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ABSTRACT

-nments were conducted to study the local and aver: age heat transfer by mixed convection for
namically fully developed but thermalls 3 J-_--..mr-nm laminar air flow

der. The experimental sefup using an _'Ill..._'ll num cylinder
smeter and 900 mm heated length (I/D=

o 7} II.-_ ifvest |c.u|u1 covers Reynol I

in horizontal circular
as test section with 30 mm inside
. 15 subjected to a constant wall heat flux boundarm,
number range from (400 to 1600). heat lux varied
60W/m* to 400W/m>and by using an aluminum entrance seetion pipes (calming sections)
g the same inside diameter as test section pipe but with variable lengths as entrance sections
nce sections included a Im - '...II'IIL,_ section of length 240 cm (L/D=80) an
ng sections with lengths 60 em  (L/D=20), 120 cm (L/D=4()
results present the

I twor shorl

temperature variation along the cyling Iur 51 er

and the local and averas =
=it mw iber variation with the dimensic nless axial l~. ance (7

). For all entrance sections. the
s show an increase in the Nusselt number values as the hear llux increases. Also, the mixed
ction regime can be bounded by a suitable selection of (Red number ranges and the heat flux

[he obtained Richardson numbers (Ri) range varied approximately from (0.1171 to 12,54
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INTRODUCTION

In convective heat transfer problems, the flow usually is classified as forced convection flow in
which the flow is caused by external forces such as pumps or fans, or free convection flow in which
the flow is created by the fluid density variations due to the wall to fluid temperature difference
under the influence of body forces. In most physical applications, the buoyancy forces have
negligible effects because they have usually a considerably smaller magnitude than those
accompanying the forced flow. But in certain practical situations, however, the magnitude of the
two forces may be of the same order and both may then be expected to influence the flow
significantly. Therefore, when the free convection superimposed on the forced convection heat
transfer process gives rise to new field of study called mixed (combined) convection. Thus, the
combined convection situation extends from the extremes of free convection regime on the one
hand when the motion results from buoyancy alone, to the forced convection regime on the other
hand when external forces alone produce the motion and buovancy forces are negligible
{Metais and’ Eckert, 1964). Therefore, depending upon the relative magnitude of these two forces,
the flow can be divided as pure forced, combined (forced and free) or pure free convection. The
interaction of the natural and forced convection currents can be very complex and difficult because
it depends not only on all the parameters determining both forced and free convection relative tc
one another but sometimes also on a large number of interacting parameters including the relative
direction of the natural and forced convection to each other, the geometry of the arrangement, the
velocity profile at tube entrance and the heating surface boundary conditions

Laminar flow combined convection heat transfer in tubes is encountered in a wide variety because
of special importance in many industrial engineering applications. The following examples can be
cited: heating or cooling of heat exchangers for viscous liquids, heat exchangers for gas Hows
cooling of electronic equipment, compact heat exchangers, solar collector heat exchangers, the
cooling core of nuclear reactors, supercritical boilers and the cooling of rotating parts such as rotos
blades of gas turbine also the pipe lines used for transporting o1l (Yousel and Tarasuk, 1982). The
full understanding of the prevailing velocity and temperature fields, as well as, the pressure drop
and heat transfer coefficient, are necessary for the proper design. In addition, to estimate the
magnitude of the thermal shock that any one of the preceding systems wall will suffer (Morcos and
Bergles, 19/3).

[he entrance shapes, used 1n this experimental work, included three entrance sections
{calming sections) with differem length in which the flow is fully developed at entrance of the hea
transfer pipe. For experimental viewpoint, very little investigations have dealt experimentally to
study the effect of lan:inar combined convection to thermally developing flow in a circular cylindes
on the heat transfer process

McComas and Eckert (1966)studied experimentally the fully developed air flow in uniformls
heated tube for different ranges of (Re) and (Gr) numbers. The experimental resulis have revealed
that the effect of secondary flow 15 to reduce the wall to air bulk temperature difference compared
with the pure forced convection results in the region far from the tube inlet. Variation of the wal
and air temperatures and the local Nusselt number along the tube were presented

(Mori et al, 1966} carried out experiments to study the effect of buovancy force on forced
convection for fully developed air flow under constant wall heat flux. The velocity and temperatuns
profiles were measured for large (Re.Ra). The calculated Nusselt number was also shown to b
twice as those calculated by neglecting the effect of secondary flow. The following correlatios
formula was oblained:

