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Abstract

Experimental investigations were performed by heating streams of air\ water and glycerine in tubes of di}erent
diameters furnished with perforated ba/es of various types[ The results are presented as a correlation between Nusselt
and Prandtl numbers and modi_ed Reynolds number related to the drag coe.cient speci_c for ba/e type[ Concerning
momentum transfer and ~uid ~ow _eld in the system\ a method has been elaborated to predict the drag coe.cient in
relation to the ba/e parameters[ This enables us to predict the heat transfer rate and the ~ow resistance by scaling up
the system[ Þ 0887 Elsevier Science Ltd[ All rights reserved[

Nomenclature

A factor in equations "2#\ "06#\ "07# and "21#
A"T# factor in equations "16#Ð"18#
B factor in equations "10# and "11#
cp heat capacity of ~uid at constant pressure ðkJ kg−0

K−0Ł
d diameter of opening in ba/e ðmŁ
de e}ective linear dimension of ba/e ðmŁ
dh hydraulic diameter of opening in ba/e ðmŁ
D inside diameter of heat exchanger tube ðmŁ
D9 outside diameter of heat exchanger tube ðmŁ
G mass ~ow rate of ~uid ðkg s−0Ł
l spacing of ba/es in set ðmŁ
L length of heat exchanger tube ðmŁ
Lc length of central section of heat exchanger tube ðmŁ
Le length of heated section of heat exchanger tube ðmŁ
n number of ba/es
n9 number of openings in ba/e
Nu Nusselt number\ aD:l
p static pressure ðPaŁ
Pr Prandtl number\ cpm:l
qi local heat ~ux ðWŁ
Qel electrical power input ðWŁ

� Corresponding author

Re Reynolds number\ uDr:m
Re¦ modi_ed Reynolds number\ Re"j:7#0:1

ti local temperature of wall of heat exchanger tube ð>CŁ
t�i local temperature of ~uid ð>CŁ
ts temperature of surrounding air ð>CŁ
t? local temperature of outer surface of heat exchanger
insulation ð>CŁ
u linear velocity of ~uid\ averaged over cross!section of
heat exchanger tube ðm s−0Ł
u¼a velocity of ~uid\ averaged over opening cross!section
ðm s−0Ł
u¼m maximal linear ~uid velocity at opening centre
ðm s−0Ł
u¼ s local linear velocity within stagnation zone ðm s−0Ł
u¦ shear stress velocity of ~uid ðm s−0Ł
V volumetric ~ow rate of ~uid ðm2 s−0Ł
x axial coordinate ðmŁ[

Greek symbols
a heat transfer coe.cient ðW m−1 K−0Ł
o perforation of ba/e
l coe.cient of molecular thermal conductivity of ~uid
ðW m−0 K−0Ł
lCu coe.cient of molecular thermal conductivity of
copper ðW m−0 K−0Ł
m coe.cient of dynamic viscosity of ~uid ðkg m−0 s−0Ł
j drag coe.cient of ba/e set in equations "1#\ "3# and
"5#
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ji drag coe.cient of isolated ba/e in equations "6# and
"7#
j¦ drag coe.cient of single ba/e in set in equations
"4# and "5#
r density of ~uid ðkg m−2Ł[

0[ Introduction

This work is an extension of our formerly initiated
experimental investigation concerning augmentation of
heat transfer between the ~uid stream and internal sur!
face of a tube wall ð0\ 1Ł consisting of furnishing the
tube with inserts of perforated disc!ba/es distributed
perpendicularly to its axis[

In our previous papers ð2\ 3Ł on the subject we discussed
other commonly accepted passive methods for aug!
menting heat transfer within tubes[ Especially\ we
analysed available information concerning augmentation
e}ects within tubes with internally roughened or ribbed
walls and in tubes furnished with inserts of twisted tapes
or with wire!net matrices in comparison with results of
our experiments with heating air stream within tubes
furnished with our inserts with various geometrical par!
ameters[ We also presented two criteria for comparative
estimation of the e}ectiveness of various means proposed
for heat transfer augmentation within tubes[ One of these
criteria is based on comparison of heat transfer surface
areas in an exchanger with tubes furnished with aug!
menting means and in a conventional exchanger when\
respectively\ the same amounts of energy\ mass and
momentum are exchanged "the same exploitation costs
are assumed in both#\ but with di}erent numbers of tubes
"lengths and diameters# as well as ~uid velocities within
the tubes[ The other criterion is based on analogous com!
parison of the heat transfer surface areas regardless\ how!
ever\ of limitation in momentum amount exchanged in
the exchanger with tubes furnished with augmenting
means[ This criterion is convenient when the investment
cost of the designed exchanger is high but high pressure
drop in the ~uid streaming within the tubes of the appar!
atus is acceptable[ Thus\ considerable reduction in heat
transfer surface area is possible[

