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Abstract

The present work deals with the results of an experimental investigation on heat transfer in water cooled vertical
pipes\ for thermalÐhydraulic conditions ranging from forced convective ~ow to mixed convective ~ow[ The ~ow of water
in the pipe is upwards[

Experimental data con_rm the reduction in the heat transfer rate for mixed convection in upward heat ~ow\ mainly
due to the laminarization e}ect in the near!wall region "buoyancy e}ect#[ They are in a very good agreement with
numerical methods\ such as the kÐo!model[

A new method for the calculation of the heat transfer coe.cient in upward mixed convection heated ~ow is proposed[
It is based on the well!known superposition method "heated down~ow# modi_ed accounting for the phenomenology of
the upward heated ~ow in comparison with down~ow heated conditions[ Þ 0887 Elsevier Science Ltd[ All rights
reserved[

Nomenclature

a parameter de_ned in equation "09#
b parameter de_ned in equation "09#
Bo buoyancy parameter\ de_ned in equation "2#
cp speci_c heat at constant pressure ðJ kg−0 K−0Ł
D channel diameter ðmmŁ
G mass ~ux ðkg m−1 s−0Ł
` gravitational acceleration ðm s−1Ł
Grh Grashof number based on the wall heat ~ux\ equa!
tion "2#
Grt Grashof number based on the temperature di}er!
ence\ equation "1#
h heat transfer coe.cient ðW m−1 K−0Ł
k liquid thermal conductivity ðW m−0 K−0Ł
L channel length ðmŁ
Nu Nusselt number\ hD:k
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NuFL parameter described in equation "7#\ non!
dimensional
P parameter de_ned in equation "6#\ nondimensional
p pressure ðPaŁ
Pr Prandtl number\ cpm:k
qý heat ~ux ðW m−1Ł
Re Reynolds number\ GD:m
T temperature ð>CŁ
u velocity ðm s−0Ł[

Greek symbols
b coe.cient of thermal expansion ðK−0Ł
m dynamic viscosity ðkg m−0 s−0Ł
r density ðkg m−2Ł
c corrective factor for aided mixed convective ~ow\
equation "8#[

Subscripts
b bulk conditions
cal calculated
df down~ow
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exp experimental
f pertains to _lm conditions "average between wall and
bulk conditions#
for pertains to forced convective ~ow conditions
in inlet
l pertains to the liquid phase
m pertains to mixed convection
nat pertains to natural convective ~ow conditions
up up~ow
w wall\ at wall temperature[

0[ Introduction

Heat transfer in heated water mixed convective pipe
~ow "where natural convection has signi_cant impact on
forced convective ~ow# strongly depends on physical and
geometric parameters[ In other words\ heat transfer in
horizontal pipe ~ow is much di}erent from the vertical
~ow behaviour\ and\ in the latter case\ we have to dis!
tinguish between upward and downward ~ow[

In vertical upward heated ~ow the buoyancy driving
force "natural convection contribution# is in the same
direction as the pressure gradient driving force " forced
convection contribution# and we call it aiding "or assist!
ing# ~ow\ while in vertical heated down~ow driving forces
act in opposite directions\ and we call it opposing ~ow[
For each of the above conditions we have to distinguish
further between uniform wall temperature and uniform
heat ~ux as thermal boundary conditions[

Although many researchers have dealt with heat trans!
fer in pipe ~ow mixed convection since the late 0829s\ if
we look at a single speci_c case\ with given thermal and
geometric conditions\ we realize that a lacking of exper!
imental data still exists[ This is especially true for the case
of heat transfer in upward mixed convective heated ~ow
of water in vertical channels\ where\ apart from a suc!
cessful numerical approach pursued by some researchers\
no satisfactory correlation to predict the heat transfer
coe.cient has been proposed[ The _rst attempt to give a
reliable method for the prediction of the heat transfer
coe.cient in such conditions has been done by Aicher
and Martin ð0Ł[ Authors also present an interesting and
exhaustive review of existing works in this _eld\ dis!
tinguishing between theoretical works\ ð1Ð00Ł\ and exper!
imental works ð01Ð07Ł[

Among the experimental works\ Aicher and Martin ð0Ł
quote the following] Watzinger and Johnson ð01Ł\ who
measured the heat transfer coe.cient in turbulent water
~ows under both aiding and opposing ~ow conditions\
with L:D � 19^ Norris and Sims ð02Ł who investigated
the heat transfer in oil ~ows under conditions where
forced convection was the dominant driving force^ Metais
ð03Ł who performed experiments of heat transfer to water
~owing in a tube with L:D � 18^ Herbert and Sterns ð04Ł
who presented experimental data of aiding and opposing

convection heat transfer in a L:D � 79 tube^ Axcell and
Hall ð05Ł who presented data for air in downward ~ow
with L:D � 5^ Saylor and Joye ð06Ł who carried out
experiments with water in aiding and opposing ~ow in a
tube with L:D � 49^ Temu et al[ ð07Ł who performed
experiments of mixed convection heat transfer to tur!
bulent water ~ow in a L:D � 63 tube[

