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ABSTRACT ) e equivalent sand-grain roughness height
egg . roughness Reynolds number, et = (e/d; vy
This paper demonstrates that the heat-transfer  eqg* sand-grain roughness Reynolds number,eqy™ = (eqg/din/v
performance of an enhanced tube with t{ronsverse, rectangular f friction factor
disruptions can be predicted with a numerical modeling method, f, - plain-tube friction factor
an accompiishment not previousiy achieved. This computer code i turbulent kinetic energy
is then used ‘o determine tlie influence of the Prandti number. le dissipation length scale
The numerical simulation deronstrated that six distinct regions by eddy viscosity length scele
exist: the three rib surfaces, the upstream and dowanstream m Prandif number exponent
recirculation regions, and the boundary-layer development zone. n - Reynolds number exponent
Three zon2s dominate the thermal performance: the rib top and Nu Nusselt number
downstream faces and the downstream recirculation zone. The Nup,  plain-tabe Nusselt numbe
thermal performance at the rib region begins to dominate the p pressure
overall performance as the Prandt! number hecomes large. The P disruption or rib pitch
contribution from the downstream recirculation zone becomes Pr Prandtl number
more important and dominates for low Prandtl number fluids r radial distance
such as sir. The Reynolds number dependence at the rib region Q total heat added per pitch ‘
and the downstream recirculation zune is similar io that for Re Reynolds number based oi. tube diameier, Re = pd;U/n
reattaching flows with exponents in the 0.65 to 0.75 range. The R Turbulent Reynolds numbher, Ry = yk1/2/y
location of the maximum in the recirculation moves closer to the s{  Stanton number
rib with increasing Reynolds and Prandtl numbers and is Stp plain-tube Stanton number
hounded upstream by the location of the maximum wall shear T temperature
stross and downstream by the reattachment length, The high u axial velocity
turbulence leve! near the surface in this region is responsible for U average velocity )
the heat-transfer enhancement. u*  nondimensional velocily, u™ = w/uy
: Uy friction velocity, u, = \/tw/p
v radial velocity
' w disrupticn width
NOMENCLATURF. w total mass flux
x axial distanes
Ag constant in dissipation length scale y normat! distance (rom the wall
A‘; cunstant in viscosity length scale yt wall coordinate, y*= yuyv
B logarithmic-law constant
g a constant in length scale equaticns Greek Letiers
¢p specific heat € turbulent energy digsipation
c tarhulence model constant K Karmuan constant
Jil tube diameter M viscosity
e rib height v diffusivity
l p density
N efficiency index, n = (SUStp)/( f/l'p)
Tw wall shear stress
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DISCLAIMER

This report was prepared as an account of work sponsored by an agency of ihe
United States Government. Neither the United States Government nor any agency
thereof, nor any of their employees, makes any warranty, express or implied, or
assumes any legal liability or responsibility for the accuracy, completeness, or use-
fulnecs of any information, apparatus, product, or process disclosed, or represents
that its use would not infringe privately owned rights. Reference herein to any spe-
cific commercial product, process, or service by trade name, trademark, manufac-
turer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof.
The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof.
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INTRODUCTION

Perhaps one of the least understood aspects of single-
phase enhanced surfaces is the influence of the Prandt! number,
Pr. The quantity of experimental data available to explore the
influence of the Prandtl number is limited and only a fow
publications addvess ils importance.  As a resulf, the heat-
exchanger designer . does not have access {o high-gquality
prediction methods and shust depend on experimental datn using
fluids of interest to select the best enhanced-tube geometry for
each pacticular application,

Epnbancement Geometry

This paper explores the impact of the Prandtl number on

the thermal performance for a very iwportant category of

enhanced tubes. 'These tubes contain dirruptions which are
nearly transverse to the flow direction and with a spacing
greater than the realtachment length.  This geometry wis
proposed and/or used for many single-phage forced convection
applications, and falls into a mechanism  category  enlled
separation and reattnchment (Rahas, 1989). Figure 1 shows the
separation regions and the flow veattachment that ocems
between the disruptions with this essentially two-dimensgionnl
flow field. A square disruption shape is shown; however,
contoured disruption shapes exist with commercially available
heat-exchanger tubes,

Experimental Results

There are a number of expevimental investigations that
obtained heat-transfer data for a range of Prandti numbers hat
for enhance nent mechanisms other than the sepnration and
reattachmert.  Using three-dimensional, internally roughened
passgages (the boundavy-layer thiuning mechanism), heat-
transfer data were oblained by Dipprey and Sabersky (1960 and
Gowen and Smith (1968) with water at different temperature
levels. Also, using three-dimensional roughness surfaces, mass-
transfer data were obtained by Dawson and 'I'rass (1972) with
Schmidt numbers varying from 1000 to 7000.  Using an
internally threaded pipe (the separation and vecirculation
mechanism), Smith and Gowen (1965) compared the thermal
performance obtained with water and Ucon (a polyalkylene
glycol, Pr = 349). Carnavos (1980, 1979) obtained experimental
heat-transfer data using internally finned tubes (the extended-
curface enhancement mechanism) for both air and water. No
further reference will be made to these publications heeause they
prezent data for mechanisms other than separation and
reattachment.