On the basis of these criteria\ employing data taken
from the literature and our experimental results\ we com!
pared the e}ectiveness of a tube furnished with our per!
forated disc!ba/es\ with twisted tapes and with internally
ribbed walls ð4\ 5Ł[ The results of experiments and of
computations indicate that insertion of a set of perforated
disc!ba/es into a tube enables us to increase the heat
transfer rate between the tube wall and ~uid streaming
within the tube up to seven times as compared with that
observed at the same ~uid ~ow rate in an ordinary tube
with the same diameter[ The other compared augmenting
means increase the heat transfer rate up to three times
only[

The comparison of the reductions in heat transfer sur!
face area\ estimated at the same amounts of energy\ mass
and momentum exchanged in the exchangers\ each with
tubes furnished with one of the above mentioned three
augmenting means indicates approximately the same
e}ects when narrow tubes are used in the compared
exchangers[ However\ when tubes with larger diameters
are considered\ inserts of perforated ba/es are evidently
most e}ective[ They also demonstrate an advantage
essential for scaling!up the heat exchangers with aug!
mented heat transfer within tubes under dynamic simi!
larity condition[ Namely\ the exponent at Reynolds num!
ber characterizing dynamic similarity of heat transfer
augmentation is constant within rather a broad range of
Reynolds numbers[ It has been stated ð2\ 3Ł that the
conventionally de_ned Reynolds number cannot be
employed as the dynamic similarity criterion in scaling
up of heat exchangers with tubes furnished with sets
of perforated disc!ba/es di}ering in their geometrical
parameters[ It has been found\ however\ that the dynamic
similarity of the heat transfer in the proposed systems
can be conveniently described by the modi_ed Reynolds
number

Re¦ � u¦Dr:m "0#

based on the shear stress ~uid velocity de_ned by the
formula

u¦ � u"j:7#0:1 "1#

in which j denotes an over!all drag coe.cient speci_c for
a given ba/e set[ Thus\ it has been established that heat
transfer between the hot wall of a tube and a ~uid ~owing
within it can be modelled by means of the correlation

Nu � A Prm"Re¦#k[ "2#

The dimensionless factor\ A\ dependent on the ba/e type
and the exponent\ k\ for Re¦ were determined exper!
imentally "9[6 ¾ k ¾ 9[7#\ but the exponent m � 9[3 was
assumed to be the same as for heating ~uids in common
tubes[

Equation "2# could be employed in predicting heat
transfer rate in a tube furnished with a given ba/e set if
j was known[ This\ as yet\ could only be determined in
relation to the pressure drop\ Dp\ measured in the ~uid
stream for a given ba/e set\ as it follows from the relation

j � 1DpD:ru1L[ "3#

The over!all drag coe.cient\ j\ can be replaced by the
partial drag coe.cient\ j¦\ speci_c for a single ba/e in
a set\ as de_ned by

j¦ � 1Dp:nru1[ "4#

Both coe.cients\ j and j¦\ are related to each other
by the formula
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j � j¦nD:L � j¦"L:l#"D:L# � j¦"d:l#"D:d#[ "5#

It has to be noted that the value of j¦ di}ers from that
of ji\ speci_c for a single isolated ba/e\ and de_ned as

ji � 1Dpi:ru1 "6#

which can be evaluated by means of the correlation

ji � "ð0¦9[696z"0−o#−oŁ:o#1 "7#

recommended in literature ð6Ł for ba/es with openings
of arbitrary shape and linear dimension when their free
surface area\ o\ falls into the range 9[90 ¾ o ¾ 9[8[

In order to rid equation "2# of empirical factors\ this
work has been aimed at _nding relations between j¦ and
ji\ as well as between factor A and the parameters of the
ba/e[ This will facilitate the predicting of the heat trans!
fer augmentation and of the ~ow resistance in the pro!
posed system[

This work has also been aimed at veri_cation of the
contribution of the conventionally de_ned Prandtl num!
ber in equation "2#[ This problem is especially important
from the point of view of modelling heat transfer aug!
mentation in liquids or compressed gases heated within
tubes of a tube!in!shell exchanger[

This work has consisted of]

, experimental determination of Nu and of j¦ during
heating streams of various ~uids in tubes di}ering in
diameters and furnished with sets of ba/es di}ering in
spacing and in geometry^

, experiments and theoretical considerations concerning
~uid ~ow patterns in these tubes in order to _nd the
relation between j¦ and the ba/e parameters^

, correlating Nu with j¦ and thus with Re¦[

1[ Experiments

Several series of experiments were performed with the
ba/e types illustrated in Fig[ 0[ The ba/es were made
of steel sheet\ 9[4 mm thick\ and they were assembled
perpendicularly to the tube axis on a coaxial rod in sets
di}ering in spacing along the tube in individual series of
experiments[