Most of the _ndings described in the above mentioned
papers shows a heat transfer reduction under aiding
heated ~ow conditions with reference to pure natural and
pure forced convection[ For opposing heated ~ow\ the
heat transfer is instead generally higher than the two
limiting cases[ A possible interpretation of heat transfer
behaviour in turbulent mixed convective ~ow\ especially
for the heat transfer decrease in aiding ~ow\ mainly due
to a ~ow laminarization in the near wall viscous layer\ can
be found in the literature ð08Ð29Ł\ and will be discussed
afterwards[

The present paper will present the results of a research
aimed at obtaining new data on heat transfer in aided
heated mixed convection with di}erent values of L:D\
together with a new method for the prediction of the heat
transfer coe.cient[

1[ Physical background

Just to _x our mind\ we may have natural convection
~ow when buoyancy forces "represented by the Rayleigh
number# are much greater than pressure gradient forces
"represented by the Reynolds number#\ and vice versa
for forced convection ~ow[ In between\ natural con!
vection aids forced convection and we talk of mixed
convection[

The most signi_cant feature of heat transfer in tur!
bulent upward mixed convective heated ~ow in a vertical
channel is the reduction in heat transfer\ with regard to
either natural or forced convection\ for conditions where
natural and forced convection act together[

In downward vertical heated ~ow the situation is quite
di}erent\ and the heat transfer is generally larger than
the corresponding forced convection value[ Such a situ!
ation is reported in Fig[ 0\ where typical trends of heat
transfer for aiding and opposing mixed convection are
shown\ in terms of heat transfer related to heat transfer
for pure forced convection\ versus buoyancy parameter\
Bo "given in equation "2##[

Such behaviour may be explained by considering the
turbulence production between the viscous layer and the
bulk of the ~ow\ which the di}usive energy transport
"main responsibility for heat transfer to turbulent ~ows#
is linked to\ as argued in the two!layer model ð20Ł[ In this
model\ the liquid of the layer adjacent to the heated wall\
due to a lower density than in the bulk liquid\ is subjected
to a buoyancy force which acts in the same ~ow direction[
Therefore\ buoyancy force tends to reduce the shear stress
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Fig[ 0[ Schematic view of heat transfer for aiding and opposing mixed convection[

in the layer\ reducing turbulence production and causing
~ow laminarization[ Heat transfer reduction\ with respect
to pure forced convection\ depends on both local velocity
and temperature pro_les\ and is therefore a}ected by
thermal and hydraulic entrance e}ect\ and by thermal
boundary conditions[

Typical examples of velocity pro_les and shear!stress
distributions due to di}erent temperature pro_les\ and
therefore di}erent Grashof numbers\ are plotted in Fig[
1 ð17Ł[ As the heat ~ux increases\ we have reduction in
the shear stress and a laminarization e}ect which results
in a reduction of the heat transfer[ For further increase
in the heat ~ux\ buoyancy causes a change in the shear!
stress slope\ and then a further increase in turbulence[
This eventually results in a sharp change in the heat
transfer slope\ which starts increasing with respect to that
expected from pure natural convection[

2[ The experimental apparatus

The facility used to perform the experiment described
in the present work is shown in Fig[ 2[ The water ~ow is
elaborated by a three!head piston pump "maximum ~ow
rate 0799 kg h−0\ with a residual pulsation below 1[4)\
owing to the dumper#\ _ltered\ pre!heated and delivered
to the bottom end of the vertical test channel\ after which
it is directed to the tank!heat exchanger[ The test section
is a 205!type stainless steel tube\ placed vertically\ ther!
mally insulated and electrically heated by Joule e}ect
"DC heating#[ The water ~ow is upward[ The bottom
copper clamp is mobile\ in order to have di}erent heated

Fig[ 1[ Velocity "a# and shear!stress "b# distribution at various
Grashof number at a constant Re � 2999^ A\ Gr � 1[0×092\
turbulent^ B\ Gr � 5[0×093\ turbulent^ C\ Gr � 7[7×093 lami!
nar^ D\ Gr � 1[6×094\ laminar^ E\ Gr � 2[2×094\ turbulent^ F\
Gr � 8[1×095\ turbulent[

lengths[ Wall temperature are measured using two K!
type 9[4 mm thermocouples\ the hot junction of which is
placed 9[4 mm inside the tube wall thickness[ Inner wall
temperature " for the evaluation of the heat transfer
coe.cient# is calculated by correcting the thermocouple
reading with the Fourier equation[ Water temperature is
measured at the inlet\ the exit and in the middle of the
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Fig[ 2[ Schematic of the experimental facility[

test section using the same kind of thermocouple as for
the wall temperature measurements[ Inlet and outlet
pressure are measured using sealed strain!gauge pressure
transducers\ while the mass ~ow rate is measured using
a Coriolis!meter "up to 149 kg h−0# and a turbine ~ow
meter "above 149 kg h−0#[