Burck (1970), heing aware of the importance of the

Prandtl number, presented a very comprehensive evaluation of

the existing data at that time althongh he did not make o
distinction hetween (he various enhancement mechanisms. e
concluded that influence of the Prandtt can be displayed with the
efliciency index, 1} = lSl/Slp ME ), as a funetion of the eguivadent

! +

sand-grain roughness Reynolds number, e sue A8 shown in
Figure 2. Note that the efficiency index increases with the
Prandtl number and values greater than unity can only be
obtained with the higher Pr fluids.
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Developed by Burek (1970)

Burck stated that this curve could be used to calculate
the heat transfer for all types of enhanced surfaces if the friction
factor and the Prandt] number are known, The majorily of the
data used to develop this figure was obtained with closed-spaced
triangular grooves (his data) and that of Dipprey and Sabersky
(1963). It in shown in the Appendix that there are substantial
errorg between this prediction method and the datn of Webb et
al. (1971) to he discussed,

There are five publications that presented heat- or mass-
transfer data for a range of Prandtl numbers taken with
enhancement tube geametry characteristic of the separation and
reattachment mechanism,

Savage and Myers (1963). Savage and Myers (1963}
conducted heat-transfer and pressure-drop experiments with
rectangular disruplions in a circular pipe with water as the test
fluid.  The waler temperature was varied to investigaie the
Prandtl number effoct for a limited raree (2 < Pr < 8 T'he heat-
transfer experiments  were conducted  with only a single
disruption being thermally active.  As a result, the water
approached the heated disruption with a uniform rather than a
non-uniform temperature distribution; the laller, of course,
would exist if the upstream disruptions were thermally active.
Because of only the loeal healing, the authors stated that their
heat-transfer data are of limited value for predicting the thermal
performance when heating occurs for the entire tube length.

Kalinin et al, (1970). An extensive analysis of the heat-
transfer and pressure-drop performance of (ransverse, grooved
tubes was conducted in the USSR in the 1960s and summarized
by Kalinin et al, (1970). Most of the data were taken with air as
the test fluid but a limited number of water data appears to have
heen taken although not presented in the paper. Correlations
were presented in the form Nu/Nug= RRe, e/d;, p/e) with no
Prandth number corvection. It will he shown that this finding is
nobin agreement with the other data to he discussed. A possible
explanation is that only timited water data were available for
this corvelation effort,

Webb el al, (1971). Webh ot al. Q871 presented datn
obtained for a hrond Prandtl number vange with an enhanced
tube  peomelries  characteristic  of  (he  separation  and
reattnchment mechanism, They used four different Muids ¢ air -
Pr=0.71, water - 'r = 5.0, whatyl aleohol - v = 217, and bhuty!
aleohol - v~ 37.6) in their henehmark oxperiments  Five
ditferent  tobe  geometries  with  transverse,  reclanpular
disruptions or vibs were tested (see Table |y,

e



Lable 1 - Tube Geametries Tested by Webb et al (197 1) with
D= 36.8 mm (145 im)

[ Tube e pf TN T
No. .
01710 .07 i TTTTTVYUYWTTTTT
02710 0.02 10 0.517
04/10 0.04 10 0.25¢
Q2720 0.02 20 0517
02/40 0.02 10 0511

Figure 3 shows the measured heat-transfer enhancement
values plotted as a fuuction of the roughness Reynolds number
with the Prandtl nwiaber as a parameter fir the 0110 tabe
shown in Table 1. There is n very pronounced maximum
enhancement level and the level intreases s the Prondil
number increases. ‘I'he maximum occurs at a lower ot and the
et renge decreases as the Prandll number increnses. Curves of
the data for tha other tubes are very simitar in shape with the
major difference being the locations and the magnitude of the
enhancement levels, T'his charadteristic of the enhancement
level suggests a geometry-seélection procedure based on the
roughiess Reynolds number as described hy Wehh (197491,
However, there is no satisfctory explanntion why the Prandtl
number had this efTect on the enhnneoment Jevel,