.
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¢ =0.61(Re.Ra)'* {1 « — (1)
(Re.Ra)
shannon and Depew (1968) performed an experiment to study the influence of free convection on

ced laminar flow of water, initially at the ice point in a circular tube with constant wall heat flux
fully devel ped velocity jll"l1|ll- al the onset of heati ng. The expeniment was carried out with
atterent values of (Re), (Gr) and (Gz) numbers Experiments revealed that the ?*xua:-fll number was
aifected significantly Im down stream but rel; 'II'-.'L'|".' little in the thermal entrance region for the tube
=aving X/D=700. A graphical correlation with the parameter (Gr.Pr)'* MNug, (where Nug, is the
selt number for pure forced convection) has been achieved piving pood agreement with

svailable experimental data.
epew and August (1971) studied experimentally the fully developed laminar flow in an isothermal
v having an LD ratio of (28.4). Three different liguids were used in this study: waier,
=thylalcohol and mixture of glycerol and water. The I_"'a.|:"ll_|'i'IILII| covered a wide range of (Re), (Gr)
ind (Gz) numbers. The experimental results show that when dealing with flows in horizontal tubes
erm (Gr.Pr.1)/L) does not correctly represents the influence of natural convection for tubes with

| Fatios less than 50,

=ergles and Simonds (1971) performed experiments to examine the effects of free convection on
ninar water flow in an electrically heated tube having essentially constant wall heat flux. The
ts have revealed that the natural convection effect may be important even at relatively low
" 'H’l'l number and show that the Nusselt number for dev I_II.I“'.'I.] flow was three times the constani
X Also (Lichtarowicz, 1971) presented the Nusselt number with th |'|'-.:.|I.Jl._'l_ of (Re.Ra) and

' '“|‘~ erature profile along the tube was depicted.

ng et al, 1974) concluded that for Ra=10" , the Nusselt number in the developing egion was

re than 3004 above the constant property value. The data were correlated accurately by

=quation, v hich includes dimensionless groups to account for effects of variahle transport
perties and tube wall conduction:

0.378Gr. = |-1|'.-|- N ik {

[ g%}

ere: (1= h.D/ky *Dii | t= tube thickness, k.= tube thermal conductiv ity].
0s and Bergles (1975) condueted experiments to investigate the effect of property variation |
! glass and stainless steel tubes with distilled water and ethyleneglycol as test fluids, II ¢
=2sured heal transfer data were presented in a form of correlation:

» __'. L l:':'f.:l' i -

=| (4.36)° + 40,055 ——— i3)
M |
| h - |

set and Tarasuk (1982) obtained the aver ipe MNusselt number based on the log-mean
=perature ditference. The heat transfer results were correlated according to the influence of free

ection, which was found 1o have a significant effect at points close to the tube entrance as

L

= 1.75 |Gz + 0.245|Gz"* .Gr' P | ] (4)

purpose of the present investigation is to determine expenmentally the effect of Reynolds

ar and the effec of the hem T 1% on the laminar air flow heat transfer process under mixed

schon situation in l-.-"ll!l.llll.!:- heated ho fizontal eircular eviinder.
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EXPERIMENTAL APPARATUS

The apparatus was constructed to have a test section preceded with different entrance sections, as
well as, different Reynolds and Grashof numbers. The open-air circuif, in this investigation, is
described first, followed by details of test section and heating element. Then the measuring devices
and test procedure is described. Finally, the experimental data analysis method has been presented.
The experimental apparatus shown diagrammatically in Fig. (1) is designed and constructed 1o
investigate combined convection heat transfer in a circular cylinder. The apparatus consists
essentially ol a ¢ylindrical test section as a part of an open-air circuit, mounted on a wooden board
(A), which <ould be rotated around a horizontal spindle.