Test section characteristics are given in Table 0\ while
test conditions are reported in Table 1[ Some derived
parameters are shown in Table 2[

3[ Experimental results

About 1522 data points have been collected con!
sidering the geometrical and thermal hydraulic par!
ameters tested as described in Tables 0 and 1[ Flow

Table 0
Test section characteristics

Inner diameter ðmmŁ 15
Thickness ðmmŁ 0
Heated length ðmŁ 9[4 9[61 9[81 0[03
Max thermal power\ 6[7 00[2 03[8 06[4

kW "0399 A#
L:D at the thermocouple 09\ 05 07\ 13 16\ 22 24\ 39

position "nominal
values# "measured from
the bottom copper clamp#

Table 1
Test matrix "1522 tests#

Pressure ðpŁ from 9[0 to 9[44 MPA
Inlet wall temperature ðTl\inŁ from 4 to 88>C
Heat ~ux ðqýŁ from 09 to 132 kW m−1

Mass ~ux ðGŁ from 23 to 359 kg m−1 s−0

Table 2
Derived test parameters

Water velocity ðuŁ from 9[923 to 9[35 m s−0

Inner wall temperature ðTwŁ from 14 to 042>C
Bulk water temperature ðTbŁ from 01 to 002>C
Reynolds number ðReŁ from 799 to 12 999
Buoyancy parameter ðBoŁ from 9[927 to 01 499
Heat transfer coe.cient ðhŁ from 269 to 3269 W m−1 K−0

regimes tested ranged from turbulent natural to forced
convection\ through mixed convection regime\ where we
experienced most of data points\ about 64)\ according
to the map of Metais and Eckert ð19Ł[ These latters pro!
posed a map\ which in a diagram of Re vs GrPrD:L
allows us to distinguish the laminar!turbulent transition\
and di}erent turbulent convection regimes * free\ forced
and mixed * for ~ow in vertical circular tubes\ for
09−1 ³ PrD:L ³ 0[ The results are valid for both up~ow
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and down~ow\ and for uniform wall temperature and
uniform heat ~ux boundary conditions[

Present experimental data have been plotted using the
Metais and Eckert map\ and the result is shown in the
three graphs of Fig[ 3[ In the graph of Fig[ 3"a# data
points are grouped as a function of the buoyancy
parameter\ Bo\ as given in equation "2#[ Most of the data
points\ characterized by 9[0³ Bo ³ 09\ are typically in
the turbulent mixed region of the Metais and Eckert map[
As per graphs plotted in Fig[ 3"b# and 3"c#\ di}erent
symbols refer to the relative error between the exper!
imental heat transfer coe.cient\ h\ and that calculated
for forced convective ~ow using the well!known DittusÐ
Boelter correlation\ hfor\ corrected with the viscosity ratio
to account for thermal!properties change due to tem!
perature gradients]

hfor � 9[912
k
D

Re9[7
b Pr9[3

b 0
mb

mw1
9[00

"0#

as shown in Fig[ 3"b#\ or between h and that calculated
for natural convection using the Churchill correlation
"see ð8Ł#\ hnat]

hnat �
9[04

k
D

"GrtPrw#0:2

"0¦"9[326:Prw#8=05#05:16
"1#

with

Grt �
`b"Tw−Tb#D2

"mw:rw#1

as shown in Fig[ 3"c#[ The Metais and Eckert map and
available correlations for forced and natural convection
are in close agreement in identifying mixed convective
data[ Where indicated by the subscript w\ physical
properties are calculated at wall temperature[ We can
realize how the relative error in the heat transfer
coe.cient evaluation increased as we move toward the
mixed convection zone\ increasing more and more if we
go further into the convective regime\ which is the
opposite to that recommended for the used correlations[
Data points plotted in the three graphs of Fig[ 3 are a
sample of about 299 data out of 1522[ Using all the data
would have produced only a black spot\ preventing the
reader from understanding the behaviour[

Typical data obtained with di}erent L:D values are
plotted in Fig[ 4\ where the ratio between the exper!
imental heat transfer coe.cient and the value obtained
using the DittusÐBoelter correlation is reported versus
the buoyancy parameter\ Bo\ given by]