Figures 4 and 5 present the Reynolds number and
Prandtl number exponents with the Reynolds nuber as a
parameler for the 04710 and 01750 tubes, respectively.  These
exponents were abtained from second-arder polynominl curve fits
of the experimental data in the form In (Nu) with In (Re) for
fixed Pr, and In 'Nu) with In (r) {for fixed IRe. Aleo shown in
these figures are the n and m values for a plain tuhe hased on
the commonly used Petukhov and Popoy correlation (Metukhoy,
1970). Both figures show that the variations of the exponents for
the two enhanced tubes are very dilferent from a plain tube and
also from each other, For the smooth tubes and for a fixed
Prandt! number, both m and n increase with the Reynolds
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number. For the enhanced tubes, almost the exact oppasite is
obtained, the only exceplion being the Prandth nnmber expanent
at Progreater than alunt 1 The vcagritude of the Prandt]
number exponents for the two enhanced tubes and the smaoth

-



ik

]

1

ki

i

T T e Con Mo B w [ PR Y

tgybe are not tou different; they essentinlly decresse wilh an
iacrease of the Prandtl number and ave hounded by about 0.65
far Pr= 0.7 to about 0.35 for very lnrge Prvalues,

The most deamatic varintion is with the Reynolds number
exonents, especially for the 01/10 tube geometry., Note that the
exponent changes from incrensing to decreasing with a fixed Pr
as the Reynolds number increases. For the lower Re values,
thewe is a significant thermal-performance improvement with
incensing Prandt] number; however, Lhis improvement oceurs
wit't the 01/10 tube at low Re values but not for the 04/10 tube.
For the 04/10 tube, there is a general decrense of n with Pr and
it appears to reach different asymptotic values which are a
function of the Re value. For the larger Re values, n is in the
0.65 to 0.72 range. The magnitude of n for the larger disruption
or ribh and the largest Reynolds number range is nan important
findirg that will be discussed later. In addition, the sometimes
used Wilson plot method for data reduction can be questioned
because the heat-transfer coeMMicient is assumed to have o fixed-
exponent dependence on the velocity or Reynolds number.

Revger ang Hau (1979). Berger and Hau (1979) used
the electrochemical unalogue tnchmquo to measure the local and
mean mass-transfer performance in a pipe with transverse,
square disruptions with a height to diameler ratio of 0.036 and
with different pitch te height ratios,  The Schmidt number
varied over a wide range from 1000 to 7000. The major findings
for the 036/10 tube were as fullows: «

1 The Prandi! number exponent did not vary from a value
of about 0 33. ‘

2) The exponent on the Reynolds was 0.695, which is
substantially lower than that obtained with smooth-tube
preciction methods (about 0.85) for high Ir fluids.

3) The -ariations between the maximum and minimum loeal
mast -ransfer variaes and the mean value decreased with
increasing Reynolds number; in other words, the mass-
trancfer distribution  became more  uniform. The
maxi num values are focaied at the top of the rib and
near lie reattachment point and the minimum values are
located directly in front and behind the rib.

4) The paint of maximum heat transfer moves closer to the
tib a the Reynolds number increases.

The first tw » ohservations for the 036/10 tube are consistent
with the dals of Webb et al. (1971) for the 04/10 tube shown in
Figure 4. Th» local data, which were used to obtain the last two
observations, are useful in obtaining a fundamental
understandin.  of how the Prandtl number influences the
performance; unfortunately, they were obtained with large
Schmidt numtb-r values.

Tan_an ! Xaio (1989). Figure 6, presented hy Tan and

Xaio (1989), ar: . wlqu the enhancemoent levels as n function of

the roughness Reynolds number with the Prandtl number as a
parameter.  Thise results are for a tube with a contoured
disruption thg" The tube is the single-start, spirally indented
type with e/d; & d ple values of approximately 0.053 and 10.8,
respoctively, The indenting  process  produces  internal
disrugtions that are rounded or contoured withoot any sharp
corners.  Note { e similarily between these date and these
nbtained by Webl ot al. (1971} shown in Fifuno 3. For air (P -
0.7), the enhancen ent level increases with et until a maximum
i8 obtained. For licuids (Pr> 1), a maximum enhancement level
is obtained; however, the maximum oceurs at smaller e values
(e* = 20) and is less Prandt! number dependent than obtained
for rectangular disr iptions or ribs

The experime ntal data shown in Figures 3 and 6 cloarly

RRTIIE | TR TR T I TR

o w N YR TN PR T "
. [ L T TR T B I B | ISR S R S R '
2.4 SRUERRE
[ 1= 200
2.2 (S N N IR
AN NI
E | 7
y o
E 2.0
s}
g
E
o 1R
i
:
E 6 ® L Gy
=] . — w
o L A
& ¢ Feea a
v Rl
l.4 i
1.2 [P DU RN (SO DU TN TR0 [ I PURUUSRNNY IO Iy ._.l,J,I.L.IJ
10 [ 1000

Roughness Reynolds Number, ¢!