An open-air circuit was used including small centrifugal fan (F), rotameter(R), test section 'heat
transfer pipe’ (T) provided with changeable entrance section 'different calming section length{C)
The centrifugal fan derived electrically via-fine control variable resistance so that its power can be
regulated accurately. An air control valve (D) was fitted at the fan inlet to obtain fine control of the
airflow rate, The air was drawn by the fan in to the test section through the entrance section and
then enters the rotameter through flexible hose (M) and then the air leaves the rotameter o the
centrifugal fan through another flexible hose {N). Then the heated air was exhausted to the
almosphere,

The test section 'heat transfer pipe’ (1) is made of aluminum cylinder with (30) mm inside diameter,
(35) mm outside diameter and (900) mm length (L/D=30), The Teflon connection piece (G
represents a part of the test section inlet, with (30) mm inside diameter. (50) mm outside diameter
and (80) mm long. Another Teflon piece (I) represents the test section exit and it has dimensions of
(30) mm inside diameter, (88) mm outside diameter and (25) mm long. The Teflon was chosen
because 1ts low thermal conductivity in order (0 reduce the test section ends losses.

The air passes through the test section, is fully developed hydrodynamically by using aluminum
pipes having same diameter as test section pipe but with variable length as entrance sections. These
pipes are connected with the test section by a Teflon connection piece (G) bored with the same
inside diameter of the test section and entrance section as shown in

[he cylinder is heated electrically by using an electrical heater as shown in Fig. (1), section (A-A)
[t consists of a (0.5) rm in diameter nickel-chrome wire (H) electrically isolated v ceramic beads
wounded uniformly along the cylinder as a coil with (20) mm pitch in order 1o give uniform heat
flux. An asbestos rope was used as a (20) mm spacer to secure the winding pitch . The outside of the
lest section was then thermally insulated by asbestos (U) and fiber glass (W) layers, having
thicknesses of (15) mm and (13) mm respectively.

The cylinder surface temperatures were measured by twenty-five (0.2) mm-asbestos sheath alumel-
chromel (type K) thermocouples, fixed along the cylinder, The measuring junctions (which wers
made by fusing the ends of the wires together by means of an electric spark in an atmosphere fres
from oxygen) embed in grooves in the wall normal 1o the cylinder axis as shown in Fig. (1), section
(A=A

The thermocouples were fixed by drilling twenty-five holes (V) of {1.6) mm diameter and
approximately (2) mm deep and along the cylinder wall while the ends of the holes chamfered by 8
(2} mm drill. The measuring junctions were secured permanently in the holes by sufficient amous
of high temperature application Defeon adhesive (X). All thermocouple wires and heater terminai
were taken out the test section. Thermocouple positions along the cylinder are shown in Figil§
section (B-B).

The inlet bulk air temperature was measured by one thermocouple (J) placed in the beginning of (58
entrance section {calming section). while the outlet bulk air temperature was measured by 1w
thermocouples (K) located in the test section exit 'mixing chamber' (B) .The local bulk =8
temperature was calculated by fitting straight line -interpolation between the measured inlet and
outlet bulk air temperatures,
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crmocouples were used with leads and calibrated using the melting points of ice made from
I ed water as reference point and the boiling points of several pure chemical substances.
zrform heat loss calculation through the test section lagging. six thermocouples are inserted in
2ging as two thermocouples at three stations along the heated section (35) em apart as shown

Fig. (1) section (A-A), By using the average measured temperatures and thermal conductis ity of

e lagping, the heat loss through lagging can be determined.
luate the heat losses from the ends of the test section, two thermocouples were fixed in each
piece. By knowing the distance between these thermocouples and the thermal conductiviey
eflon, the end losses could be calculated

22 regulator (variac), accurate ammeter and digital voltmeter were used to contrel and
= re of the input power to the working cylinder.
lowing entrance sections (calming sections) were used in the present work, that in which the
r s already fully developed at the entrance to the test section. This condition is represented by

= cipe with long and short calming sections at entrance as follows: -
ng calming section having the same diameter as the test section pipe and length equal to

r -40) cm (L/D=80) to provide fully developed flow at the entrance of the test section pipe.
. short calming sections, also having the same diameter as the test section pipe and lengths
| =qual to (60) em (L/D=20) and (120) cm (1/TD=40) respectively to provide fully developed flow

= tne entrance of the test section pipe

8 o rimental Procedure
e crocedure emploved to carryout a cerfain experiment was as follows

i = required calming section length was fitted with the test section.