Bo � 7×093 Grh

"Re2[314
f Pr9[7

f #
"2#

being

Grh �
`bqýD3

m1
f kf

Such an expression of the buoyancy parameter was _rst
developed by Hall and Jackson ð21Ł from consideration
of modi_ed shear production of turbulent kinetic energy
under mixed convection conditions\ and is the most
recent form of the parameter to be developed "see ð7Ł#[
The results plotted in Fig[ 4 show the reduction of the
heat transfer in aided mixed convection\ wherever the
buoyancy parameter is between 9[92 and 2[ Heat transfer
reduction is at a maximum when the buoyancy parameter
is around 0[ Under these conditions\ buoyancy forces are
of the same order of magnitude as pressure gradient
forces\ and the laminarization e}ect is maximum[ Con!
tinuous lines in the graphs of Fig[ 4 refer to the prediction
of the heat transfer coe.cient obtained using the kÐo

model proposed by Cotton and Jackson ð29Ł[ It is also
evident from Fig[ 4 the in~uence of the L:D on the heat
transfer reduction "as referred to pure forced convective
heat transfer#\ which would seem to be an increasing
function of L:D itself\ as shown in Fig[ 5\ where the
heat transfer reduction\ in terms of the ratio between the
experimental and the calculated heat transfer coe.cient
in forced convection at Bo � 0 "i[e[\ at the conditions for
which the heat transfer reduction is maximum# is plotted
vs L:D[

4[ Data analysis

4[0[ Existin` methods

As already said at the beginning of this paper\ very few
tools for the prediction of the heat transfer coe.cient in
turbulent aided mixed convection exist[ Among them\
we have already reported about the numerical approach
proposed by Cotton and Jackson ð29Ł\ who used the
original Launder and Sharma ð22Ł low!Reynolds kÐo tur!
bulence model for developing ~ow in a tube[ The low!
Reynolds kÐo model has been used for comparison with
present data\ which has been already shown in Fig[ 4[
Curves plotted in the _gure are directly extracted from
Cotton and Jackson ð29Ł paper\ to avoid re!calculation
of constitutive equations[ Available calculations from the
paper are for L:D � 09 and 19 only\ obtained for air
~ow[ The kÐo model shows close agreement with present
experimental data\ evidencing also a good capability in
accounting for the L:D e}ect\ which has been very little
investigated so far in mixed convection heat transfer\ see
Aicher and Martin ð0Ł[ It is worthwhile saying here that
the kÐo model is also able to predict data in opposing
mixed convection ~ow\ as reported by authors\ although
showing major discrepancies with experimental data in
strongly buoyancy!in~uenced descending ~ow[

In spite of its good modelling of the turbulence pro!
duction from the viscous layer to the bulk and its in~u!
ence on the heat transfer in mixed convection "both aided
and opposed\ and for di}erent ~uids\ such as air and
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Fig[ 3[ Present experimental data plotted on the Metais and Eckert ð19Ł map[
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Fig[ 4[ Experimental!to!calculated heat transfer coe.cient for forced convection "DittusÐBoelter equation# vs buoyancy parameter\
together with kÐo model predictions\ for di}erent L:D[

water#\ the kÐo model has the main drawback in its com!
plex utilisation\ especially in the numerical solution of
the constitutive equations\ which lowers its possible inter!
est for practical engineering purposes[ It would therefore
seem to be reasonable to look for simpler engineering
methods which\ although in a restricted range of validity\
provide us with fast predictions of the heat transfer
coe.cient in aided mixed convection with an acceptable
accuracy[ The _rst method has been proposed by Mar!

tinelli and Boelter ð23Ł\ and is a simple numerical
regression using Nusselt number for forced and natural
convection\ originally developed for laminar opposing
convection]

Nu2
m\up � =Nu2

for−Nu2
nat = "3#

Typically\ the behaviour of equation "3# correlation is
shown in Fig[ 6\ where the ratio between the mixed and
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Fig[ 4*continued[

the natural convection Nusselt number is plotted versus
the ratio between the forced and the natural convection
Nusselt number for the data of Herbert and Sterns ð04Ł\
as reported by Churchill ð8Ł[ Such a method shows a
discontinuity when Nufor � Nunat\ providing Nu � 9\
which does not actually happen\ and is therefore not
completely satisfactory[ Figure 6 also shows data for

opposing ~ow\ well correlated by the Churchill equation
ð8Ł\ always given in the numerical regression form\ as]

Nu2
m\df � Nu2

for¦Nu2
nat "4#

This correlation will be used hereafter[ In equations "3#
and "4#\ Nufor and Nunat can be obtained from equations
"0# and "1#\ respectively[
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Fig[ 5[ Heat transfer impairment with reference to forced convection\ at Bo � 0\ for present data[

Fig[ 6[ Martinelli and Boelter\ and Churchill correlations for up~ow and down~ow mixed convection respectively\ Churchill ð8Ł[
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To overcome this de_ciency\ Aicher and Martin ð0Ł
propose a new method for aided mixed convection[ They
start from an equation similar to equation "4#\ which was
proved to be successful to predict their own down~ow
data]

Nu1
m\df � Nu1

for¦Nu1
nat "5#

where Nunat is given by equation "1#\ slightly modi_ed to
better _t their data\ and Nufor is obtained using the equa!
tion of Gnielinksi ð24Ł[ Authors correct the value
obtained using equation "5#\ valid for down~ow\ with a
function which accounts for the decrease in the heat
transfer in aided mixed convection[ They de_ne a par!
ameter P as]