Enhancement Level Varintion as a Function of the
Roughness Reynolds Number Based on the Data of
Tan and Xaio (1989)

FIGURE 6

demonstrate that the Prandtl number has an important impact
on the performance of enhanced tubes with geomelries
characteristic of the separation and reattachment mechanism.
In addition, the correlation recommended by Kalinin et al. (1970)
that does not include the Prandtl number certainly cannot be
correct,

The purpose of this paper is to explain this Prandtl
number effect.  The local heat-transfer performance was
considered as  essentinl  to  obtain  this  fundamental
understanding. Experimental techniques such as the transient
liquid-crystal  method (Baughn and Yan, 1991) or the
naphthaleae-sublimation method (Mendes and Mauricio, 1987)
are effective methods currently for just a single Prandtl number.
Electrochemical analogue technique (Berger and Hau, 1979) is
effective for a range of Schmidt numbers (1000 < Se < 7000) but
this range far exceeds the Prandtl number values for ali
commonly used fluids in heat-exchange applications. As a
result, a numerical modeling approach was selected to explore
this Prandtl number efTect.

A brief description of the turbulence model, the numerical
method, and comparisons  with experimental results are
presented next. The last part will explain how the Prandtl
number influences the thermal performance,

TURBULENCE MODEL, NUMERICAL METHOD, AND
COMPARISONS

This section of the paper briefly deseribes the modeling
approach that was selected; however, a detailed description is
given by Arman and Rabas (1992). 'The same modeling approach
(Armnr and Rabas, 1991) was successfully used to predict the
friction-factor variation with the Reynolds number for the tube
geometries shown in Table 1. Additional refinements have
recently been made that further improved the prediction
accuracy and are discussed in detail by Arman and Rabas (1992).

The governing conservation fawe supply the continuity
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equation, the momentum equations, md the energy eguation,
The transport equations for k and ¢ are used for clogure of the
equation set. These governing equations are preserited in many
publications and therefore” are not repeuted here.  The
conservation equations coupled with the k-r equations are the
common starting point for almost all the cwrrent engineering
numerical modeling efforts. The turbulenee model employed is a
two-layer turbulence model which ir briefly described below.

Two-Layer Turbulence Model ‘

The two-layer model of Chen and Patel {1988) divides the
flow domain into two vegions: (1) a near-wall region thai
includes the sublayer, the huffer layer, and a small part of the
turbulent core, and (2) the remainder of the fully developed
turbulent core region. ‘T'he standard k-¢ model is used in the
core region while a one-equation model is used in the near-wall
region. The advantages of the nenr-wall cne-equation madel are
that the turbulent kinetic-energy equation is solved in the near-
wall region and that the near-wall treatment is dependent on the
local turbulence intensity and not the wall shear slress.

The energy dissipation in the nearv-wall region is
. y I
specified by

£ = k2,
where the eddy viscosily is obtained from
Hy = '||kl/21u

The length scales, {y and [, contain the necessary damping
effects in the near-wall region or

o= eyl - expt-Ry/A )
lo= ¢yl 1 expt R).//\rll
Ry = vk2p/p

Note that both I, and {, become linear and approach ¢y with
increasing distance from the wall. ¢ is given by

¢ = We, VA

to ensure a smooth eddy-viscosity distribution at the junction of
the near-wall and fully-turhulent core region. In addition, A, =
2¢; or ir assigned a value to vecover the proper asymptotic
behavior of the kinelic energy in the sub:layer

£ = 2vk/y?

The parametei A, = 70 is determined from numericnt resulls to
recover the additive constant, B = 545, in velocity log law for the
case of a near-wall houndary-layer flow field.  The x and ¢,
constants are equal to 0.418 and 0.09, respectively.