Experiments were performed at steady!state with air\
water and aqueous solutions of glycerine\ 39) and 47)[
The ~uid velocities\ related to the tube cross!section\ were
varied in individual groups of experiments in the ranges]
for air 3 ¾ u ¾ 19 m s−0\ and for liquids 3×09−1 ¾
u ¾ 5×09−0 m s−0 and they corresponded with the con!
ventional Re in the range 6×091 ¾ Re ¾ 2×093[

The tests with heating air streams were performed with
the tubes 24[4\ 69 and 099 mm in diameter\ used as
heat exchangers with constant wall temperatures[ For
comparison\ however\ several series of tests with heating
air streams were performed in a tube 29 mm in diameter\

used as a heat exchanger with constant heat ~ux on its
wall in all experiments with liquids[

Figure 1 illustrates schemes of experimental stands[ An
open system\ presented in Fig[ 1"a#\ was employed in
experiments performed with air[ Ambient air was
pumped through a heat exchanger 0 by a blower 1\ and
its ~ow rate was controlled by a rotameter 2[ The air
stream was heated in a heat exchanger of the tube!in tube
type with the inner tube heated by steam saturated at
atmospheric pressure[ Thus\ the air stream was heated at
the constant temperature of the tube wall[ Details are
given elsewhere ð2Ł[ A closed system\ shown in Fig[ 1"b#\
was employed in experiments performed with liquids[
Cold liquid was sucked from a reservoir 3\ and pumped
by a pump 4 through another reservoir 5 into a heat
exchanger 0[ Reservoir 5 was equipped with an electric
heater controller by a regulator maintaining the tem!
perature of the liquid stream at the heat exchanger inlet
at constant level t9 � 29>C during each experiment[ The
liquid ~ow rate was regulated by a set of valves 6 and
controlled by a rotameter 2[ Hot liquid\ leaving the heat
exchanger 0\ was turned back through a cooler 7 into
reservoir 3[ A scheme of the heat exchanger with constant
heat ~ux on its wall\ used interchangeable in both stands\
is illustrated in Fig[ 2[ A copper tube 0\ with inside diam!
eter D � 29 mm and outside diameter D9 � 39 mm with
length L � 699 mm\ was heated from outside by an elec!
tric heater at a constant heat ~ux Qel:Le[ The tube was
isolated from outside in order to reduce heat loss[ Figure
2 also presents the tube wall element 1[ Resistance wire 2
was coiled uniformly in a groove made in the tube wall
and it was electrically isolated by a paste 3 with high
electrical resistance and with high thermal conductivity[
The distribution of the local temperatures\ ti\ along the
tube wall was measured by a set of thermocouples 4
uniformly spaced at a distance\ Dxi\ and _xed in cavities
_lled with a paste 5 with high thermal conductivity[ Both
ends of tube 0 were isolated thermally from inlet and
outlet metal tubings by means of nylon connectors 6 in
order to eliminate heat loss in a longitudinal direction[
The ~uid stream temperatures at the initial and at the
_nal cross!section of the heat exchanger were measured
by means of two sets of thermocouples 7[ Each set was
made of four units with junctions located at radial
positions\ chosen so that the average of their indications
was equal to the mean temperature of the ~uid in each
cross!section of the apparatus[ The pressure drop in the
~uid stream was measured by a manometer connected
with taps 8 at the ends of the heat exchanger[

The pressure drops needed for evaluation of j¦\ and
the data needed for evaluation of Nu\ were determined
simultaneously in individual experiments[

The method for collecting data necessary for evalu!
ation of Nu for the tubes with constant wall temperature\
and the evaluation itself\ were described previously ð2Ł[

The Nu!values for the tube with constant heat ~ux on
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Fig[ 0[ Investigated ba/es and their characteristics D � 29\ 22[4\ 69 and 099 mm[

T d:D o n9

I 9[9603 9[33 74
II 9[099 9[36 35
III 9[099 9[50 59
IV 9[010 9[31 17
V 9[032 9[31 19
VI 9[199 9[34 00
VII 9[199 9[50 04
VIII 9[399 9[38 2
IX 9[438� 9[50 1
X 9[223� 9[50 5
XI 9[219 9[29 2
XII 9[850 9[39 25
XIII 9[222 9[056 0
XIV 9[409 9[207 0
XV 9[522 9[350 0
XVI 9[699 9[444 0

� hydr[ diam[

its wall were evaluated as the averages of the sets of local
values calculated on the ground of the data collected
experimentally along the tube[ The calculations of the
local values\ Nui\ were performed according to the for!
mula]

