, the Nu, valuc becomes closer to each other at this region at the same
L7

Fig. (16) and Fig. (17) show the effect of angle of inclination on the heat transfer processes for
q=265 W/m?, Re=154 and 378; respectively. Fig. (17) gives the same behavior that obtained m
I'ig. (14), huat the problem is in Fig. (16) which at the carly sight may causes a distortion in a
physics concepts that concluded from the previous figures of the local Nusselt number. Hence, if
the light is perfectly focused on this natural behavior, the problem will be entirely understood. In
this figure, in spite of low Reynolds number the local Nusselt number value at the entrance for the
same 77 increases gradually as the inclination angle deviates from the horizontal to the vertical
position, then becomes closer to each other in the region bounded between scmi-logarithmic value
of Z7Z=0.1 and 0.109, then a reverse situation occurs further downstream, and the Nu, value
becomes higher as the angle of inclination deviates from the vertical to the horizontal position.

This situation may be expected to occur duc to a reverse flow existence at the entrance in a=40" .
70°, and 90° (vertical) due to high heat flux relative to Reynolds number creatcs a distortion in flow
pattern and makes the air particals reverse near the heated wall due 10 very low density if
comparison with these in the annular gap. The reverse flow enhance the heat transfer process and
gives high Nu, value. Further downstreain the natural convection in horizontal and inclined
positions will be stronger in that of vertical position leads to improve of heat transfer process in this
positions greater thun vertical position.

Correlation of Average Heat Transfer Data

The values of the Nu,, for horizontal (a=0%), inclined (¢=40", 70 ), and vertical (¢=90°) positions
are plotted in Figs. (18-21) in the form of log(Nuy,) against log(Ra/Re) for the range of Re from
154 10 845, and Ra from 0.4767x10° to 1.3261x<10". All the points as can be seen are represented
by a straight lines of the following equations:

a=0" (horizontal) Nup=259.402 (Ra/Re) " (17)

a=40° N, =265.199 (Ra/Re) ™91 (18)
a=70° NUp=326.960 (Ra/Re) 7103 (19)
0=90° (vertical) Nu,y=476.150 (Ra/Re) 777 (20)

{t was shown (hat the heat transfer equations for all the positions have the same following
form:

Nup= a (Ra/Re)" (21)
Where a and d are given in Table (1)

The values of d whicl: represent the slope of each curve decrease as the inclination angle deviates
from horizontal to vertical position due to decreasing of the buoyancy cffect.
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The generai equation that described the heat transfer process for a selected Re range from 154 to
845 and Ra range from 0.4767<10° to 1.3261x10" and inclination angle range from 40° to 90°
{(vertical) was derived in the following form:

(Nug)ine, =32.371 (Ra) % (R [sin(a)] 771 (22)

The values of measured Nuy, are comparcd with that of Nu, calculated from eq.(22) as shown in
Fig.22 which are represented by the solid line. The dashed upper and lower lines represent the
maximum and minimum acceptable deviation between them which equal 1o =15.3 %.

CONCLUSIONS

I- The variation of the surface temperature along the inner cylinder at all angles of inclinations is
affected by the extent of the local mixing which increases as the heat lux increases, Re decreases
and annulus orientation deviates from vertical to horizontal, The increase of local mixing causes
an improvement in the local heat rans{er proccss and reducing the heated surface temperature.

2-The varition of Nu, with 77 at any angle of mclhination was affected by many variables
summarized in the following points:

a- Forthe same Re and annulus orientation, the Nu, increascs with heat flux.

b-  For the same heat flux and annulus orientation, the heat transfer process is dominated by:

i- Forced convection as Re increases and becomes relatively high if comparison with the applied
heat flux.

ii- Natural convection as Re decreases and becomes low relatively if comparison with the applied
heat flux.

¢. For the same heat {lux & Re . the Nu, value decreases as cylinder position changes from

horizontal towards vertical (i.e., the minimum valuc occurs in the vertical position and the

maximun value oceurs in the horizontal posttion).

3. The effect of buoyancy is small at the annulus entrance and increases in the {low direction,
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NOMENCLATURE

A 1 annular gap area; m*

Aq:inner cylinder surface area; m*

Dyp: hydraulic diameter=2(ra-ry): m

[: current; Amp

k : thermal conductivity; W/m®.°C

L: annulus !zngth; m

m : volumetric flow rate; m’/s
(Nupy)ine.: mean Nusselt number at any angle of inclination
(Q: convection heat loss; W

Q. total heat given; W

Q.. convection- radiation heat loss; W
g radiation heat flux; W/m?.°C

q: convection heat flux; W/mn'.°C

11 outer radius of inner eylinder; m

ry; inner radius of outer cylinder; m
V™ voltage; volt

Table (1) Constants in Eq.(21) for Various Angles of Inclination.

o a d
0° (horizontal) 259.402 -0.389
4Q° 263.199 -0.40147
70° 326,96 —0.413693
90° (vertical) 47605 050374
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