The wall shear stress dees not appear in this formulation
and, in particular, in the turbulent Reynolds numbher, R, Ry
varies slowly along lines parallel to the wall, does not vanish at
the separation point, and remains well-defined in the regions of
the flow reversal. As a resull, damping effects decay rapidly
with the distance from the wall vegardless of the magnitude of
the wall shear stress,

The matching between  the one-equation  near-wall
treatment and the two-equation standard k-+ model in the two-
layer approach can be carried out along pre-selected grid lines,
even for complex flows with separation. For this application, the
maich houndary was selected along a geid line with y* values in
the range of 100 to 200, whick is far from the neas-wall region to
ensure a smooth eddy-viscosity digtribution across the houndary
of the two regions.

Numerical Method

The numerieal method used for this study is the linite-
volume metiod based on the algorithm of Patankar and
Snalding (1972} that solves the steady, two-dimensional
axisymmelrie, incompressible conservation equations for the
velucity variables, u and v, and for the scalar varinbles p, k, and
£. 'The sealar vaviables are compuled and stored at the main grid
locations while the velacity varinbles sre computed and stored in

" Ltheir reapeclive staggered loeations,

The momentum, energy, tarbulenvce kinetic energy, and
dissipation transport equations are discretized using the finite-
volume approach, The diffusive terms arve discretized by second-
order central differencing  while the convective terms are
diseretized by fwo different schemes: (1) hybrid upwind, first-
order central scheme (see Patankar, 19801 and (2) quadratic-
upstream scheme (QUICK) of Leonard (1979) (also see Phillips
and Schmidt, 1985). Mast of the initinl runs were made by the
hybrid scheme due to its stability and good convergence
hehavior, - 'The QUICK scheme was used to obtain the final
results,

The velocity-pressure coupling is achieved through the
use of the continuity equation applying the SIMPLEC algorithm
(Van Doormaal and Raithby, 1984).  The resulting algebraic
equalions were salved hy using a line-hy-line, three-diagonal
matrix algarithm thal sweeps in both directions.

'he houndary conditions at the wall are the usual no-slip
conditions;ie, u = v = k = 0. There is no need to specify the wall
boundary condition for . 'The wall boundary condition for the
temperature is a constant wall heat flux. The axisymmetry
conditions arve used for the symmetlry nxis.

Periodicity conditions are used at the inlet and the outlet
of the flow domain in arder o represent a fully developed flow
field.  The domain length is equal to one rib pitch.  Fully
deveioped fow requires identical inlet and outlet profiles for the
velocities, turbulent kinetic energy, and {urbulent energy
dissipation. The driving foree for the flow is a constant pressure
difTference that exists between the inlet and outlet pressure
distributions.  As with the pressure profiles, the temperature
profies must be identical at the axial incrementis of one pitch
except for a constant value displaced by an amount of AT =
WWe,.  For more information on the periodicity boundary
condilions and the fully developed flow constraint see Patankar
et al. (1977),

The first near-wall grid point is located well within the
Iaminar sublayer (y* ~ 0.1) for all of the iterations. The number
of non-uniform r-grids and non-uniform x-grids were always
larger than 50. The iteration dependency tests were performed
and the iterations were continued unti! the normalized mass
residunl ({otal mass residunls divided by the total mass fow
rate) fell below 107, The number of iterations ranged between
3000 - 7000; however, the required number of iterations for the
temperature field were much Inrger (hetween 8000 - 15000),

Comparisons with Experimental Results

The data of Webb et al. (1971) are used for these
comparisons, Figure 7 presents a comparison of the measured
and predicted Nusselt numbers as a function of the Reynolds
number for different Prandtl numbers. The particular geometry
selected for this comparison is the 02/20 tube (see Table 1) Note
the very favarable agreement.

Table 2 presents a comparison of the measured dala
olitained by Webh et al. (1971) and the numerical predictions for
the five tubes and four Prandtl numbers considered in their
research. Note the good agreement with an average error of only
156 percent. In general, the numerical method underprediets the
experimental vesalls with maximum ervors accurring at the high
Re range but never exceeding aboul 31 percent. Very favorahle
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Tabie 2 - Comparison Between the Measured and Predicied Nusselt
Numbers for the Five Tubes Tested by Webb et al. (1971)

Tube T % s [
No. Re Devintion___ Re Devintion Re Deviation Re Devintion
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agreement was also obtained between the measured and
predicted friction factors {Arman and Rabas, 1992, 1991) for all
five tubes tested hy Webh et al. (1971).