Nui �
aiD
l

�
qi

pl0
Dxi

1
¦

Dxi−0

1 1Dt�i

[ "8#

The local di}erence of the wall and of the ~uid tem!
peratures\ Dt�i\ necessary for evaluation of Nui was esti!
mated according to the scheme presented in Fig[ 3[ The
local average temperature of the ~uid in the initial cross!
section of the exchanger was measured experimentally by
the thermocouples 7 shown in Fig[ 2[ As the ~uid mass

~ow rate\ G\ and the local heat ~ux\ qi\ transferred to the
~uid stream through the tube segment\ Dxi\ were known
during each experiment\ the local ~uid temperature\ Dt�i\
average in the succeeding tube cross!section\ cor!
responding to the longitudinal position of the ther!
mocouple measuring the tube wall temperature\ was
evaluated according to the balance equation

t�i � t�i−0¦qi:Gcpi[ "09#

The local heat ~ux\ qi\ was evaluated according to the
formula

qi � "qel\i−qs\i#0
Dxi−0¦Dxi

1 1¦qx\i[ "00#
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Fig[ 1[ Experimental stands "a# for air\ "b# for liquids[

Fig[ 2[ Heat exchanger[
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Fig[ 3[ Explanation for evaluation of heat balance in system]
heat exchanger wall*element of ~uid stream[

The heat ~ux\ qel\i\ generated by the electrical resistance
coil\ was evaluated by means of the formula

qel\i � Qel:Le[ "01#

The heat ~ux\ qx\i\ transferred into the ith segment of the
tube wall due to thermal conductivity of its material\ was
estimated according to the equation]

qx\i �
p

3
"D1

9−D1#
lCu

Dxi

"ti¦0−ti−0#[ "02#

The heat loss from the outer surface of the ith segment
of the exchanger\ qs\i\ was estimated after the relation]

qs\i � as\i"t?i−ts#0
Dxi−0¦Dxi

1 1[ "03#

The coe.cient\ as\i was evaluated after the empirical cor!
relation proposed by Hobler ð7Ł[ The heat loss through
the nylon tubings at both ends of the exchanger did not
exceed 1) in the experiments with air\ and 9[4) in the
tests with liquids[ The local arithmetical average of the
di}erences of the wall and of the ~uid temperature at the
initial and at the _nal cross!section of the ith segment of
the exchanger was calculated as]

Dt�i � ti−
t�i¦t�i−0

1
[ "04#

The Prandtl number was evaluated on the basis of the
~uid molecular properties related to the arithmetical

average of the ~uid temperatures at the inlet and at the
outlet of the heat exchanger^ its values have been changed
in the range 9[6 ¾ Pr ¾ 23[

2[ Results

In order to validate the accuracy of the experimental
facilities\ several sets of experiments with heating gas and
liquids streaming within an ordinary tube were per!
formed[ The results were compared with the appropriate
values calculated according to the commonly accepted
correlation

Nu:Pr9[3 � 9[912 = Re9[7[ "05#

Figure 4 illustrates excellent agreement between exper!
imental and calculated data[

Figure 5 shows examples of the longitudinal pro_les
of the exchanger wall temperature\ ti � f "xi#\ and of the
~uid temperature averaged over the cross!sections of the
stream along the heat exchanger\ t�i � f "xi#[ The diagrams

Fig[ 4[ Results of experiments in ordinary tube[

Fig[ 5[ Distributions of wall temperature\ t"xi#\ and ~uid tem!
perature\ ti�"xi#\ along heat exchanger\ D � 29 mm[
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indicate that for moderate n "n � 19#\ and for relatively
large Re "Re � 00×092#\ the temperature pro_les in the
central part of the exchanger are linear both for heating
water as well as air[ Only along the short inlet and outlet
sections are small deviations observed[

Such longitudinal temperature pro_les were employed
in the evaluation of Nui according to the scheme discussed
above "Fig[ 3#[ These Nui values vary to a degree along
the exchanger tube depending on the conditions applied
in the individual experiments\ as is seen in the diagrams
in Fig[ 6"a#Ð"c#[ The diagrams in Fig[ 6"a# indicates that
the Nui values increase slightly along the exchanger while

Fig[ 6[ Distribution of local Nusselt numbers along heat
exchanger\ D � 29 mm "a# e}ect of ~uid nature^ "b# e}ect of
ba/es spacing^ "c# e}ect of ba/e type[

heating the water stream\ but they oscillate about an
average value almost constant along the apparatus when
the air stream is heated[ The diagrams in Fig[ 6"b# indicate
that the oscillations decrease as the ba/es spacing l is
reduced[ It can also be seen that the reduction of l from
039Ð25 mm generates an increase in Nu\ e[g[ by about
79)[ However\ further reduction of l\ up to 1 mm\ does
not a}ect Nu markedly^ thus\ close packing of the ba/es
within the heat exchanger tube is not advisable[ Figure
6"c# illustrates the e}ect of the ba/e type on the dis!
tribution of the local Nui values along the exchanger[ The
investigated ba/es di}er essentially in their geometry\ as
can be seen in Fig[ 0[ Higher values of Nu were observed\
both for heating air as well as water streams when ba/es
T!VIII were applied[