P �
Nunat−Nufor

Num\df

"6#

which varies from P � −0 for pure forced convection to
P � 0 for pure natural convection\ and obtain

Num\up

Num\df

� 00−00−1
NuFL

Num\df1 f "P#1 "7#

where

f "P# � exp 0−0[20
P

0−=P=
¦9[41

1

1
and NuFL is a correlation for pure forced laminar convec!
tion\ given by VDI Heat Atlas ð25Ł[ As suggested by
Aicher and Martin ð0Ł\ physical properties are calculated
at _lm temperature[ The comparison between present
experimental data and calculations obtained using the
Aicher and Martin method is reported in Fig[ 7\ where
the ratio between the experimental and the calculated
Nusselt number is plotted versus the buoyancy
parameter\ Bo[ The agreement is not so good\ as a general
overprediction of experimental data appears\ even for
pure forced convection "Bo around 9[90#\ which means
the inadequacy of the Gnielinski correlation in predicting
pure forced convection data[ These latters are well pre!
dicted using the well!known DittusÐBoelter correlation[
Possible causes of the systematic overprediction provided
by the Aicher and Martin method may be thought as
follows]

"a# Nusselt number for forced laminar convection NuFL\
used in equation "7#\ is generally used out of range\
as most\ if not all\ of present data are in the turbulent
~ow regime[ The presence of this number in equation
"7# may be therefore questionable[

"b# The e}ect of L:D\ which has been tested of signi_cant
importance\ is not directly accounted for in equation
"7#\ and this may be a limit\ even though the over!
prediction is almost general[

"c# The correction function for the aided mixed con!
vection e}ect with respect to down~ow "right!hand
side of equation "7## is a function also of correlations
used for pure natural and forced convection[ The

latter might be unable to predict data outside the
mixed convection region "as shown in Fig[ 7#[ Of
course\ this a}ects the accounting for the heat trans!
fer reduction in up~ow vs down~ow[ On the other
hand\ changing these correlations "Nufor and Nunat#
would result in a complete change of the aided cor!
rection function\ upsetting the original formulation[
In turn\ it would be a non!sense changing such cor!
relation only in the left!hand side of equation "7#\
without any modi_cation in the correction function[

4[1[ New method

On the basis of the present experimental data\ and
because of the drawbacks presented by existing methods
for the prediction of the heat transfer coe.cient in
upward mixed convective ~ow in a vertical channel\ we
propose a new method which shows some similarities
with that proposed by Aicher and Martinð0Ł\ although
developed independently of it ð26Ł[ We start from equa!
tion "4#\ proposed by Churchill ð8Ł\ valid for down~ow[
In equation "4# Num\df is calculated using equations "0#
and "1# for pure forced and natural convection\ respec!
tively[ If we plot present data in terms of the ratio between
the experimental Nusselt number\ Nuexp\ and that given
by equation "4#\ Num\df\ versus the buoyancy parameter\
Bo\ we get the result shown in Fig[ 8\ where\ in order to
avoid the formation of a black spot\ we selected only
data for L:D � 8[5 and 04[3[ The ratio Nuexp:Num\df is
equal to 0 for Bo ³³ 0 "pure forced convection#\ and
for Bo ×× 0 "pure natural convection#\ while in between\
as expected\ we observe a lower heat transfer coe.cient
in up~ow with respect to down~ow[ In this way\ we
obtain the result to anchor the calculation to what is
known in terms of pure natural and forced convection\
where we are able to well predict the relative heat transfer
coe.cients[ Figure 8"a# reports a logarithmic abscissa
scale\ while Fig[ 8"b# has a linear abscissa scale\ to show
more clearly the tendency to unity of Nuexp:Num\df for
Bo ×× 0\ and Bo ³³ 0[

The deviation of experimental data "up~ow# from what
predicted using equation "4# "down~ow# is at a maximum
around Bo � 0\ where the laminarization e}ect has been
observed to be the largest[ Such a deviation may be
thought as following a Gaussian!type curve\ depending
only on buoyancy and geometric e}ects[ We therefore
propose a correction function for up~ow according to a
Gaussian curve equation of the following type]

Num\up

Num\df

� c^ c � 0−a exp6−9[7$log0
Bo
b 1%

1

7 "8#

Constants a and b are obtained with a best!_t procedure
through experimental data\ _nding]

a � 9[25¦9[9954
L
D

b � 758 0
L
D1

−1[05

"09#
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Fig[ 7[ Predictions of present experimental data obtained using the Aicher and Martin ð0Ł method[