An additional comparison is presented using the local
heat-transfer data of Baughn and Rody (1992).  Figure 8
tampares these experimental results with numerical predictions
using air as the test fluid ("r = 0.71). Note the good agreement
between the experimental and predicted results,  These and
other experimental results of Banghn and Yan (1992, 1991) and
Berger and Hau (1979) have demonstrated that the most
significant contributions to the heat-transfer performance with
the separation and reattachment mechanism occeur at the top
surface of the rib and in the downstream recirculation zone,
These two maximums are clearly displayed in Figure 8.
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Nusselt Numbers as a Function of Axinl Distance

"This numericnl model will next be used w understand
how the Prandtd number influences the thermal performance.

INFLUENCE OF THE PRANDTL NUMBER

This section of the paper will explain how the Prandtl
number affects the enhancement-level data in the manner
shown in Figures 3 and 6. An important concept for this
understanding is that there are six discrete regions or zones that
must be congidered:

1) upstream recirculation zone,

2,3.4) the rib upstream, tep, and downstream faces,
) the downstream recirculation zone, and

6) the houndary-layer development zone.

Lewis (1976n, 1975b) first proposed this mulliple-region
approach to correlate the performance of enhanced tubes with
the separation and reattnchment mechanism. However, Lhis
farsighted approach has not been further developed by

subsequent researchers.

The most important finding of this study is that the
Prandtl number has a dramatic impact on the thermal
performance at the disruption or rib, Figures 9a and 9b show
the normalized Nusselt number ratios, Nu/Nu,, as a function of
the axial location with five differcnt Reynolds numbers for Pr
values of 0.71 and 21.7, respectiveiy. ‘The performance at both
rib sides is also shown by "opening up" or extending the x axis.
"The vertical lines are used Lo separate the flow field into the six
different zones. The four lines at the rib region are located at
each of the four corners. With the Pr increase from 0.71 to 21.7,
note the following changes to the enhancement levels:

1 lower in the front recirculation zone for most of the Re
range (zone 1),

2) substantinlly higher at the rib (zones 2, 3, and 4),

3) almost no change in the downstream recirculation zone
(zone 5}, and

1) Jower in the houndary-layer development zone (zone 61 for

muosl of the Re range,

This pattern was observed for all five tube geometries considered
for this study and described in Table 1.

There are two other maximums that occur only when the
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Reynolds number, ar maore corvectly the rvoughness Reynolds
number or e*, exceed a teansitivn value that depends on the
Prandt] number and the disruption geometry. #igure 9 shows
these two other maximums in the rib area: one is loeated in the
upstream separation region (zone 11, and the other is located on
the vertical downstream face of the rib (zone 3). 'The authoss are
not aware of any experimentnl evidence that supports the
existence of these additional marimums,

Maximum Enhancement Level Variation at the Rib
Because the major Pr influence is concentrated at the rib,
it was decided to delermine the variation of the maximum
enhancement level at this location in an attempt to explain
Figures 3 and 6. Figure 10 shows the mazimum values,
(NWNuy, bnay, at the rib as a funetion of the Reynolds number

for Pro=0.71 and 21.7 and for three tubes with the p/e value of

10, For air, the maximum enhancement ievels increase to
asymptotic values with increasing Reynolds number. Fm the
higher Pr fluids, the wmaximum enhancement levels first
increase, reach maximums, and then decrease. The Re value for
the maximums depend on the eo/d; value; the higher the e/
value, the lower the Reynoids number required for the
maximum. If the maximum enbancement-level data shown in
i
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Figure 10 were plotted with e* and for a single tube geometry,
the influence of the Prandtl number on the shape of these curves
would not be altered. But this variation is identical to that
shown in Figures 3 and 6 for the mean enhancement-level
variation with e*.  Another important finding is that the
variations of the mean enhancement levels and the maximum
enhancement levels at the rib follow identical patterns with
changes of the Prandtl number and the roughness Reynolds
number.

The actual mechunisms that are responsible for this
enhancement-level variation with the Prandtl number at the rib
region are very complicated and merit further investigation, In
particular, the ability of the numericai model to capture the
important flow detnils has not been demonstrated, although it
was somewhat successful in predicting the local hent-transfer-
coeflicient variations for air. However, a possible explanation is
as follows, The flow field at the three rib surfaces consists of
separating and reatlaching flows. For these flows, it has been
established that the heat-transfer-coefficient dependence on the
Reynolds number is in the 0.656 to .75 range. Some flow

‘conditions that support this statement are cross flow to a single

tube and impinging jet Mlows. Another example is the measured
mean mass-transfer coefficients obtained with the naphthalene
method (Pr = 2.5) for the three faces of a wall-mounted cube
{Chyu and Nalarajan, 1991). The exponents ranged from .626
to GB61. For boundary-lnyer flows, Figures 4 and 6 show that
the exponent on the Reynoids number is in the 0.65 to 0.75 range
for air and in the 0.80 to 0.85 range for water and higher Prandt]
number Nuids,