In order to elaborate a general correlation on the basis
of the experimental results\ it was recognised as advisable
to average the Nui values over the central part of the
exchanger with the length Lc � 325 mm in all experi!
ments^ thus the end e}ects were eliminated[ This average
value of Nu was then employed in equation "2# in order
to evaluate accurately the exponents k and m\ for Re¦

and for Pr\ respectively[ The accurate determination of k
is now possible due to the experiments performed in a
wider range of ba/e parameters[ The determination of
m in our previous work ð2Ł was impossible because only
air was used as the heated medium^ it was then assumed
that m � 9[3\ as it is for heating ~uids in common tubes[
In order to verify that assumption\ in this work an
attempt was made to present results of all experiments\
performed with various ~uids and with ba/e types\ as a
function of]

Nu:APr9[3 � "Re¦#k[ "06#

Several groups of results correlated in this way are illus!
trated in Fig[ 7"a#Ð"c#[ They indicate that m � 9[2882
9[991 ¼ 9[3[ Thus\ equation "07# can be formulated with
the factor A dependent on the ba/e type

Nu:Pr9[3 � A"Re¦#9[6[ "07#

The use of equation "07# may be\ to some extent\
troublesome due to the necessity of experimental deter!
mination of j or j¦ involved in Re¦\ and of the factor
A[ To eliminate such inconvenience\ a method has been
proposed for evaluating both j¦ and A on the basis of
the ba/e parameters[

The method is based on the results of some theoretical
considerations concerning ~uid ~ow patterns and on the
results of measurements of the pressure drops in the tube
furnished with the ba/e sets used in the heat transfer
experiments[

The results of these measurements are illustrated in
Fig[ 8"a#\ "b# showing the dependence of the ratio of the
reduced drag coe.cient\ j¦:ji\ on the ratio of the reduced
ba/es spacing\ l:d[ It can be seen that the ratio j¦:ji :
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Fig[ 7[ E}ect of modi_ed Reynolds number on heat transfer
rate[

0 for a certain value of l:d independent on the ~uid nature
and on the tube diameter "Fig[ 8"a##\ but dependent on the
ba/e type "Fig[ 7"b##[ This means that when a {critical|
distance between neighbouring ba/es in a set is exceeded
each ba/e in~uences the ~uid stream as an isolated unit[

In order to standardize the experimental results\ an
e}ective linear dimension\ de\ characterising a ba/e has
been taken into account[ The ratio of this dimension to
the opening diameter\ de:d\ when j¦:j : 0 is in the range
of 0[7 ¾ de:d ¾ 3[4^ d denotes real diameter of the ident!
ical circular openings and it denotes the hydraulic diam!
eter of the openings in the ba/e types T!IX and T!X[

The relations between the ratios j¦:ji and l:de for sev!
eral ba/e types\ di}erent tube diameters and di}erent
~uids were analysed and some examples are illustrated in

Fig[ 09"a#\ "b#[ The values of l � de at j¦ ¼ ji for indi!
vidual ba/es were estimated according to the relation

de:d � ð"ru1L#:"1Dpd#Łð"0¦9[696z0−o−o#:oŁ1 "08#

obtained from equation "19# after expressing ji by equa!
tion "7#[

de � l � "jiru1L#:1Dp[ "19#

The relations j¦:ji � f "l:de# for various Re\ can be
correlated by the formula

j¦:ji � B"l:de#m "10#

in which m � 9 for l − de\ m � 0 for l ³ de\ and B depends
on Re as follows

B � "Re:093#9[04[ "11#

It has been found that 9[56 ³ B ³ 0[07 for
6×091 ³ Re ³ 2×093[

From the analysis of the diagrams in Fig[ 09"a#\ "b#
two conclusions follow[

0[ For l − de\ j¦ depends only on o and it can be evalu!
ated from equation "7#[

1[ For l ³ de\ j¦ increases linearly with l\ thus Dp is
independent on n\ as follows from equations "3# and
"5#[