In the Gaussian curve\ 0−a represents the ordinate of
the Gaussian vertex\ while b is its abscissa[ It is therefore
also of interest the trend of the 0−a and b parameters
versus the channel geometry\ L:D\ which has been
reported in Fig[ 09[ Figure 09"a# shows the 0−a para!
meter as a function of L:D[ The variable a corresponds
to the maximum deviation between the experimental heat
transfer and that given by equation "4#\ and then the
maximum e}ect of the laminarization on the heat transfer
in up~ow mixed convection\ with respect to down~ow[
As expected\ see Fig[ 4 and Aicher and Martin ð0Ł\ the
laminarization e}ect is small for low L:D values\ while it
increases as the ~ow thermal stabilisation increases[
Figure 09"b# shows instead the b parametric trend[

A _rst comparison of experimental data with pre!
dictions obtained using equation "8# is reported in Fig[
00\ where the ratio between the experimental Nusselt
number and that obtained using equation "4#\ Num\df\ i[e[
the left!hand side term of equation "8#\ is plotted vs the
buoyancy parameter\ Bo\ together with the c function\
for di}erent values of L:D[

Also here\ the double representation of the logarithmic
and linear abscissa scale is used to show the comparison
more clearly[ The agreement is quite good\ the proposed
method showing a good precision and accuracy for buoy!
ancy and geometric e}ects[

A more general view of the comparison between

present experimental data and predictions obtained using
the new proposed method is shown in Fig[ 01\ where
the ratio between experimental and calculated Nusselt
number is plotted versus the buoyancy parameter\ Bo
"top graph#\ and the heat ~ux qý "bottom graph#\ re!
spectively[ The comparison is quite good\ with most of
data points predicted within 219)\ with a standard
deviation of 06)\ and no systematic error as a function
of Bo and qý is observed[

In order to verify the performance of the newly
developed method with di}erent data than that of the
present\ we tried to predict Aicher and Martin ð0Ł data[
First of all\ we used equation "8#\ together with equations
"0#\ "1# and "4#\ i[e[\ exactly the same equations used
for the prediction of the present data[ The prediction is
reported in Fig[ 02\ where the calculated!to!experimental
Nusselt number is plotted versus the buoyancy
parameter[ The calculation refers to full "grey# triangles
and circles\ for L:D � 14 and 43[ As Aicher and Martin
ð0Ł used di}erent correlations to predict their data in pure
forced and natural convection\ we accomplished a second
calculation using equation "8# in combination with the
equations used by Aicher and Martin for pure forced and
natural convection[ In other words we used the Gnielinski
ð24Ł correlation for forced convection\ and equation "1#\
slightly modi_ed by Aicher and Martin ð0Ł for natural
convection[ The result of this second calculation is plotted
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Fig[ 8[ Experimental!to!calculated Nusselt number using equation "4#\ valid for down~ow\ vs buoyancy parameter\ for L:D � 8[5 and
04[3\ using a logarithmic abscissa "a#\ and a linear abscissa "b#[

in Fig[ 02\ and refers to empty symbols "triangles and
circles#[

Although the _rst calculation gives a good prediction

in the mixed convective region of Aicher and Martin data\
9[0 ³ Bo ³ 09\ a general underprediction is exhibited in
the forced convection region\ Bo ³ 9[0[ Using the cor!
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Fig[ 09[ Representation of a "a# and b "b# parameters in equation "8# vs L:D[

relations suggested by Aicher and Martin for pure forced
and natural convection\ which may depend on the charac!
teristics of the pipes employed in the experiment\ the
general result is very good for all the ~ow regimes\ with
most of the data predicted within 219)[

Therefore\ the newly proposed method for the cal!
culation of the heat transfer coe.cient in vertical up~ow
turbulent mixed convection beyond its capacity to pro!
vide a good prediction of present experimental data\ can
be also used to predict data from other authors in di}er!
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Fig[ 00[ Experimental!to!calculated Nusselt number using equation "4#\ valid for down~ow\ vs buoyancy parameter\ together with the
corrective function c\ described in equation "8#\ for L:D � 8[5 using a logarithmic "a# and a linear abscissa "b#\ and for L:D � 04[3
using a logarithmic "c# and a linear abscissa "d#[
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Fig[ 00*continued[
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Fig[ 01[ Predictions of present experimental data obtained using equation "8# vs buoyancy parameter "a# and heat ~ux "b#[
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Fig[ 02[ Predictions of Aicher and Martin ð0Ł data obtained using equation "8# vs buoyancy parameter[

ent geometries and di}erent channels\ bypassing the main
drawbacks presented by the Aicher and Martin ð0Ł
method\ with special regard to points\ L:D e}ect\ and
replacement of pure forced and natural convection cor!
relations\ reported in Section 4[0[

5[ Conclusions

New experimental data of heat transfer in turbulent
upward mixed convection of water in a vertical channel
have been performed\ with special emphasis on L:D
e}ect[

In aided mixed convective ~ow\ the heat transfer
decreases as L:D increases\ the reduction showing a
maximum when the buoyancy parameter\ Bo\ is around
unity[ Under these conditions\ the laminarization e}ect
is maximum[