Consider now the effect uf an increasing flow rate on the
enhanceuient level at the rib. It first increases with increasing
Re or e* due to the Lturbulence caused by the rib penetration of
the laminar subiayer. With a further increase, the separating
and reattaching flow characteristics begin to dominate. For air,
the enhancement level conlinues to increase and reach an
asymptotic  value  because  of the comparable  exponents.
However for higher Pr fluids, the enhancement level heging to
decrense hecause the exponenis for separting and reattaching
flows are less than for houndary-layer flows.

Influence of the Pitch on the Rib Thermal Pexformance
The maximum enhancement level at the rib decreases
with an increase of the pitch or spacing of the disruptions;
however, the magnitude of this decrease depends on the Prandtl
number. Figure 11 shows the maximum enhancement levels as
a function of the Reynolds number for two Prandtl number fluids
and the 02/16, 02/20, and 0240 tube geometries. Nole the
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almost identical enhancement-level values for air but an
increased departure for the larger Pr fiuid. The explanation is
that the impact of the upstream rib decrenses with the
separation or elongated boundary-layer development ' vegion,
However, the senaitivity to the pertutbations of the low caused
by the upstream nl) increases with an increased Prandt
number,

For lower Pr fluids, the mean thermal performance is
dependent on the piteh, although it has a small effect on the
thermal performance at the rib. For air and, to a lesser extent,
water, the contributions of the downstream recirculation zone
and the boundary-layer development zones make a significant
contribution to the mean thermal performance. The influence of
the Prandtl number in the (lmvmhemn recirculation zone is
discussed next.

Ihﬁun_&_?_eLomxmje in_the Downstream Recirculation
Region

The second most important contribution to the total heat
transfer comes from the downstream recirculation region, or
zone 5. For low Pr fluids, this contribution is dominant as shown
in Figure 9a. This section discussed the magnitude and location
of t.he maximum heat transfer in the downstream recirculation
region,

Figure 12 shows (Nu/Nuj), as a function of the
Reynolds number for Pr = 0,71 :!né Pr - 207 aud the 02/10,
02/20, and 02/40 tube geometries. For air (Pr = 0.71), the
enhancement level increases with the Reynolds number; for Pr =
21.7, a definite maximum again exists as for the mean
enhancement level and for the maximum enhancement level at
the rib. This finding should not be a surprise. An exlensive
review of reattaching flows (Ota and Nishiyama, [1987)
established that the maximum local-heat-transfer-coefficient
dependency as expressed by the exponents on the Reynolds and
Prandtl numbers are about 0.67 znd 0.33, respectively. As a
reault, the influence of the Prandt! number on the thermal
perlormance in the downstream recircylation zone 18 identical to
that at the rib. The major finding of this investigation is that
the mean thermal performance, as displayed by Figures 3 and 6,
is the manifesiation of the performance hamctmiqliw that
occur ab the two points of maximum heat transfer, at the vih and
within the downstream recirculation 2one.

Two po‘m‘bk’ reasons could account for the Leat-transier
enhancement in the downsiream reciveuintion zane:
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FIGURE 12 Maximum Ieat-Transfer Enhancement in the
Downstream Recirculation Region as a Function of
the Reynolds Number for Pr={0.71 and £1.7 and
the Three Tubes with e/d; Value o1 0.02

1 Thr thickness of the thermal houndary layer
decrenses and the temperatuve gradient increnses
due to the flow impacting thie surlface near the
reattachment puint,

2) The tempernture gradient is increased due to the
high levels of turbulence near the surface.

Experimental evidence has been presented by Mori and Daikoku
(1972) that demonstrates the latter is the correct rearon. This
point can be further substantiated with results from the
numerical model. Figuve 13 shows the turbulent-kinetic-energy
variation in the radia} direction at various locations downatream
from the rib for the 02/20 tube geometry. Note tha very high
velues of kt in the we = 2.6 and (.3 range that is within the
downstream recirculation zone. It will next be shown that the
location of the maxiniam turbulent kinetic energy is near the
location of the maximum heat transfer.

Comparisons of the locations of the maximum heat
transfer, the maximum wall shear stress, the reattachment
point, and the maximum turbulent kinetic energy are now
presented. The locations of the maximum heat transfer in the
recirculation region were obtained from plots similar to Figures
9a and 9b. The locations of the maximum wali shear stress and
the reattachment points were obtained from plots of the wall
shear stress similar to Figure 14, The wall shear stress is equal
to zero at the reattachment point.