3 = centrifugal fan was then switched on to draw the air through the test section while the fan
valve was used for adjusting the required volume flow rate inside cylinder,
i electrical heater was switched on and the heater-ii put power then adjusted to give the

" M
s 1 'y [
med neat Fliux

Y

us was allowed to turn on for at least (4 hours) before the steady state conditions

wchieved. Lhe readings of all thermocouples were recorded every half an hour by
1's thermometer until the reading became constant, then the final reading was recorded
: ut power to the heater could be changed 1o cover another run in shorter

 time and to obtain steady state conditions for next heat flux and for same Reynolds

; =equent runs tor other Reynolds numbers ranges were conducted in the same
-

e ig ¢ach test run, the following readings were recorded: -

L e length of entrance section (calming section) in (em)

ing of the rotameter (air flow rate) in (m”/hr).

= = Dsater current 1n ampere
- neater voltape in volts.

sdings of all thermocouples in { C)

= Amalvsis 1"-li."ﬂ'll:H.l_

ng simplified steps were used to analvze the heat transfer process for the air flow in a

-+ ander when 115 surface was subjected to a constant wall heat flux boundary condition.
1t power supplied to cylinder can be calculated:
{3}
1 heat transterred from the cvlinder surface

5 Ihe t9tal conduction heat losses (lagoing and ends losses).

5
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The convection heat flux can be represented by:
U Loy v z
W i e (f) -
oy =
Where A, = x*D*L e =
The convection heat flux, which is used to calculate the local and average heat transter coclhices a
as follows: ! ST

h o I'I e H | :’.; 'I _

bt * a
S g
Where: t;,= local surface temperature. s
s L5 | S -
lax= local bulk air temperature. .
All the air properties were evaluated at the mean film temperature (Louis Burmeister, 1993) [ e
b, *+i, : e
b e e (9} F i
J -
Where: 1= local mean film air temperature. =
The local Nusselt number (Nu,) can be determined as: -

h, . - ;
By = (10) e 3
I" = T

W

The average values of Musselt number(Nu)can be calculated based on the calculated aves iy

surface temperature and average bulk air temperature as follows:

— -
ol | m— =

Iﬁ_]..m'[l\'wm S
e . TAd
1 1 .

t, =— |t,. dx = -
e - e
=g _ N—

. N 113 T

—

The average values ol the other parameters can be caleulated as follows:
qD

K, —1,]

Mu =

gBDit, —t,) ' 2

Gr = (15 -
v
s -—
Ra=0Gr*Pr ==wreee=={ 1 ks —
Where: ) = ————, All the air physical properties (p, p. v andk ) were evaluaied af e
(273+1,) ' -
: i 2o
average mean film temperature (t; ). ——
T

RESULTS AND DISCUSSION T
A total of (48) test nuns were conducted to cover the three entrance section pipes with diff -
lengths 6lcm (L/D=20), 120cm(L/D=40} and 240cm{L/D=80) for a horizontal circular cyl '
'he range of heat flux trom 60 w ‘m* 1o 400 wim® and Reynolds number varied from (4(0) 1o 186 Ml .-

0
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surface Temperature Distribution
enerally, the variation of the surface temperature along the cylinder m:

v be affected by many

ibles such as heat [lux, Reynolds number and the flow entrance situation. The temperatur
itien for selected runs is plotted in Figs. (3 -
Fig. (3) shows the variation of the surface temperature along the cylinder for Ji‘r'-_-rn_-nr heat flux, for
1}, This figure reveals that the
friace lemperature increases at cylinder enfrance to reach a maximum value after which the

<00 and for L'-I'11'il':_' section length equal to 60 cm (L/D=2i
ce temperature decreases. The location of maximum temperature scems to move toward the
cvlinder entrance as the heat flux mnereases. This can be attributed to the developing of the thermal
ry layer faster due to buoyancy effect as the heat flux increases [or the same (Re)

ig. (4) 15 similar to Fig. (3) but pertains 10 Re=1600.The curves in the two figures show same

1. but the surface temperature values in Fig. (4) are lower than values in Fig. {3) because of the

ced convection domination.

egs. (3&0) show the effect of (Re) variation on the cylinder surface temperature for low heat flux
- w/m”) i Fig. (3) and for high heat flux (294 w me) in Fig. (6). It 15 obvious that the increasing

Re) reduces the surface temperature, as the |1;_'-L|l flux kept constant. It is necessary o mention

ol

15 heat flux inerzases the surface temperature increases because the free convection is the
- '.Illllg factor in the heat transfer process
=4(}} and third calming section with length equal to 240 cm (L/D=80), is similar

e for (L/D=2

surtace temperature varation for the second calming section with length equal to 120 em