The reason for this phenomena can be explained on
the basis of the radial pro_les of the velocity and those
of the turbulence measured in the ~uid stream between
the ba/es and illustrated in Fig[ 00"a#\ "b#[ It can be seen
that the pro_les measured downstream of the _fth and
of the thirteenth ba/e in the set\ have almost the same
shape[ This fact indicates that the velocity pro_les\ cor!
responding with the minimum dissipation of the kinetic
energy of the ~uid stream\ becomes stable within the
ba/e set[ The deformation of the velocity radial pro_le
in the ~uid stream when passing each ba/e in the set is
insigni_cant\ and\ in consequence\ the ~ow resistance is
independent on the number of the ba/es in the heat
exchanger tube[ On the basis of the experimental results
presented in Fig[ 00"a#\ "b#\ a simpli_ed mathematical
model of ~uid ~ow in a considered system has been for!
mulated[ According to the recorded velocity pro_les\ one
may consider the ~uid stream within the set of the per!
forated ba/es\ each with n9 openings\ as a collection of
n9 jets and of stagnation regions between them where
the velocity pro_le is approximately ~at and the local
velocities\ u¼ s\ are considerably smaller than the average
velocity referred to the tube cross!section[ The jets have
the shape of a cone with the diameter of its base\ de × d\
and with the height corresponding to the maximal ~uid
velocity\ u¼m\ at the centre of the opening[ Thus\ one may
assume that the ratio of the average\ u¼a\ and of the maxi!
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Fig[ 8[ Relation between reduced drag coe.cient\ j¦:ji\ and reduced spacing\ l:d[
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Fig[ 09[ Relation between reduced drag coe.cient\ j¦:ji\ and reduced e}ective spacing\ l:de[

mal\ u¼m\ velocities within the individual jet can be
approximated as]

u¼a:u¼m � 0:2k[ "12#

The factor\ k\ dependent on the ba/e type\ characterises
the velocity pro_le within the jet^ e[g[\ for parabolic pro!
_le u¼a:u¼m � 0:1 and k � 1:2\ for {conical| pro_le k � 0\
and for a jet with an elongated conical shape k × 0[
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Fig[ 00[ Radial pro_les of velocity\ u¼:u\ and turbulence\ u?:u\ within air stream between ba/es "a# downstream the _fth ba/e within
the set of nine ba/es^ "b# downstream the thirteenth ba/e within the set of 06 ba/es[ D � 69 mm\ T!VIII[

The above mentioned mathematical model is based on
the mass balance of the isothermal ~uid stream in the
tube equipped with the ba/es and in the empty tube[

n9d
1
eu¼a¦"D1−n9d

1
e #u¼ s � D1u[ "13#

When equation "13# is divided by the term D1u\ and
some transformations are made\ equation "14# is obtained

"de:D#1 � "0−u¼ s:u#:ðn9"u¼a:u−u¼ s:u#Ł[ "14#

The number of the openings in the ba/e is expressed by
the formula]

n9 � "D:d#1o[ "15#

Insertion of equations "12# and "15# into equation "14#
results in the formulae

de:d � A"T#z2:o "16#

A"T# � ðk"0−u¼ s:u#:"u¼m:u−2ku¼ s:u#Ł0:1[ "17#

Parameter A"T# characterises the ~uid ~ow _eld within a
set of ba/es\ and its value depends on the ba/e type[

Table 0 presents the exemplary collection of the values

Table 0
Parameters characterising the ~ow _eld generated by a per!
forated ba/e

de:d

Equation Equations
T u¼ s:u u¼m:u k A"T# "08# "16#\ "17#

VIII 9[4 1[4 0 9[60 0[7 0[7
XI 9[514 2 3[14:2 0[14 3[9 3[9
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of the parameters u¼ s:u\ u¼a:u and k\ all estimated on the
basis of the ~uid velocity pro_les measured within the
ba/e sets T!VIII and T!XI[ They were employed in equa!
tion "17# for calculating the values of the factor A"T#
which\ in turn\ were used in calculating the ratio "de:d#cal

according to equation "16#[ Both the values of A"T# and
of "de:d#cal are presented in Table 0^ for comparison\ the
values of "de:d#exp\ calculated from equation "08# on the
basis of the pressure drops measured\ are also presented
and perfect agreement is evident[

The analysis of the experimental results has indicated
that

A"T# � 0 "18#

and thus

de:d �z2:o "29#

when the opening diameter is su.ciently small\ all the
openings in the ba/e are identical and circular in shape\
and their number is su.ciently large^

d:D ³ 0:2\ d � const\ and n9 × 2[ "20#

Table 1 presents a comparison of the "de:d#cal values
estimated according to equation "29# with "de:d#exp esti!
mated by means of equation "08# on the basis of the
measured pressure drops[ The comparison is made for
the ba/es ful_lling the conditions of equation "20#[ The
agreement is quite satisfactory[

Table 2 comprises the data characteristic for the ba/es
which do not ful_l the conditions of equation "20#[ It is
seen that the values of A"T# change in the range
9[64 ¾ A"T# ¾ 0[49[

Summing up\ the sequence of equations "16#\ "10# and
"4# allows us to predict the values of de\ j¦ and _nally\ Dp\
for a given ba/e type[ The comparison of Dpt\ estimated
according to the method proposed\ with those values of