In view of the scarce availability of reliable design
tools "apart from a complex numerical approach#\ a new
method for the prediction of the heat transfer coe.cient
in aided mixed convection is presented[

The new method provides a good prediction of present
experimental data\ taking into account the L:D and lami!
narization e}ects[ The data of Aicher and Martin ð0Ł are
also predicted by the new method[ Besides\ whenever the
method has to be used to predict data\ for which di}erent
correlations for the calculation of pure forced and natural
convection are necessary\ this can be easily done simply

without any further modi_cation of the expression which
accounts for buoyancy and geometric e}ects[

References

ð0Ł T[ Aicher\ H[ Martin\ New correlations for mixed turbulent
natural and forced convection heat transfer in vertical
tubes[ International Journal of Heat and Mass Transfer 39
"0886# 2506Ð2515[

ð1Ł B[S[ Petukhov\ L[D[ Nolde\ Heat Transfer during the vis!
cousÐgravitational ~ow of a liquid through pipes[ Teplo!
energetika 5 "0848# 61Ð79[

ð2Ł B[ Metais\ Criteria for mixed convection\ HTL!Techn[
Report no[ 40^ Heat transfer Lab[\ University of Minne!
sota\ 0852[

ð3Ł B[S[ Petukhov\ Turbulent ~ow and heat transfer in pipes
under considerable e}ect of thermo!gravitational forces[
In] D[B[ Spalding\ N[ Afgan "Eds[#\ Heat Transfer and
Turbulent Buoyant Convection\ vol[ 1[ Hemisphere\ New
York\ 0866[

ð4Ł G[T[ Polley\ Comprehensive correlating equations for con!
vective heat transfer in circular tubes^ HTFS RS 273^
National Engineering Laboratory:HTFS 8\ Glasgow\
398310\ 0870[

ð5Ł W[ Aung\ Mixed convection in internal ~ow[ In] S[ Kakacž\
R[K[ Shah\ W[ Aung "Eds[#\ Handbook of Single Phase
Convective Heat Transfer\ Wiley\ New York\ 0876[

ð6Ł L[W[ Swanson\ I[ Catton\ Surface renewal theory for tur!
bulent mixed convection in vertical ducts[ International
Journal of Heat and Mass Transfer 29 "0876# 1160Ð1168[



G[P[ Celata et al[:Int[ J[ Heat Mass Transfer 30 "0887# 3926Ð39433943

ð7Ł J[D[ Jackson\ M[A[ Cotton\ B[F[ Axcell\ Studies of mixed
convection in vertical tubes[ International Journal of Heat
and Fluid Flow 09 "0878# 1Ð04[

ð8Ł S[W[ Churchill\ Combined free and forced convection in
channels[ In] G[F[ Hewitt "Ed[#\ Handbook of Heat
Exchanger Design\ BegellÐHouse\ 0881[

ð09Ł D[ Joye\ Comparison of aiding and opposing mixed con!
vection heat transfer in a vertical tube with Grashof number
vanation[ International Journal of Heat and Fluid Flow 06
"0885# 85Ð090[

ð00Ł D[ Joye\ Comparison of correlations and experiment in
opposing ~ow\ mixed convection heat transfer in a vertical
tube with Grashof number vanation[ International Journal
of Heat and Mass Transfer 28 "0885# 0922Ð0927[

ð01Ł A[ Watzinger\ D[G[ Johnson\ Wa�rmeu�bertragung von
Wasser an Rohrwand bei senkrechter Stro�mung im UÝber!
gangsgebeit zwischen laminarer und turbulenter Stro�mung[
Forschung im Ing[!Wesen 09 "0828# 071Ð085[

ð02Ł R[H[ Norris\ M[W[ Sims\ A simpli_ed heat transfer cor!
relation for semi!turbulent ~ow of liquids in pipes[ Trans!
actions AIChE 27 "0831# 358Ð381[

ð03Ł B[ Metais\ Wa�rmeubergang am waagrechten Rohr] Report
no[ 194A[ Inst[ _ir therm[ Verfahrenstechnik\ University of
Karlsruhe\ 0846[

ð04Ł L[S[ Herbert\ U[J[ Sterns\ Heat transfer in vertical tubes*
interaction of forced and free convection[ Chemical Engin!
eering Journal 3 "0861# 35Ð41[

ð05Ł B[P[ Axcell\ W[B[ Hall\ Mixed convection to air in a vertical
pipe[ Proceedings of 5th International Heat Transfer Con!
ference\ vol[ 0\ Toronto\ 0867\ pp[ 26Ð31[

ð06Ł P[E[ Saylor\ D[D[ Joye\ Pressure drop in mixed convection
heat transfer in vertical tube[ Research proposal[ Villanova
University\ Villanova\ PA\ 0877[