Local Nusselt Number Distribution {(Nu,)
ration of the local Nusselt number (Nu,) with the dimensionless axial distance (77,
| for selected runs in Figs. (7 - 10).
Figs. (T&R) show the effect of the heat flux variation on the (Nu,) distribution for Re=400 and

Le= 16U respectively. It is clear from these two figures tha
vere - slightly higher than the results of lower heat flux.

g :
lary flow superimposed on the forced flow effect increases as

ux, the results of
e attrtbuted to the
flux increases leading

gher heat transter coelficient. The dotted curve in each figure represents the theoretical |-:::-.;
convecthion (TPFC) based on constant property analysis of (Shah and London, 1978)
Fems. (9&10) show the effect of (Fe) number variation on the M, distribution with (£

Tor Jow
met flux (92 wim®) in Fig. (9) and for high heat flux (294 w/m®) in Fig. (10). For constant heat flux

{ | Sy
su) values give higher results than the predicted pure '.n'.-_'..'xl convection value and moves
| 4ha i - [ 3 o L a1 - i1~
the lett as (Re) increases. This situation reveals that the

In.-u-\.

d convection 15 dominant on
catl transter process with little affect of buovancy force for high (Re).

A5 ||_ {Ee) number
ced, the buoyancy effect expected to be higher which improves the heat transfer results
ccessary to mention that in horizontal cylinder, the .\_"'|_l\,_'l_'|_ of secondary flow
Re) nu mber and hi

15 high, hence at
1 heat flux, situation makes the free convection predominant. Therefore, as

t flux increases, the fluid near the wall becomes warmer and lighter than the -=_|!'._ fluid in the
s a consequence, two upward currents flow along the sides walls, and by continuity, the fluid
gor the cylinder center flows downstream. This sets up two |;._--;;.;:ll;_||-;|; vortices. which

=trical about

are

a vertical plane, These vortices reduces the temperature difference between the

surtace and the air flow in which led to increase the grow th -.'.. the thermal boundary laver

2 the cylinder and causes an improvement in the heat transfer results. Bul at low heat flux and

= (Re) number the situation makes the forced conveetion predominant and the vortex strength

s¢s which decreases the temperature difference between the surface and the air, henee the
iiues becomes "igher (Mor and Futagami,

the (Nu,) distribution for higher calming section (L/D=40,L/D=80) arc simi

1lar trend

e
15T

1 in the first calming section length (L/D=20)
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Average Nusselt Number Distribution ( ™u) flow in

The variation of the average Nusselt number(Nu)with the dimensionless axial distance (Z') i

convectis

depicted for selected runs in Figs. (11 - 14).

Figs. (11&12) show the effect of the heat flux on the |_"'-~:-|-.: for Re=400 and Re=1600 respectivel R
and the effect of (Re) number on the(Nu) for low heat flux (92 w/m®) and high heat flux (294 McComa
wim’) in Figs. (13&14) respectively for the shorter tube (L/D=20). The{ Nu)variation for highet = ek
calming seczion ([/D=40,1/D=80) are similar trend as mentioned for (L/D=20) i 3
CONCLUSIONS i
As a result from the experimental work conducted in the present investigation to study combine 1 |
convection heat transfer to thermally developing laminar air flow in horizontal circular cylinde S
subjected to a constant wall heat flux boundary condition, the following conclusions can be drawn: =~ s
|- The variation of the surface temperature along the cylinder has the same shape. This variation | =
affected by: e
a-  The surface temperature increases as the heat flux increases, for the same (Re). 3 'I:_“I-‘
b-  The surface temperature for low (Re) is higher than for high (Re), for the same heat flus s
because of the free convection domination. E
2-  The variation of (Nu,) with {(Z"), for all entrance lengths has the same trend. This variation | g
summarized as follows: i
a- For the same (Re) number, the (Nu,) increases with the increase of heat flux. )
b- For the same heat flux and hagh (Re), the (Nu,) moves toward the left of the (Nu,) predicted {i opik
{ TPFC), because the forced convection is dominant. il
c- For the same heat flux and low (Re), the (Nu,) moves toward the right of the (Nu,) predictes  _ RK

for (TPFC), because the natural convection 15 dominant. 2
3- Free convection effects tended to decrease the heat transfer results at low (Re) and o increas
the heat transfer results for high {Re).