Table 1
Comparison of "de:d#exp and "de:d#cal for ba/es for which
A"T# � 0

"de:d#exp "de:d#cal

T Equation "08# Equation "29#0 n9 d:D o

I 1[5 1[5 74 9[9603 9[33
II 1[5 1[5 35 9[0 9[36
III 1[5 1[2 59 9[0 9[50
IV 1[5 1[6 17 9[010 9[31
V 1[5 1[6 19 9[032 9[31
VI 1[5 1[5 00 9[1 9[34
VII 1[5 1[2 04 9[1 9[50
XII 1[8 2[9 25 9[985 9[39

Table 2
Parameters of the ba/es for which 9[64 ¾ A"T# ¾ 0[4 and
de:d � A"T#z"2:o#

T o de:d z"2:o# A"T# n9 d:D

VIII 9[389 0[7 1[4 9[64 2 9[399
IX 9[509 1[6 1[11 0[1 1 9[449
X 9[509 1[5 1[1 0[1 5 9[223
XI 9[299 3[9 2[1 0[2 2 9[219
XIII 9[056 3[4 3[1 0[1 0 9[229
XIV 9[207 3[9 2[0 0[2 0 9[409
XV 9[350 2[6 1[4 0[4 0 9[522
XVI 9[444 1[6 1[21 0[1 0 9[699

Dpexp\ determined experimentally\ is shown in Fig[ 01^ the
average deviation is 7)[

The analysis of the experimental data concerning the
rate of heat transfer in the investigated system indicates
that the factor A in equation "07# may be expressed by
equation "21# valid for all ba/es investigated[

A � 9[256"de:d#9[2[ "21#

Thus\ equation "07# has been brought to the form

Nu � 9[256"de:d#9[2Pr9[3"Re¦#9[6[ "22#

Figure 02 illustrates the _tting of the experimentally
determined heat transfer rates with equation "22#^ the
average deviation is 205) and the maximal deviation is
in the range of 214) which does not exceed the maximal
error 229) estimated on the basis of the error analysis
enclosed in the appendix[

The results of our previous investigation has shown
that the insert of the perforated disc!ba/es T!VIII is the
most e}ective regarding the reduction of the heat transfer
surface area in a tube!in!shell type heat exchanger[ Such
insert has not been described in the literature as yet[
Therefore\ it is rather di.cult to compare its augmenting
e}ects with analogous literature data related exactly to
that type of augmenting means[

However\ the comparison has been done for the insert
of perforated ba/es T!XVI and for the augmenting
means proposed by Nunner ð8Ł and Webb et al[ ð09Ł
because those proposals indicate similar\ to some extent\
geometrical parameters[ Their common feature is that
the ring!shaped elements disturbing the ~uid stream
within the tube are uniformly spaced along it[ Figure 03
illustrates the heat transfer augmenting e}ects given by
the perforated ba/es T!XVI and by the augmenting
means proposed by Nunner ð8Ł and Webb et al[ ð09Ł in
comparison with the heat transfer rate observed in the
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Fig[ 01[ Comparison of pressure drops calculated\ Dpt\ and experimentally determined\ Dpexp[

Fig[ 02[ Comparison of the experimentally determined data with
the theoretical line predicted by equation "22#[

ordinary tube[ It can be seen that the insert of perforated
ba/es T!XVI is the most e}ective[

3[ Conclusions

"0# The heat transfer during heating a ~uid stream in a
tube furnished with a set of perforated ba/es can

Fig[ 03[ Comparison of the heat transfer augmentation e}ects
generated in the air stream by the ba/es T!XVI and by the
augmentation means proposed by Nunner ð8Ł and Webb et al[
ð09Ł[

be modelled with satisfactory accuracy by means of
equation "22# in which Nu and Pr are de_ned con!
ventionally\ but Re¦ is based on the shear stress ~uid
velocity related with the drag coe.cient\ j¦\ speci_c
for a single ba/e in the set[

"1# The values of j¦\ so far available by experiments\
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can be predicted by the presented method when the
ba/e parameters o\ D\ d\ l and de:d are known[ The
knowledge of j¦ value allows us to predict the heat
transfer rate as well as the pressure drop in the inves!
tigated system[

"2# The parameter\ de:d\ characteristic for a given ba/e
type\ can be evaluated according to equation "29#
when the openings in the ba/e ful_l the conditions
of equations "20#[ For the ba/es which do not ful_l
such conditions\ de:d has to be estimated by means
of equation "16# with a value of A"T# taken from the
range\ 9[64 ¾ A"T# ¾ 0[49\ as it is seen in Table 2[

"3# The heat transfer rates and the pressure drops pre!
dicted according to the proposed method have been
veri_ed experimentally in the ranges of 9[6 ¾ Pr ¾ 23
and 6×091 ¾ Re ¾ 2×093[ Satisfactory agreement
between the predicted and experimentally determined
values is evident[