ð07Ł A[ Temu\ W[ Blumberg\ V[ Gnielinski\ H[ Martin\ UÝber!
lagerte erzwungene und freie Konvektion in einem sen!
krechten Rohr[ Wiss[ Abschlu)ber[ 15[ International Sem!
inar d[ Univ[ Karlsruche\ University of Karlsruche\ 0878\
pp[ 38Ð47[

ð08Ł L[ Prandtl\ Fu�hrer durch die Stro�mungslehre[ 2rd ed[
Vieweg\ Braunschweig\ 0831[

ð19Ł B[ Metais\ E[R[G[ Eckert\ Forced\ mixed\ and free con!
vection regimes[ Journal of Heat Transfer 75 "0853# 184Ð
185[

ð10Ł A[ Steiner\ On the reverse transition of a turbulent ~ow
under the action of buoyancy forces[ Journal of Fluid
Mechanics 36 "0860# 492Ð401[

ð11Ł S[W[ Churchill\ Comprehensive correlating equations for
heat\ mass and momentum transfer in fully developed ~ow
in smooth tubes[ Industrial Engineering and Chemistry
Fundamentals 04 "0861# 678Ð799[

ð12Ł S[W[ Churchill\ H[H[!S[ Chu\ Correlating equations for

laminar and turbulent free convection from a vertical plate[
International Journal of Heat and Mass Transfer 07 "0864#
0712Ð0718[

ð13Ł J[D[ Jackson\ J[ Fewster\ Enhancement of turbulent heat
transfer due to buoyancy for downward ~ow of water in
vertical tubes[ In] D[B[ Spalding\ N[ Afgan "Eds#\ Heat
Transfer and Turbulent Buoyant Convection\ vol[ 1[ Hemi!
sphere\ New York\ 0866[

ð14Ł J[D[ Jackson\ W[B[ Hall\ In~uences of buoyancy on heat
transfer of ~uids in vertical tubes under turbulent
conditions[ In] S[ Kakacž\ D[B[ Spalding "Eds#\ Turbulent
Forced Convection in Channels and Bundles\ vol[ 1\ Hemi!
sphere\ New York\ 0868[

ð15Ł A[ Bejan\ Convection Heat Transfer[ Wiley\ New York\
0873[

ð16Ł A[F[ Polyakov\ S[A[ Shindin\ Development of turbulent
heat transfer over the length of vertical tubes in presence
of convection of a liquid in a vertical tube[ International
Journal of Heat and Mass Transfer 20 "0877# 876Ð881[

ð17Ł H[ Tanaka\ S[ Maruyama\ S[ Hatano\ Combined forced
and natural convection heat transfer for upward ~ow in a
uniformly heated\ vertical pipe[ International Journal of
Heat and Mass Transfer 29 "0876# 054Ð063[

ð18Ł B[ Weigand\ H[ Beer\ Wa�rmeu�bertragung in einem axial
rotierenden\ durchstro�mten Rohr im Bereich des ther!
mischen Ein~aus[ Wa�rme Sto}u�bertr 13 "0878# 080Ð191[

ð29Ł M[A[ Cotton\ J[D[ Jackson\ Vertical tube air ~ows in the
turbulent mixed convection regime calculated using a low!
Reynolds!number kÐo model[ International Journal of Heat
and Mass Transfer 22 "0889# 164Ð175[

ð20Ł W[B[ Hall\ Heat transfer near the critical point[ Advances
in Heat Transfer 6 "0860# 0Ð75[

ð21Ł W[B[ Hall\ J[D[ Jackson\ Laminarization of a turbulent
pipe ~ow by buoyancy forces[ ASME Paper 58!HT!44\
0858[

ð22Ł B[E[ Launder\ B[I[ Sharma\ Application of the energy!
dissipation model of turbulence to the calculation of ~ow
near a spinning disc[ Lett[ Heat Mass Transfer 0 "0863#
020Ð027[

ð23Ł R[C[ Martinelli\ L[M[K[ Boelter\ An analytical prediction
of superimposed free and forced viscous convection in a
vertical pipe[ Univ[ Calif[ Publ[ in Eng[ 4"1# "0831# 12Ð47[

ð24Ł V[ Gnielinski\ Ein neues Berechnungsverfahren fu�r die
Wa�rmeu�bertragung im UÝbergangsbereich zwischen lami!
narer und turbulenter Rohrstro�mung[ Forschung im In!
genieurwesen!Engineering Research 50 "0884# 139Ð137[

ð25Ł VDI Heat Atlas[ VDI!Verlag\ Du�sseldorf\ 0882[
ð26Ł G[P[ Celata\ A[ Chiaradia\ M[ Cumo\ F[ D|Annibale\ Heat

transfer enhancement by air injection in forced and mixed
convective ~ow of water[ Proceedings of 04th UIT National
Heat Transfer Conference\ vol[ II\ 0886\ pp[ 446Ð469[