4- At the cylinder entrance the effect of buovancy is small, but it is effects increase in the cyling .]
downstream. S
3- The vanation of the(Nu)with (Z7), has the same heat transfer characteristics which mentioned
the (MNuy) results. et W
B= The mixed convection regime can be bounded by a suitable selection of (Re) number ranges an ssfor in
the heat flux ranges. The obtained Richardson numbers (Ri) range is varied approximately fros ]
(01171 1o 12.54),

SOMENC
REFERENCES Svmbol
Bergles, A.E. and Simonds, R.R., (1971), Combined forced and free convection for laminar flow

a horizontal tube with uniform heat flux, Int.J Heat Mass Transfer, Vol.14 , pp. 1989-2000. -

Depew, C.A, and August, S.E., (1971}, Heat transfer due 1o combined free and forced convection
a horizontal and isothermal tube, J.of Heat Transfer, ASME Trans., Vol. 93, Nov., pp.380-384,

Hong, S.W., Morcos. S.M. and Beigles, A.E., (1974}, Analytical and experimental results §

combined forced and free laminar convection in horizontal tubes, Int. Heat Transfer Conferes
il r - 1 — P i f 3
57 Vol. 3, pap.No, NC4.6, pp.154-158, Tokyo.



Mumher 1 Volume 12 March 20006 Journal of Engincering

i WICE, A, (1971, ( :"|'I||"'|!-.'=| ree and Igrced convection effects i fully -I-\.. Yeluped 1aminar

norizontal tubes, Symposium on Heat and Mass Transfer by combined free and fou

£ sction (Int. Mech. Engrs), pap. Mo, C114, ({15 Sept.).

SRS S ] . - :
i : Burmeister., (1993), Convective Heat Transfer, John wilev&sons. Inc.. 2nd edition

. nas, ».1. and bickert, E.R.G., {1966), Combined free and forced convection in a horizontal

= tube, J.of Heat Transfer. ASME Trans.. Vol 88, Mav. pp. 147-153

A E B oan

ind Eckert, E.R.G., (1964), Forced, mixed and free convection regimes, J. of Heat
- er, AsME Trans., Vol. 86, May, pp. 295-296

. s, 5.M. and Hergles, Al (1975), | wpertmental ":'-.'*-\.'i'_-;.ll,i:_-:'- of combined Iorced and free
s cchion in horizontal tubes, J. of Heat Transfer, ASME Trans. ,Vol. 97, May, pp.212 -219

\ . Futagami, k., Tokuda, 5. and Nakumara, M. , (1966),Forced convection heat transfer in
Eormly heated horizontal tube - experimental siudy on the effect of b wvaney, Int.J Heat Mass
i . Vol 9, pp. 453- 463

s Far e I sy ]
in unitormiy heated horizontal

oretical study), Int. J. Heat Mass Transfer, Vol.10, pp. 1801-1813,

J and Futagami, K., (1967), Forced convection heat transfer
L 2™ report the

enow, W.M: Hartnent and Ganic., (1985), Hand Book of Heat Transfer

e g
-t 2nd edition.

Fundamentals

r'-l

1 Wl

k.and London, A.L, (197%). Laminar flow forced convection i

suppiement 1, Academi Press.

., |
l. 1

&

Lo and Depew, CA, (1968), Combined free and forced lami ar CoOnvection 1

- atal tube with uniform heatl Aux, 1. of Hear Iransfer . ASME Trans.. Vol 90 AU, oo, 353

A7 TR | . I iy S ! -
w. W, and larasuk, J.D., (1982), Free convection effects on lan

=l in a horizontal isothermal tube, J.of Heat Transfer, ASME Trans.. Vol, 104, Feb 45

PUOMENCLATURE

= Description [ Init
T - =l B
VLIS SUrtace area M
speciiic heat al constant pressure Jke, C
Cylinder diametes 1

L Crravitational acecleration m's

Heat transfer coefTicieni wim®, €
Heater current AL,
[hermal conductivit w/m. (
LY imdet length m
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I Ihermal expansion coefficient 'K
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Dimensionless Group
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iz Graetz number = |
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Pr Prandtl number i, Cp'k
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a Rayleigh number = L.
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1 Richardson numiber = Gr/Re*
i Axial distance D Re.Pr
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alming section
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W Wall
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