Figure 15 shows these charactevistic lengths expressed as
multipies of the rib height for the 02/20 tube geomelry. Note the
location of the maximum heat transfer 1) is belween the
reattachment-point location and the location of the maximuw
shear giress, 2) moves lowards the upstream rib as the Reynolds
number and Prandtl number are incrensed, and 3) is in the
region of the maximum turbulent kinetic energy shown in Figuve
13 (x/e in the 2.6 to 5.3 range). Previous experiment studies
(Niiikata et al, 1987 and IHijikata and Mori, 1987) also
suggested that the location of the maximum heat transfer is in
front of the reattachiment point and Berger and Hau (1979)
discovered that the location moves forward with increasing
Reynolds number. Towe er, these siudies did not investigate
the infiuence of the Prandt] number on this locavion,

Figure 16 is.a similar plot of the characteriatic lengths for
the 02/i0 tube geometry. The common features ui Figures 15
and 16 are the movement of the maximum heat-transfer
locations towards the upstream rib with increasing Pr and Re

1 - ' oo "o b " o " .
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and these locations being bounded from below by the locations of
the maximum wall shear siresa, For the tubes with p/e = 10,
there were no realtachment points, or the local shear-stress
values did not become positive after the rib. The authors were
unable to find any experimental data {o confirm or contve.dict
this finding. The common beliel was ihat the reattachment
point always exists near the point of maximum heat transfer,
even for p/e values greater than about eight.

All the important findings regarding the influence of the
Prandtl number on the thermal performance of enhanced tubes
with the separation and reatiachment mechanism are now
summarized,

CONCLUSIONS

Some fundamental findings ahout the influence of the
Prandt! number on the thermal performance of enhanced tibes
with the separation and reatlachment mechanism are as follows:
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’
1) 8ix distinet zones must he considered although some are
’ far meve important than others jic their contribations to
the heat-transler performance.

2) Two major maximums in the thermal performpnen exist
at the top surface of the rib and in the downslrenn
recirculation zone in front of the rentlachment point.

3 An increasing Prandtl number lesds o n subslantin
increase of the heat-ironsfer enhancement al the rib. For
bigh Pr fluids, ihe wmean  theral  performance  is
dominated by what happens at the rib.

4) The mean thermal performance exhibits  the same
vavigtion as the maximam enhéncement lovel al the ris
~whon plotied as a funetion of the roupbness Reynolds
number, et, ‘

H) The heat-transfer - maximum v the  downstrepm
recireulalion zone moves toward the vib with incrensing
Roynolds and Prandl! numbers. Phe loestion is between
the reatlnchment pointe and the point of the maximum
wall shear stress.

6) The influence of the Prandtl wwmber on the thermml
performance in the downstream secivenlalion zone s
identical to that at the rib,

7) The caure of the heat-translor improvemeni in o the
downstream recireulntion wgne js the high turbulence
levels near the surface.

8) Two cdditional maximums oceinr b large voughness
Reynolds numbers in the front recireulation zone and on
the rear [nce of the rib.

9) The focation of the reattachment point moves closer o
the rib with increasing Reynolds nuither,
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APPENDIX

This appendix explaing the methol used to make the
comparison of the efficiency-index values predicted by the
correlation of Burck (1970 with the experimental data of Wehh
etal. (1971).

The correlation proposed by Burck is as folbnws

n= 1.25- (i,.‘inl(P”‘Ingng‘ 1 ogloe? "”",ng* 21
In order to calcutate the efficiency index. the =md grain
roughness Reynolds nurber, eg,* . is roquived  Thiz quantity is
obtained with the following caleslation procedure The fist step
is to calculate the sand-grain roughuness using the fully vongh
frichion-factor equation

F= 12 loptdiieggr o 171 ”

The measured friction-factor values fur all of the tube geometiies

[T R P [T ' | B Co i [ Rl

tested hy Webb ot al. (1971 were used to calculate the difeg
with the above econtion using a Grinl-and-error procedure. oxF.
the sand-grain ropghness Reynolds number was caleulated, or
P’ = 1 Oggld e VI2

Table 3 compares the efliciency-index values oblained
with the ahove method, Ny with the values obtained fram
the experimental data of Webb et al. (1971}, np,,. Note that
substantial ervors exist, for some cases by almost a factor of two,

Table V- Comparison of the Experimental (Webb etal., 1971) and
Predicred (Burck, 1970) Elficiency Index Values
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