Appendix] the error analysis for equation "22#

Equation "22# correlates the dependent variable\ Nu\
with the independent variables "Re¦#9[6\ "de:d#9[2 and Pr9[3\
each of them determined experimentally with certain
error[ The evaluation of the errors at which these vari!
ables have been determined enables us to estimate the
correctness of equation "22#[ The error analysis has been
performed for the case with the glycerine aqueous solu!
tions as their physicalÐchemical properties might be
determined with the largest errors in comparison to the
case of other ~uids used in the heat transfer experiments[
The possible errors of the system properties in~uencing
the variables in equation "22# are collected in Table A0[

The maximal error of the individual variables in equa!
tion "22# were estimated on the ground of the error analy!
sis applied to the formulae used for their evaluation from
the experimental data each laden with an error enclosed
in Table A0[

The local Nusselt number\ Nui\ was evaluated accord!
ing to equation "8#\ hence

d Nui

Nui

3 06)[ "A0#

Table A0
The possible errors of the system properties

Property cp l m r D G Dp qi ti

Of correlations Of gauges

Error 2) 2) 2) 2) 9[2) 4) 4) 0) 9[0>C

The simplex "de:d# was evaluated according to equation
"19# in which equation "7# is included\ hence

d"de:d#
"de:d#

3 04) "A1#

and the maximal error the term "de:d#9[2 is about 3[4)[
The Prandtl number\ Pr\ was evaluated according to

the conventional de_nition\ hence

d Pr
Pr

3 8) "A2#

and the maximal error of the term Pr9[3 is about 2[5)[
The modi_ed Reynolds number\ Re¦\ was evaluated

according to the formula "A3# resulted from the com!
bination of equations "0#\ "1# and "3#

Re¦ �
D2:1

1m X
Dpr

L
"A3#

hence

d Re¦

Re¦
3 6[4) "A4#

and the maximal error of the term "Re¦#9[6 is about 4[1)[
Coming to the conclusion\ one can say that the maxi!

mal error of equation "22# does not exceed 229)[ For
comparison\ the maximal deviation of the experimental
results from equation "22# is in the range of 214) with
the standard deviation of 205)\ as can be seen in Fig[
02[

References

ð0Ł I[ Mos�cicka\ A[ Piotrowski\ D[ Zio� <kowski\ Tube!in!tube
heat exchanger for ~uids "in Polish#\ 0867\ Polish patent
74 699[

ð1Ł I[ Zio� <kowska\ D[ Zio� <kowski\ M[ Dolata\ Insert in tube of
heat exchanger "in Polish#\ 0881\ Polish patent 38 278[

ð2Ł I[ Zio� <kowska\ M[ Dolata\ Heat and momentum transfer in
gas ~owing through heated tube equipped with turbulence
promoters\ International Journal of Heat and Mass Trans!
fer 26 "0883# 0728Ð0737[

ð3Ł M[ Dolata\ I[ Zio� <kowska\ D[ Zio� <kowski\ Augmentation
of heat transfer between ~uid stream and tube wall by
embedded perforated ba/es\ in] Proceedings of the Tenth
International Heat Transfer Conference\ Brighton U[K[\
Vol[ 5\ 0883\ pp[ 14Ð18[

ð4Ł I[ Zio� <kowska\ M[ Dolata\ E.ciency estimation of heat
transfer intensi_cation inside the tubes of heat exchangers
"in Polish#\ Inz¾[ Aparatura Chem[ 2 "0884# 2Ð8[

ð5Ł I[ Zio� <kowska\ M[ Dolata\ Industrial intensive air heater
by means of combustion gases "in Polish#\ Inz¾[ Aparatura
Chem[ 0 "0884# 6Ð09[



I[ Zio�<kowska et al[:Int[ J[ Heat Mass Transfer 31 "0888# 502Ð516 516

ð6Ł A[S[ Sukomel\ V[I[ Velichko\ J[G[ Abrasimov\ Heat trans!
fer and friction at gas turbulent ~ow in short channels "in
Russian#\ Ehnergia\ Moskva "0868# 15[

ð7Ł T[ Hobler\ Heat transfer and heat exchangers "in Polish#\
PWT\ Warszawa\ 0848\ p[ 60[

ð8Ł W[ Nunner\ Heat transfer and pressure drop in rough pipes

"in German#\ VDJ!Forschungsheft\ Ausgabe B\ 11\ 344
"0845# 4Ð26[

ð09Ł R[L[ Webb\ E[R[G[ Eckert\ R[J[ Goldstein\ Heat transfer
and friction in tubes with repeated!rib roughness\ Inter!
national Journal of Heat and Mass Transfer 03 "0860# 590Ð
506[


